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ABSTRACT

Conceptually, the preservation of a human anatomical structure makes more sense than its
replacement. This concept is even more striking in the case of human joints due to the mul-
titude of unsolved problems related to implants used in orthopaedic surgery. With respect to
the hip, joint preservation assumes an increased technical complexity when compared to other
joints; this is due to two main reasons: the intra-articular epiphyseal circulation of the femur and
the proximity of large neurovascular structures.

Femoroacetabular impingement (FAI) and acetabular dysplasia (DHD) in young adults are two
common but poorly characterised pathological entities. If undiagnosed and untreated, dysplasia in
childhood may lead to residual DHD in young adults, as diagnosed on radiographs, and may also
give rise to symptoms such as hip pain and restricted range of motion. The diagnosis of FAI in
adults is based on clinical and imaging criteria. The most frequently noticed symptoms of FAI
include hip pain and restricted function. Radiologically, two main subtypes of FAI are recognised:
The Cam-type, with the pathoanatomical mechanism located on the femoral side, and the Pincer-
type on the acetabular side. Although with different pathological patterns, both types cause pain
and articular damage of the labrum and cartilage. While Cam-type FAI is believed to be a major
contributing factor to the early onset of hip osteoarthritis (OA), which eventually requires a total

hip replacement, the relationship of other shapes and morphologies with OA are still under debate.

Despite the initial promising reports on outcomes following surgical management of these con-
ditions, the best approach to diagnose and manage them still remains controversial. Although
for some patients there are unambiguous clinical and imaging findings of FAI, for a substantial
number of patients there are minimal or intermediate findings. Moreover, several studies have
reported a high prevalence of FAI morphology among the “normal” population and in asymp-
tomatic healthy individuals. At present, there is no adequate imaging tool to facilitate the reliable
allocation of all patients into the correct diagnostic group or to confidently rule out diagnosis.
However, imaging parameters can be used to describe different hip morphological characteris-

tics and additionally confirm or preclude the diagnosis of FAIL.
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This thesis focuses on assessing hip morphology in different populations by investigating which
specific joints are more prone to developing symptoms and by evaluating treatment outcomes
of a FAI cohort. Specifically, this research concentrates on the following: 1) examining popula-
tion-specific (symptomatic and non-symptomatic) characteristics of hip morphology; 2) develop-
ing an anatomic-based model to establish “at-risk’ hip joints, incorporating subject-specific hip
geometries and spinopelvic parameters and 3) investigating treatment outcomes in a Cam-type

FAI cohort.

In our clinical progression in imaging and in this particular area of pathology, we became aware
of the existence of several gaps that we sought to fill with the now published research hereby
described. The systematisation by chapters precisely reflects the need to address the issue in

simultaneously distinct and complementary areas of knowledge.

This thesis consists of six chapters, which cover the entire spectrum from the diagnosis to treat-
ment of the young hip. To present the aims of this thesis in a sequential manner from general
morphology to more specific FAl-related topics, the analysis of the asymptomatic hip will be
presented first, followed by how joint morphology is associated with symptoms and, finally,

will conclude with treatment.

In PART I, we introduce the topics that are relevant to understand the full scope of our thesis;
we aim to accomplish this by addressing the relevance and contemporariness of the “FAI” theme
and by describing the general and vascular anatomy of the hip. Chapter 1 is devoted to hip
development and morphogenesis. In Chapter 2, we address the importance of imaging by con-
ducting a thorough review of current and future perspectives on this topic (Paper I). In Chapter 3,
we perform a systematic review of the literature to write a state-of-the-art overview, focussing
on asymptomatic and symptomatic FAI morphology prevalence and highlighting the multiple
gaps in knowledge regarding the role of hip morphology in the pathogenesis of FAI (Paper II).

Building on the first part, we address the rationale and aims of this thesis in PART II.

In PART III, we describe the original research that was performed and published. Chapter 4
focusses on the detailed characterisation of hip morphology, both osseous and vascular. Bony
hip morphology was quantified using a semi-automated software, which allows to robustly study
in detail shape variants in an asymptomatic population and their relationship with sex, side and
limb dominance (Paper III). Cam morphology was further defined by developing a novel quan-
titative parameter, with diagnostic and treatment planning capabilities using a cohort of both
asymptomatic individuals (Paper IV) and patients undergoing surgery (Paper V). Moreover, we
felt the need to better characterise the topography of the deformity and its relationship with

the nourishing arteries of the femoral head, as Cam morphology frequently has a posterior



ABSTRACT

extension that overlaps the retinacular vascular structures. However, its arterial origin has never
been described or confirmed in the literature. For this reason, the importance of the aforemen-
tioned parameter has been outlined by the cadaveric arterial topographic study of the proximal
femur (Paper VI). In Chapter 5, we test multiple parameters and their associated shape variants
to detect which ones allow identifying a risk-increased joint in various populations. To this end,
we use both advanced computing for shape modelling (Paper VII) and three dimensional (3D)
magnetic resonance imaging (MRI) (Paper VIII). Chapter 6 describes the various treatment
options (Paper IX) and outcomes in a cohort clinical study, comparing open surgery with

arthroscopic surgery in terms of treating Cam deformities (Paper X).

The results of the aforementioned chapters are summarised in PART IV, presenting the general
synthesis, discussing the results in the light of current literature and detailing the conclusions of

this thesis. The scope of potential future research within this field is also presented in this chapter.

In brief, this thesis suggests the following:

First, detailed imaging assessment of hip morphology is paramount to better understand-

ing both the hip joint and pelvic morphology (Paper I).

Second, the case definitions of different morphologies and clinical entities are missing as
far as FAI and related disorders are concerned. Qualitative and quantitative radiographic
findings thought to be associated with Cam- and Pincer-type FAI as well as the coexis-

tence between them, are quite common among difterent populations (Paper II).

Third, in adult asymptomatic populations, sex-specific reference intervals for hip measure-
ments for DHD and FAI morphology are wider than currently accepted values (Paper III).
Moreover, femoral morphology with distinct Cam magnitudes and epicentres is also
sex-specific, with higher mean alpha angle (a°) and omega angle (€2°) values seen in males

(Paper 1V).

Forth, Cam deformity frequently overlaps with the retinacular vascular structures seen
in an MRI; this finding has practical surgical relevance. Additionally, the radial extension
of the Cam deformity (€2°) is more significantly associated with the patients’ symptoms
prior to surgery than the a° (paper V). The origin of the vascular structures seen in the
retinacular fold is unequivocally arterial in nature, and these structures have a more anterior

distribution than classically assumed (PaperVI).

Fifth, ovoid geometries are more representative of both articular surfaces of the hip joint as

well as of Cam, Pincer and mixed impinged hips when compared to spherical or ellipsoidal
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shapes (Paper VII). Individuals with larger Cam deformities, decreased acetabular coverage
and increased pelvic anteflexion are more likely to experience hip symptoms (Paper VIII).
This provides clinicians with indications of how the pathology exacerbates, allowing them
to perform the correct clinical assessments and proceed with the correct form of care.
From a patient’s perspective, an early and accurate diagnosis could prevent cartilage degra-

dation and progression to OA.

Sixth, similar outcomes and significant functional improvement are observed when com-
paring open and arthroscopic surgery in the treatment of Cam deformities (follow-up
time of two years). It should be noted that the female gender was associated with poor hip

function in the preoperative evaluation (papers IX and X).

Looking ahead, imaging and hip preserving surgery (HPS) will evolve hand-in-hand in the
face of new and greater challenges. The increasing number of analytic parameters describing
hip joint pathomorphologies as well as new sophisticated 3D imaging-analysis together with
emerging artificial intelligence-based technologies have transported us beyond simple classi-
fication systems. Moreover, more reliable diagnostic and treatment guidelines that go beyond
differentiation into pure FAI and dysplasia are paramount. The largely unknown natural course
of both hips with symptomatic FAI and asymptomatic individuals continues to present research

opportunities as far as diagnosis, treatment and prognosis are concerned.

Keywords: hip, femoroacetabular impingement, imaging, hip dysplasia, Cam, computed tomogra-
phy, magnetic resonance, surface fitting, alpha angle, omega angle, prevalence, anatomy, spinopelvic,

reference value, normal value.
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Conceptualmente, a conserva¢io de uma estrutura anatdbmica ¢ mais benéfica do que a sua
substitui¢io. No caso das articulacdes humanas, este conceito é particularmente importante face
aos multiplos problemas, ainda nio resolvidos, relacionados com proteses e materiais usados na
cirurgia ortopédica. Na articulagido coxofemoral, o conceito de preserva¢io, melhorando os
parametros biomecanicos, assume uma complexidade técnica acrescida maioritariamente pelo
facto de a circulagio epifisaria do fémur ser intra-articular e dada a proximidade de importantes
estruturas neurovasculares.

O conflito femoroacetabular (CFA) e a displasia acetabular no adulto jovem, sio duas entidades
patologicas comuns embora com miultiplas areas ainda por investigar. A displasia infantil, nio
diagnosticada e nio tratada, pode originar displasia acetabular residual na idade adulta e conse-
quente sintomatologia e limitacio funcional. O diagndstico de CFA no adulto é baseado em
critérios clinicos e radiograficos. Clinicamente apresenta-se igualmente com dor e limitacio
funcional. Radiologicamente, dois subtipos de CFA sio habitualmente reconhecidos, o tipo
Cam (mecanismo patologico decorrente de asfericidade femoral) e o tipo Pincer (por hiperco-
bertura acetabular). Embora com padrdes diferentes de envolvimento articular, os dois mecanis-
mos de conflito condicionam dor, lesio estrutural do labrum e condropatia.

Atualmente, a morfologia Cam ¢é considerada como um dos principais fatores de risco morfo-
logico que contribuem para o desenvolvimento de osteoartrose precoce da coxofemoral, even-
tualmente com necessidade de recurso a protese total da anca.

Apesar de a investiga¢io inicial na area da cirurgia conservadora da anca ter documentado bons
resultados cirargicos, atualmente a controvérsia ¢ francamente superior ao consenso relativa-
mente a2 melhor abordagem diagndstica e terapéutica.

Caracteristicamente, apesar de em muitos casos os achados clinicos e radiologicos serem inequi-
vocos para o diagnéstico de CFA, um ntimero substancial de doentes apresenta achados frustes
ou equivocos. Por outro lado, multiplos estudos descreveram uma alta prevaléncia de morfologia
compativel com CFA na populagio adulta e em individuos saudaveis assintomaticos. Atualmente,

nio existe uma ferramenta de imagem ideal que facilite a aloca¢io fidedigna de todos os doentes
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a um grupo patologico especifico ou, por outro lado, exclua com confianca o diagnéstico de
conflito. No entanto, os parametros de imagem podem ser utilizados para analisar e descrever as
diferentes caracteristicas morfologicas da anca e adicionalmente confirmar o diagnéstico de CFA.
Esta tese enfoca, por um lado, a avaliagio da morfologia coxofemoral em diferentes popula-
¢oes, investigando quais articulagdes estdo mais predispostas ao desenvolvimento de sintomas e,
por outro, os resultados do tratamento cirtrgico de uma coorte com o diagnéstico de CFA tipo
Cam. Especificamente, a investigacdo efetuada: 1) examinou caracteristicas morfologicas especi-
ficas da coxofemoral em diferentes populacdes (sintomaticas ou nio sintomiticas); 2) desenhou
um modelo estatistico baseado em preditores anatdmicos no sentido de estabelecer as articula-
¢des em risco de desenvolvimento sintomatico, incorporando geometrias articulares especificas
e parametros espinhopélvicos; e 3) analisou os resultados de terapéutica cirirgica numa coorte

de doentes com o diagndstico CFA tipo Cam.

Durante a progressio clinica na area da imagiologia e nesta area patologica em particular,
apercebemo-nos da existéncia de multiplas lacunas de conhecimento que procuramos colmatar
com a investigacdo agora publicada e descrita nesta tese. A sistematizacdo por capitulos reflete
precisamente a necessidade de abordar a questio em areas de conhecimento, simultaneamente

distintas e complementares.

Os seis capitulos desta tese abrangem o espectro clinico desde o diagnéstico até ao tratamento
da anca jovem. De modo a apresentar os objetivos desta tese numa sequéncia logica, desde a
anatomia geral até a morfologia e tratamento especificos do CFA, a analise da anca assintomatica
sera descrita em primeiro lugar seguida pela analise da relacio anatomoclinica entre morfologia

articular e sintomas. Por tltimo sera abordada a terapéutica do doente sintomatico.

Na PARTE I, apresentamos os topicos essenciais para compreender a abrangéncia do espec-
tro da presente tese, designadamente a relevancia e a contemporaneidade do tema “CFA”
e adicionalmente o enquadramento anatémico, morfolégico e vascular desta articulagio.
O Capitulo 1 é dedicado ao desenvolvimento e morfogénese da anca. No Capitulo 2,
sublinhamos a importancia e o papel da imagem através de uma revisio enfocada nas pers-
petivas atuais e futuras sobre este topico (Artigo I). No Capitulo 3, realizamos uma revisio
sistematica da literatura no sentido de descrever o estado da arte com foco na prevaléncia
da morfologia de CFA em popula¢Oes assintomaticas e sintomaticas. Este capitulo destaca as
multiplas lacunas de conhecimento relativas ao papel da morfologia da articula¢io coxofemo-

ral na patogénese do CFA (Artigo II).

Com base nesta parte introdutdria, abordamos seguidamente os objetivos da presente tese,
gerais e especificos, na PARTE II.
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Na PARTE III, descrevemos o corpo da investigacio clinica original efetuada. O Capitulo 4
¢ dedicado a caracterizagio detalhada da morfologia da anca, designadamente Ossea e vas-
cular. A morfologia coxofemoral foi quantificada utilizando soffware com capacidade de
semi-automatizacio analitica, permitindo estudar a prevaléncia e relacio entre as diferentes
morfologias articulares e o género, dominancia e simetria articular (Artigo III). A morfologia
Cam foi ainda alvo de caracteriza¢io mais aprofundada, através do desenvolvimento de um
novo parametro quantitativo com potencialidade diagndstica e de planeamento cirrgico/
/prognodstico, primariamente testado numa coorte assintomatica (Artigo 1V) e seguidamente
também em doentes com indicacio cirargica (Artigo V).

Na nossa atividade clinica didria apreciamos a necessidade urgente de melhor caracterizar a
topografia da deformidade Cam e a respetiva relacio com as artérias nutritivas da epifise femoral.
A impressio clinica referida sugeria que a morfologia Cam frequentemente se estendia poste-
riormente ao quadrante pdstero-superior, intersectando a regido retinacular vascular. No entanto,
por imagem a natureza arterial destas estruturas nunca havia sido confirmada. Por esta razio,
a importancia do parametro mencionado foi sublinhada e comprovada no estudo cadavérico
com avaliagio topografica vascular do fémur proximal (Artigo VI).

No Capitulo 5 testimos multiplos parametros imagioldgicos e respetivas variacdes/relacoes
com diferentes morfologias coxofemorais, no sentido de identificar as articulagdes com risco
clinico aumentado de desenvolvimento sintomatico. Para este fim efetuamos estudos baseados
em computacio avancada com modelacio estatistica (Artigo VII) e também em ressonancia
magnética (RM) tridimensional (Artigo VIII).

O Capitulo 6 descreve as opcdes de tratamento (Artigo IX) e os resultados clinicos num estudo
clinico de uma coorte com follow-up minimo de 2 anos, comparando a abordagem cirargica

aberta e artroscopica (Artigo X).

Os resultados dos diferentes capitulos estdo sumarizados na PARTE IV, onde apresentamos a sin-
tese geral, a discussdo critica dos resultados obtidos a luz da literatura atual e finalmente as conclu-

sOes relevantes. As oportunidades futuras de investigacao sio igualmente abordadas neste capitulo.

Em resumo o trabalho constante da presente tese sugere:

Primeiro, que a avaliacdo imagioldgica detalhada da morfologia coxofemoral é essencial
no sentido de compreender aprofundadamente nao s6 a propria articulagio como também

a morfologia pélvica (Artigo I).

Segundo, paradoxalmente, a definicio clinica de um caso patoldgico e das diferentes
entidades relacionadas, é ainda inexistente. Os parametros quantitativos e qualitativos que
comummente estio associados com CFA tipo Pincer e Cam sio francamente frequentes

em diferentes populagcdes (sintomaticas e assintomaticas) (Artigo II).
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Terceiro, em populacdes assintomiticas adultas, os intervalos de referéncia especificos
para os parametros quantitativos associados a morfologia de CFA e displasia sio mais latos
e com limites superiores mais elevados do que os atualmente utilizados na pratica cli-
nica (Artigo III). A morfologia femoral bem como os epicentros/magnitudes das defor-
midades Cam sio especificos de género, observando-se maiores valores de angulo alfa

e 6mega em individuos do sexo masculino (Artigo IV).

Quarto, é frequente a intersecio entre a extensio postero-superior da deformidade Cam
e a convergeéncia epifisaria das estruturas vasculares retinaculares observadas em RM, aspe-
tos que se revestem de primordial importancia no planeamento cirtrgico. Adicionalmente
a extensdo radial da deformidade Cam (angulo dmega) estd significativamente mais rela-
cionada com a sintomatologia clinica pré-cirargica do que o parametro mais comummente
utilizado na pratica clinica (angulo alfa) (Artigo V). A origem das estruturas vasculares
observadas por RM na prega retinacular é inequivocamente arterial, sendo que abrange

uma extensio mais anterior do que classicamente assumido (Artigo VI).

Quinto, as geometrias ovalares (em detrimento das morfologias esféricas e elipsoides)
sao melhor representativas de ambas as superficies articulares da coxofemoral, designada-
mente do fémur e acetibulo, bem como das ancas sintomiticas que clinicamente exibem
sinais de CFA (Pincer, Cam e misto) (Artigo VII). Individuos com maiores deformida-
des Cam, aspetos de hipocobertura acetabular e acentua¢io da anteflexdo pélvica apre-
sentam uma maior probabilidade de desenvolverem sintomas articulares (Artigo VIII).
Esta observacio ¢ critica, dado que fornece, na pratica clinica, informacio essencial acerca
da potencial predisposi¢io para fenémenos de exacerbac¢do sintomatica futura, permitindo
desta forma instituicio de medidas terapéuticas/preventivas adequadas. Na perspetiva do
doente, um diagndstico precoce e preciso, pode conceptualmente prevenir, numa pri-
meira fase, alteracdes condropaticas articulares e, numa segunda instancia, progressio para

artrose estabelecida.

Sexto, documentamos resultados clinicos e funcionais significativamente favoraveis quando
comparamos a abordagem artroscopica e aberta no tratamento cirtrgico da deformidade
Cam, sendo de observar que o género feminino esta associado a menor score funcional na

avaliacdo pré-operatéria (Artigos IX e X).

Futuramente, a imagiologia e a cirurgia conservadora da anca irdo desenvolver-se conjunta-
mente e em paralelo com novos e maiores desatios. A descricdo de novos parametros analiticos
para avaliagio da patoanatomia coxofemoral, associada a inova¢do tecnoldgica crescente e a
implementa¢io da inteligéncia artificial, impdem uma evolucio clinica oposta a assun¢io de

classificacdes patoldgicas demasiadamente simplistas. Nesse sentido a existéncia de guidelines de



RESUMO

diagnéstico e terapéutica mais efetivas e baseadas na evidéncia, que nos levem além da pura dife-
renciagao entre CFA e displasia, sio urgentes. A historia natural das deformidades Cam e Pincer,
sintomaticas ou assintomaticas, ¢ ainda grandemente desconhecida, assumindo-se como uma

area determinante de investiga¢io no que concerne ao diagnoéstico, terapéutica e progndstico.

Palavras-Chave: coxofemoral; conflito femoroacetabular; imagem; displasia; Cam; tomogra-
fla computorizada; ressonancia magnética; sutface fitting; angulo alfa; angulo dmega; prevaléncia;

anatomia; espinho-pélvico; valores de referéncia; valores normais.
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chapter 1

HIP ONTOGENESIS
AND MORPHOGENESIS

1.1 HIP DEVELOPMENT AND ONTOGENESIS
11.1 The Hip Joint

The skeleton provides protection, maintains body shape, and enables movement. The movement
of body parts is possible due to the coupling of bones in joints and the bony anatomy of each
joint adapting to its specific function'. The human hip joint, for example, can be simplified as a
weight bearing ball (femoral head) and socket (acetabulum) joint', but it functions as part of a
complex anatomic unit that consists of the femur, the pelvis and the lumbosacral spine. However,

it should be noted that this unit greatly varies among different species of animals'.

The articular surfaces of the femoral head (FH) and the acetabulum are covered by a layer of
shock-absorbing hyaline cartilage, which enables them to move smoothly. However, the FH and
acetabulum have intrinsic shortcomings that lead to some instability; hence, they are addition-
ally supported by soft tissue structures'~. The relatively shallow acetabulum is surrounded by a
ring of fibrocartilage (labrum) that deepens the acetabulum. Moreover, it has been found that
the labrum increases the acetabular contact surface area from 28.8 cm? to 36.8 cm?, thereby
extending acetabular coverage®*. The stability of the hip is further enhanced by a capsule, which
consists of multiple ligaments that run from the pelvis to the femoral neck. Within this capsule,
the synovial membrane produces a fluid that lubricates the cartilage, thereby virtually eliminat-

ing friction during movement of the hip*.
g g p
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1.1.2 Aspects of Evolution (Phylogeny)
11.2.1 From developing bone to locomotion

A combination of fossil anatomy and genetic information from modern species has improved
our understanding of bone evolution®. Mineralised tissues (bone) were a major breakthrough in
evolution. Calcium carbonate, the common constituent of rock, started being used as reinforce-
ment in organisms approximately half a billion years ago'”. Since then, fossils have been used to
study the calcified remains of life’s evolution. However, it was genetic studies that revolutionised
our understanding of the early stages of evolution of these tissues®. For example, a related family
of genes, which likely arose from a common ancestor, produces the mineralised tissues for teeth

(enamel, dentine) and skeletons (bone extra-cellular matrix)® (Figure 1).

Bone i1s specific to vertebrates; it originated as a result of mineralisation around the basal mem-
brane of the throat or skin, resulting in tooth-like structures and protective shields in animals

with a soft cartilage-like endoskeleton'.
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FIGURE 1 - Major gene networks thought to govern skeletal evolution. The arrows indicate positive in-
teractions while the horizontal lines indicate negative interactions. The scheme depicts signalling pathways
as they are currently understood, but most of the processes are under intensive investigation. Information
has been collected from multiple sources cited throughout the text (reprinted with permission from Wagner

et al., Acta Orthopaedica 2011; 82 (4): 393-398).

The existence of an endo- and exoskeleton imparts major differences to function. Although the
exoskeleton quickens the speed of evolution of animal life, it also imposes limitations, which
are mostly associated with limited body size, lack of surface sensory organs and locomotion
constraints; therefore, the next major change to the endoskeleton during the process of evolu-

tion proved to be a major adaptive advantage’. These changes encouraged the development of a
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strong muscular system and added further adaptive values to animal life, such as greater overall
mobility and the appearance of a regenerative and environment-sensitive dermis’. Moving from

aquatic to terrestrial environments, further developments improved locomotion.
1.1.2.2 From initial locomotion to bipedestrial gait

The development of terrestrial life forms hinged on the evolution from paired fins to limbs that
could eventually bear weight. Molecular genetic studies now show that the fin can transform to
a limb through subtle changes in a relatively small number of genetic switches’.

With evolution, amphibians started walking with a sprawling gait, with the limbs still perpen-
dicular to the long axis of the body (similar to the paired fins in fish). As much heavier loads can
be carried by vertical limbs than those that are horizontal (Figure 2), the emergence of vertical
positioning and rounding of the hip joint increased stride length, increased loading of the limbs

and decoupled walking from breathing. These developments, in turn, increased stamina, as run-

semi-erect erect

FIGURE 2 — Posture types: sprawling (e.g., reptiles), semi-erect and erect (e.g., cursorial mammals).

ning no longer counteracted breathing®’.

Adapted from Hogervorst et al.>” (reprinted with permission. McCarthy JC et al. Hip Joint Restoration.
Springer; 2016).

1.1.2.3 Evolution of the mammal and human hip

The most striking feature of the first three million years of human evolution (i.e., from
about 7—6 to about 3.5 million years ago) is the compacting of the pelvis. More importantly,
the ilium became much shorter, and the sacrum enlarged in all dimensions"” (Table 1).
This development made the female pelvis the only bone frame capable of conveying informa-
tion about the two most peculiar traits of human evolution — bipedestrial gait and encephali-
sation (development of a disproportionately enlarged brain) — as the female pelvis exhibits
both the adaptations that developed to facilitate permanent bipedestrial gait and, at the same

time, accommodate the birth of a large-brained baby'.
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Ardipithecus Australopithecus Australopithecus
SPECIES Chimpanzee retpr < ustratop! < < P! “ Homo erectus Homo sapiens

ramidus afarensis africanus

5 million years 44 million years ago 3.2 million years 2.7 million years 1.5 million years
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TABLE 1 - Photographs showing the evolution of the shape and orientation of the female pelvis

(from chimpanzee to man). Note that the birth canal first widens transversely, but from Au. Afarensis to

1.2.7

H. sapiens, only AP deepening occurs (adapted from Hogervorst et al.>” with permission).

The first trait of evolution that was found in hominids (early human ancestors) was the ability
to walk upright; it was later that they developed a large brain. Furthermore, hominids developed

an exclusive bipedal gait within 2-3 million years of evolution.

Extensive osseous adaptations of the lumbar spine, pelvis, hip and femur characterise the emer-
gence of the human bipedal gait with its “double extension” of the lumbar spine and hip>*’.
The now “compacted” pelvis and extension of the hip joint along with the elongation of the
femur effectively increased leg length (improving energy efficiency) and influenced concavity at

the femoral head-neck (FHN) junction and femoral neck anteversion'®.

The changes in the proximal femur reflect the increased bipedism (Figures 3 and 4). The human
hip has a thicker femoral neck (decreased FHN ratio) and reduced concavity compared to
the non-human apes. Furthermore, while variability can be observed in the proximal femoral
morphology of humans, the same is not observed in non-human apes. This difference can be
explained through evolution. Proximal femoral concavity was more important for the non-
-human apes, such as for climbing, than for modern humans because the latter experiences high

loading of the hip due to activities such as running'®!".
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FIGURE 3 - Superior view of a gorilla femur (A), chimpanzee femur (C), modern human femur
with coxa recta (B) and modern human femur with coxa rofunda (D) (adapted from Hogervorst et al.”'?

with permission).

FIGURE 4 — Radiographs of hominid hips with head-neck ratios (largest head diameter divided
by smallest neck width). The human hip has the thickest neck and decreasing offset. Note the thicker
cortical bone in the superior femoral neck of the apes (A) orangutan (B) gorilla (C) chimpanzee (D)
homo sapiens. The AP view is not to scale. Information has been collected from multiple sources cited

throughout the text (adapted from Hogervorst et al.”!? with permission).
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Mammals exhibit a large variation in hip morphology. However, conceptually, only two types
of hips (based on differences in the proximal concavity of the femur) can describe the majority

of femurs®'?

. Coxa recta and coxa rotunda relate to the ossification pattern of the proximal femur
and are typical to locomotor categories'*!* (Table 2). It has been hypothesised that when hom-
inids evolved into bipedal runners, their FH morphology began to evolve from a coxa rotunda

to a less spherical coxa recta"!

. The morphology of the FH is probably functionally related to
locomotion and habitat. Furthermore, it should be noted that both genetics and biomechanics
(loading history) play a role in the development of the hip morphotype (ontogeny)*® although,
currently, this variability has no proper explanation (yet it is important, as certain morphotypes

are associated with osteoarthritis (OA))'*'>.

SHAPE POSITION OSSIFICATION EXAMPLES
COXA v non-spherical head and/ v head is positioned v evolves from a single secondary ~ Most mammals
RECTA or a straight section on eccentrically on a short osseous epiphysis (coalesced)
the superior FH/FHN femoral neck and is shifted
antero-inferiorly.
COXA v round femoral head v the femoral neck is v/ FH and the greater trochanter Few mammals
ROTUNDA : : 3
(spherical) relatively long and narrow emerge from two separate (orangutans,
secondary ossification centres chimpanzees

and gorillas)

TABLE 2 — Summarising differences between coxa recta and coxa rotunda with respective shape, posi-

tion and ossification. Information has been collected from multiple sources cited throughout the text.

1.2 HUMAN HIP MORPHOGENESIS (ONTOGENY)

Hip ontogenesis, or morphogenesis, describes the development of the hip from its foetal origin
to the adult form. Understanding the sequential steps of the hip’s development is critical to elu-

cidate the pathobiology mechanisms of disease and deformity™!'%.

A normal child’s hip develops from an intricate balance between a growing acetabulum,
a growing proximal femur and the vasculature that adapts to the bony changes. The program
for hip development begins with a genetic template that is actuated by a cascade of cell signal-
ling factors. Within the outline provided by the genetic code, embryonic, foetal and childhood
development of the hip continue and keep changing in accordance with various environmental

and biologic factors®!’.
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1.2.1 In the Uterus

Pre-natal development is divided into two stages: a) the embryonic stage in the first two months
of life, beginning with the fertilisation of the oocyte, followed by b) the foetal stage, which
encompasses the period from the eighth week of life to birth. Tissue differentiation predom-
inantly occurs during the embryonic phase, whereas the foetal period is marked by growth
and development'*'®. In the last phase of pre-natal development, the limbs and joints grow and

mature in relative proportions and pre-established spatial orientations.

During development, the foetus assumes an upright position inside its mother. It has a very
large head and long legs and, in the last trimester, the uterus wall tends to hyperflex the hip,
levering the femur against the prominent anterosuperior iliac spine'? (interestingly, non-human
apes do not have prominent anterior iliac spines, have smaller heads/shorter legs and no known
dysplasia). This hyper flexed position may act as a mechanical factor in explaining the decrease
in relative acetabular depth and increase in femoral anteversion with increasing gestation, predis-

posing to a neonatal/infant hip dysplasia'>"’

.The cervicodiaphyseal angle (CCD) in foetal devel-
opment appears to decrease with foetal age, further decreasing with age postnatally. Femoral
anteversion, on the other hand, has been noted to increase with increasing foetal age; however,
this is accompanied by a steady decrease during postnatal development!”. Moreover, although
the acetabulum increases in depth and grows in all dimensions in the uterus, its orientation does

not change in any significant manner'®.

1.2.2 Post-natal Development

A delicate balance can be observed between the growing proximal femur, the acetabular and
triradiate cartilages and adjacent bones that allow the acetabulum to develop. However, it is not
fully understood what controls this balance, but it is likely that genetics is involved in maintain-
ing this balance to a certain extent. There is also evidence to suggest that an adverse intrauterine

environment may play a role in the genesis of hip pathology.

Developmental changes in either hip component affect the responsive growth of its compan-
ion. The normal pressure of the FH in the acetabulum maintains a balance in the proliferation
of triradiate and acetabular growth cartilage. Secondary deformities result from the failure of
head-acetabular relationships, such as congenital dislocation of the hip and primary epiphysiod-
esis of the triradiate cartilage (TR C). Anatomically, the proximal femur adapts to the growth of

the primary epiphyses and associated biomechanical forces'.
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FIGURE 5 — Illustration of the main components of the acetabulum.

1.2.2.1 Acetabulum

At birth, the acetabular cartilage (AcCartil) complex comprises the saucer-shaped AcCartil later-
ally and the Y-shaped TR C medially (Figure 5).These two components of the AcCartil complex
are anatomically continuous, and their coordinated growth results in the final acetabular shape'®.
Eventually, the TRC goes on to form the non-articular medial wall of the acetabulum while
the AcCartil forms the cup-shaped rim of the acetabulum. At the periphery of the AcCartil is
a fibrocartilagenous structure or labrum, which adds depth to the acetabulum. The capsular

insertion is continuous with the labrum and the periosteum covering the pelvic bones®.

The AcCartil complex undergoes interstitial growth within the cartilage and appositional
growth under the perichondrium. The TRC, which is composed of the hyaline cartilage,

represents the conjoined physeal plates of the three pelvic bones!'™".

The three main acetabular ossification centres, which have been listed as follows, develop in the
AcCartil': 1) the os acetabuli (eventually forms the anterior wall of the acetabulum); 2) the iliac
acetabular cartilage centre (forms the superior acetabular bone and joint surface); 3) the ischial
acetabular centre (develops to form the posterior acetabulum). All ossification centres appear
by 8 to 9 years of age (y.0.) and fuse by 17 to 18 y.0. As most of the acetabular shape is deter-
mined by 8 y.o., this age is important for prognosis of several paediatric hip disorders'®*">'.
The growth of acetabular height and width depends on the interstitial growth of the TRC.
However, growth in depth and the construction of the final acetabular shape are extremely reli-
ant on the interaction with a spherical femoral head. Moreover, other factors, such as periosteal
new bone formation, must come into play in the adjacent pelvic bones to allow the acetabulum

to develop normally during growth®!*!¢.
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1.2.2.2 Femur

In infants, the entire proximal femur is composed of cartilage. The proximal femoral (secondary)
ossification centre appears between 4—7 months after birth. Following its appearance, it continues
to enlarge until adulthood, when only a thin layer of articular cartilage remains. The enlargement
of the FH and greater trochanter is facilitated by appositional growth, and their subjacent growth
plates contribute to the length and width of the neck, respectively'. Their concurrent function not
only yields growth along their respective axis but also a common vector of growth directed along
the axis of the femoral shatt. The contact pressures exerted on the FH cartilage by the tight-fitting

acetabulum result in its spherical appositional growth, as increasing pressure inhibits growth®.

It should be noted that any disturbance in these growth plates can lead to angular abnormalities
of the proximal femur'*'*#. For instance, the varus and valgus angulation of the neck is controlled
by the contributions to the lateral growth of the neck by the three growth plates, which have

been listed as follows (Figure 6):

I.  Femoral head growth plate (FGP): This initially contributes to the maintenance of its
sphericity. As the neck elongates, the geographic centre of the head moves proximally
until the FGP achieves its final position at the FHN junction.

.  Greater trochanter growth plate (TGP): This primarily contributes to the longitudi-
nal growth of the proximal femur and the lateral width of the femoral neck.

m. Femoral neck isthmus growth plate (FNI): This connects the trochanteric and fem-
oral neck plates along the lateral border of the femoral neck. The FNI dynamically

contributes to the lateral width of the neck, maintaining pace with the TGP and FGP.

An understanding of the interrelationships of the growth zones of the proximal femur and their

alterations that result from genetic, environmental and developmental influences permits early

13,2324

diagnosis of growth deformities

FIGURE 6 — (A) Illustration of the three femoral growth plates and TRC. The arrows represent
the resultant main vectors of force in these growth plates. (B) Schematic representation of the grow-
ing human hip region, showing the primary femoral and secondary ossification centres and proximal
diaphyseal growth plate at ages 0, 1 year, 2—4 years and > 4 to 6 years. The panels represent normal
development, showing an isthmic interruption of the chondroepiphysis prior to trochanteric osseous

expansion, normal orientation of the capital growth plate and normal head-neck oftset.
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1.2.3 Factors that influence growth and shape

Child hip development is an ordered pathway of processes that result from the delicate interplay
of cellular and mechanical influences. Cell signalling, intrauterine differentiation and postnatal
growth with the maturation of its accompanying blood supply are critical to hip development.
Central to this process is the necessary contact between the FH and acetabulum to enable con-

gruent development.

Developmental hip disorders (DDs), such as developmental dysplasia of the hip (DHD), slipped
capitis femoris epiphysis (SCFE) and femoroacetabular impingement (FAI), have been viewed by
some as morphological variants of the normal hip"*.The sequelae of these diseases and their treat-
ments may be understood in the context of the growth history of the joint!’. The femoroacetabular
morphology of DD is believed to induce OA through local cumulative mechanical overload acting

on genetically controlled patterning systems and subsequent damage of joint structures’.

However, it remains unclear why hip morphology differs between individuals with seem-
ingly comparable load histories and why certain hips with DD progress to symptomatic OA,
whereas others do not. Furthermore, genetic factors most likely act through multiple genes, each
with modest effect sizes. Therefore, single genes that explain a DD are unlikely to be found.
Apparently, the interplay between genes and load history not only determines hip morphotype
but also joint cartilage robustness (“cartilotype”) and resistance to symptomatic OA®. Integrating
observations from several fields that have recently provided an explanation to hip morphology
(i.e., imaging, evolution and genetics) can improve our understanding of hip ontogeny, DD and

OA development (Figure 7).

HIP PAIN

MORPHOTYPE
b 4 LOAD HISTORY * JOINT DAMAGE

CARTILOTYPE

2 LOAD HISTORY

FIGURE 7 - Schematic illustration of currently proposed factors and fluxogram of hip pathology.

Information has been collected from multiple sources and has been cited throughout the text.
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1.2.3.1 Genetic background

Genes may account for some of these morphological differences and increased susceptibility

326 35 genetic architecture

to disease. They have only recently been linked to hip morphology
for hip morphogenesis is apparently complex and polygenic (i.e., no genes specific for each
DD have been found). OA susceptibility genes that are involved in endochondral ossification
influence the effect of joint shape on OA.These genes might either affect the shape itself or

moderate how the shape affects the cartilage®.

OA has a considerable hereditary component and is considered to be a polygenic disease?,
reflecting the result of multiple interacting genes with small effects that tend to be related to the
process of synovial joint development. Early-onset OA has been linked to mutations in matrix
molecules that are often associated with chondrodysplasias, whereas less destructive structural
abnormalities or mutations confer increased susceptibility to injury or malalignment, which can
result in middle-age onset. Finally, mutations in molecules that regulate subtle aspects of joint
development and structure lead to late-onset OAS. As such, they could also determine the age at
which OA becomes apparent, the joint sites involved, the severity of the disease and how rapidly

it progresses’.

1.2.3.2 Mechanical factors

More than a century ago, Roux and Wolff already observed that bone is capable of adapting
itself to its mechanical environment. This has been well illustrated by the trabecular structure of
the proximal femur, which is aligned along main loading directions. This has led to the idea that
external forces as a result of sport activities, specifically during the period of skeletal growth,
influence bone architecture and bone morphology’*%*?. Observations from recent literature

showed that:

I. Bone and growth plates are adaptive tissues

Bone has the ability to constantly renew itself. This is realized by osteoclasts and osteoblasts
working together in structural basic multicellular units®. During growth, remodelling also takes
place to adapt bone structure to changing mechanical loads, which is then referred to as mod-
elling. Bone and cartilage adapt to their mechanical environment, and the cartilaginous growth
plate is likely affected in its differentiation and ossification process by mechanical loads. Cam
deformity on radiographs gradually develop from approximately 13 years of age until the clo-
sure of the growth plate?. Accordingly, finite element models showed high mechanical stress on
impact loading in the open growth plate and surrounding bone, exactly where the Cam defor-

24

mity usually develops™, particularly in a position of flexion and external rotation**’.
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n. Load history

The prevalence of the coxa reta deformity (commonly referred to as Cam morphology) seems
especially high in weight-bearing sports that require high flexion with rotational movements of
the hip (e.g., soccer, basketball and ice hockey require these hip-loading patterns). Ice hockey
players were 4.5 times more at risk for having a Cam deformity than skiiers®’. In boys between
the ages of 12—13 y.o., the adolescent growth spurt occurs' and the skeleton is especially respon-
sive to mechanical stimuli. This might be a critical period, since subtle mechanical triggers might

interact with molecular stimuli and easily lead to bone formation®.

Further, a dose-response relationship is apparent, as elite soccer players who practiced more than
3 times per week before the age of 12 years were 2.6 times more likely to have a Cam deformity
than elite soccer players that practiced three times or less before the age of 12°%2, Finite element
analysis revealed that the orientation of the growth plate, combined with certain loading scenarios,
modulates bone formation. This means that a specific orientation of the growth plate with
extension towards the femoral neck can result in a synergistic eftect on bone formation in the

anterolateral head-neck junction*-".

1.3 HIP MORPHOLOGY

Classically, the hip has been described as one morphologically simple loading joint, although the
recent description of some anatomical features has remarkably enriched this apparent simplicity.
The interpretation of the function of anatomical structures by “layers”, with specific and com-
plementary functional levels, has contributed to the explanation of symptomatic pathological

phenomena.

The basic anatomy around the hip consists of the superficial surface anatomy and deep
bony, muscular and neurovascular anatomy. The clinically relevant surface anatomy consists
of several superficial, palpable bony prominences. The anterior landmarks consist of the
prominent anterior superior iliac spine (ASIS) and anterior inferior iliac spine (AILS), which
serve as insertion points for the sartorius and direct head of the rectus femoris, respectively.
The greater trochanter and posterior superior iliac spine (PSIS) are also easily identifiable.
They are important landmarks for imaging diagnosis and incision planning. Understanding
the relationship of these structures with the deeper anatomy is a critical, clinical anatomic
principle. Accurate identification and palpation of these structures are vital to all surgical

hip planning.
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Presently there is no detailed knowledge about the combined function of the pelvic/abdominal
muscle girdle and the mobility of the hip, but there is a clear relationship between these two
anatomical regions in the sense that an alteration of the global spinopelvic structure influences
the hip and vice versa®. Therefore, evaluating these structures by functional layers more closely

parallels clinical significance**.

1.3.1 Structural Layer

This bony structural layer essentially consists of the proximal femur, the acetabulum, the hyaline
cartilage that lines the two articular surfaces and the acetabular labrum.The hip is a diarthrodial

joint and is defined by the constrained bony articulation of the proximal femur and acetabulum.
131.1 Femur

The FH has a spherical shape, in continuity with the femoral neck, which usually has a cylindri-
cal shape flattened from front to back. In coxa rotunda, there is continuity between its spherical
shape and the periphery of the FHN. Although this is the normal anatomy classically described,
we now know that in up to 7-100% of humans there are variants of this morphology, with the

presence of a non-spherical sector at the FNH junction' (Figure 8).

Usually, the articular cartilage covers about % of the FH and presents a variable thickness, higher
in its central region and in the loading zone. Its lateral borders correspond to the FHN transition,
except in the upper areas where the cartilage is bordered by the postero-superior synovial fold
covering the retinacular arteries that nourish the epiphysis®’. The average distance that separates
the lateral border of the cartilage from the nourishing arterial orifices is not known. During this
thesis, we describe the methodology used to obtain the value of this distance. This knowledge is
important because osteoplasty of the FHN junction often extends near these nourishing holes.
The fovea capitis is a small area devoid of cartilage in the FH, and it is located slightly posterior

and inferior to the centre of the FH cartilage (Figure 8).
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FIGURE 8 — Dissection photography of the right hip. Femoral head with the typical spherical shape
of a coxa rotunda and the hyaline articular cartilage lining slightly lateral to the equatorial region and
with an irregular border (dashed line). th: femoral head; Ib: labrum; 1t: ligamentum teres; st: synovial fold;

S: superior; I: inferior; M: medial; L: lateral.

1.3.1.2 Acetabulum

The acetabular cavity has a concave hemispherical shape® that results from the contribu-
tions of the 3 bones of the pelvis, the ilium, ischium and pubis. It is orientated approximately
45° caudally (abduction) and 15° anteriorly (anteversion)®. Its hemispherical shape covers 170°
of the femoral head®®. The acetabular fossa is located in the inferior region of the acetabulum
and is surrounded by the horseshoe-shaped lunate surface (non-articular surtace of the acetab-
ulum, covered by synovia). The transverse ligament limits the inferior margin of the fossa and is

in continuity with the anterior and the posterior labrum?® (Figure 9).

FIGURE 9 — (A) Bony pelvis cadaveric specimen, representing the anatomy of the acetabulum. (B) Soft

tissue cadaveric specimen of the acetabulum (eias): anterosuperior iliac spine; (eip): eminence iliopectineus;

(pub): pubis; (It): transverse ligament; (isq): isquion. S: superior; I: inferior; A: anterior; P: posterior.
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1.3.1.3 Labrum

The labrum is a fibrocartilage with a triangular cross section, although its morphology can vary
widely®. Its base is inserted in the osseous acetabular rim; the articular or internal surface is in
continuity with the acetabular cartilage and the capsular or external surface is attached to the
articular capsule. The labrum is in continuity with the transverse ligament, antero-inferiorly
and postero-inferiorly. The labral vascular supply arises from a periacetabular vascular ring with
radial branches that course over the capsular surface of the labrum, terminating in its free edge.
Kalhor et al.”” did not show vessels entering the labrum from the adjacent subchondral bone.
The clinical relevance of this fact is that the majority of the labral lesions are located in the
chondrolabral junction with preservation of the vascularity tree (surgical labral detachment may

interfere with its blood supply) (Figure 10).

As it has its own innervation (coming from the obturator nerve), the labrum can be an import-
ant source of pain when it is subjected to an abnormal tension or when it presents structural
changes or discontinuity with the bone or cartilage®. It has free nerve endings with both pro-
prioceptors and nociceptors, which may explain the decreased proprioception and pain in an
athlete with a torn acetabular labrum. These changes very rarely occur in isolation and are
frequently associated with changes in bone morphology such as in DHD or FAI*'*2 Like the
knee meniscus, the labrum may have the greatest healing potential at the peripheral capsulo-

-labral junction™.

The sublabral sulcus (Figure 10) is an anatomic variant that should not be confused with a labral
tear. In arthroscopy, it is a well-defined cleft between the labrum and the acetabular hyaline car-
tilage with smooth edges, no signs of inflammation and no labral instability on probing. Its most
frequent location is the postero-inferior (48%) quadrant®. There is a normal concavity in the
anterior acetabular rim in relation to the iliopsoas tendon (psoas “U”). It is universally present,

and its superior aspect is a reliable arthroscopic landmark for the 3 o’clock position*.

Because the labrum appears to enhance joint stability and preserve joint congruity, there is a
significant concern about the potential for rotational instability or hypermobility of a labral defi-
cient hip. This instability may result in redundant capsular tissue and create a potential abnormal
45,46

load distribution due to a transient incongruous joint resulting from subtle subluxation

Presently, known labrum functions include the following™*’:

I.  acting as a load-bearing structure containing the FH in extreme ranges of motion
(ROM), especially flexion;
Il.  acting as a tension band to limit expansion during motion between the anterior and

posterior columns during loading in the gait cycle;
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. contributing significantly to decrease tension on the cartilage during dynamic trans
articular compression;
IV. joint sealing function by limiting fluid leakage from the joint space, thus protecting

the cartilage layers.

FIGURE 10 — (A) Macrophotography of the acetabular labrum section. There is a normal depres-

sion in the chondrolabral transition and the continuity of the labral tissue with the bone and cartilage
surface (arrow). (B) Detail of the anterior articular surface where we frequently observe a more pro-
nounced depression in the chondrolabral continuity (arrow). (C) Arthrography magnetic resonance
image of the same groove as in (A) (arrow). This variant should not be confused with labrum rupture.

S: superior; I: inferior; M: medial; L: lateral.

132 Capsulo-ligamentous Layer
1.3.2.1 Capsule and peripheral compartment

The anatomical structure that most influences the peripheral space is the joint capsule. It is a
thick and tense fibrous sleeve extending from the outer neck to the acetabular rim. The inner
surface is entirely covered with synovia. Some portions of the capsule have an increased thick-
ness or are reinforced. Namely, (a) the superolateral part is reinforced by the reflected tendon
of the rectus femoris, (b) the anterolateral part by the ilio-femoral ligament (y-shaped ligament of
Bigelow), (c) the anteromedial part by the pubo-femoral ligament and (d) the posterior capsule

by the ischio-femoral ligament®.

The zona orbicularis (ZO) is a major hip stabilizer and represents a circumferential thickening
of the capsule, forming a ring around the FHN. It consists of a thicker layer of annular fibres
crossing the above-mentioned longitudinal ligaments and, thus, strengthening the capsule. Just

cranial to the ZO, close to the anterior capsular recess, lies the psoas tendon™*.
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The iliopsoas bursa is located beneath the myotendinous portion of the iliopsoas muscle, ante-
rior to the hip joint capsule and lateral to the femoral vessels. The bursa separates the iliopsoas
tendon from the articular capsule, and it may directly communicate with the peripheral com-
partment in 15-20% of cases. This finding may bear clinical relevance and can increase the risk

of fluid extravasation during hip arthroscopy™ (Figure 11).

FIGURE 11 - (A) Arthroscopic image of the peripheral compartment of a right hip with an articular
communication with the iliopsoas tendon. The femoral head (a), the anterior capsule (b) and the ilio-
psoas tendon (c). (B) Arthrography magnetic resonance image of the hip. Fovea capitis with ligamentum

teres insertions are shown (arrow).

The spiral orientation of the capsular ligaments provides a “screw” effect in full extension. The
ligaments tighten or coil with maximal extension, making this a position of maximal soft tissue
stability. Interestingly, the position of maximal articular congruency is not with the hip in an
extended position but in a flexed position”. The position of optimal articular contact (FABER:
flexion, abduction, external rotation) is actually a position of soft tissue laxity with the ligaments
uncoiled. Thus, the position of maximal instability, from both soft tissue and osseous perspectives,
is flexion and adduction*. The formation of adhesions of the capsule to the labrum caused by

recurrent synovitis or after surgery* can also be a source of pain.

1.3.2.2 Ligamentum teres

The ligamentum teres (LT) has traditionally been viewed as an embryonic remnant with no role
in the biomechanics or vascularization of adult hips (Figure 11). However, the LT is a strong
intraarticular ligament that is anatomically and biochemically similar to the anterior cruciate
ligament of the knee. It arises from the transverse ligament and the ischial and pubic margins

of the acetabular fossa and has a fascicular appearance with an anterior and posterior bundle.
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The ligament is trapezoidal at its base and runs to the FH, where it becomes progressively round

or oval shaped and inserts into the fovea capitis (Figure 12). During dynamic clinical evaluation,

the ligament is tight in hip external rotation®’. The exact function of the LT is not yet clear and

different theories have been proposed as follows

50-53.

Intrinsic stabilizer that resists joint subluxation forces;

May play a role in nociception and coordination of movements;

Provides blood supply to the developing FH;

May help to distribute synovial fluid within the hip joint via a “windshield wiper
effect”>"-%2;

Patients with LT tears develop hip microinstability. When combined with sporting
activities, this results in damage to the labrum and cartilage (explaining the high asso-

ciation rate between tears of the LT, labral tears and cartilage lesions)>.

FIGURE 12 — Hip arthroscopic images (A) ligamentum teres (LR), (B) anterior perillabral recess (R);
Femoral head (CF); Labrum (L). CF: femoral head; L: labrum; R: perilabral recess.

1.3.3 Muscular Layer

The muscular attachments surrounding the hip are extensive, with a total of 27 muscles crossing the

hip joint. A detailed understanding of the muscular attachments and innervations are critical for safe

open surgical procedures®. They can be broadly broken down by their main function*”” (Table 3):

Primary flexors: the iliac, psoas, iliocapsularis, pectineus, rectus femoris (direct and indirect
heads) and sartorius;
Extensors: The gluteus maximus, semimembranosus, semitendinosus, biceps femoris (long and

short heads) and adductor magnus (ischiocondyle part);

| 52 |
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m. Abductors: The gluteus medius, gluteus minimus, tensor fascia lata, and iliotibial band;

adductor magnus;

Adductors: The adductor brevis, adductor longus, gracilis and the anterior part of the

v. External rotators: The piriformis, quadratus femoris, inferior gemellus, superior gemellus,

obturator externus and obturator internus.

MUSCLE

Piriformis

Quadratus femoris

Gemellus

Obturator externus

Obturator internus

FUNCTION

- Active: External rotator.

- Passive: Hip stabilizers.

IMPORTANT SPECIFICITES

- Intimate relation with the deep branch of the
posterior femoral circumflex artery that penetrates
the capsule below the terminal portion of its
tendon.

- Between the muscular bodies of the piriformis
and the gemellus superior, the large sciatic nerve
emerges to its extra pelvic path.

DEEP LAYER
- During hip surgery, the posterior border of
Gluteus minimus®® - Mainly abductor, but also the gluteus minimus serves as a reference for the
(GM) internal and external rotator. dissection of the joint capsule and for the location
of anastomotic vascular branches.
- Hip stabilizer preventing - The ratio of the transverse section of the
lliocapsularis lateral and superior head iliocapsularis to the iliopsoas muscle in MRI
migration. can be a marker of instability.
- Lateral surgical approaches: Its posterior border can
INTERMEDIATE _ . ,
LAYER Gluteus medius - Mainly abductor. serve as a reference for the location of the tendon
of the piriformis.
P - Extensor and external - Forms a vast fan that covers the deep and
Gluteus maximus - .
SUPERFICIAL rotator. superficial planes of the hip.
LAYER
Tensor fascia lata - Hip abductor. - 2" most important abductor.
- Proximity to the acetabular border and to the
iliopectine eminence explains symptoms of
- Hip flexion and external snapping or mechanical instability in situations of
rotation. increased femoral anteversion or insufficiency
lliopsoas?0se5? of the anterior acetabulum®.
- The most important hip
flexor*. - Controversy regarding its involvement in
impingement pathology with the acetabular
labrum®.
- Adduction.
. . . - The proximal insertion of the adductors can
- Extension of their proximal .
. . be a cause of symptoms when there is muscle
insertion around the hyperactivity in order to transversely balance
THIGH Adductors obturator orifice makes tgf elvis® ¥ ¥
. vis®.
MUSCLES them extensors or hip b
flexors as a function of the . S
. . S - Important in maintaining the transverse balance
relative position of the joint . . . .
. . . of the pelvis and during bipedal gait.
(inversion of their muscular
actions).
- Hip extensors. . . . .
p - The proximal insertion of the hamstrings can be
Hamstrings a frequent cause of symptoms due to tendinopathy

- Contribute to AP muscular
balance of the pelvis.

or ruptures®'.

Rectus femoris
(direct and indirect
heads) and sartorius

- Hip flexor.

- With the TFL, antagonize
hamstring action.

- The proximal insertion of the rectus_femoris is
a frequent site of rupture or avulsion®'.

TABLE 3 — Summarising functions and specificities of the pelvic and hip muscles.
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1.3.4 Neuromechanical Layer

This is a theoretical concept that integrates multiple interlinked anatomical structures, physio-
logical events and kinematic changes that depend on the proprioception and pain sensitivity of
the periarticular structures. Locally, this layer is formed by the neurovascular structures, mech-
anoreceptors and nociceptors present in LT, capsule, labrum and tendons. On a broader view,
this level refers to the relative pelvic position in relation to the femur. Postural balance may be

affected by changes in lumbar kinesis.

The FH and the acetabulum have a reciprocal interaction where proximal femoral morphology
can compensate for acetabular morphology and vice versa. To exemplify, a large Cam deformity
would impinge later on a shallow acetabulum than on a protrusio acetabulum®. The principle of
“reciprocal interaction” explains the difficulty to set threshold values for morphologic param-
eters predisposing to impingement, with only extreme values being strongly predictive for the
development of impingement or instability®. Sagittal pelvic kinematics and spinopelvic angular
parameters are new parameters under investigation for their relationship with the development

of symptomatic FAT*.

1.3.5 Vascular anatomy of the hip

Detailed knowledge of the extra osseous vascularization of the proximal femur and iliac allowed
the development of hip preserving surgery (HPS) techniques®. The overall vascularization of

the hip joint will be described with particular detail for the proximal femur.

The primary vascular pathways are extensions from the internal and external iliac vessels. From
the internal iliac system, the superior and inferior gluteal arteries and obturator artery supply
most of the surrounding hip musculature (laterally and medially respectively) and periacetabular
region”. From the external iliac system, the medial and lateral femoral circumflex arteries anas-

tomoses around the proximal femur.
1.3.5.1 Proximal femur

The learning curve of the technique of hip surgical dislocation is facilitated by the visualiza-
tion of anatomical structures, particularly vascular structures, and by the direct visualization of
the mechanism of impingement®®. However, in more extensive deformities requiring a wider
resection, visualization of the posterior region of the FHN may be impossible. In these cases,

preoperative imaging information on the spatial location of vascular structures has definite

added value.
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In advanced HPS, the possibility of a circumferential approach of the FHN, generating a flap of
soft parts containing the external rotators and the deep branch of the medial femoral circumflex
artery (MCFA), allows the performance of realignment osteotomies at the level of the femoral
neck. Similarly, knowledge of the location of the posterior border of the superior retinacular

fold may be relevant and may contribute to the safety of the procedure®.

I.  The MFCA has 3 main branches: The ascending, deep and trochanteric. The deep
branch of the MFCA is the primary blood supply to the FH®;

.  The lateral femoral circumflex artery, metaphyseal artery and the medial epiphyseal
artery all give small contributions to the vascularisation of the FH, with the medial

epiphyseal artery providing most of the perfusion to the peri foveolar area.®

Course of the MCFA:The course of its deep branch is quite predictable. It usually originates from
the deep femoral artery and starts medial between the pectineus and iliopsoas tendon along the
inferior border of the obturator externus. Here, a trochanteric branch sprouts off at the proximal
border of the quadratus femoris to the lateral trochanter (Figure 13). Posteriorly, the deep MFCA
enters between the proximal border of the quadratus femoris and the inferior gemellus. It then travels
anteriorly along the conjoint tendon of the inferior gemellus, obturator internus and superior gemel-
lus and perforates the capsule at the level of the superior gemellus. It then originates 2—5 superior
retinacular vessels intracapsularly®”. Doppler laser studies clearly show that the superior retinacular
arteries alone are sufficient to ensure perfusion of the FH, and conversely, when their flow is

interrupted, the remaining systems are not sufticient to maintain arterial perfusion® (Figure 14).

FIGURE 13 — Open dislocation surgical procedure. Notice the location of the trochanteric branch of
the posterior circumflex artery.VE: vastus lateralis; GT: great tuberosity; MG: gluteus medius; rt: trochan-

teric branch; S: superior; I: inferior; L: lateral; M: medial.
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Anastomosis: The deep branch of the MFCA has multiple anastomoses®®®"%;

I.  The descending branch of the lateral femoral circumflex artery joins the deep MCFA
at the base of the neck of the femur;

. The deep branch of the superior gluteal artery joins it at the insertion of gluteus
medius;

m. The inferior gluteal artery anastomoses with the deep MFCA along the inferior bor-
der of the piriformis, posterior to the conjoined tendon;

Iv. The internal pudendal artery joins it near the retro acetabular space.

FIGURE 14 - (A) Schematic drawing of the external rotators’ flap containing the deep branch of

the posterior circumflex artery (posterior view). (B) Representative cadaveric photograph of the same
anatomy. 1: external rotators; 2: deep branch of the posterior circumflex artery; 3: great trochanter;

S: superior; I: inferior; L: lateral; M: medial. (adaptation from Prof. Dr. Paulo Rego’s illustration and

photography, with permission).

1.3.5.2 Acetabulum and peri-articular soft-tissues

The periacetabular region is nourished by several branches of the internal iliac artery that exten-
sively anastomose to form a periacetabular circle on the outer and inner face of the iliac bone
(contributions from superior gluteal, inferior gluteal, obturator, 4™ lumbar artery and iliolumbar
artery)”™. In its anterior region, this anastomotic circle is connected to the ascending branch of
the anterior circumflex artery (Figure 15). Detailed knowledge of this vascular anatomy is very
important in surgical procedures of acetabular reorientation for the preservation of the vas-

cularization of the acetabular fragment®>7°.
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FIGURE 15 - Mlustration of the lateral (a) and medial (b) facets of the iliac with the respective arterial

anastomotic network of the peri-acetabular region. 1: upper gluteal artery; 2: gluteal inferior artery;
3: obturator artery; 4: supra-acetabular a.; 5: acetabular a.; 6: acetabular branch of gluteal inferior a.;
7: anastomosis between inferior gluteal a. and obturator a.; 8: iliolumbar a.; 9: nourishing branch of
iliolumbar a.; 10: 4th lumbar a.; 11: deep iliac circumflex a.; 12: medial pudendal a.; 13: common iliac a.

(adaptation from Prof. Dr. Paulo Rego’s illustration, with permission).






chapter 2

CLINICAL EVALUATION

2.1 IMAGING ANATOMY

The hip joint is classically described as having spherical surfaces, with the FH having a %5-shape
of a sphere in continuity with the FHN. The acetabular cavity corresponds to a concave
sphere segment in all its extension and is covered with cartilage in its more peripheral zones

(horseshoe-shaped) with a central, non-articular zone*.

Conventional plain radiograph (CR) remains the standard imaging modality to assess the hip
despite modern three-dimensional (3D) computed tomography (CT) or magnetic resonance
imaging (MRI). In clinical practice, we quantify hip morphology using angles and lines that
are usually visible in an anteroposterior (AP) radiograph with standardized acquisition of the
entire pelvis with additional views according to each clinical situation’”°. As such, knowing
the technical principles of radiographic imaging is essential for the correct interpretation of CR.

In contrast to CT or MRI, a CR is a two-dimensional projection of a 3D reality.

Given the enormous individual variability, it is difficult to precisely define the thresholds
between what is normal or pathological regarding the shape of the hip, with extensive research
having been done on the subject since the last century””®. To better understand the variants of
normal and what is considered to be the pathological deviation, it is paramount to describe and

quantify imaging parameters that can guide us throughout this dissertation.

2.11 General technical considerations

For the pelvis AP radiograph, the legs must be 15° internally rotated to compensate for femoral
antetorsion. The central beam is centred to the midpoint between the upper border of the sym-
physis and a line connecting the two ASIS. Other technical aspects are paramount to adequately

understand pelvic imaging. The main factors include (Figure 16):
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Conical projection”: CR is based on a point-shaped X-ray source with conical
projection. Therefore, distortion of the pelvic anatomy is unavoidable. Typically, the
closer an object is located to the X-ray source, the more lateral it will be projected,;
Film-tube distance®**': This distance affects hip anatomy on the radiograph. For e.g.,
by increasing film-tube distance the apparent acetabular anteversion increases (should
be around 120 cm);

Centring and direction of the X-Ray beam®: Centring is one of the most important factors
influencing the anatomy of the hip on CR.To avoid distortion, the craniocaudal angle of
the beam is standardized such that the sacrococcygeal joint is 1 to 3 cm from the superior
aspect of the pubic symphysis. This is particularly important as it ensures adequate repre-
sentation of the intrinsic properties of the acetabulum (coverage, orientation and depth).
By lowering the centre of the X-ray beam (low-centred AP pelvic radiograph) or by mov-
ing the central beam to the centre of the hip, the apparent acetabular anteversion increases;
Pelvic orientation”™”: Orientation can vary in three dimensions: Obliqueness, rotation
and tilt. While variations in pelvic obliqueness and rotation can be decreased by a stan-
dardized acquisition technique, pelvic tilt can vary substantially. Pelvic tilt mainly affects
the apparent anteversion of the acetabulum (with increasing pelvic tilt, the apparent

acetabular anteversion decreases and vice versa).

NEUTRAL ROTATION 9° ROTATION TO THE LEFT 9° ROTATION TO THE RIGHT
|

> | o .

NEUTRAL TILT 15° BACWARD TILT 15° FORWARD TILT

FIGURE 16 — Pelvic orientation during radiograph acquisition affects the projected hip anatomy. (A)
A cadaver pelvis in neutral position. Both acetabula are anteverted. (B) Rotation of 9° towards the left,
results in a cranial retroversion of the left acetabulum and an increased anteversion on the right. (C) A
rotation of 9° towards the right, results in a cranial retroversion of the right acetabulum and increased
anteversion on the left. Ideally, the rotation should be 0°. (D) Pelvic tilt during radiograph acquisition is
estimated by the vertical distance between the sacrococcygeal joint and symphysis (white vertical dou-
ble-headed arrow). (E) By a 15° backward pelvic tilt, both acetabula show increased anteversion (white
horizontal arrow). (F) By a 15° forward pelvic tilt, both acetabula show a cranial retroversion (positive

crossover signs indicated by white horizontal arrow) (adapted from Tannast et al.** with permission).
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Proper positioning on an AP pelvic radiograph is recognized when:1) femur — the greater trochanter is

seen laterally and the lesser trochanter is partially superimposed on the femoral neck, ii) the obturator

rings and acetabular teardrops are symmetric and iii) midsacral line aligns with the pubic symphysis.

2.1.2 Views and basic technique

Pelvic radiographs performed in the supine position are preferred by some authors because they can

be directly compared to CR performed intraoperatively or at follow-up during early rehabilitation

and restricted weight bearing

80

. On the other hand, in clinical entities where acetabular evaluation

is of paramount importance (such as Pincer FAI and DHD), weight bearing AP pelvic radiographs

should be obtained given that they reflect functional anatomical positioning®> and also account for

the differences in pelvic flexion-extension and acetabular version variations.

Different techniques have been described for the axial/lateral view of the hip* and also for the AP

view of the hip/pelvis (Figure 17 and 18), which are performed to answer specific questions (Table 4).

PROJECTION TECHNIQUE FEATURES
Patient supine or standing, legs 15° internally
rotated. . . . . .
AP PELVIS X-ray centred to midpoint between the Eiasmrgll&jlo%mpm: i:al::tlonrc:frthe hip for HPS, cotal
upper border of symphysis and a line p arthroplasty or trauma surgery.
connecting both ASIS.
Patient supine or standing, legs 15° internally = Performed in total hip arthroplasty; not recommended
AP HIP rotated. for HPS due to different X-ray centring and altered
Hip-centred X-ray beam. morphology of the hip.
. L. ey
AXIAL CROSS-TABLE Patient supine, ipsilateral leg 15 internally Depicts the anterior and posterior FHN contour.

rotated, contralateral hip flexed and elevated.

DUNN-RIPPSTEIN

Patient supine, hips in 90° flexion and 20°
abduction, knees in 90° of flexion, legs in
holding device.

Femoral antetorsion, anterior and posterior femoral head-
neck contour.

Patient supine, hips in 45° flexion and 20°

Increased sensitivity to detect Cam deformities in the

DUNN 45° . .
abduction. anterosuperior head-neck area.
Patient supine, hip-centred X-ray beam,
LAUENSTEIN hip and knee flexed, and hip in maximal Anterior and posterior femoral head-neck contour.

abduction.

FROG-LEG LATERAL

Patient supine, pelvis-centred X-ray beam,
both hips and knee flexed, and the leg
abducted so the soles of the feet contact.

Anterior and posterior femoral head-neck contour.

Patient standing, hip-centred x-ray beam,
contralateral hip is tilted backward by

Anterior acetabular coverage, anterosuperior subluxation,

FALSE PROFILE .. . . . . N
25°, ipsilateral foot remains parallel to quantification of posteroinferior joint space.
radiographic table.
Pelvic inclination; concomitantly performed with AP
TRUE LATERAL Patient supine, horizontal X-ray beam from  pelvis view to correlate pelvic inclination with vertical
lateral and centred to the hip. distance from symphysis to sacrococcygeal joint on AP
pelvis view.
cTio Patient positioning and centring of X-ray Abduction view to differentiate between subluxation and
f::DJ :)TT‘;: / for AP pelvis view; additional abduction or true joint space narrowing in dysplastic hips, to simulate
adduction of the hip, possible combination of acetabular coverage following acetabular reorientation or
/ADDUCTION) PP s &

abduction, internal rotation and flexion.

femoral osteotomy.

TABLE 4 — Radiographic projections of the hip.
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Pelvis centered - AP Cross table o e | 3
. A

FIGURE 17 - Radiographic views: Standing anteroposterior pelvic (A), cross table lateral (B) and
false profile (C).

45° Dunn

ﬁ Frog-Lateral Lauenstein

FIGURE 18 - Radiographic views: Anteroposterior hip centred (A), Dunn 45° (B), frog-leg lateral (C)

Lauenstein (D).

2.1.3 Femoral head and neck evaluation

Considering the 3D geometry of the hip, in addition to the classically described parameters that
relate the femoral shaft and the FHN and their thresholds (CCD angle = 130-135°* and fem-
oral neck anteversion = 10°%%) it is important to consider the relation between the FH itself

with the neck (Table 5).
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FEMUR NORMAL
PARAMETER VALUES RADIOGRAPH DEFINITION
AND JOINT FINDINGS
ALPHA (BETA) . Angle formed by the FHN axis and line '
Axial and AP through the centre of the FH and the point
ANGLE® ) . . . <50 (4217)
(Figure 20) pelvis where the anterior (posterior) head-neck
contour exceeds the head radius.
PISTOL-GRIP . Axial and AP « ’ . .
DEFORMITY? Qualitative pelvis Seen as a “bump” to the FHN junction. Absent
FLATTENING OF THE Al and AD ;fhe he]ad wa}: S%ld t(i bedazphencaihlf t112e
LATERAL ASPECTOF  Qualitative '+~ T", em?:; iplp zm exeen el more than o ml“ / Absent
THE FEMORAL HEAD®*" pelvis outside the reference circle corresponding to a
spherical head.
Angle formed by the femoral head-neck axis
GAMMA (DELTA) i . (a) and line through .the centre of the femoral 53413
ANGLE® (Figure 19) ©) AP pelvis  head (C) and the point where the cranial (43+3)
(caudal) head-neck contour exceeds the head -
radius.
FEMUR : : :
SPHERICITY OFFSET™" (mmm) Axial and AP Difference (o) betw@en the femoral head radius ~10
pelvis (r) and the neck radius.
Ratio of offset (0) to the femoral head radius
Axial and AP ().
OFFSET RATIO®® a . . . >0.
n pelvis If the ratio is <0.17,a Cam deformity is likely 0-20
present.
The perpendicular distance between a tangent
FEMORAL DISTANGE” (mm) Axial an@ AP alo.ng the cortex of the femoral nec.k and the 29t0 3.6
pelvis point of the largest osseous deformity at the
FHN junction.
A perpendicular line (p) is drawn at half the
head radius (r). Distance (R) is measured from
TRIANGULAR INDEX'® na AP pelvis the .femoral head centre (C) to the point where Negative
(p) intersects the anterior femoral head-neck
contour. The triangular index is positive if R =
r+ 2 mm.
(intact/ Interrupted if the caudal femoral head-neck
SHENTON'S LINE ' . AP pelvis  contour and the superior border of the Intact
interrupted) :
JOINT obturator foramen do not form a harmonic arc.
CONGRUENCY LATERALIZATION OF Shortest distance between the medial aspect of
FEMORAL HEAD OR AP pelvi the femoral head (FH) and the ilioischial line <10
POSITION OF THE HIP (mm) PEVIS ).
CENTRE ©* Lateralized if greater than 10 mm.
CERVICODIAPHYSEAL o . Angle formed by the FHN axis (C) and the c
ANGLE®* © AP pelvis femoral shaft axis (D). 129135
Angle formed by a line through the medial
edge of the acetabular roof (M) and the centre
FOVEA ANGLE DELTA® ©) AP pelvis  of the FH (C) and a line through the lateral 26 £ 10
border of the fovea capitis (F) and the centre of
the FH (C).
ADDITIONAL Measured radially at three locations within the
FINDINGS joint: Medially (at the medial margin of the
JOINT SPACE WIDTH (mmm) AP Pelvis  weight bearing surface), centrally (determined -
(Jsw)* standing by a vertical line through the centre of the -
FH), and laterally (at the lateral margin of the
subchondral sclerotic line).
ransverse 1, angle between the longitudinal axis of th
FEMORAL © images over p ¢ anli-’ ¢ Ewedeltlh : Ongtut tl}lla ax 5d01 ¢ 10-25
TORSION'™ proximal and emoral neck and the tangent at the condyles

distal femur

of the distal femur.

TABLE 5 — Imaging parameters to describe the proximal femoral morphology (see Figure 21 for

illustration). na: not applicable; (°): degrees; (mm): milimeters.
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In 2009, Toogood et al.** published an anatomical study on 375 femurs stated as a representative

sample of the human population considering the following important parameters (Figure 19

and 20):

Translation — examined through four oftset FHN measurements (anterior, posterior,
superior, inferior);

Concavity of the FHN junction — measured from four angles; two in the horizontal
plane (a-alpha and B-beta, respectively anterior and posterior), and two in the coronal
plane (y-gamma and 6-delta, respectively upper and lower);

Rotation of the head in relation to the axis of the femoral neck (based on the orien-
tation of the growth cartilage scar);

Neck-shaft relationship — assessed using neck version and CCD.

FIGURE 19 — (A) Photography of a cadaveric specimen with illustrated angles and lines; (B) direct

arthrography magnetic resonance, coronal plane (proton density; TR:2300ms, TE:32ms). The represent-
ed angles respectively exemplify the measurement of the concavity at the transition between the neck
and the head. They are formed by the axis line of the femoral neck and the line that intercepts it in the
geometric centre of the femoral head and passes simultaneously at the point of the circumference of the
femoral head when it meets the neck. The alpha angle is a measure of focal, two-dimensional, asphe-
ricity. In the population studied by Toogood, averages for gamma and delta angles were ¥ = 41.85°;

8 = 42.95° respectively.
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FIGURE 20 - (A) Photography of a cadaveric specimen with illustrated angles and lines; (B) direct
arthrography magnetic resonance, axial oblique plane (proton density; TR:2500ms, TE:37ms). The rep-
resented angles respectively exemplify the measurement of the concavity at the FHN (in the population

studied by Toogood, averages for o/} were 45.6°/41.8° respectively).

The angles measuring concavity of the FHN are an adaptation of the alpha angle (a°)¥, ini-
tially described on an axial oblique MRI as the measure to quantify the sphericity of the FHN
junction. The a° is clinically applied to quantify the sphericity of the FH and it has been used
with other imaging techniques®** and in other locations of the FH” to characterise the

deformity from a 3D perspective”*.

FIGURE 21 - Imaging parameters to describe proximal femoral morphology. See Table 5 for defini-
tions. (A) offset and offset ratio; (B) triangular index; (C) cervicodiaphyseal (CCD) angle; (D) Shenton’s

line; (E) lateralization of femoral head; (F) fovea angle delta.
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2.1.4 Acetabular evaluation

The morphology of the acetabulum has been described as a horseshoe-like articular surface,
incompletely surrounding a quadrangular non-articular surface referred to as the acetabular
fossa'™. The quantifiable aspects of the acetabular morphology are defined in two parameters:

Size and orientation (Table 6 and Figures 22-25).

I.  The size depends on the i) depth, ii) the extent of the articular cartilage-lined area
and the iii) size of the non-articular central region;

. The orientation depends mainly on the dynamic pelvic orientation itself. In some cases,

there may be poor spatial orientation of the cavity relative to the hemi pelvis itself®’.

NORMAL
ACETABULUM PARAMETER VALUES RADIOGRAPH DEFINITION
FINDINGS
— . Acetabular fossa (AF) touches or crosses
12
COXA PROFUNDA*?  Qualitative AP pelvis the ilioischial line (IIL). Absent
PROTRUSIO L . Femoral head (FH) touches or crosses the
ACETABULF Qualitative AP pelvis ilioischial line (IIL). Absent
DEPTH p— I
_ transverse obliqu Distance between centre of FH and a
ACETABULAR (mm) imz Z ;ﬁ;o h zﬁ: line connecting the anterior/posterior >3
DEPTH* ntrg fih %m al acetabular rim. Positive if the centre of the
centre Oneci emo FH is lateral to that line.
. Angle formed by a vertical line (v) and a
LATERAL AP pelvis .
B 105 ) line through the centre of the FH (C) and 20-39
CENTER-EDGE CT/MRI the lateral edge of the bone dense area (L).
REFINED CENTER Lateral end of the sourcil, i.e., the weight
EDGE ANGLE OF () AP pelvis bearing area of the acetabulum, rather than 15-35
OGATA™®® the lateral rim of the acetabulum.
:ggll;AAB:(:t: AP pelvis Angle formed by a horizontal line (h) and
OF TONNIS OR (°) CT/pMRlI a line through the medial (M) and lateral 0-14
SOURCIL ANGLE™ edge (L) of the acetabular roof.
EXTRUSION o . Percentage of the FH width (B) which is »
COVERAGE INDEX®! o) AP pelvis not covered by the acetabulum (A). 1727
Angle between a horizontal line (hL)
o1 o . and a line connecting the acetabular .
SHARP ANGLE ) AP pelvis teardrop (TD) with the lateral edge of the 33-38
acetabulum (LEA).
ACETABULAR The depth of the acetabulum divided by
DEPTH-WIDTH na AP pelvis the width of the acetabulum, multiplied by ~ Not described
RATIO™* 1000, presented as a ratio: (A/B) * 1000.
Angle formed by vertical line (V) and a
2:;5:::; GE® ©) Fél:lflf /iz(ﬁ%e line through the centre of FH (C) and the >25

anterior edge of acetabulum (E)
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NORMAL
ACETABULUM PARAMETER VALUES RADIOGRAPH DEFINITION R
Measures the % cover of the FH by the g;“j?;g
. . - L. = 0,
COVERAGE % %) CT/MRI welght—bea.rmg zone,‘wn}? the position Anterior
of the pelvis standardised in relation to a (30-38%)
specific anatomical plane. Total ((;6 801(V)
¢ 0,
ACETABULAR ?ngle formg.d bly t}t‘e i‘;telr?“t;o‘: of the 1\ the centre of
VERSION®? . CT/MRI I e e e the FH: 10-25.
(1,2 AND 3 (©) ) 1t'le postenotlj pe tvhm maiglljni an tle. , Abnormal at 3
O'CLOCK) me Co.nne(.: mg € acetabular anterior, O/Clock lf- >30'
posterior rim.
COVERAGE Axial CT slice Lines through the centre of the FH and =60
AASA©® ) through the centre of contralateral FH and tangential to the (mean )(3 64)
the FH anterior lip of the acetabulum. can bosb
thrA()ile(sl?e Sclzcnetre Lines through the centre of the FH and ~90
PASA%® ) ° contralateral FH and tangential to the
of the osterior lip of the acetabulum. (mean 105)
femoral heads p p ’
th?cz{lialh(igesileclire Lines through the anterior lip of the
HASA™® (°) go £ the acetabulum, through the centre of the FH >140
femoral heads and the posterior lip of the acetabulum.
POSTERIOR WALL o . Positive if the posterior wall (PW) runs
SIGN Qualitative AP pelvis medially to the centre of the FH (C). Absent
AWI: 0.41
ANTERIOR Ratio of the width of the anterior (AW)/ (Range:
AND POSTERIOR N AP pelvis posterior acetabular wall (PW) measured 0.30-0.51)
ACETABULAR a petvr along the femoral head-neck axis (a), PWI: 0.91
WALL INDEX*? divided by the femoral head radius (r). (Range:
ORIENTATION 0.81-1.14)
CROSSOVER o . Anterior wall (AW) crosses the posterior
SIGN® Qualitative AP pelvis wall (PW). Absent
RETROVERSION %) AP pelvis Percentage of the retroverted acetabular 0
INDEX*? o petvr opening (a) divided by the entire opening (b).
ISCHIAL SPINE — . Positive if the ischial spine (IS) is projected
SIGN*? Qualitative AP pelvis medially to the pelvic brim (PB). Absent
AllS WIDTH*? cm CT/MRI 1
DISTAL BASE
OF AllSs TO cm CT/MRI =0.5
OTHERS ACETABULAR RIM*?
Sum of the femoral version angle and the
MCKIBBIN INDEX or na CT/MRI acetabular version angle measured at 3 30-40

COTAV™®?

o’clock.

TABLE 6 — Radiographic parameters to describe acetabular morphology (see Figure 22 for illustra-

tion).AF: acetabular fossa; IIL: ilioischial line; FH: femoral head; COTAV: combined femoral torsion-ac-

etabular version index; AIIS: anterior inferior iliac spine; AASA: anterior acetabular sector angle; PASA:

posterior acetabular sector angle; HASA: horizontal acetabular sector angle; AWI: anterior acetabular

wall index; PWT: posterior acetabular wall index; na: not applicable; (°): degrees; (mm): milimeters.
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%

FIGURE 22 — Imaging parameters to describe acetabular morphology. See Table 6 for definitions

and abbreviations. (A) Coxa profunda; (B) protrusio; (C) lateral center-edge angle; (D) extrusion index;
(E) Sharp angle; (F) anterior center-edge angle; (G) posterior wall sign, ischial spine sign and crossover

sign; (H) anterior and posterior acetabular wall index.

FIGURE 23 — Illustration of the normal projection of the anterior and posterior acetabular margin (which
quantifies the acetabular version): The posterior projection (black line) should cross the centre of rotation of
the femoral head and the anterior (red line) should lie more medial (A).When the posterior wall is normal and
the anterior is more lateral, intersecting the posterior, we have a retroversion, with an “excess” of the antero-su-
perior wall (B); when the posterior wall is more medial and the anterior wall more lateral, the acetabulum is
overall retroverted (C); when the anterior wall is large and the posterior wall is lateral to the centre of rotation

of the head, there is usually global acetabular hypercoverage (D). PW: posterior wall; AW anterior wall.

FIGURE 24 — Acetabular roof angle, between a horizontal line and a line that is tangent to the edge
of the acetabular border, intersecting the inner border of the acetabular roof (loading area). The normal
value is 0 to 10° (A); if > 10° (B), there is acetabular hypocoverage or dysplasia; if <0° (C), there is

acetabular overcoverage that predisposes to Pincer-type impingement.
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FIGURE 25 — Lateral center-edge angle (LCEA) coverage between a vertical line and a line that is
tangent to the margin of the acetabular border, intersecting the geometric centre of the femoral head.
The normal value is 25 to 30° (A); if <20° (B), there is acetabular undercoverage or dysplasia; if> 35°

(C), there is acetabular overcoverage that predisposes to Pincer-type impingement.

2.1.5 Other Relevant Measurements

2.1.5.1 Femoral Torsion

In the first decade after the discovery of FAI, Cam- and Pincer-type deformities were considered
the two main osseous abnormalities. Subsequently, abnormal femoral torsion (version) was recog-
nized as an additional factor in the development of FAI**'"". In the last few years, its significance
has been confirmed, and it is believed that torsion abnormalities are one of the three major osse-
ous factors in the development of impingement, together with Cam/Pincer-type morphology®.
Femoral torsion is the angle between the longitudinal axis of the femoral neck and the tangent

at the condyles of the distal femur'>. Usually, the femoral neck is pointing in an anterior direction

compared to the femoral condyles, termed femoral antetorsion (or anteversion).

2.1.5.2 Spinopelvic parameters

The hip joint does not act in isolation. The pelvis moves around the bicoxofemoral axis, leading
to various amount of tilt in different functional positions®. Accordingly, the spinopelvic (SP)
morphology is thought to affect hip function and pathology. Pelvic tilt influences acetabular
orientation, degree of femoral head coverage and impingement-free ROM?*!. In line with this,

each individual is characterised by his/her pelvic incidence'".

The measurements of interest included Pelvic Incidence (PI), Sacral Slope (SS) and Spinopelvic
Tilt (PT), according to previously described methods™ (Figure 26 and Table 7). PT and SS are
dynamic parameters that change with hip motion and pelvic position. PI, in contrast, is a fixed
parameter for each individual. In brief, PT and SS depend on posture (SS 1s higher when supine and
lower when standing) and conjointly compose PI, which is an individual position-independent

angle. With regard to pathology, there is a direct relationship between lumbar lordosis and SS,
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and a strong positive correlation between PI and sacral kyphosis. Han et al. concluded that a high
PI value in patients with degenerative lumbar scoliosis might be associated with the high prev-
alence of degenerative lumbar spondylolisthesis. Also, in patients with isthmic spondylolisthesis,

greater SP values are associated with a greater slip grade® 1113,

Thus, the pelvic tilt is closely connected to the sagittal balance of the spine. In a patient with
increased anterior PT, there is an increase of acetabular coverage when compared with a normal
pelvic tile""2. This can be measured on standing lateral radiographs of the pelvis or with 3D imaging.
A normal pelvic tilt is thought to be around 5.246.5°'". An increased anterior pelvic tilt results in
a reduced internal rotation of the hip and can be a contributing factor to FAI”'. The impact of the
acetabular and SP morphologies in FAI and OA remains inadequately characterised. Amazingly,

in current clinical practice for evaluating patients with suspected FAI, these are not regularly used.

s

horizontal lin

e
S5

vertical line

center of the
femoral heads

Superior
Anterior Posterior

Inferior
Femur

FIGURE 26 - Illustration representing spinopelvic parameters. See table 7 for definitions. Pelvic
Incidence (PI), Sacral Slope (SS) and Pelvic Tilt (PT).

SPINOPELVIC
PARAMETER VALUES RADIOGRAPH DEFINITION
PARAMETERS
Angle between the line perpendicular to the sacral plate at its
Pelvic © Standing sagittal midpoint and a line from the mid-point between the axis of the
incidence lumbosacral two femoral heads to the center of the surface of the sacrum.
PI =SS+ PT
Sacral slope © Standing sagittal ~ Angle formed by a line drawn parallel to the end plate

lumbosacral of the sacrum to a horizontal reference line.

Angle formed by a line from the midpoint of the sacral end
plate to the center femoral heads and a vertical
reference line.

Standing sagittal

Pelvic tile ©) lumbosacral

TABLE 7 — The spinopelvic parameters. Definition of pelvic incidence, sacral slope and pelvic tilt.

PI: pelvic incidence; SS: sacral slope; PT: pelvic tilt; (°) degrees.



2.2. CURRENT AND FUTURE PERSPECTIVES ON IMAGING

“Imaging the Young Adult Hip in the Future”

Mascarenhas V'V, Caetano A. Ann Joint 2018; 3:47. doi: 10.21037/a0j.2018.04.10



HIP DEFORMITIES AND FEMOROACETABULAR IMPINGEMENT

Review Article

Page 1 of 20

Imaging the young adult hip in the future

1 s e 2
Vasco V. Mascarenhas', Anténio Caetano

'MSK Imaging Center (UIME), Hospital da Luz, Lisboa, Portugal; *Radiology Department, Hospital Curry Cabral, Lisboa, Portugal

Contributions: (I) Conception and design: All authors; (II) Administrative support: All authors; (III) Provision of study materials or patients: All

authors; (IV) Collection and assembly of data: All authors; (V) Data analysis and interpretation: All authors; (VI) Manuscript writing: All authors; (VII)

Final approval of manuscript: All authors.

Correspondence to: Vasco V. Mascarenhas. MSK imaging center (UIME), Hospital da Luz, Av. Lusiada 100, 1500-650 Lisboa, Portugal.

Email: mascarenhas.vasco@gmail.com.

Abstract: The past fifty years have transformed diagnostic imaging of the hip joint. Innovation has been
the catalyst for the transformation of radiology, as the arrival of new imaging modalities and the introduction
of magnetic resonance imaging, resulted in a paradigm shift from bone morphology analysis to integrated
soft tissue, joint and cartilage assessment. Hip pathology in general and the concept of femoroacetabular
impingement (FAI) has come to the forefront of imaging and orthopedics. In just a few years, MRI findings
that were in the past ascribed to degenerative change or normal variation must now be integrated in different
entities, such as cam impingement or subspine impingement. Understanding the pathophysiology through
the visualization of osseous structures and detailed depiction of soft tissue structures has become part of
routine clinical imaging and has had a major impact on therapeutic decision-making. The purpose of this
article is to provide a historical perspective on the utility of various types of imaging techniques for the hip
joint, including cutting-edge clinical applications and topics at the forefront of musculoskeletal research. The

current limitations as well as future directions of biochemical imaging will be outlined. Finally, emerging

trends that will shape the field of hip imaging in the years to come will be discussed.
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Introduction

Musculoskeletal (MSK) imaging has undergone a major
transformation over the past five decades. Advancements
in orthopaedic surgery and arthroscopy have developed
in unison with imaging techniques, which has led
to improvements in clinical diagnosis, therapeutic
interventions and patient prognostication.

With recent major developments of magnetic resonance
imaging (MRI), attention has turned to the unique
capability of defining bone morphology and soft tissue
abnormalities. Additionally, the development of state-of-
the-art quantitative MRI techniques has allowed for the
depiction of early stage cartilage lesions (1). However, MRI
is still limited in its ability to provide static morphological
diagnosis. In the future, we will likely see all-in-one patient-
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centric examinations based on MRI, which can provide
valuable information on joint morphology, biochemical
function and dynamic “in vive” assessment.

Imaging
The past

Conventional radiography (XR) remains the cornerstone of
hip imaging (2), and continues to have a role in screening,
diagnosis and post-operative surveillance. The advent of
computed tomography (CT), represented a transformation
in clinical practice from XR to cross-sectional imaging.
Initially, only low-quality axial two-dimensional images
were available and examination times were even longer than
current MRI acquisition times. Only with the establishment
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Table 1 Timeline of major achievements in imaging and hip orthopedics

Timeline  Authors Findings or procedure Event
1933 Elmslie (4) “many patients who develop OA at a comparatively early age — Landmark on research to determine the
for example from 40 to 50- will be found to have a pre-existing cause of hip OA
deformity of the joint”
1958 Wiles (5) Precedent of the modern genre arthroplasties First prosthetic total hip replacement
1965 Murray (6) Concept that secondary OA also derives from cases with subtler =~ OA described as secondary if associated
morphologic hip deformities. OA secondary to the “tilt deformity”  to a pre-existing deformity
1974 Ambrose and  The first description of a Computerized axial tomography in the First clinical application of computerized
Hounsfield radiology literature by Hounsfield and colleagues in the British axial tomography
(7,8) Journal of Medicine
1975 Murray and “pistol grip deformity” first described as a finding similar to the Cam deformity first described
Stulberg (6,9)  “tilt deformity”, including a flattened lateral femoral neck with
widening and shortening of the FHN
1976 Mansfield (10)  Finger image of the Dr. Maudsley First-ever human MRI image
1987 Hajek (11) To enhance the efficacy of MRI in evaluating articular soft-tissue First study of direct magnetic resonance
structures, arthrography was performed before imaging in 45 arthrography with gadopentetate
fresh cadaveric specimens dimeglumine/saline mixture into
cadaveric shoulder joints
1993 Langen (12) Image quality improved with substantial radiation dose reduction  Introduction of digital radiography
1998 - Simultaneous acquisition of four interweaving helices or spiral First multidetector (four-detector row)
paths where previously there had been only one had a profound scanner CT
effect on the volume and spatial resolution of imaging
2001 Ganz (13) Safe hip surgical dislocation Understanding the pathophysiology of FAI

FHN, femoral head-neck; OA, osteoarthritis.

of multiplanar reconstructions based on 3D data sets was
the use of CT in MSK imaging transformed (3), allowing
for accurate and improved surgical planning (Tuble 1).

MRI allows for a more comprehensive analysis of the
articular cartilage, capsulolabral tissue, soft-tissue and
osseous structures (14). Thirty years ago, MRI examinations
were technically difficult and resulted in low resolution
images. The development of MR arthrography (MRA)
had a major impact on treatment decisions, particularly
in the evaluation of cartilage and labral integrity (2).
In the mid-1990s MRA was the examination of choice
for the evaluation of labral disruption, and remains the
imaging gold-standard for patients with femoroacetabular
impingement (FAI) (15).

The present

The hip joint has gained particular attention in the last
decade in parallel with significant advances in MSK
imaging. Ganz developed a revolutionary technique
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that allowed for safe dislocation of the hip and direct
visualization of the joint, which provided fundamental
insights into the pathogenesis of early osteoarthritis (OA)
(3,13). New biomechanical concepts were recognized such
as the depiction of FAI as a major cause of secondary OA in
non-dysplastic hips (14-18).

Crucial questions still remain to be answered. For

instance:

(I) What morphological factors, beside cam-type FAI
and dysplasia contribute to hip OA (19)?

(II) During disease progression, what is the exact
discriminative point when cartilage damage
becomes irreversible (20)?

(IIT) Why are some patients with FAI morphology
asymptomatic and never develop OA (21-23)?

Accurately determining the amount of articular cartilage

injury is important as it has a direct impact on the clinical
decision-making between hip preservation surgery and total
hip replacement (24). The workup of the young patient
with hip pain generally follows specific algorithms (25)
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(Figures 1,2). The primary goals of diagnostic imaging are to
accurately identify osseous morphology and characterize the
amount of chondrolabral damage. However, it is important
to understand the limitations and strengths of each imaging
modality, as for example, both XR and CT lack accuracy for
assessing articular cartilage pathology (2), whereas specific
MRI sequences and advanced technologies can be useful (26).

New technical and imaging innovations are presently

l HISTORY and EXAMINATION

E’ MORPHOLOGY

n‘ ARTICULAR DAMAGE
DIFFERENTIAL DIAGNOSIS

5 FINAL DIAGNOSIS

TREATMENT

FOLLOW-UP

M- e

Figure 1 Algorithm for evaluation of FAI used at Hospital da
Luz in Lisbon. First, the diagnosis of FAI is suspected based on
patient history and clinical findings. Next, the hip is assessed on
an anteroposterior pelvic radiograph (acetabulum and pincer
morphology) and on a 45° Dunn view. Using MRI, the morphology
of the femur is assessed (cam deformities, femoral torsion) and
damage to the cartilage and labrum is evaluated. Lastly, all data
are combined to reach a diagnosis, define appropriate course of

treatment and follow-up.
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available in routine clinical setting, bringing important
implications to the study of the young hip (21). The
diagnostic performance of these techniques may therefore
improve the ability to predict an individual patient-specific
outcome (2,22).

Radiography

After history and clinical examination, XR is useful to assess
for OA, including evaluation of bone morphology, joint
space width as well as to exclude other hip pathology (23).
XR should include a standing anteroposterior (AP) view of
the pelvis, and a lateral view of the affected hip. Nonetheless
the utility and accuracy of the various types of radiographs
remains controversial (25,27).

Ultrasound, arthrography and CT

Conventional arthrography is seldomly performed as it
has been replaced by MRA. However, the origin of the
referred hip pain might still be confirmed by intra-articular
anesthetic injection (28). Ultrasound is not routinely used
in the workup of FAI, although ultrasound-guided injection
procedures can be helpful to exclude pain derived from
periarticular structures such as trochanteric pathology,
iliopsoas bursitis and other myotendinous elements (29).
CT can be helpful in the characterization of fractures and
unusual bony anatomy. Further, it is helpful to evaluate
bony morphology of the pelvis, version, the anterior inferior
iliac spine and extra-articular causes of impingement, as well
as, building 3D models (30-32). Regarding FAI, pincer-
type morphology is currently well addressed with standard

Figure 2 Schematic figure representing proposed complete MRI protocol for the assessment of the young hip. 2D sequences with radial

imaging are used for the assessment of morphology and pathology. Version assessment of the femoral neck is performed. 3D sequences to

allow for correction of pelvic tilting, 3D modelling, 3D printing and virtual ROM simulations. Finally, a sequence that allows for cartilage

biochemical mapping.
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pelvic XR (25), while for cam morphology, CT or MRI can
offer a clear advantage since the complexity of the three-
dimensional femoral shape can be thoroughly evaluated (33).
Furthermore, measuring femoral version is only feasible
with cross-sectional imaging (25).

Magnetic resonance imaging

MRI is an all-in-one imaging method as it depicts joint
and periarticular pathology, including stress fractures,
myotendinous injuries, bursitis and signs of ischiofemoral
impingement (26). MRI can accurately assess bone
morphology associated with FAI syndrome and detect
chondrolabral damage. While conventional MRI can only
detect macroscopic chondral damage (34), the presence of
subchondral edema and cystic changes, have been shown to
be indirect signs of advanced cartilage changes in the hip
joint at the time of arthroscopy (35).

MRI techniques include (23,36):

(I Conventional MRI,

(II) Magnetic resonance arthrography (direct/indirect;
with or without traction);

(III) Quantitative biochemical MRI: T2/T2* mapping,
delayed gadolinium-enhanced of cartilage
(dGEMRIC) and T'lrho (T'1p).

Technical advances in MSK MRI are emerging with
potential for implementation into clinical practice, namely
(37,38):

(I) High-resolution 3D sequences for imaging of

cartilage (23);

(II) Biochemical imaging of cartilage;

(I) 7.0 Tesla MRI (39);

(IV) Imaging of metal prosthetics with novel MRI pulse
sequences (22).

New quantitative MRI imaging is encouraging for
early detection of chondral and labrum injuries (40), as it
probes changes in cartilage properties and biochemical
composition, which represents an early stage of the
degenerative cascade (41).

High-Resolution MRI
In order to obtain high-resolution MRI, a compromise
between time and resolution is mandatory given that
technical details are optimized (42,43). As such, some
factors must be warranted:
(I) Time: maintain patient throughput with short
examination times (around 30 minutes);
(II) Magnet: 3.0Tesla MRI has been widely adopted for
hip evaluation. The theoretical doubling of signal-

© Annals of Joint. All rights reserved.
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to-noise ratio can be used to obtain high-resolution
(hR) imaging and/or shorter scan acquisition times;
(M) Coils: dedicated hip coils for optimal image
quality (44). Improved coil geometry will further
improve image quality;
(IV) Advanced morphological sequences (37):
%  Implementation of parallel imaging allowing
scan time to be accelerated;

X3

*

Compressed sensing;

3

*

Isotropic MR images allowing for multiplanar
reformats and 3D imaging.

MR arthrography

MRA can be performed by introduction of contrast material
either (I) intra-articularly, as in direct MRA (dirMRA) or (II)
intravenously, as in indirect MRA (indMRA) (45).

A detailed and comprehensive protocol for dirMRA
should be strictly followed to achieve maximum quality
(Figures 2-6). MRA of the hip plays a major role in:

(I) Diagnosing internal derangements of the joint (46);

(II) Evaluating symptomatic improvement following
administration of anesthetic, helpful to confirm that
symptoms and joint changes are related.

Several studies have compared the performance of these
different protocols with variably reported accuracies (47-49).
Previously, MRA has shown to be more accurate in
detecting minor acetabular cartilage defects than non-
contrast MRI (50,51). Diagnostic test accuracy was shown
to be better for dirMRA when compared with conventional
MRI for detection of labral and cartilage injury, in specific
chondral lesions. Concerning indMRA, good results were
also obtained, although more studies are needed to fully
assess its accuracy (52). In patients with suspected FAI,
MRA may still be considered the gold standard of imaging
for the evaluation of the chondrolabral injury (25,49,53).

MR arthrography with leg traction
The rationale behind traction MRA (traMRA) is centered on
the separation of the acetabular and femoral surfaces allowing
a better assessment of the chondrolabral interface and central
compartment (54,55). Recently, a study correlating traMRA
with arthroscopy assessed the utility of this technique for
the diagnosis of chondrolabral damage (55). Traction was
well tolerated by most patients and consistently achieved
separation of cartilage layers, enabling accurate detection of
chondral and labral lesions (55).

Procedure: prior to the application of traction with the
hip slightly flexed, a conventional arthrography injection

Ann Foint 2018;3:47



HIP DEFORMITIES AND FEMOROACETABULAR IMPINGEMENT

Annals of Joint, 2018

A

Page 5 of 20

Figure 3 Direct arthro-magnetic resonance examination. Sagittal fat-suppressed proton-density sequence (A) and corresponding radial

cut in Proton-Density (B). Red curved line represents CAM morphology assessed on the radial cut at 1:00 o’clock (B) and corresponding

deformity in the sagittal plane extending from 11:30 to 3:00.

Head £

Neck

—— Condyles

Figure 4 Measuring femoral torsion by MRI as a routine part of general hip workup. Femoral version is determined by the angle between

the femoral neck axis and an axis parallel to the posterior aspect of the femoral condyles, measured in the transverse plane.

(10-27 mL) is performed and MR-compatible traction
devices are routinely used for continuous traction during
the examination. Traction devices consist of a weight
connected to a pulley system, a cable or rope connected to
the leg either with an ankle brace or with adhesive straps for
skin traction. The amount of traction varies between 6 and
23 kg for a period ranging between 3 and 19 min among
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different studies (51,54,55).

Schmaranzer et al. (55) reported detection of acetabular/
femoral chondral injury with a sensitivity of 85-88%/81—
86% and specificity of 78-96%/91-94%, respectively
(Table 2). The combination of contrast agent and additional
space from distraction allows for improved visualization of
the cartilage surfaces of the femoral head and acetabulum as

Ann Joint 2018;3:47
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Figure 5 A 44-year-old male undergoing hip preserving surgery. Multiplanar reformats based on isotropic T1-VIBE sequence of the
whole pelvis. (A) Coronal reformat of the hip. A Cam morphology is depicted on the transition of the superior quadrants with an intact
chondrolabral junction; (B) oblique axial reformat (long axis of the neck), showing normal offset of the femoral head-neck junction; (C) short

neck axis reformat; (D) coronal pelvic reformat.

Figure 6 A 23-year-old female undergoing hip preserving surgery. 3D Model reconstructed based on volumetric MRI sequence of the
pelvis. (A) Lateral view of the acetabulum; (B) inferior view of the acetabulum, showing normal pelvic morphology; (C) femoral 3D model

anterosuperior view, showing discrete convexity of the femoral head neck junction; (D) medial view of the same model.
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Table 2 Sensitivity and specificity for detection of chondral damage
according to different studies using magnetic resonance

MRI techniques Sensitivity (%) Specificity (%)
MRA (53,56,57) 40-83 41-91
MRA with traction (55) 81-88 78-96

distinct entities.

Advanced cartilage imaging
Improved evaluation of articular cartilage status is
imperative to allow both assessment of patients who may
benefit from FAI surgery, as well as, long-term evaluation
of clinical outcomes (26). Recognition of pre-existing
degenerative changes at an early stage is therefore crucial.
Although large defects can be confidently detected by
conventional MRI, morphologic sequences lack crucial
(quantitative) information on the pathophysiology of
cartilage degeneration (36). Prior to structural damage
of the cartilage, early changes can be evaluated using
functional MRI techniques (1). This field remains an
ongoing subject of research and future developments
are necessary to allow its widespread use (1). Currently
the main limitations include the narrow applicability of
normative threshold standards (as they are dependent on
multiple factors) and current indefinite clinical correlation.
Challenges in quantitative imaging (17,23,41,58) presently
include:
(I) Hardware related:
(1)  Need for dedicated cartilage-specific sequences
and high-MR field strengths;
(i) High signal-to-noise (SNR) ratio and high-
spatial resolution;
(iii) Technical variations (changes in acquisition
parameters can lead to limited comparability).
(II) Anatomy related:
(1) Hip joint cartilage (deep location, thickness
and its spherical shape);
(i) Hip susceptibility to artifacts and volume
averaging;
(iii) Mapping values represent the sum of the signal
of joint fluid and both chondral surfaces;
(iv) Standard regional/sectorial differences in the
biochemical composition of hip cartilage.
(III) Patient related:
(i) Cartilage loading (has an influence on the
extracellular matrix). Current recommendation
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is that this technique should be performed in
the unloaded state at the end of the MR scan;
(i) Inter-subject anatomic variations (can lead
to misinterpretations with added limited
comparability; patient-driven normalization
can compensate for deviations caused by
technical changes and variations related to
age and individual cartilage configuration).

Quantitative MRI techniques (1) can probe the depletion
and/or disorganization of proteoglycan and collagen/water
(Table 3):

Delayed gadolinium-enhanced MRI of cartilage
(dGEMRIC)

Glycosaminoglycan (GAG) are negatively charged
polysaccharides (consist of NH and OH groups) that
highly attract water and serve to resist compressive forces.
High contents are found in the extracellular matrix of
healthy cartilage (1). The dGEMRIC is used for assessing
typical features of early-onset OA, namely GAG loss
and collagen breakdown (41). It is based on the use of
a contrast agent named gadopentetate dimeglumine
[GA(DTPA)’]. GA(DTPA)™ is an anionic molecule and is
negatively charged. In the case of depletion of GAGs due
to arthritis, these GAG’s are replaced by Gd(DTPA)*™
within the cartilage if given time. Consequently, the
measurable GA(DTPA)” concentration is relatively low
in native cartilage and relatively high in case of arthritis.
The distribution of GdA(DTPA)” in the cartilage can be
measured by a T1 weighted sequence. By measuring the
spatial variations between Gd(DTPA)* and GAGs, the
quality of cartilage can be determined (75,76).

This technique can either be used with direct intra-
articular or intravenous injection of a contrast agent (75),
and a time delay separating contrast agent administration
and image acquisition is used (intravenous: 30-90 min;
intra-articular: 15-30 min) (76). The most widely used
protocol of Burstein recommends 10-20 minutes of
exercise (e.g., walking, climbing stairs, and cycling)
immediately after the contrast administration. No exercise
is recommended after intra-articular based protocol. It
has been suggested that isolated T1Gd assessment of the
hip joint cartilage is sufficient for the evaluation without
the need for time consuming pre-contrast imaging (except
in the setting of post-operative cartilage repair) (77).
Baseline dGEMRIC was shown to be able to predict the
development of radiographic OA (40). Similarly, the size
and position of cam morphology determined the severity
and location of progressive cartilage damage, supporting the
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Table 3 (continued)

HIP DEFORMITIES AND FEMOROACETABULAR IMPINGEMENT

Cons

Pros

Pathology

Sequences Normal

Target

Technique

Magic angle effects.

Easy to implement
in clinical routine.

Negative correlation between
the histological grading of

Higher values in
superficial zone

Collagen and Multi-echo

water (bulk

T2*

Not fully validated for

gradient-echo
sequences

mapping
(70-74)

clinical diagnostics. More
susceptible to artefact

Shorter acquisition
times and higher

degenerated cartilage (Mankin

(due to high-water

water content

grading) and T2*. Correlated T2*
maps of acetabular cartilage
(superficial, deep, and full-
thickness cartilage) with

content and superior
molecule mobility),

and interactions
between water

(Difficult mapping of articular
cartilage in postoperative

studies)

resolution compared to
T2 mapping. Ability to

and lower T2* values

in the cartilage-
bone interface.

molecules and

carry out isotropic 3D
cartilage evaluation.
Ultrashort echo-

collagen fibers

intra-operative arthroscopic

within cartilage)

cartilage assessment (cartilage

Topographical T2*

© Annals of Joint. All rights reserved.

time enhanced T2*

degeneration grading according

to a modified Beck scale).

variations (low values
posterior-superior

mapping of cartilage
has the potential to

Lower T2* values were noted

and anterior-inferior
at the periphery of

the acetabulum)

visualize deep cartilage
characteristics better
than standard T2

mapping

for superficial, deep, and full-

thickness cartilage in regions

with intra- operatively identified

cartilage damage
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biomechanical etiology of FAI (18,78).

T2 and T2* mapping (Figures 7,8)

T2/T2* mapping have been shown to correlate with
chondral matrix hydration and collagen integrity (1). Each
tissue has a similar transverse relaxation time (T2) at a
specified MR strength. Relaxation times are correlated
to the speed by which nuclei lose phase after magnetic
excitation. An additional de-phasing effect comes into
play if gradient-echo MRI is performed, referred to as
T2* mapping. T2 mapping is a well proven imaging
modality (79). However, the orientation of collagen fibres
influences the estimation of T2 relaxation values and
reduces the accuracy of T2 mapping in certain regions
of articular cartilage (magic angle effect). Due to the
magic angle effect, T2 values of cartilage are influenced
by its orientation relative to the static magnetic field (BO).
Secondly, the acquisition times are relatively long. Thirdly,
T2 mapping appears less sensitive for detecting early
stages of cartilage lesions (80). T2* mapping has shorter
acquisition times and higher resolution compared to T2
mapping although it is more prone to magic angle effects
and is more susceptible to artifact (70).

T1p (T1 rho)

Similar to dGEMRIC, Tlrho (T1p) relaxation time
mapping is sensitive to the GAG content of hyaline
cartilage. In a T'1p sequence the spins in the direction of the
B0 magnetization are first flipped into the transverse plane
by a 90-degree radiofrequency (RF) pulse. A second RF
pulse, better known as spin-lock pulse, is applied parallel to
the magnetization vector. This spin-locked magnetization
will relax with a time constant T'1p and is dependent on the
frequency and duration of the spin-lock pulse (TSL). The
spin-lock pulse is applied with variable TSLs, at least two,
at certain intervals which are also depended on the spin-
lock frequency.

T1p—Ilike T2 mapping—is founded on the motion
of water molecules. T'lp is widely considered to be
sensitive to the protons of hydrogen molecules attached
to proteoglycans of cartilage due to the second spin-lock
pulse (64). Nevertheless, correlation with other factors,
such as extracellular matrix, collagen content and collagen
orientation were found too. The general consensus is that
T1p may provide an imaging biomarker for the detection of
cartilage degradation, based on the tissue’s macromolecular
content (41). In the FAI setting, it has been shown that early
femoral and acetabular chondral changes can be detected
before macroscopic lesions are apparent, and displays
differences in distribution patterns across the deeper and
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Figure 7 Pre-operative imaging of a 35-year-old female with mixed type FAIL (A) Radial T2 mapping measurements at 3.0 Tesla show

decreased T2 relaxation times in the central compartment; (B) on the corresponding proton density radial cut morphological sequence, no

obvious cartilage lesions are depicted.

Figure 8 Pre-operative imaging of a 25-year-old male with CAM type FAL (A) T2* radial cut morphological sequence; (B) radial T2*

mapping measurements at 3.0 Tesla show decreased T2* relaxation times in the central compartment.

superficial cartilage layers (64,81).

gagCEST

gagCEST has been used in the knee joint and conceptually
is the only technique that directly measures GAG cartilage
content (82). It is based on an asymmetry in the z-spectrum
of cartilage created by hydroxyl groups in the GAG
molecule. The application of this method in the hip has not
yet been demonstrated.

Sodium

Sodium (*Na) cartilage imaging can be also performed in
this setting. The rationale behind its use centers on the
negatively charged GAG molecules in the cartilage binding
of positively charged Na® maintaining the electroneutrality
of the extracellular matrix (83). Na molecules conceptually
distribute in proportion to the GAG molecules in
degenerated articular cartilage. As such, proteoglycan

© Annals of Joint. All rights reserved.
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cartilage loss caused by cartilage degeneration can be
visualized (84). 3D-Isotropic MRI mapping sodium using
a 7.0 Tesla system was used for the assessment of the knee,
showing promise as a feasible alternative for evaluating
OA (39). Limitations of sodium mapping include the need
for a high-field MRI and dedicated hardware as well as
anatomical constraints due to the deep location of the hip
chondral surfaces.

Near future perspectives

Knowledge of biomechanics and physiopathology of the
hip evolves in parallel with the need for non-invasive
strategies to further assess the joint. As such, it is imperative
for simultaneous advances in both static and dynamic
automated imaging techniques. Currently, the acquisition

Ann Joint 2018;3:47
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Figure 9 A 25-year-old female with hip pain undergoing MRI work-up examination, showing discrete osteophytes of the left femoral head. (A)

Coronal volumetric MRI based sequence; (B) corresponding 3D Model with cinematic rendering quality.

of XR and MRA are the cornerstone of hip imaging.
Computer-assisted (CompAssist) techniques have been
based on data derived from isotropic CT images, while
some studies based segmentation of those datasets on
alternative tools such as MRI (85,86). However, MRI-based
automated segmentation (AutSeg) has not yet reached the
clinical standard due to relatively low contrast differences
between bone and soft tissues (85).

The ideal future gold standard comprehensive all-in-one
examination would comprise (23,87,88):

(I) Tools for accurate diagnosis and cartilage mapping;

(II) Pre-operative treatment planning and virtual
treatment performance;

(III) AutSeg algorithms as well as intra-operative non-
invasive registration methods such as statistical
shape models (SM);

(IV) Intra-operative navigation (OpNav).

Developing OpNav tools to execute the pre-operative
plan is currently a focus of expanding research, which
has already seen clinical applications in hip and knee
arthroplasty. These advances will hopefully lead to
improved accuracy of intra-operative decision-making for
both open and arthroscopic FAI procedures (89-91).

3D modeling (Figure 9)

Traditionally, surgeons have relied on 2D imaging to
pre-operatively assess the hip, before evaluating areas
of impingement by means of intra-operative dynamic
visualization and fluoroscopy. However, subject-tailored
surgical planning is developing on the basis of 3D hip
modeling (92).

Patients with FAI have abnormal complex 3D bone and
soft-tissues morphology. As such, routine 3D modeling may

© Annals of Joint. All rights reserved.
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provide the surgeon a better understanding of the abnormal
bony pathomorphology that would otherwise be difficult
to visualize on 2D images. Models based on biplanar (92),
3D CT (30) or MRI (93) data sets (Figure 9) have been
used to simulate specific individual bone morphology,
define impingement-free range of motion (ROM), and to
perform virtual functional analysis with different degrees of
function (88). However, further clinical applicability and
validation of these models for clinical diagnostics is still
needed.

Automated image analysis

Most of the previous AutSeg work has been performed
using XR (92) or CT (94-96). Advances in image
processing have helped automate measurements, as well
as, bone segmentation, thereby improving objectivity and
reproducibility. Adding 3D anatomical information to
the AutSeg (97) may be useful in reaching better imaging
results that are less dependent on other parameters such as
patient positioning.

MR imaging enables noninvasive, all-in-one, 3D
assessment of the joint structure including biochemical
changes with no ionizing radiation and optimal soft tissue
contrast. Automated analysis using MR image sets (Figure 10)
includes (85):

(I) An SM-based algorithm allows building 3D

femoral and acetabular reconstructions;

(II) A coordinate system of the joint is generated to
build a 2D shape map to project femoral head
sphericity for calculation of specific parameters (for
instance alpha angles);

(III) Automatically reformatted images using the
constructed coordinate system;

Ann Joint 2018;3:47
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Figure 10 Volumetric semi-automated MR evaluation of the femoral head-neck junction with corresponding 3D model. (A) Automated

alpha-angle (¢°) measurements made at different points around the femoral head-neck junction in steps of 1° starting at 9 o’clock (posterior);

10, 11, and 12 o’clock (superior); and 1, 2, and 3 o’clock (anterior) (B). 3D Hip model (showing extension and location of a cam lesion

represented on the corresponding 3D model (red arrow). Red and orange lines correspond to abnormal a°s; blue line represent normal a°s

for a given a threshold.

(IV) Automated evaluation of desired parameters
according to specified algorithm (Figure 10).

Advantages of 3D method analyzed MR images of the

hip joint include (85,96,98):

(I Allows for large-scale morphometric and clinical
MR investigations of the hip region;

(II) High reliability and reproducibility;

(IIT) Improved analyses of cam-type morphology.

Imaging-based dynamic ROM simulations and virtual
surgery

3D data sets of volumetric imaging bear high potential
for the dynamic assessment of FAI allowing to perform
pre-operative simulation of ROM, collision detection and
accurate visualization of impingement areas. In addition
to virtual 3D reconstruction of the hip joint, dynamic
manipulation of the image may be useful to the surgeon,
when pre-operatively assessing the deformity and planning
for surgical correction (90) (Figure 11).
(I) “HipMotion” (86) constructs 3D representations
of the femur and pelvis from CT. In addition, the
model can be manipulated by the user, and pre-

© Annals of Joint. All rights reserved.

uy

(Im)

a0j.amegroups.com

operative virtual ROM for patients with FAI can
be calculated based on contact or interference
occurring at the point of impingement.

3D software package Mimics (94) (Materialise,
NV, Heverlee, Belgium). Automated morphologic
analysis of the cam lesion can be conducted
by MATLAB (Math Works, Natick, MA) and
used to measure the clinical ROM of the hip
joint. Measured motions are imposed on the 3D
reconstructed anatomy, and the size and location of
the abutting portion of the cam lesion are defined
for each motion.

“Dionics PLAN Hip Impingement Planning
System” (Smith & Nephew, Andover, MA) is a tool
used to analyze patient-specific CT images. After
automatic 3D rendering of the hip, dynamic ROM
can be analyzed and areas of bony impingement
defined on both the proximal femur and acetabular
rim/pelvis. In addition, virtual surgical correction
can be performed and dynamic impingement-free
ROM reassessed. This tool also provides a platform
for intra-operative assistance by performing virtual
correction and creating an iz vivo comparative
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Figure 11 MRI based 3D modelling and dynamic virtual assessment. (A) Virtual ROM detects impingement areas at specific degrees of
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motion represented on the right. In this 30-year-old male with a cam deformity there was impingement noted at 22° of internal rotation

with 90° of flexion and 20° adduction; (B) pre-operative planning allows depiction of areas of impingement on the virtual model (blue and

green dots on the femoral head-neck junction).

virtual fluoroscopic image.

(IV) Hip Analysis/semi-AutSeg using “Articulis™™”
(Clinical Graphics, The Netherlands) has been
validated and tested for reliability (30). Multiple
studies have successfully used this software for

role in the planning of HPS. Furthermore, these advances

could improve patient outcomes and lessen intra-operative
and postoperative complications, such as under resection
and over resection (88). For instance, it has been used in
different hip pathologies, such has:

research and clinical purposes in asymptomatic and (I) FAI (88): a modified version of BrainLAB Hip-
symptomatic populations from CT and MRI data CT, which has primarily been used to assist with
sets (22,23,99,100). total hip arthroplasty (91) has been applied to
arthroscopic FAI surgery. A C-arm adapter (Fluoro
L. 3D, Vector Vision) can be used to synchronize the

Computer-based navigation . .
3D CT dataset with intra-operative fluoroscopy
3D imaging and computer navigation could play a major allowing real-time feedback of surgical instrument
© Annals of Joint. All rights reserved. 20j.amegroups.com Ann Foint 2018;3:47
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placement in relation to the FHN (101). Planning
and conduction of navigated osteochondroplasty
using a surgical milling device was feasible and
accurate (91).

(II) PAO (89): Pflugi et al. used two measurement units
attached to the pelvis and peri-acetabular fragment.
Registration of the patient was obtained with a pre-
operatively acquired SM (considering the anterior
pelvic plane) and a specific device used to include
that orientation in the reference coordinate system.
After registration, the two sensors are applied and
orientation is displayed. A patient-SM generated
from a pre-operatively acquired 3D data-set is
used to monitor in real-time the re-orientation of
the peri-acetabular fragment to improve femoral
coverage.

Real-time functional imaging

Biomechanical knowledge on hip impingement has been
limited from research using intra-operative observation (13)
and computer models (86,102). Real-time in vivo
impingement under conditions of physiologic joint
loading would be ideal and hopefully lead to an improved
understanding of which hips and morphologies become
symptomatic.

Open MRI with ROM testing iz vivo has significant
advantages compared to computer simulations, image-based
model tracking, intra-operative observation, and ex vivo
studies as it permits (103):

(I) Assessment of impingement in hips during

functional postures;

(II) Evaluating the effect of posture and cam/
pincer morphology size on clinically meaningful
impingement;

(IIT) Visualization of differences in cam morphology
“behavior” between symptomatic and non-
symptomatic cohorts.

Having virtual simulations as a starting point, one can

easily appreciate the advantage of combined in vivo imaging
and real time functional analysis.

3D printing

A long way was seen from radiographs to 3D printing
(3Dpr), but undoubtedly computerization of radiology
and orthopedics is an inescapable fact. 3D imaging and
printing might be a step forward for patient-centric tailored

© Annals of Joint. All rights reserved.
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approach, from individual anatomy to treatment planning
and building specific hardware needed for each patient (99).
3Dpr might be applied in subject-specific tools and surgical
device building (100,104), as well as, in complex clinical
settings such as pelvic osteotomies (105).

A combination of 3Dpr and CompAssist virtual surgical
planning has also been used for pre-operative planning of
acetabular fracture reduction (106). The authors stated
that 3Dpr technology combined with virtual surgery for
acetabular fractures is feasible, accurate, and effective
leading to improved patient-specific pre-operative planning
and outcome of real surgery.

Future trends in MSK radiology

MRI in 2050

In brief, the future of MRI will include comprehensive 3D
joint imaging, done within fractions of the time currently
spent and multiparametric in nature, allowing for automated
biochemical cartilage analysis. Undoubtedly MRI trends
include:

(I) Field strengths greater than 3.0 Tesla will be the
new standard;

(II) 3D MRI acquisitions with potential for secondary
multiplanar reconstructions performed in any
desired sequence weighting;

(III) hR non-contrast imaging will replace MRA, with
improved hR 3D cartilage assessment;

(IV) Implementation of quantitative imaging biomarkers
in clinical routine imaging;

(V) Semiautomated or fully automated diagnostic
examinations (with the aid of artificial intelligence
algorithms to diagnose and automatically quantify
specific parameters).

Magnetic resonance fingerprinting (MRF) (107)

MREF uses a pseudorandomized acquisition that prompts
the characteristics from different tissues to have a unique
signal or “fingerprint” that is dependent of the unique
multi-dimensional material properties under analysis. This
technique permits a noninvasive quantification of multiple
properties of a material or tissue simultaneously through
a new approach to data acquisition, post-processing and
visualization. These can then be translated into quantitative
maps of the MR parameters of interest. This technique
would be useful to:
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(I) Provide a novel approach to analyze, quantify and
diagnose simple and complex changes that can
represent disease surrogates on early/preventable
disease;

(II) Accurately identify the presence of targeted
molecules/tissue-specific material, which will
increase the diagnostic and prognostic capability
of MRI;

(IIT) Substantially decrease measurement errors and
improve accuracy when coupled with a specific
pattern recognition algorithm.

Big data and artificial intelligence

Understanding the advantages and limitations associated
with large databases, particularly in the era of value-
based health care is paramount. The implementation of
standardized national orthopedic registries in conjunction
with readily programmable and adaptable programs tailored
to radiologists and orthopedic surgeons will ultimately
improve patient outcomes while minimizing the economic
burden (108,109).

One promising new technology with the potential
to launch the next stage of progress in medical image
is artificial intelligence (AI), which is the science of
engineering intelligent machines and computer programs.
Machine learning (ML) derives from Al and is defined as
a set of methods that automatically detect patterns in data,
and then utilize those patterns to predict future data or
enable decision making under uncertain conditions (110).
Applications in medical imaging include (111) (I) automatic
labeling and captioning; (II) image segmentation and
registration; (ITI) computer-aided detection and diagnosis;
(IV) acting as a reading assistant and automatic dictation; (V)
integration with healthcare big data.

Personalized medicine and biobanks

Personalized medicine will transform radiology and the
health system within the next 50 years. The original
concept of precision medicine involves the prevention
and implementation of treatment strategies that consider
individual variability by assessing large sets of data,
including patient information, medical imaging, and
genomic sequences (112). Patient-based imaging data will
be implemented and cross-linked to population based-data
already acquired in biobanks. These biological databanks
are designed to identify early environmental and genetic
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causes of normal and abnormal growth, development and
health from fetal life until young adulthood. They are
already well underway and established as a comprehensive
population-based health knowledge (112).

Conclusions

Technological innovation was essential for the recent
transformation of MSK imaging. State-of-the-art
contemporary joint imaging has allowed for improved
diagnostic accuracy of most conditions that affect the
hip and surrounding structures. Imaging the hip in the
future will permit an ultra-fast, near perfect, noninvasive
automated quantification of clinically relevant bone and
soft tissue pathology through data acquisition, post-
processing and visualization. Conceptually, this will involve
a personalized approach and population-specific matching
to standardize data from healthy and diseased individuals.
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chapter 3

PATHOLOGY: IMPINGEMENT,
HIP DYSPLASIA AND
OSTEOARTHRITIS

Due to the main focus of this thesis, we will mainly refer to FAI and only briefly to dysplasia.

3.1 HISTORICAL PERSPECTIVE

The concept of FAI resulting from abnormal contact between two joint structures was first pub-
lished in 1936 by Smith Peterson'*, who simultaneously described an osteotomy of the femoral
neck and acetabular margin in order to improve symptoms. The idea was further developed as
a combination of various mechanical hip disorders and multi-factorial failure processes. A rela-
tionship was initially established between proximal femoral “head-tilt” abnormalities with the
onset of hip OA'", where, subsequently correlations were established between FH deformities
following SCFE. However, the early theories and relationships were not yet supported with
clinical evidence.

The “pistol grip” term was also used to describe the shape of the FHN junction from AP radio-

graphs, in comparison with a pistol handle!'®

.These abnormal geometric configurations showed
signs of early cartilage degeneration, but no direct correlations were evident between the defor-
mity and end-stage OA. At this point, the observations were based on visual interpretations of
radiographic evidence, and no work was done to determine the attainable motions in a “pistol
grip” joint™.

Subsequent works noted that impingement was experienced at high amplitudes of hip motions.
Based on a combination of radiographic and preliminary physical examinations, general terms
were used to describe the impingement, referring to the deformity as “head-tilt”'" or “post-
slip”, epiphyseal displacement!">!"71*¥ " acetabular rim syndrome®'"” and cervicoacetabular
impingement® (Figure 27).

It was then introduced that anterior hip impingement could also be due to peri-acetabular

120

osteotomy'*, proposing that impingement was secondary to surgical repositioning of dysplas-

tic acetabula. Variable degrees of groin pain and limited ROM were now observed in patients,

| 93 |
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explaining the ossification of the anterior rim. An additional follow-up study investigated the
presence of protrusions after femoral neck fractures'”'. Similar consequences of secondary ante-
rior FAI were observed. The focus was on the FH, where an oversized bony protrusion was
formed at the site of the anterior fracture, bridging the femoral head and neck. The intention
of these combined studies was to explain the mechanisms that initiated FAI, proposing that a
deformity was formed at the femoral neck or acetabular rim due to trauma or surgery.

The continuing research led Ganz et al.'® to recognize FAI as a pathomechanical process and
a contributor to early adult hip pain and OA"®. The intention of their research was to link FAI
as a hip deformity, with the pathogenesis of idiopathic OA. With extensive open surgical dis-
locations, they proposed that FAI was a mechanism for the development of early OA for most

118

non-dysplastic hips''®. It was suggested that FAI was no longer just a resolute hip deformity, but
rather, a failure process initiated by a multitude of possible biological and mechanical mecha-
nisms that would eventually provoke the onset of OA.

This notion of FAI-related OA focused more on dynamic motion as opposed to directional axial
loading of the hip. The theory of axial hip overload to provoke OA was disputed, further justi-
fying that the development of OA in young adults, with normal hip configurations, cannot be
correctly justified with solely concentric and eccentric overload. Research thus far was unable
to discuss mechanisms that initiate FAI or justify the aetiology of the deformity, but it provided
significant groundwork for clinical and radiographic assessments to distinguish FAI types.
Recently, FAI has been deemed to be a pathomechanical process by which a human hip can
fail'** rather than a disease, with emerging clinical evidence and ongoing biomechanical studies

A118,123—126

continuing to support the idea that FAI provokes hip O .Active adults with groin pain

may now be successfully treated with early detection!®!#-130,

From the review of literature on FAI a great extent of past research focused on recognizing the
correct pathology and deformity originating from OA, leading to subsequent treatment and

surgical solutions for FAT'?131-133,
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FIGURE 27 - Timeline of terminology from previous studies leading up to the association of FAI to

OA (adapted from Beaule et al."**, with permission).
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3.2. PATHOLOGY

Morphological shapes of the hip give rise to a continuous spectrum of disease ranging from
isolated instability to impingement with decreased mobility. Located at one end of this spec-
trum is acetabular dysplasia and, on the other, FAIL In many situations, however, there is a com-
bination of several morphological changes that may have greater or lesser clinical expression
and determine the predominance of a mechanism of chondral and labral injury: instability or

impingement*.

3.2.1 Dysplasia

At one end of the spectrum, DHD, seen as an insufficiency of contact between the articular
surfaces'?, is characterised by an increase in the inclination of the acetabular roof (acetabular
index angle or acetabular inclination angle) and a decrease in lateral and/or anterior coverage
(decreased lateral center-edge angle (LCEA) and anterior center-edge angle). Additionally,
it may or may not be associated with an increase in the CCD (coxa valga), anteversion of
the femoral neck and retroversion of the acetabulum*. This combination usually results in a
static overload of the acetabular roof and an instability or inability to maintain the centre of
rotation of the joint fixed, resulting in lateral, superior and anterior migration of the head.
5

Clinically, DHD may be quite symptomatic'

—onset OA",

and has been reported as a risk factor for early-

The diagnosis of dysplasia has historically been based on assessments of acetabular anatomy on
the AP pelvic radiography, most commonly using the LCEA. Recent advances in imaging of the
dysplastic hip with CT scans have demonstrated that hip dysplasia is, in fact, a 3D deformity of
the acetabulum and that multiple patterns of acetabular instability exist that may not be com-
pletely assessed on two-dimensional imaging, allowing an evolution away from vague terms

such as “borderline dysplasia”'?’.

3.2.2 Femoroacetabular impingement

FAI is a motion-related clinical disorder of the hip. It represents symptomatic premature contact
between the proximal femur and the acetabulum'® (Table 8). Based on the location of the shape
abnormality, two types of FAI can be distinguished: Cam impingement (femoral side) and Pincer

impingement (acetabular side) (Figures 28 and 29).
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PATIENT CHARACTERISTICS INTRA-ARTICULAR DAMAGE

SEX AGE ACTIVITY DEFORMITY MECHANISM EARLY DAMAGE LATE DAMAGE
Cam Mainly Young High-level “Cam-type Sheering forces Acetabular cartilage  Large, full thickness
FAI male athletes; deformity”: inside the joint delamination; anterosuperior acetabular
Eccentric femoral and damage to the ~ Outside-in acetabular cartilage defects;
High-impact  head with laterally ~ acetabular cartilage;  cartilage lesions Labral damage with
sports increasing radius “inclusion injury” undersurface tears;

Femoral head cartilage lesions

Pincer  Mainly Middle Recreational — “Overcoverage” Linear impact Labral damage Ossified bony rim with
FAl female aged  athletic of the femoral between acetabular  ranging from subtle  partially ossified labrum;
activity head: coxa profunda,  rim and FHN shortening and Cartilage damage at acetabular
protrusio acetabuli, junction; “impaction rounding to extensive rim;
acetabular injury” labral damage “Contrecoup” posteroinferior
retroversion acetabular damage

TABLE 8 — Summarizing table of the clinical, epidemiological and joint damage characteristics of

femoroacetabular impingement.

3.2.2.1 Cam mechanism

Cam impingement is caused by extra bone formation — a Cam morphology — in the antero-
lateral FHN junction” (resulting in flattening or convexity). This deformity may cause impinge-
ment against the acetabular rim, especially during flexion and internal rotation of the hip'®.
This type of impingement has classically been described to occur in young athletic males'",
although this preference of subpopulation has not been proven.

The abnormal contact results in shear forces at the acetabular rim? and is typically accompanied

1 139,142

by labral tears'! and detachment of the acetabular cartilage from the subchondral bone
This biomechanically based hypothesis of Cam impingement has been supported by studies
showing an association between a Cam deformity and limited internal hip rotation®” as well as
hip pain'*® (Figure 28).

Furthermore, the explanation of how soft-tissue damage and subsequent OA is caused by Cam
impingement is also supported by intra-operative findings in symptomatic patients with Cam mor-
phology'**'*. Acetabular cartilage delamination'** has been found in the anterosuperior quadrant
of the joint, corresponding to the site where the deformity is forced into the acetabulum (“inclu-
sion injury”). These observations suggest a relationship between Cam FAI and OA'®, but again,
epidemiological evidence is scarce and mostly retrospective studies are available. These studies do
generally show an association between a Cam deformity and OA, though the strength of associa-
tion varies between studies. One of the major limitations of these studies is that no conclusions on
causality can be drawn, as a non-spherical FH can also be a result of the advanced OA process itself.
‘When the pathophysiological mechanism between a Cam morphology and pain, limited function,
and hip OA holds true, a theoretically plausible explanation for development of hip OA is provided.
Interestingly, a Cam deformity might develop during skeletal maturation of the hip as a result
of high-impact sporting activities, which would be a promising preventative opportunity for the

formation of a Cam morphology and subsequent hip OA>.
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FIGURE 28 - A schematic representation of the hypothesized mechanism of Cam femoroacetabular

impingement. (A) Normal spherical femoral head and acetabulum, which is congruent with the femo-
ral head provides the hip a wide range of motion. A Cam deformity (B) can cause Cam impingement
against the acetabular rim, especially during flexion and internal rotation of the hip (C) leading to a

typical pattern of acetabular chondrolabral damage anterosuperiorly (D).

3.2.2.2 Pincer mechanism

Pincer impingement is caused by overcoverage of the acetabulum relative to the FH (either
global or focal overcoverage). The hypothesis proposed by Ganz et al.'*® states that the femoral
neck causes an abnormal linear contact against the acetabulum during terminal motion of the
hip. It has classically been described to occur primarily in middle-aged women'"’, though no
longitudinal studies are available to confirm this.

Initially, labral damage 1s the main characteristic as the cartilaginous labrum might be crushed
between the acetabular rim and the femoral neck (Figure 29).When there are repetitive episodes
of impingement, chondral damage might gradually develop, conceptually leading to hip OA.
It was therefore suggested that Pincer impingement progresses relatively slow towards hip OA.
This hypothesis is supported by intra-operative findings in symptomatic patients with a Pincer mor-
phology, where acetabular damage was found throughout the acetabulum in a small, thin marginal

123

strip'®. However, only low-evidence and sometimes conflicting studies exist that investigate the

relationship between Pincer FAI and OA!21¢148-151 T fact, even when symptomatic, some research

reports that overcoverage seems to be protective in relation to chondral aggression'®.

FIGURE 29 - Schematic representation of the hypothesized mechanism of Pincer FAL (A) Normal

spherical femoral head and acetabulum, which is congruent with the femoral head provides the hip
a wide range of motion. A Pincer deformity (B) can cause Pincer impingement against the femoral
neck, especially during terminal flexion of the hip (C) leading to a typical pattern of circumferential

acetabular cartilage damage (D).
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3.2.2.3 Diagnosis

FAI syndrome (FAIS) has been recently defined as a triad of symptoms, clinical signs and imag-
ing findings''®"**1>> This term and its definition build on the definitions of FAI from Ganz

"% and Sankar et al."’. To ensure that there is a distinction between patients with FAIS and

et al.
those with Cam or Pincer morphology, but no symptoms, clinical signs and imaging findings

must be present to diagnose FAIS.

3.2.2.3.1 Symptoms: The primary symptom of FAIS is motion-related or position-related pain in
the hip or groin''®, although it may also be felt in the back, buttock or thigh. In addition to pain,

patients may also describe clicking, catching, locking, restricted ROM or “giving way”>*1%.

3.2.2.3.2 Signs: Diagnosis of FAIS does not depend on a single clinical sign (many have been

described and are used in clinical practice'>*)

.When FAIS is suspected, it is important to examine
gait, leg control, muscle tenderness and ROM, including internal rotation in flexion and the
FABER sign (flexion abduction external rotation). Hip impingement tests usually reproduce the
patient’s typical pain, although the most commonly used test, flexion adduction internal rotation
(FADIR), is sensitive but not specific’”. With further and gradual internal rotation, hip pain is

elicited®. There is often a limited ROM, typically restricted internal rotation in flexion'”.

3.2.2.3.3 Diagnostic injections: A common clinical problem lies in determining whether pain
(or surrogate symptoms) is really arising from the hip or from other structures in the groin and
hip region. Frequently, image-guided (X-ray or ultrasound) local anaesthetic injections are use-

160161 "55 they have both diagnostic and therapeutic value.

ful in helping to resolve this situation
Pain relief following a local anaesthetic injection would support a FAIS diagnosis, when the
other diagnostic criteria are met"®. Byrd et al., demonstrated that relief with an intraarticular
injection was 90% accurate for predicting the presence of intraarticular findings during arthros-
copy'®. Interestingly, in a prospective study by Ayeni et al., no relief from an injection was a

negative predictor of short-term outcome following FAI surgery'®.

3.2.2.3.4 Imaging: Morphological assessment of the hip is paramount in order to diagnose
FAIS. Imaging is best achieved as previously described and firstly identifies normal, dysplasia,
Cam or Pincer morphology. Additionally, it may exclude other alternative pathological condi-
tions. These morphologies however, in the absence of appropriate symptoms and clinical signs,
do not constitute a diagnosis of FAIS. In fact, a substantial proportion of people in the general

population have Cam or Pincer morphology™.

Many radiographic measures of FAI morphology have been described, including the a°® (Cam),
cross-over sign (COS) and LCEA (Pincer)®. In a large ongoing clinical trial (FASHIoIN)'**
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addressing treatment for FAIS, patients were included with an 0°>55° at any FHN junction
position (to define Cam morphology) and a positive COS or LCEA>39° (to define Pincer mor-
phology). Considering previously mentioned parameters and ongoing questions, some authors
try to define what is normal and what is abnormal, also suggesting possible combinations of

morphology that characterise classically and recently described pathological entities™ (Table 9).

Normal Dysplasia Cam FAI Pincer FAI
Acetabular inclination 0-10° >10° Variable <0°
Lateral center-edge 25-30° <20° Variable >35°
Alpha angle <55° Variable >55° Variable
Retroverted acetabulum Absent Up to 1/3 of patients Variable Frequent
Femoral version 15-20° Mostly anteverted Variable Variable

TABLE 9 - Possible combinations of morphology and angular parameters that characterise patho-

logical entities.

Notzli at al.¥’” established that impingement was associated with an a° greater than 50° (mea-

008165 (oblique axial

sured on an oblique-axial MRI plane). Later on, other authors referenced 5
MRI plane) and 50.5°'%¢"1® a5 an indicator of an abnormally shaped femoral in their cohorts (to
define Cam morphology). The modification of the imaging views, to observe the a° in differ-
ent radiographic planes'® and multiple radial views? 117 around the clock-face of the FH,

improved the assessment of the Cam deformity.”1¢7:170

Recognizing that the Cam deformity was statistically prevalent at the anterosuperior FH,
a higher a°® value greater than 60° in the radial 1:30 plane was suggested as a threshold and
predictor of hip pain®'"1*%17% Individuals with a higher a°, thus with a more severe deformity,
had prevalent labral and cartilage lesions at the anterosuperior acetabular cartilage'"'”?, which

was confirmed with open SHD®'® and imaging®*'%.

The main problems with the a° angle are: i) only moderate reproducibility!”?; ii) incomplete

quantification of Cam morphology!'**'"+17%; iii) suboptimal accuracy in distinguishing patients
with FAIS from healthy individuals as there is a substantial overlap in 0° measurements between
these groups™. This further suggested that both views, axial and radial, must be considered,
and perhaps in conjunction with 3D model analysis, to provide clinicians with another perspec-

tive to analyse a deformity'”*!7°.



HIP DEFORMITIES AND FEMOROACETABULAR IMPINGEMENT

3.2.2.4 Treatment

Treatment strategies for FAIS include conservative care, rehabilitation, surgery and post-surgery
care. Each of these may have a role in different patients, but there is little evidence to compare
their effectiveness'®*. There is currently no high-level evidence to support the choice of a defin-
itive treatment!””!”® This is best done in a shared decision-making process, supporting the indi-

vidual patient to make an informed preference decision on the best treatment option'”.

Conservative care of patients with FAIS is poorly described but includes patient education,
activity and lifestyle modification, oral analgesia including non-steroidal anti-inflammatory drugs,
intra-articular steroid injection and watchful waiting'®. There are no reports of what effect such
an approach, in isolation, has on FAIS symptoms. Similar conservative strategies are recommended
in other musculoskeletal disorders such as OA™!. Physiotherapist-led rehabilitation aims to reduce
patients’ symptoms by improving hip stability, neuromuscular control and movement patterns.
However, details of what should be incorporated in such a programme have not been well tested,

and it would appear that different physiotherapists are delivering different treatments'™.

Surgery aims to correct hip morphology to achieve impingement-free motion and treat

603118182 " Cam morphology can be reshaped, and femoral torsion or neck

intra-articular damage
angle adjusted; the acetabulum can be reoriented, or its rim trimmed. Where there is damage
to the labrum or articular cartilage, this can be resected, repaired or reconstructed. Often, these

procedures can be done by either arthroscopic or open surgery'**'*%.

Initially, the SHD pioneered by Ganz was the gold standard of treatment®. This technique
involved a controlled surgical dislocation of the hip while preserving blood supply to the FH®.
However, hip arthroscopy is increasingly being utilized to successfully treat FAI. Recent studies
have also documented that arthroscopy is associated with fewer complications, less pain and less

resource utilization'®.

Overall, the surgical efficacy of FAI treatment, regardless of surgical approach, is supported by
clinical evidence that is limited to case series and cohort studies, as reported by a recent system-

186

atic review'®. Nevertheless, the potential of this intervention to improve pain and conceptually

prevent the development of OA has led to rapid adoption of global surgical interventions.

Postoperative physiotherapy protocols have been described, but their value is also uncertain'®’-'%.

3.2.2.5 Prognosis

Asymptomatic individuals: The risk for developing symptoms or OA in asymptomatic pop-

ulations with FAI-like morphology is unknown when compared to other individuals with
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normal morphology. There is no evidence that treating asymptomatic people who have FAI
morphology will alter the risk of developing FAIS or OA, and so, it is seldom indicated to offer
surgery. Preventive physiotherapy-led rehabilitation strategies may be appropriate in professional
athletes where the prevalence of Cam morphology is high, such as professional football teams'®.
In exceptional circumstances, and in a shared decision-making process with a patient, surgery
may occasionally be appropriate for high-risk patients. An example of such a patient could be an

active young adult who has had surgery for FAIS in one hip and in whom chondrolabral injury

is seen developing in the other (painless) hip'’".

FAIS: Patients with FAI syndrome who are not treated probably experience a gradual deterio-
ration of symptoms'”*. In patients who are treated for FAIS, symptoms frequently improve and
return to full activity, including sports'”. Physiotherapy-led rehabilitation seems to be associated

with an improvement in symptoms for at least 2 years'®

. However, evidence supporting this
action is restricted to only a few observational studies with small sample sizes and important
methodological weaknesses. Reports of surgery results are more numerous and describe signifi-

cant improvement up to 5 years'?»!%4-1%

,but they sufter similar issues of poor design and therefore,
a high-risk of bias. Longer-term results have been reported for SHD, including improved symp-
toms persisting in most patients for at least 10 years'””'%. The long-term outlook for patients
with FAIS is unknown. It is currently unknown whether treatment for FAIS prevents hip OA.
All prospective cohort studies available demonstrate an association between Cam morphology
and hip OQA!#12:199200 however, there is no established association with Pincer morphology®.

Presently, it is unknown whether FAIS is associated with a higher risk of OA than isolated Cam

morphology or evidence that treatment for FAIS alters the risk of subsequent OA'™®.

3.2.3 Hip Osteoarthritis

OA is the most frequently occurring chronic joint disease worldwide®”. It is symptomatically

201

characterised by pain, stiftness and loss of function®”', and on a tissue level by loss of cartilage,

osteophyte formation, subchondral sclerosis and cyst formation®?.

OA has a detrimental impact on quality of life and forms an increasing economic burden®”
(both direct and indirect costs). Direct cost is the cost of medical care due to OA and associated
comorbidities, and this has been estimated to exceed $100 billion per year for hip OA alone
in the United States (US). Indirect costs are those as a result of OA, but not associated directly
with treatment. They include, for example, productivity loss and might be 1.5 times the direct
cost of OA.The latter is exemplified by the fact that OA is the second cause of work disability

after ischaemic heart disease in males over 50 years in the US*". The cost of hip OA in Portugal

1s unknown.

| 101 |



HIP DEFORMITIES AND FEMOROACETABULAR IMPINGEMENT

The lack of a precise definition of the disease has made difficult to determine the prevalence
of OA.There is often a discrepancy between the clinical presentation and the radiographic evi-
dence of OA. In research, the commonly used definitions of hip OA include i) “symptomatic
OA” (quantified by the ACR criteria)®"; ii) “radiographic OA” (quantified by the Kellgren and
Lawrence scale (K&L)*®); or iii) total joint replacement as a result of OA?™.

OA can affect any synovial joint, but the joints most affected by OA are in order of decreasing
prevalence: The spine (cervical and lumbar), phalanges (distal interphalangeal joint and the first
carpometacarpal joint), the knee, and the hip?®. Besides the definition used, the reported prev-
alence of hip OA depends largely on the characteristics of the study population such as age,
gender and ethnicity. In the US, the prevalence of radiographic hip OA (K&L>1) in popula-

tion-based studies ranges from 11.9-27.6%".

In Portugal, the “Instituto Nacional de Satde Dr. Ricardo Jorge”, in a report on the most
prevalent chronic diseases, identified that 24% of the participants reported suffering from some
form of theumatic disease (Branco J, Nogueira P, Contreira T. Uma observagdo sobre a prevaléncia de
algumas doengas crénicas, em Portugal Continental. Lisboa: Instituto Nacional de Satide Dr. Ricardo
Jorge; 2005). As far as OA is concerned, general data presented by the “Liga Portuguesa Contra
as Doencas Reeumaticas” estimates that probably 6% of the portuguese population has the disease
(LPCDR. Liga Portuguesa Contra as Doencas R eumaticas. Estatisticas das Doengas Reumaticas
2013; [Consulted 2018 Jan 08]; available in: http://www.lpcdr.org.pt/index.php?option=com_
content&view=cate gory&id=69&Itemid=128).

The portuguese “Direcio Geral da Satde”, in a report from 2003, described that the preva-
lence of OA was approximately 3.8% in the knee and 1.3% in the hip. Other important data,
presented by the portuguese “Observatorio Nacional das Doengas Reumiticas” (ONDOR),
estimated radiographic hip OA, in subjects older than 40 years, to be approximately 54.8% in
men and 24.5% in women; hip symptomatic disease is estimated to be 2.4% in men and 2.2%
in women (Lucas R, Monjardino MT. O Estado da Reumatologia em Portugal: Observatorio Nacional
da Doengas Reumaticas. Lisboa: ONDOR; 2010).

The projected number of older adults with arthritis or other chronic musculoskeletal joint
symptoms is expected to nearly double from 21.4 million in 2005 to 41.1 million by 2030 in the
US.The burden of hip OA is increasing due to the aging population and the obesity crisis; as a
result, the need for total hip arthroplasty (THA) is expected to grow 174%, to 572,000 primary
THAs per year by 2030 in the US*”.
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3.3. MORPHOLOGY AND THE SYMPTOMATIC STATE

3.3.1 Systematic review of FAI morphology prevalence

“Imaging prevalence of femoroacetabular impingement in symptomatic patients, athletes,
and asymptomatic individuals: A systematic review.”

Mascarenhas VV, Rego P, Dantas P, Morais F, McWilliams J, Collado D, Marques H,
Gaspar A, Soldado F, Consciéncia JG.
Eur J Radiol. 2016 Jan;85(1):73-95. doi: 10.1016/j.ejrad.2015.10.016.
Epub 2015 Nov 2. Review. PubMed PMID: 26724652.
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ABSTRACT

Background: There is a wide discrepancy in reported prevalence rates for cam, pincer, and mixed
femoroacetabular impingement (FAI), particularly among distinct populations, namely asymptomatic
or symptomatic subjects and athletes. No systematic analysis to date has yet compared studies among
these groups to determine differences in radiographic signs of FAI
Methods: A systematic review of existing literature was performed to determine the prevalence of
radiographic signs of FAl among athletes, asymptomatic subjects, and symptomatic patients. Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were applied to sys-
tematically search PubMed, MEDLINE, CINAHL, and Cochrane databases.
Results: We identified 361 studies in our literature search. After considering the exclusion criteria, 60
were included in this systematic review: 15 in athletes, 10 in purely asymptomatic patients, and 35 in
symptomatic, non-athlete populations. Cam impingement was significantly (p=0.0003) more common
in athletes versus asymptomatic subjects but not compared to symptomatic patients (p=0.107). In addi-
tion, cam FAI was significantly more common in symptomatic versus asymptomatic cases (p=0.009).
The percentage of patients with cam-type FAI showed significant differences across groups (p =0.006).
No significant differences were found between pincer-type FAI morphology prevalence when comparing
athletes to symptomatic patients. However, mixed-type FAI was significantly more common in athletes
versus asymptomatic subjects (p=0.03) and in asymptomatic versus symptomatic subjects (p=0.015).
The percentage of patients with mixed-type FAI showed significant differences across groups (p=0.041).
The mean alpha angle was significantly greater in the symptomatic group versus either the asymp-
tomatic or athlete group (p <0.001). Significant differences in mean alpha angles were noted across groups
(p=0.0000).
Conclusions: Imaging suspicion of FAI is common among athletes, asymptomatic, and symptomatic pop-
ulations. However, significant differences in type and imaging signs of FAI exist among these groups that
need to be considered in patients’ decision making.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

cause of hip pain and restricted range of motion [1]. There are two
types of FAL Cam-type generally involves a femoral head-neck bony

Femoroacetabular impingement (FAI) refers to the conflicting
movement of the femoral head-neck junction and acetabular rim
against one another [1]. This abnormal contact eventually results in
hip jointdamage and may progress to functional limitation and pain
causing conditions, such as osteoarthritis [2-4]. FAI is a common

* Corresponding author at: Rua Artilharia Um, 71-77 Lt 6 Bloco A 3, 1250-039
Lisbon, Portugal.
E-mail address: mascarenhas.vasco@gmail.com (V.V. Mascarenhas).

http://dx.doi.org/10.1016/j.ejrad.2015.10.016
0720-048X/© 2015 Elsevier Ireland Ltd. All rights reserved.

deformity, while pincer-type exhibits acetabular overcoverage [1].
In some patients a cam and pincer impingement mixed-type com-
bination might also be detected [5].

Diagnosis of FAI is based on a combination of clinical and radio-
logical testing [5]. Radiological examinations using conventional
X-rays have been tested in different views, including the Dunn,
anterior-posterior (AP), and frog-leg lateral views [5,6]. Magnetic
resonance imaging (MRI) has been recently used to enable visu-
alization of intra-articular pathology [7-9]. However, there is a
wide discrepancy in reporting prevalence rates for cam, pincer, and
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mixed FAI, particularly among distinct populations, such as groups
of asymptomatic or symptomatic subjects and athletes[10]. No sys-
tematic analysis to date has compared studies of asymptomatic,
symptomatic, and athlete groups to determine differences in radio-
graphic signs of FAL The purpose of this study was to systematically
review the existing literature to determine the prevalence of cam,
pincer, and mixed FAI based on imaging of athletes, asymptomatic
volunteer subjects, and symptomatic patients.

2. Methods

We performed a systematic review using the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines and a PRISMA checklist [11]. The lit-
erature search was performed by one reviewer in March
2015 using the search terms ((((femoroacetabular impinge-
ment [Title/Abstract])) AND ((((radiograph[Title/Abstract]) OR
radiographic[Title/Abstract]) OR imaging [Title/Abstract]) OR X-
ray[Title/Abstract]) AND (English[lang]))). The PubMed, MEDLINE,
CINAHL, and Cochrane databases were searched. Among the stud-
ies that were identified, we included those reporting radiographic,
computed tomographic, and/or MRI findings indicative of FAI in
athletes, symptomatic patients, and/or asymptomatic volunteers.
FAI with cam, pincer, and mixed-type conditions were included.
References within the included studies were also examined for
potential inclusion. Articles were excluded if they involved par-
ticipants who received total joint arthroplasty or other hip surgery,
pathologic conditions other than FAI, such as osteoarthritis, dys-
plasia, slipped capital femoral epiphysis, or Legg-Calve-Perthes
disease, the use of other imaging modalities, such as ultrasound or
bone-scan imaging, or joints other than the hip. In addition, non-
English language articles, letters to the editor, topic reviews, and
meeting abstracts were excluded. The search algorithm is shown
in Fig. 1. The number of participants, mean age, gender breakdown
(if reported), type of deformity (cam, pincer, or mixed), chondral
or labral defects, race (if reported), mean alpha angle, center edge
angle, head-neck offset, crossover sign, and type(s) ofimaging were
noted for each study. The alpha angle and additional radiologic
signs of FAI were recorded for each study.

Descriptive statistics were calculated for each study and param-
eter or variable analyzed. Continuous variable data were reported
as mean standard deviation (weighted means when applicable).
Categorical data were reported as frequencies with percentages. For
all statistical analysis, p <0.05 was deemed statistically significant.
Statistical analysis between all groups was performed by two-tailed
Student’s t-test; comparisons across all groups were performed by
one-way analysis of variance (ANOVA).

3. Results

The literature search identified 361 studies. After considering
the inclusion and exclusion criteria, 60 studies were included. These
consisted of 15 studies of athletes [12-26] (Table 1), 10 studies of
purely asymptomatic patients [27-36] (Table 2), and 35 studies of
symptomatic, non-athlete populations [7,37-70] (Table 3).

3.1. Athletes (Table 1)

The studies involving athletes included 958 subjects and 1389
hips. Cam-type impingement was found in 66.4+23.5% of ath-
letes, whereas pincer-type impingement was found in 51.2 +20.3%
(Table 4). The average percentage of athletes that showed radio-
graphic signs of mixed-type FAI was calculated as 57.1 £6.1% from
the two studies that reported this finding. The mean alpha angle
was 55.7° 4+ 3.6° (Table 5). Two studies reported chondral defects
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Fig. 1. Systematic search and identification of studies in the PubMed, MEDLINE,
CINAHL, and Cochrane databases based on the Preferred Reporting Items for Sys-
tematic Reviews and Meta-analyses (PRISMA) guidelines.

Table 4
Percentage of subjects with cam versus pincer FAIL

Cam?, (%) Pincer, (%) Mixedg, (%)
Athletes 66.4+23.5" 51.24+20.3¢ 57.1+6.1¢
Asymptomatic 22.446.24 57 (1 study) 8.8+5.1f
Symptomatic 49.0+21.2 28.5+19.2 40.2+18.0

2 p=0.006 across groups for cam, one-way ANOVA.

b p=0.0003 compared to asymptomatic, p=0.107 compared to symptomatic, two-
tailed student’s t-test.

¢ p=0.169 compared to symptomatic group, two-tailed student’s t-test.

d p=0.009 compared to symptomatic, two-tailed student’s t-test.

¢ p=0.03forathletes versus asymptomatic and p = 0.144 for athletes versus symp-
tomatic, two-tailed student’s t-test.

f p=0.015 compared to symptomatic group, two-tailed student’s t-test.

& p=0.041 across groups for mixed-type, one-way ANOVA.

in an average of 8.6+ 0.4%, and labral tears were reported in
49.8 +£21.4% of athletes. Positive crossover sign was reported in
64.5 +18.6% of athletes.

The most commonly represented sport was football
[18,20,23,24] (364 players), which was followed by soccer
[12,16,21,22] (217 players) and ice hockey [13,14,25] (Table 6). The
majority (>90%) of football players showed radiologic evidence of
FAl regardless of whether symptoms existed [18,20,23,24]. Mixed-
type FAI, which shows evidence of cam and pincer impingement,
was the most common among these. The alpha angle was an
important independent predictor of pain among football players
[18]. In contrast to these, studies involving soccer players showed
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Table5 ) erence intervals for alpha angles were in several studies higher than

Mean radiographic values. those used in most literature. Similarly, in Nardos’ study [33] alpha
Alpha angles” angles smaller than 70° were less likely to cause pain.
Athletes® 55.7°+£3.6° . .
Asymptomatic? 47.0° £2.0° 3.3. Symptomatic population (Table 3)
Symptomatic?® 67.4° £8.0°
Chondral defects There were 3472 patients and 4169 hips included in the symp-
Athletes 8.6+0.4% . .. . . .
Asymptomatic NR tomatic group. The vast majority of studies found >1 radiographic
Symptomatic NR sign of FAL The prevalence of cam or mixed-type FAI ranged from
Labral tears 63% to 94% and the prevalence of pincer-type FAI ranged from
Athletes! 49.8+214 18% to 51%. Cam-type impingement was found in an average of
Asymptomatic NR 49.0 +21.2%, whereas pincer-type impingement was found only in
Symptomatic 27.6+£9.2 o . . 5
Positive crossover sign 28.5+19.2% (Table 4) and a mixed-type occurred in 40.2 + 18.0%.
Athletes¢ 64.5+18.6 The mean alpha angle was 67.4° & 8.0° (Table 5). Labral tears were
Asymptomatic 28.5+15.8 reported in 27.6 +9.2% of patients, and a positive crossover sign

Symptomatic 18.2 (1 study)

4 P-values show significant difference (p <0.001) for this group versus any one of
the other groups by two-tailed student’s t-test.

b ANOVA shows p=0.000 across groups.

¢ p=0.206 for athletes versus asymptomatic, two-tailed student’s t-test.

d p=0.226 compared to symptomatic by two-tailed student’s t-test.

greater variability in their findings. For example, one study con-
cluded that semi-professional soccer players had significantly
larger alpha angles than amateur players [12] while another study
[16] showed no significant difference. Two studies that compared
high-level male and female soccer players noted that males had
greater alpha angles compared to those of female players [21,22].
Consistent with this finding, a higher percentage of males showed
radiologic evidence of FAI compared to that of females [21,22] as
well as a higher percentage of bilateral hip involvement (44% vs
20%) [21]. Studies on ice hockey players pointed out an increased
radiologic evidence of FAI depending on the style of ice hockey
[25] and in comparison to non-athletes [14] as well as skiers [13].
Interestingly, cam impingement was common among those who
practiced Capoeira [17], whereas adult ballet dancers showed little
sign of FAI on radiographs [19]. However, these same dancers did
exhibit significantly more cartilage lesions and herniation pits,
which may be indicative of pincer-like impingement [19].

3.2. Asymptomatic population (Table 2)

Among studies that included only asymptomatic subjects, there
were 6705 individuals and 7282 hips. Cam-type impingement was
found in 22.4 £ 6.2% of all asymptomatic subjects, whereas pincer-
type impingement was found in 57% (Table 4) and a mixed-type
was detected in 8.8 +£5.1%. The mean alpha angle was 47.0° +2.0°
(Table 5) and a positive crossover sign was reported in 28.5 4 15.8%.
Radiologic evidence of FAI was fairly common among these pop-
ulations, although substantially lower than the one observed in
athletes. One study showed a 14% prevalence of cam impingement
[27] and two other studies showed 27-29% prevalence of cam-type
FAI [33,35]. Alpha angles >50° or cam deformities were detected
in 12-25% [28,30] with male predominance [28,33]. A study that
included a large cohort of asymptomatic patients noted a high
prevalence of pincer impingement (57%) [33]. Importantly, the ref-

Table 6
Characteristics of studies involving athletes by type of activity.

was reported in 18.2% in one study.

Multiple studies compared symptomatic and asymptomatic
populations. A higher percentage of symptomatic hips demon-
strated increased alpha angles, labral tears, and epiphyseal
torsion angles compared to asymptomatic normal volunteers
[37,44,46,56,61,65,70]. Similar to findings reported in studies of
asymptomatic subjects, cam-type impingement showed male pre-
dominance among symptomatic patients [59] and interestingly,
this was also documented in mixed-type FAI Additionally this
study suggested that pincer-type occurred primarily in females
[59], whereas another study [54] showed a slightly higher preva-
lence among males. In males with symptomatic hips compared to
those of females there was a tendency to show significantly larger
alpha angles [53] as well as evidence of FAI in painful hips [66], and
bilateral hip involvement [62].

3.4. Findings across groups

Cam impingement was significantly (p =0.0003) more common
in athletes compared to asymptomatic but not to symptomatic sub-
jects (Table 4). In addition, cam FAI was significantly (p=0.009)
more common in symptomatic versus asymptomatic cases. Com-
parisons of the percentage of patients with cam-type FAI showed
significant (p=0.006) differences across groups. No significant
differences were found between pincer-type FAI morphology
prevalence when comparing athletes to symptomatic patients;
however there were insufficient numbers of cases of pincer FAI
reported in the studies of asymptomatic subjects. Comparisons
of the percentage of patients with mixed-type FAI showed sig-
nificant (p=0.041) differences across groups. Mixed-type FAI was
significantly (p=0.03) more common in athletes versus asymp-
tomatic subjects and in asymptomatic versus symptomatic subjects
(p=0.015). Significant differences were also noted across groups
for mean alpha angle. The mean alpha angle was significantly
(p<0.001) greater in the symptomatic group versus either the
asymptomatic or athlete group. Additional imaging signs of FAI,
such as labral tears and chondral defects were noted for each study
if reported (Tables 1-3); however, there were no significant differ-
ences in labral tears or positive crossover sign.

FAI can be assessed using a variety of imaging techniques.
Among the 15 studies that included athletes, seven used MRI, seven

Number of participants Female Male Mean age (years)
Soccer [12,16,21,22] 217 45 172 24.02 +£ 3.1
Ice hockey [13,14,25] 151 9 142 18.02 + 2.5
American Football [18,20,23,24] 364 50 314 23 +£34
Capoeira [17] 24 10 14 315455
Ballet [19] 30 30 246 £34
Non-specified [15,26] 261 56 205 16 £ 5.5
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used frog-leg lateral and AP X-ray views, and one used CT. In asymp-
tomatic populations, there were more studies that used X-rays
(n=5) compared to MRI (n=3) and CT (n=2). Symptomatic popula-
tions were most commonly imaged using MRI-based techniques,
including MRI (n=11), magnetic resonance arthrography (MRA)
(n=1)and combined X-rays and either MRI or MRA (n=4). Another
two used combined CT and MRI, whereas three studies used CT and
X-rays. There were 12 studies that imaged symptomatic patients
exclusively by X-ray.

4. Discussion

The purpose of this study was to determine the prevalence of
FAI and associated lesions across different groups, namely asymp-
tomatic, symptomatic patients and athletes. The prevalence of
imaging signs of cam-type impingement, including mixed-type
FAI, varied greatly among studies and specific populations. The
prevalence of cam FAI was lowest in the asymptomatic popula-
tion, highest in symptomatic populations, and was most variable
among athletes. In fact, the prevalence of cam deformity is known
to be sex-dependent, associated with pain, activity dependent and
develops gradually in adolescents and probably only during skeletal
growth [54,75].

Radiographic evidence of pincer-type impingement was not
noted in all studies and those that reported cases of pure pincer
FAl also showed variability. The relatively high prevalence of pincer
FAI in an asymptomatic population is consistent with the reported
results in Frank et al. [10], which showed a 67% prevalence of pin-
cer FAl among asymptomatic individuals. Furthermore, our finding
that in asymptomatic populations a pure pincer FAI was more com-
mon than cam or mixed-type FAI was again consistent with the
reported data [10]. In fact its pathological implications as well as its
association with hip osteoarthritis are unclear and yet to be defined
[71]. Also crossover and posterior wall signs might be a normal vari-
ant [72]. Overall, studies on asymptomatic patients demonstrate
that radiologic signs of FAI are common regardless of whether pain
is present.

These findings emphasize that FAI syndrome should be con-
sidered a clinical diagnosis and that patient history and physical
examination are the cornerstone of hip evaluation. Reliance on
imaging diagnosis of FAI syndrome is thus unwise and this study
should be considered in clinical decision making for hip pain
patients.

FAI morphology can be assessed using a variety of imaging
techniques and detection of FAI may vary depending on imaging
type selection; thus, differences in imaging modality may partially
explain the substantial variability noticed in FAI prevalence rates.
CT was used less frequently than X-ray or MRI. In addition, among
the available X-ray views, frog-leg lateral was a common choice
in detecting typical radiographic signs of FAI, including femoral
sphericity, head-neck offset, and increased alpha angle. MRI was
a popular choice for imaging hips in all populations, which is likely
due to its ability to evaluate bone and soft tissues [50]. Radial MRI
was more sensitive than any X-ray view alone, and was thus con-
sidered critical for diagnosing FAI [50].

Our systematic review found a male predominance for cam and
mixed-type deformities, which is consistent with findings reported
in another systematic review [10]. The overall male:female distri-
bution of cam FAI has been estimated to be 14:1 [5]. In contrast,
pincer FAI is reported to exhibit a male:female distribution of
1:3 [5], which is consistent with findings reported in one of the
studies included in our review [59]. Interestingly, bilateral cam
FAI seems to be more prevalent in males. One study showed an
almost 2:1 male:female distribution whereas another showed a 3:1
distribution for bilateral hip involvement [21,62]. These findings

reflect sex-dependent disease patterns, particularly with symp-
tomatic FAIL. Female have more pronounced symptomatology and
milder morphologic abnormalities, while males have generally
higher activity levels, larger morphological abnormalities and more
extensive articular disease [54]. Also, there are age-dependent
radiographic patterns, namely higher prevalence of coxa vara with
increasing age and lower prevalence of acetabular retroversion
with decreasing age [59].

Imaging signs of FAI did not necessarily correlate with the pres-
ence of symptoms. This was highlighted by the 14-29% prevalence
of radiographic evidence of cam FAl among asymptomatic subjects.
However, the presence of hip pain appears to be a predictive factor
for the presence of FAI as at least one radiographic sign of FAI was
found in the majority of symptomatic hips. Nevertheless, one study
found that the only independent predictor of pain was an increased
alpha angle [18]. Development of symptomatic FAI is dependent
on the type, intensity and frequency of individual activities [75],
which partially explains the fact that cam impingement was sig-
nificantly more common in athletes compared to asymptomatic
populations. Thus, imaging should be performed in patients who
report hip pain to carefully evaluate the presence of deformities
and joint abnormalities.

The alpha angle is a commonly used radiographic measure to
define cam FAL Generally it is considered abnormal if greater than
50-55° [73]. In a recent review it was noted that asymptomatic
patients might have borderline values of mean alpha angle (54°)
[10]. However, other studies on asymptomatic populations showed
that the reference interval upper limit was actually greater than 62°
[29,31,33], which might suggest that the upper threshold at which
an alpha angle is considered to demonstrate FAI may need to be
re-assessed. It has also been noted that alpha angles poorly discrim-
inate symptomatic and non-symptomatic population [39]. This
review illustrates that purely asymptomatic population had mean
normal alpha angles (47.0° & 2.0°) whereas symptomatic subjects
had mean pathologic alpha angles (67.4° +8.0°). Increasing alpha
angles have been shown to be associated with decreased function,
pain, vigorous activity and to be highly predictive for development
of osteoarthritis [2,75,76]. Other radiographic measures can be used
to characterize cam conditions, namely head-neck offset and offset
ratio. However these measures were inconsistently reported in the
reviewed studies.

A recent systematic review has shown that approximately two
thirds of asymptomatic individuals have pincer morphologic char-
acteristics on imaging studies [10]. However, this high prevalence
may be confounded in several ways. In fact we came across sim-
ilar prevalence in asymptomatic population but disproportionally
higher prevalence in the athletes. Unfortunately, pincer morpho-
logic characteristics were poorly defined among the studies. The
report of pincer deformity included the presence of radiographic
parameters such as the crossover sign and posterior wall sign, with
poor reliability for the diagnosis of this morphologic condition.

Furthermore, the included studies used mainly radiography
rather than computed tomography for measuring pincer deformity,
which is highly affected by several parameters such as pelvic tilt and
rotation.

Labral injury is a well-documented cause of hip pain in FAI
syndrome, with MRI proving a sensitive modality for establishing
the diagnosis [74]. Both MRI and MRA have moderate sensitiv-
ity and specificity (sensitivity 66%, 87%; specificity 79%, 64%), but
diagnostic accuracy of MRA appears to be superior to MRI in detect-
ing acetabular labral tears [77]. A recent study documented that
more than two thirds of asymptomatic patients had MRI findings
suggestive of a labral tear [10]. Our review reported an overall
mean prevalence of 60% (49.8+21.4 %) in athletes and a lower
mean prevalence in symptomatic population, not exceeding 37%
(27.6+£9.2). Once more lack of standardization of diagnostic crite-
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ria and different study methodologies has to be considered for this
paradox of labral tears being more frequent in the asymptomatic
population. Furthermore arthroscopic correlation of imaging find-
ings is the gold standard for confirmation of labral injury; however,
this was lacking in the included studies.

Regarding treatment, the strong association between a cam
deformity and osteoarthritis led to the assumption that hip pathol-
ogy could be prevented. Surgical removal of the deformity has been
undertaken, however no long term data exists concerning the struc-
tural joint preservation gain following surgery and the optimal
timing for this action. The severity of chondropathy is associated
with worse outcomes, conversely early stage surgery in undesirable
as not every symptomatic cam deformity develops osteoarthritis.
Additionally definitive long-term benefit of surgery over physical
therapy hasnit been established.

There were several potential limitations in our analysis. Gen-
erally the limitations of a systematic review are usually based on
the limitations of the analyzed studies. Limitations introducing
selection bias are reflected by the variability in the threshold val-
ues used to detect radiographic signs of FAI, such as the cut-off
value for alpha angle. Several studies suggested that the most com-
monly applied values for differentiating normal versus abnormal
alpha angles may need to be re-evaluated and possibly increased
[29,31,33,34], as our study points out. Other sources of selection
bias include participantis age, sex, geography, activity level, race
and sports engaged. There were more males versus females repre-
sented in the studies included in our analysis, and some including
only males. There was also a tendency for most studies to be lim-
ited to a single institution or geographic region, which decreases the
ability to generalize findings. Radiographic techniques and quality
introduce detection bias as these are highly variable. Assignment of
FAI morphologic features was made by both radiography and MRI
on different radiographic views or MRI protocols and with different
threshold values to determine pathological and non-pathological
conditions.

5. Conclusions

Although imaging suspicion of FAI was detected in all popula-
tions, there was substantial variability in the prevalence of cam,
pincer, and mixed-type FAIl among the populations included in this
review. Imaging detected at least one sign of FAI in the major-
ity of symptomatic patients and athletes, whereas asymptomatic
patients showed the lowest prevalence of radiographic signs of FAI,
as expected. FAlis a clinical diagnosis with patient history and phys-
ical examination being the cornerstone of hip evaluation. Overall,
imaging becomes an indispensable tool for evaluating the presence
of FAI, especially among athletes and patients reporting pain, how-
ever reliance on imaging diagnosis of FAI seems to be unwise. This
study might be used to assist general practitioners and surgeons in
clinical decision making for hip pain patients.
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3.3.2 Concepts on population models

Presently, the question remains of how reliable clinical assessment and imaging measurements
are to differentiate between overall symptomatic and asymptomatic populations. From the epi-

demiological standpoint, one can think of at least 6 distinct populations:

I.  Asymptomatic individuals
a.  Normal morphology (without Cam and Pincer morphology);
b.  FAI morphology;
c.  Other “abnormal” morphologies.
.  Symptomatic patients
a.  Normal morphology;
b.  FAI morphology (FAIS);

c.  Other “abnormal” morphologies.

For some patients there is a clear-cut diagnosis of FAIS, but a large number of patients have
intermediate or minimal findings. Further, a substantial number of studies describe a high
prevalence of FAI morphology in the normal population and in asymptomatic healthy indivi-

dualg?*8893.110.148.167 Popylation models may help elucidate this situation (Figure 30):

I.  Model A:With relatively distinct groups of healthy individuals and patients;
Il.  Model B:With a substantial overlap between the healthy and the diseased group.

FAIS

Model B

FIGURE 30 —Theoretical model of distribution of Cam, Pincer morphology and FAIS in the popu-
lation. If the distribution of measurement values for FAT deformities and measurement values in healthy
individuals is spread as in the model A (upper row), a diagnostic test can be found that distinguishes
between healthy individuals and patients with FAI with a good reliability, as shown by the red vertical
threshold. However, as shown in the bottom row;, if there is a large overlap between measurements in
healthy individuals and FAI patients, it is not possible to reliably distinguish between healthy individuals
and patients with FAI based on simple morphological measurements because any chosen threshold re-

sults in a substantial lack of sensitivity and specificity (large number of false-positive and false-negative).
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In model A, it should be possible to distinguish relatively well between healthy and diseased
individuals by choosing an appropriate test and threshold. If, however, the reality better resem-
bles the second overlapping model (B), then the measurements and thresholds we apply will
result in a large number of false-positive and false-negative findings. Therefore, imaging findings
are only one of several puzzle pieces in the diagnostic process and need to be correlated with the

patient’s clinical history, symptoms and clinical findings to reach a correct diagnosis.

At the current time, there is no magic tool of imaging that facilitates the reliable allocation of all
patients into the correct diagnostic group or confidently rules out the diagnosis. Nevertheless,
imaging can be used to describe the various morphological characteristics of the hip and can be
beneficial in confirming or precluding the diagnosis of FAI in many patients. This is certainly an

area of needed original research, in order to correctly classify individuals.
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RATIONALE

Pathological hip deformities leading to mechanical joint failures constitute a substantial propor-
tion of ongoing challenges in radiology and orthopaedics. Both imaging and surgical approaches
are now used routinely by a growing number of providers to address injuries to the cartilage and
labrum within the hip and to correct abnormalities of coverage and version of the joint itself.
Advances in our understanding of hip pathology, better imaging, and improved surgical tech-
nique have all contributed to this exponential rise. Along with this increase in the number
of surgical cases, however, comes an increased responsibility to make sure that we make the
correct clinical diagnosis. In other words, not every patient who presents to a doctor’s office
with hip pain requires advanced imaging or surgery. Based on a recent cost analysis in the US,
by Kahlenberg et al.*”®, FAI patients visited up to four health care providers, underwent more
than three diagnostic imaging tests, and tried three different treatments, all prior to receiving a
correct diagnosis of joint damage due to FAI. The duration between the initial onset of symp-
toms and diagnosis for these patients lasted approximately 32 months with an approximate

average cost per patient of $2,500 USD.

Hip impingement has received a great extent of clinical and biomechanical interest, with
an exponentially increasing rate of scientific publications in recent years'??. Paradoxically,

the concept of FAI remains elusive and sometimes wrongly associated with other hip mor-

80,114,117 134

phologies , with plenty of still unanswered questions regarding aetiology'**, prevalence®,

diagnosis®”, treatment’’ and prognosis*'’.

There are indications that the shape of the hip is associated with development of hip pain'*®!¢®
and OA"™">*1% though it is unknown which specific shape variants in non-OA hips will lead to
hip damage. Recent evidence on this topic points towards an important role of specific shape
variants of the acetabulum (Pincer deformity) and proximal femur (Cam deformity) which
may lead to joint damage via a motion dependent process known as FAI'*®. Although the hip

can remain functional, the deformities may lead to early anatomical and functional adaptations,

resulting in progressive cartilage degradation.
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The morphology leading to mechanical FAI occurs when the anterosuperior aspect of the
femoral head impacts the acetabulum during combined motions in hip flexion and rotation®'",
as well as during squatting®'"*'2. Typically, a Cam deformity is indicated by an a° greater than 50.5°
or 60° in the oblique-axial or radial plane, respectively®?*1¢717°_Although several studies demon-
strated that the severity of the Cam deformity (thus, elevated a°) were associated with hip pain and
joint degeneration, other common radiographic measures and anatomical features of the FHN
junction and acetabulum have been mentioned as potential factors for symptomatic FAI®131213,
It remains unclear which combination of anatomical parameters can predict which patients

are at risk of developing symptoms.

Although the pathomechanism of FAI involves a complex spectrum of anatomical and func-
tional parameters, the detection protocols to recognize the symptomatic morphology remains
an ongoing and critical challenge. Improving the evaluation of hip joint pathomorphologies
including through the use of 3D analysis is paramount. Too often we confuse the presence of a
Cam deformity (a morphological finding) with symptomatic Cam-type impingement (a patho-
physiological finding), which can lead to either the overtreatment of these deformities and/or
insufficient management of other underlying abnormalities. Our systematic review?'* and also a
recent report by Frank et al.*® reported that the prevalence of an asymptomatic Cam morphology
ranged from 7% to 100% between studies (mean of 22,4 * 6,2%'), depending on the imag-
ing method used and the population included (athletes or non-athletes). The mean a° in those
asymptomatic hips was 47° (+2.0°)?"* and 54.1° (£5.1°)%, respectively (again regardless of type
of population, imaging method or measurement location around the femoral head). The preva-
lence of asymptomatic hips with Pincer deformity ranged from 57%"*-76% between studies,

again with Pincer morphology poorly defined.

Hip morphology analysis became more complex when we included torsional deformities of the
femur and the acetabulum, as well as malorientation of the femur into the 3D concept of FAI or
hip instability. While this information 1s helpful, it has mainly been gathered from low-evidence
evaluations of procedures that did not improve patients’ symptoms and/or function in the ways
we had hoped. Also, knowing that both symptomatic and asymptomatic individuals with a sim-
ilar Cam deformity may experience joint deterioration which conceptually would lead to OA,
it is imperative to delineate the differences of the asymptomatic group from the symptomatic

patients in efforts to establish a better detection protocol and explain the risk of symptoms.

High quality prospective studies are needed to help us determine which abnormalities are most
important to correct, and which ones can be safely left alone. Cam deformity found in a patient
with slight dysplasia may be asymptomatic and of little importance, but it may cause accelerated

arthritis in a patient who also has femoral retrotorsion.
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With current literature on FAI focusing primarily on surgical methods, outcomes and subse-
quent comprehensive literature reviews, very little research has been performed to examine the
paradox of the high prevalence of the so-called abnormal hip morphologies.

In the first part of this thesis we discuss general diagnostic, anatomical and developmental issues.
The imaging prevalence of difterent hip shapes is addressed by performing a systematic review
of the literature. In the second part, we characterise hip morphology using 3D advanced imag-
ing, by developing a novel quantitative methodology and also by studying the arterial supply to
the femoral head. In the third part we investigate and bridge the gap between the asymptomatic

and the symptomatic hip. Finally, the last part will address treatment of the symptomatic hip.

With the ultimate goal to better understand the pathomorphology of FAI, the purpose of this
research will be to address the question at large: “what represents normal morphology and how
to differentiate it from pathological hip shapes”.

In this sense, we aim to specifically evaluate the following primary items:

1) Investigate the prevalence of different hip morphologies in different populations,
by systematically reviewing the existing literature:
a) to determine the reported prevalence of Cam, Pincer, and mixed FAI morphology
based on imaging of asymptomatic subjects, symptomatic patients and athletes.
b) to determine the reported prevalence and values of parameters of FAI morphol-
ogy, namely a° and COS, based on imaging of asymptomatic subjects, symptomatic

patients and athletes.
ARTICLE: “Imaging prevalence of femoroacetabular impingement in symptomatic

patients, athletes, and asymptomatic individuals: A systematic review.” European Journal

of Radiology 2016 Jan;85(1):73-95
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2) Develop the imaging approach and reference intervals of hip morphology,

3)

in asymptomatic subjects:

a)

b)

Characterising femoral and acetabular morphology using quantitative measurements

taken from 3D CT in asymptomatic subjects.

1. Estimate the overall normative ranges as well as sex- and side-specific quantita-
tive parameters for hip measurements.

. Establish the relationship between hip shape and side, limb dominance and age.

ARTICLE: “Hip shape is symmetric, non-dependent on limb dominance and gen-
der-specific: implications for femoroacetabular impingement. A 3D CT analysis in
asymptomatic subjects.” Eur Radiol. 2018 Apr;28(4):1609-1624. doi: 10.1007/5s00330-
017-5072-9. Epub 2017 Nov 6.

Characterisation of the Cam morphology:

I.  Implementing a new parameter for morphology quantification of the FHN
junction (omega angle (€2°)).

.  Use 3D measurements, namely the Q°, to quantify the location, extent and

sex-dependence of Cam morphology.

ARTICLE: “Cam deformity and the omega angle, a novel quantitative measurement of
femoral head-neck morphology:a 3D CT gender analysis in asymptomatic subjects”. Eur
Radiol. 2017 May;27(5):2011-2023. doi: 10.1007/500330-016-4530-0. Epub 2016 Aug 30.

Investigate if and how we can predict an ““at-risk® hip joint by comparing

asymptomatic and symptomatic hips and addressing:

a)

b)
©)

hip morphology normative measurements and shapes (by 3D-MRUI and advanced compu-
tational frameworks) with objective comparison of the pathoanatomy in these populations.
spinopelvic parameters normative measurements (by 3D-MRI) in both populations.
potential distinguishing threshold values to differentiate these populations, by ascer-
taining which parameters are most useful and how they should be used to achieve

best results.

ARTICLE: “Can we discriminate symptomatic hip patients from asymptom-
atic volunteers based on anatomical predictors? A 3D MRI Study On Cam, Pincer
and Spinopelvic Parameters“. Am | Sports Med. 2018 Nov;46(13):3097-3110. doi:
10.1177/0363546518800825.

ARTICLE: “Modelling the shape of asymptomatic, dysplastic and impinged hip

joints”. Med Eng Phys. 2018 Sep; 59:50-55. doi: 10.1016/j.medengphy.2018.07.001.
Epub 2018 Jul 29.
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As additional secondary aims, we investigated:

4) The vascular anatomy of the proximal femur, assessing the extension of the lateral

5)

retinaculum near the FHN junction, the distribution of the arterial vascular

foramina and initial intracapital course of these vessels (a MRI study in cadaver

specimens).

ARTICLE:“Arterial topographic anatomy near the femoral head-neck perforation
with surgical relevance”. J Bone Joint Surg Am. 2017 Jul 19;99(14):1213-1221.
doi:10.2106/]BJS.16.01386.

Treatment techniques and outcomes, by analysing:

a)

b)

the clinical and surgical planning usefulness of €2° by determining the relationship
between the extension of Cam deformities and the location of the retinacular fold at
the FHN junction.

the compared results of two different surgical techniques —open and arthroscopic—

in cam resection over the posterosuperior retinacular foramina area.

ARTICLE: “Morphologic and angular planning for Cam resection in FAI: value of
the omega angle.” Int Orthop. 2016 Oct;40(10):2011-2017. Epub 2015 Nov 18.

evaluate and compare clinical and radiographic results of Cam FAI surgery using both

hip arthroscopy (HA) and surgical hip dislocation (SHD) techniques, with an average

follow-up time of 59 months, intending to ascertain:

1. which variables were significantly associated with the functional pre-operative
score and which were predictive of the functional outcome after surgery.

. if there were significant differences in the outcomes between HA and SHD;

ARTICLE: “Arthroscopic versus open treatment of cam-type femoroacetabular
impingement: retrospective cohort clinical study”. Int Orthop. 2018 Apr;42(4):791-
-797. doi:10.1007/s00264-017-3735-4. Epub 2018 Jan 3.

The six chapters of this thesis cover the spectrum from the diagnosis to treatment of the

symptomatic young hip. In order to present the aims of this thesis in a logical sequence of
ymp young hip p g q

general morphology to more specific FAI related morphology and treatment, the analysis

of the asymptomatic hip will be presented first followed by how morphology relates with

symptoms, and finally treatment.
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In PART I, we introduced the topics that are relevant to understand the full scope of our
thesis. Chapter 1 is devoted to hip development and morphogenesis. In Chapter 2 we
addressed imaging anatomy and performed a thorough review of current and future perspec-
tives on this topic. In Chapter 3, we performed a systematic review of the literature to write
a state-of-the-art overview focusing on asymptomatic and symptomatic FAI morphology
prevalence. This seminar highlights the gap in knowledge regarding hip morphology role in
the pathogenesis of FAIL.

Building on the first part of the thesis we hereby address the rationale and aims for this thesis in
PART IIL

In PART III we focus on the original research performed. Chapter 4 is focused on the
detailed characterisation of hip morphology, both osseous and vascular. Bony hip morphology
was quantified using a semi-automated software, which allows to robustly study in detail shape
variants within a population and their relationship with sex, side and limb dominance. Cam
morphology was further defined by developing a novel quantitative measure, with diagnostic
and treatment planning capabilities. Finally, the importance of this parameter is outlined by the
arterial topographic study of the proximal femur. In Chapter 5 we tested multiple parameters
and their associated shape variants to find which ones allows to identify a risk-increased joint
in various populations.To this end we have used both advanced computing for shape modelling

and 3D-MRUI. Chapter 6 described treatment options and outcomes in a cohort clinical study.

The results of the above-mentioned chapters are summarised in PART IV, presenting the gen-
eral synthesis, discusses the results of the work performed in the light of the current literature,
and comes to the conclusions of this thesis. Potential future research topics within this field and

limitations are also presented in this chapter.
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chapter 4

CHARACTERISATION
OF HIP MORPHOLOGY

Chapter IV is based on the following publications:

“Hip shape is symmetric, non-dependent on limb dominance and gender-specific: implications
for femoroacetabular impingement. A 3D CT analysis in asymptomatic subjects”
European Radiology 2018 Apr;28(4):1609-1624

“Cam deformity and the omega angle, a novel quantitative measurement of femoral head-neck
morphology: a 3D CT gender analysis in asymptomatic subjects”
European Radiology 2017 May;27(5):2011-2023.

“Morphologic and angular planning for cam resection in femoroacetabular impingement:
value of the omega angle”

International Orthopedics. 2016 Oct;40(10): 2011-2017.

“Arterial Topographic Anatomy Near the Femoral Head-Neck Perforation with Surgical Relevance”
The Journal of Bone and Joint 2017 99(14): 1213-1221
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CHAPTER 4.1

This chapter is based on the following paper:

“Hip shape is symmetric, non-dependent on limb dominance and gender-specific:
implications for femoroacetabular impingement. A 3D CT analysis in asymptomatic subjects”
European Radiology 2018 Apr;28(4):1609-1624
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Abstract

Objective To determine the reference intervals (RefInt) of the
quantitative morphometric parameters of femoroacetabular
impingement (FAI) in asymptomatic hips with computed to-
mography (CT) and determine their dependence on age, side,
limb dominance and sex.

Methods We prospectively included 590 patients and evalu-
ated 1111 hips with semi-automated CT analysis. We calcu-
lated overall, side- and sex-specific parameters for imaging
signs of cam [omega and alpha angle («°)] and pincer-type
morphology [acetabular version (ACvers), lateral centre-edge
angle (LCEA) and cranio-caudal coverage].

Results Hip shape was symmetrical and did not depend on
limb dominance. The 95% RefInt limits were sex-different
for all cam-type parameters and extended beyond current ab-
normal thresholds. Specifically, the upper limits of RefInt for
«® at 12:00, 1:30 and 3:00 o’clock positions were 56°, 70° and
58°, respectively, and 45° for LCEA. Acetabular morphology
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material, which is available to authorized users.
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Published online: 06 November 2017

varied between age groups, with a trend toward an LCEA/

ACvers increase over time.

Conclusion Our morphometric measurements can be

used to estimate normal hip morphology in asymptom-

atic individuals. Notably they extended beyond current

thresholds used for FAI imaging diagnosis, which was

most pronounced for cam-type parameters. We suggest

the need to reassess «° RefInt and consider a 60°

threshold for the 12:00/3:00 positions and 65-70° for

other antero-superior positions.

Key Points

* Hip shape is symmetrical regardless of limb dominance.

e Pincer/cam morphology is frequent in asymptomatic sub-
Jects (20 and 71%, respectively).

* LCEA and acetabular version increases with age (5-7° be-
tween opposite age groups).

» Femoral morphology is stable after physeal closure (in the
absence of pathology).
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Department of Radiology, Ghent University Hospital, Gent, Belgium
¢ NOVA Medical School, Lisbon, Portugal

Paediatric Hand Surgery and Microsurgery, Hospital Sant Joan De
Deu, Universitat De Barcelona, Barcelona, Spain

Division of Orthopaedic Surgery, Department of Surgery, McMaster
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* Alpha and omega angle thresholds should be set according
to sex.

Keywords Hip - Femoroacetabular impingement -
Multidetector computed tomography - Reference value -
Normal value

Abbreviations

ACcov Acetabular cranio-caudal coverage

ACinc Acetabular inclination (Ténnis angle
or Sourcil angle)

ACvers Acetabular version

Alpha angle — «°

BMI Body mass index

CDA Cervico-diaphyseal angle

CT Computed tomography

DICOM Digital Imaging and Communications
in Medicine

FAI Femoroacetabular impingement

FHN Femoral head-neck

LCEA Lateral centre-edge angle
MRI Magnetic resonance Imaging
Omega angle  2°

OA Osteoarthritis

Reflnt Reference intervals

SD Standard deviation
Introduction

Femoroacetabular impingement (FAI) syndrome is a motion-
related clinical disorder with a triad of symptoms, clinical
signs and imaging findings [1], has been associated with hip
pain and functional impairment, and can ultimately lead to
osteoarthritis (OA) [2].

The prevalence of FAI morphology in the general popula-
tion is not known and estimates vary widely likely owing to
the disparity in the case definition of FAI and in the popula-
tions sampled [3, 4]. Furthermore, the presence of shape ab-
normalities does not always lead to hip OA, suggesting that
there are other intervening factors than just joint morphology
[5]. Conversely, development of symptomatic FAI in the pres-
ence of morphological abnormalities is co-dependent on the
type and intensity of activities that one undertakes associated
with the individual vulnerability [6].

Distinguishing normal and abnormal morphology has
proved a difficult task [7]. The presence of a cam/pincer
morphology is a prerequisite for defining cam-type/pincer-
type FAIL Although an obvious cam deformity is not diffi-
cult to recognise, there may be more subtle differences that
might be clinically important [8]. Objective methods to

@ Springer

quantify these morphologies are, therefore, mandatory.
For cam morphology several objective measures have been
proposed [9—-11] but still the « angle («®) [12] is most
commonly used. For anteroposterior pelvic radiographs, a
threshold of 60° could distinguish between normal and
abnormal «° in two large cohorts [13]. For other planes,
views and modalities, a threshold between 55°-60° seems
appropriate [7, 12], although more research is required to
validate the presence of a cam deformity in other modali-
ties [10, 14-17].

A pincer deformity includes a variety of acetabular mor-
phological and/or orientation abnormalities and its quanti-
fication is, therefore, challenging. Similarly multiple quan-
titative measures [14, 17] have been proposed to capture
these specificities; however the most appropriate ones and
accompanying threshold values remain to be determined.

In previous reports on normal hip morphology, sex dif-
ferences in orientation such as greater acetabular anteversion
[16, 18-20], acetabular inclination [18, 19] and femoral
sphericity in females were described [4, 10]. However
large-scale reports are missing in this regard, specifically
using reproducible 3D imaging methods. Similarly, regard-
ing age, symmetry and limb dominance, the literature spe-
cifically addressing their relationship with hip shape is
scarce [16, 21-23].

To our knowledge, no previous study in a large cohort of
asymptomatic individuals using cross-sectional imaging has
(1) determined the reference intervals (Reflnt) of the quanti-
tative morphometric parameters associated with FAI; (2) eval-
uated the relationship among sex, side, age, limb dominance
and hip shape.

(2286 hips) N\

) é Below 15 years old and
above 50 years old

[ 1143 subjects

393 subjects (786 hips) )

(1500 hips)

~
[ 750 subjects

(" Positive past history N\
questionnaire or below
maximum score NAHS

(1300 hips)

100 subjects ( 200 hips)
[ 650 subjects ] \\ J

( N
CT signs of Osteoarthritis or
other signs of pathology

[ 590 subjects

60 subjects (189 hips)
\
(1111 hips)

Fig. 1 Flow of subjects from cohort inclusion to the final study
population
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Posterior
9:00h

10:00h

11:00h

Superior
12:00h

1:00h

2:00h

Anterior

A 3:00h

Fig. 2 A Alpha-angle («x°) measurements made at different points
around the femoral head/neck junction starting at 9 o’clock (posterior);
10, 11 and 12 o’clock (superior); and 1, 2 and 3 o’clock (anterior). B
Femoral neck short-axis computed tomography (CT) reformats show the
bone contour abnormality from 1 to 2 o’clock [omega angle (£2°) of 60°].
The Q° is formed by two lines intersecting the centre of the femoral neck

The purpose of this study was to (1) characterise femoral
and acetabular morphology using quantitative measurements
taken from 3D CT; (2) estimate the overall normative ranges
as well as sex- and side-specific parameters for 3D measure-
ments of the hip; (3) establish the relationship between hip
shape and side, limb dominance and age.

Acetabulum orientation

Version: 22.7° Version of

upper hemisphere*: 17.0°

Sourcil Angle: 13.7°

Anterior

Fig. 3 CT-based MIP reconstructions of the right hip corrected for pelvic
flexion and lateral tilt, with corresponding measurements of (a) the sourcil
angle or acetabular inclination (solid and dashed yellow lines); (b) acetabular
version at the axial plane of the centre of the femoral head (center ACvers)
(corresponding to the solid red line in a), determined by measuring the angle
between the transverse axis and the acetabular axis, which is the axis
orthogonal to the acetabular plane; (¢) acetabular version of the upper

Intervals for 55°: 60.0°

Intervals for 60°: 37.0°

at the level of the head/neck junction. The most posterior line posteriorly
intersects the point at which the «° begins to be abnormal beyond a best-
fitting circle and the anterior line at the point where the o° returns to
normal. C Polar plot (2D) of the 360° «°, representing the 2° angle
(red symbol) for different o° thresholds [55° (upper right), 60° (lower
right)]. Red lines represent increased «°s for a given threshold

Methods
Patient population

Institutional ethics committee approval was obtained prior to
beginning this study. All participants provided written informed

Acetabular coverage Center edge angle

&ei21.0
Superior (LCE ‘
12000
Norml ﬁ =
(35%-43%) oon
(30%-36%) e f \\
(66%-81%)" L

hemisphere (upper ACvers), measured on the axial slice corresponding to
the upper quarter (dashed green line in a) between the acetabular roof (solid
green line) and the inferior axial plane of the tear drop (solid green line]; (d)
3D representation of the cranio-caudal acetabular coverage (anterior cover-
age represented in orange; posterior coverage represented in blue); (e and f)
3D representation of the lateral centre edge angle and corresponding 2D CT
measurements at 1:00, 12:00 and 11:00 o’clock

36.0%

Posterior coverage:
Anterior coverage: 28.6%
Total coverage: 645%
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Tablel Characterisation
of recruited patients (sex n* %o
and limb dominance)

Sex Male 271 45.9%
Female 319 54.1%
Total 590 100%
Dominance Left 53 9%
Right 537 91%
Total 590 100%

*Data expressed as absolute count

consent. We prospectively recruited consecutive adult patients
undergoing CT at multiple centres from our health group (hospi-
tals with a large population disperse all over the country) for
abdominal/urogenital indications from January 2015 to
June 2016 (including a fraction of patients from a previous pub-
lished cohort [10]). All eligible participants completed the
nonarthritic hip score (NAHS) questionnaire [24] and another
questionnaire regarding demographics, limb dominance and clin-
ical history (including current/past hip/groin pain, orthopaedic
conditions, childhood hip pathology and/or hip trauma) (Fig. 1).

Exclusion criteria included: (1) subjects over 50 and less
than 15 years old (y.o.); (2) all subjects with less than the
maximum NAHS [24] possible score (100); (3) positive an-
swer to one or more of the other hip-related questions; (4) CT
signs of OA (defined as the presence of at least one of the
following findings [16]: joint-space narrowing, osteophytes,
subchondral bone changes (including sclerosis/cysts), frac-
ture, posttraumatic deformity, Perthes disease, osteonecrosis,
slipped capital femoral epiphysis or bone lesions).

CT imaging and three-dimensional model

CT imaging was performed using a 16- or 64-slice CT scanner
(Siemens, Erlangen, Germany). Patients were positioned in a

Table 2  Characterisation of recruited patients (age breakdown in
groups, body mass index, weight and height)

Mean* SD Min* Max*
Weight** 73 17 46 124
Height*** 171 10 146 198
BMI 24 4.8 16.4 40
Age 33 8 14 45

<20yo 21-25 26-30 31-35 36-40 41-45

yo yo yo yo yo

68%* 50% 86* 124 148 114*

Bottom two rows represent age breakdown in subgroups
*Data expressed as absolute count; ** in kilograms; *** in centimeters

SD, standard deviation; BMI, body mass index; Min, minimum; Max,
maximum

@ Springer

Table 3 Region of
origin of recruited ) o Total
patients (absolute count Region of origin

and percentage of total)

% of total

Total 590 100%
European 537 93.6%
Non-European 53 6.4%
Africa 27 4.5%
America 17 2.8%
Asia 6 1%
Oceania 3 0.05%

standard supine position with legs parallel in neutral rotation
and received no additional radiation beyond that required for
the CT ordered to evaluate their medical condition. The pelvis
was reconstructed with 1 mm thickness from the antero-
superior iliac spine to the lesser trochanters.

Images were uploaded for analysis and semi-automatically
segmented using Articulis™ (Clinical Graphics,
The Netherlands), which was previously validated for reliabil-
ity and accuracy [25]. Two musculoskeletal radiologists
(VVM and MC, with 12 and 9 years of experience) certified
that each segmentation contained all osseous contours and
accurate CT measurements.

Alpha angle, omega angle and cervicodiaphyseal angle

To determine the omega angle (£2°) (Fig. 2), we calculated the
clockwise 360° «° (according to Nétzli et al. [12]) by using a
regression sphere fit of the femoral head-neck (FHN) junction
[26]. The first angle was obtained using a measurement plane
defined by the femoral neck axis and a vector perpendicular to
this axis pointing upward to define a superior 12 o’clock position
[27] (Fig. 2a). Next, projecting the 360 «° in a polar plot (Fig .2b
and c), we found the 2° according to Mascarenhas et al. [10].
The head/neck femoral diameters and the cervicodiaphyseal an-
gle (CDA) [28] were semi-automatically measured.

Cam-type morphology was defined as an «° > 55° at any
location around the femoral neck [7], although we also con-
sidered additional thresholds in line with previous reports
(namely 50° and 60°) [7, 12].

Acetabular inclination, acetabular version, cranio-caudal
coverage and lateral centre-edge angle

Acetabular inclination (ACinc) (Fig. 3a) and version at the
centre and upper hemisphere (centre and upper ACvers)
(Fig. 3b and c) were derived from the coordinate frame by
the software comparing it with the pelvic plane [29].
Acetabular cranio-caudal coverage (ACcov) was calculated
and determined as a percentage of the femoral head surface
[30] (Fig. 3d).
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Fig. 4 Evaluation of the femoral head/neck morphology. Three-
dimensional model in two projections (/efi to right: anterior and superior
views). a Top row: male 3D model; b middle row: female 3D model; ¢
bottom row: mean 3D model comprising all subjects; d corresponding 2D

C D

Fig. 5 Evaluation of the acetabular morphology. Three-dimensional mod-
el in two projections, lateral and strict anterior views. Top row (a and b):
male 3D model. Bottom row (¢ and d): female 3D model. Female acetab-
ulum has a shorter AP diameter and a shallower anterior wall

—— MEAN ALL SUBJECTS

MEAN ALL ALPHA ANGLES

165

7 193 189 155 177 173 169

181

MEAN MALE MEAN FEMALE

map of mean circumferential alpha angles (x°) at every degree for all
participants (white line), for male subjects (blue line) and female subjects
(red line): 0 corresponds to 12-o’clock position; 89° corresponds to 3-
o’clock position

The lateral centre-edge angle (LCEA) was measured be-
tween the plane of the y-axis of the pelvis and a line from
the centre of a regression sphere in the acetabulum to the
osseous acetabular rim [17], performed in 30° steps from the
1:00-11:00 positions (Fig. 3e and f).

Pincer-type morphology was considered positive when we
observed: (1) acetabular depth > 3 mm (coxa profunda), and/
or (2) LCEA>39°, and/or (3) centre ACvers < 10° and/or (4)
upper ACvers < 0° (acetabular retroversion, which also de-
fined the focal pincer subgroup). Acetabular dysplasia was
defined as LCEA <20°[17, 31, 32].

Statistical analysis

For all morphometric parameters, mean values, SD (standard
deviation) and double-sided 95% RefInt were calculated.
Quantitative parameters are described by their mean and SD.
Qualitative parameters are described in numbers and percent-
age. For the mean comparisons, Student’s ¢ test was imple-
mented to compare quantitative variables (if test conditions
were not met, a nonparametric test was used). To evaluate
correlation between two quantitative parameters, Pearson or
Spearman coefficients were computed. A p value of 0.05 was
considered statistically significant for all analyses. Statistical
analyses were performed using dedicated software (MedCalc
Software version 11.6; Belgium).

@ Springer

| 145 |



HIP DEFORMITIES AND

FEMOROACETABULAR IMPINGEMENT

Eur Radiol

Fig. 6 Prevalence of "normal"
morphology (considering all
subjects with alpha angles inferior
to 55° and no acetabular
abnormalities), cam morphology
(considering alpha angle

thresholds of 55°, 60° and 65°)

and pincer morphology (global
and focal). Breakdown by sex and
categories of pathology
(percentage of total asymptomatic
subjects)

Normal
morphology

Results
Population information

Of'the initial 2286 hips in 1143 patients, a total of 553 patients
were excluded according to the exclusion criteria (mean age:
63.2+11.8 y.0.) (Fig. 1). In total, 1111 hips in 590 patients, all
with closed physes, met the criteria for inclusion in the final
analysis (271 males; 319 females; p = 0.07) (Tables 1, 2 and
3). Left-handers accounted for 9% of individuals indicating a
similar prevalence to previous reports [23].

Overall

For the femoral morphotype (Fig. 4), the mean values of «°
were 58° 4 7°/56° + 7° at 1:30/1:00 o’clock and 35° + 29° for
the Q2° considering a threshold of «® 55°. The magnitude of
the mean differences of «°® was higher at 1:00 followed by the
00:30 o’clock position (males had more 9.5-10°).

For the acetabular morphotype (Fig. 5), the means were 21°
+ 5° for ACvers (centre), 35° + 6° for the LCEA and 3.4° +
5.4° for ACinc. Concerning acetabular coverage, the mean
was 74% + 5% for the total ACcov (anterior ACcov: 41% =+
3%; posterior ACcov 33% + 4%).

Cam morphology prevalence varied between 17%, 33% and
71% according to different o° thresholds (65°, 60° and 55°,
respectively). Conversely, 20% of all subjects had pincer-type
morphology (coxa profunda: 18.5%; LCEA > 39°: 12.2%; ac-
ctabular retroversion: 3%) (Fig. 6) and 2.6% acetabular
dysplasia.

Sex
Sex differences were observed in several parameters at the

femoral and acetabular sides (Tables 4 and 5). Pincer and
cam morphology was significantly more prevalent in males

@ Springer

Prevalence of Normal Morphology and Deformities

82%

71%
63%
4%
33%
29%
26%
17%
: l

alpha > 60°

alpha > 55° alpha > 65° Pincer Focal Pincer

[pincer: 25% vs. 16% (p = 0.005); cam: 44% vs. 26% for a 60°
«® threshold (p < 0.0001)] (Fig. 6).

At the femoral side (Table 4 and Fig. 4), in males, we
noticed higher mean values of Q2° (p < 0.001) and for all x°
from 11:30 to 2:00 o’clock (p < 0.001) and for femoral head/
neck diameters (p < 0.001). Conversely, females showed
higher mean values of «°® at 10:30 and of the CDA (p <
0.001). Different sex mean «° measurements were notably
significant at 1:30/1:00 (males vs. females: 60° vs. 56° and
60° vs. 53°, respectively; p < 0.001) and paradoxically at
10:30 o ’clock (males vs. women: 43° vs. 45°; p < 0.001).

At the acetabular side (Table 5 and Fig. 5), in males, we
noticed higher mean values of acetabular cup diameter and
LCEA at 1:00 (estimated difference of 3°; p < 0.001), and in
other cases where there was a statistically significant difference,
the values were higher in females, namely in total/anterior
ACcov and ACvers (p < 0.001). The magnitude of mean differ-
ences was greater for acetabular cup diameter and ACvers.

True retroversion (upper ACvers < 0°) was observed only in
the upper hemisphere and no true global retroversion was iden-
tified. The prevalence of focal acetabular retroversion was 5.9%
(16 of 271) for males and 0.9% (2 of 319) for females (p = 0.04).

Side and limb dominance (paired and unpaired)

Concerning femoral parameters, mean values did not differ
between left/right sides. On the acetabular side, mean values
ofanterior ACcov differed between sides only on the unpaired
analysis, being superior on the right sides (p = 0.047; mean
differences of +0.5%), which can be considered not clinically
important. All other parameters were symmetric.

Considering limb dominance, there was no difference be-
tween sides. Only when we paired dominant/non-dominant
limbs did we find that mean ACinc was 1.1° higher on the
dominant side (p < 0.029).
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Table4  Femoral side morphometric quantitative measurements (overall mean, SD, range and 95% reference intervals) and breakdown by sex and side
(with corresponding mean differences and p values)

Mean SD Min Max 95% reference P Mean difference

intervals

Femoral head diameter (mm) 43 3.8 37.2 53.1 38-52

Male 47.6 2.5 41.7 53.1 43-52 <0.001 6.2

Female 41.4 22 373 47.6 38-46

Left 44 39 37.2 529 38-52 NS -

Right 44 3.8 37.6 53.1 38-52

Femoral neck diameter (mm) 30.4 34 243 39.6 25-37

Male 334 22 28.7 39.6 29-37 <0.001 5.5

Female 28.2 2.0 243 342 25-33

Left 30.4 34 243 37.8 25-37 NS -

Right 30.3 33 24.9 39.6 25-37

Cervicodiaphyseal angle (°) 130.5 54 113 156 120-141

Male 129 5 113 144 118-139 <0.001 -2.7

Female 132 6 118 156 122-142

Left 130.6 52 113 147 120-139 NS -

Right 1304 55 115 147 120-142

Omega angle 55 (°) 34 29 0 186 0-80

Male 42 24 0 186 0-88 <0.001 19.8

Female 28 24 0 129 0-72

Left 323 23 0 121 0-74 NS -

Right 355 25 0 186 0-85

Omega angle 60 (°) 14 19 0 164 0-59

Male 21 21 0 164 0-72 <0.001 20

Female 10 16 0 80 0-54

Left 13.4 18 0 100 0-55 NS -

Right 15.4 20 0 164 0-60

Alpha angle 9:00 (°) 452 4.8 32.1 64.3 36-55

Male 45.5 45 345 64.3 37-55 NS -

Female 45 49 32.1 56.9 35-54

Left 452 49 33.9 56.9 35-55 NS -

Right 453 4.6 32.1 64.3 37-55

Alpha angle 10:00 (°) 45.9 4.8 31.3 61.5 36-55

Male 453 42 313 58.5 36-54 NS -

Female 46.5 5 329 61.5 36-57

Left 459 4.8 34.9 61.5 36-58 NS -

Right 46 4.8 313 57.9 36-54

Alpha angle 10:30 (°) 44.1 4.7 30.4 61.2 36-55

Male 432 4 304 54.7 35-52 <0.001 -1.7

Female 44.8 5 30.6 61.2 36-56

Left 44 4.5 35.7 61.2 37-55 NS -

Right 44.1 49 304 56.8 34-54

Alpha angle 11:00 (°) 422 42 28.6 60.5 35-51

Male 42 3.8 30.7 59.1 35-49 NS -

Female 423 4.9 28.6 60.5 35-51

Left 42.3 39 343 60.5 35-50 NS -

Right 42 4.5 28.6 59.1 33-51

Alpha angle 12:00 (°) 452 54 30.3 87.9 37-56

Male 47.4 6.3 37.8 87.9 39-66 <0.001 5.8

Female 43.5 4 303 57.2 36-51

Left 452 49 35.1 87.9 37-55 NS -

Right 45 5.9 303 82.2 36-56

Alpha angle 1:00 (°) 55.9 6.9 36.2 89.7 43-72

Male 59.8 7.7 40.2 89.7 47-74 <0.001 10.3
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Table 4 (continued)

Mean SD Min Max 95% reference 4 Mean difference
intervals

Female 53.1 6.2 36.2 80.7 42-67

Left 56.1 7.3 412 89.7 44-74 NS -
Right 55.6 7.9 36.2 89.5 43-72

Alpha angle 1:30 (°) 58 6.5 40 84.2 46-70

Male 60.3 6.5 427 84.2 46-71 <0.001 59
Female 56.5 59 40 78.3 44-70

Left 58.2 6.2 42 84.2 47-71 NS -
Right 579 6.7 40 81.1 44-70

Alpha angle 2:00 (°) 55.3 5.8 375 82.2 42-66

Male 55.8 6 40.1 822 43-67 <0.001 25
Female 54.9 5.6 375 70.5 41-66

Left 55 5.7 375 76.8 42-67 NS -
Right 55.5 5.8 40.1 82.2 42-65

Alpha angle 3:00 (°) 46.2 5.8 30.8 65.7 36-58

Male 46.1 5.9 30.8 65.7 34-63 NS -
Female 46.2 5.7 333 65.4 36-57

Left 45.4 5 344 65.1 36-55 NS -
Right 46.8 6.3 30.8 65.7 35-63

SD, standard deviation; Min, minimum; Max, maximum; NS, non-significant. *T-test for independent samples

Age

«° measurements had weak correlations to age and were only
observed from 10:00-12:00 (Table 6 in supplemental data).
On the subgroup analysis only the 10:30 position revealed
significant differences between groups, namely between <
20 y.o. and all other groups (by a mean difference of 3-4°).
Concerning 2°, age groups did not differ (Table 6 in
supplemental data).

There were differences between age groups concerning an-
terior ACcov (p = 0.013) and ACvers (p < 0.0001).
Concerning centre ACvers, there were differences between
the 36-40 group and both the under 20 y.0./21-25 groups
[mean differences: +4.5° (p = 0.004) and +4.2° (p = 0.035),
respectively]. Therefore, the ACcov and ACvers increased
with age (estimated in 4% and 6-7°, respectively, between
age opposites) (Table 6 in supplemental data).

Concerning LCEA at 12:00, differences were noted be-
tween the under 20 y.o. and the 36-40/41-45 groups (mean
differences: -6.2°/-5.1°; p = 0.001/p = 0.012, respectively),
meaning that LCEA increased with age, approximately 5-7°
between opposite age groups.

Discussion

Prior studies have primarily used plain radiographic (XR) pa-
rameters to characterise the acetabulum and femur [33-38].

@ Springer

However, several other studies reported poor reliability for
defining hip pathomorphology with XR and improved accu-
racy with CT scans (Tables 7 and 8), raising concerns on
defining hip disorders and anatomy based on XR alone [33,
38, 52]. It is possible that clinicians are not only
overdiagnosing and overtreating these conditions, but also
paradoxically missing the diagnosis entirely [53].
Specifically, clinical advantages of this methodology have
been addressed in a recent report [10], including (1) accurate
spatial visualisation of hip morphology, (2) improved diagno-
sis and monitoring through the use of quantitative 3D mor-
phometric assessment and (3) standardising and reducing var-
iability in clinical research.

Our study provides both normative hip data and a repro-
ducible method for evaluating hip morphology as the sample
size is the largest reported using cross-sectional imaging.

The RefInt limits were beyond abnormal thresholds found
in the literature for cam morphology, providing additional
insights into the evolving understanding of the «° and its
associated reference standards. Increasing the threshold of ab-
normal «° would improve its specificity, prevent overdiagno-
sis of FAI and consequently decrease the number of unneeded
surgeries. Therefore, we suggest rethinking the threshold of
abnormal «°. We propose an o upper-limit RefInt of 60° for
the 12:00/3:00 positions and 65-70° for the 1:00/1:30 o’clock
positions. Although higher than the previously published
threshold of 50° to 55° [12], the results are in agreement with
several authors (Tables 7 and 8), namely with Agricola et al.
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Table5  Acetabular side morphometric quantitative measurements (overall mean, SD, range and 95% reference intervals) and breakdown by sex and
side (with corresponding mean differences and p values)

Mean SD Min Max 95% reference P* Mean difference
intervals

Acetabular coverage anterior (%) 40.8 2.5 34.3 46.6 36-45
Male 40.2 24 343 46.4 36-46 <0.001 -1.3
Female 412 24 35.2 46.6 36-44
Left 40.5 2.5 343 46.6 36-45 0.047 +0.5% (superior on the right)
Right 41.1 24 34.6 46.6 36-45
Acetabular coverage posterior (%) 33 3.5 22.5 41.9 27-40
Male 332 33 22.5 41.9 27-40 NS -
Female 329 35 24.6 41.5 26-40
Left 33 34 25.8 41.5 27-40 NS -
Right 329 35 22.5 41.9 26-40
Acetabular coverage total (%) 74 5 58.6 87.5 64-84
Male 73.4 4.9 58.6 84.8 63-84 0.028 -1.3
Female 74.1 52 61.1 87.5 64-83
Left 74 5 58.5 84.8 64-84 NS -
Right 74 5 58.6 83.8 63-83
Acetabular version (centre) (°) 21 5.1 4.7 33.2 12-31
Male 18.2 4.8 4.7 29.7 8-27 <0.001 =52
Female 229 44 12.7 332 14-32
Left 21 4.8 7.8 324 10-30 NS -
Right 20.9 5.4 4.7 332 12-32
Acetabular version (upper) (°) 21 7.3 -7.2 37 6-34
Male 18.5 7.7 =72 338 1-32 <0.001 =52
Female 22.6 6.6 2.2 37 8-34
Left 20.9 7 0.9 353 5-33 NS -
Right 20.8 7.6 -7.2 37 6-34
Acetabular cup diameter (mm) 478 39 40.2 57.1 41-55
Male 51.3 2.4 453 57.1 47-56 <0.001 6.1
Female 453 2.6 40.2 51.6 41-51
Left 47.6 4 40.2 56.3 41-56 NS -
Right 479 3.7 40.8 57.1 41-55
Acetabular inclination (°) 34 54 -13.3 15.5 -8-14
Male 24 5.4 -12.5 15.5 9-14 NS -
Female 4 53 -13.3 14.5 -6 -13
Left 3 5.4 -13.3 13.6 -8-12 NS -
Right 3.6 5.4 -12.5 15.5 -7-14
Lateral CEA 1:00 (°) 25.6 74 2.8 47.6 10-40
Male 27.4 7.1 2.8 47.6 13-41 0.001 2.9
Female 24.3 73 8.1 423 10-39
Left 252 7.3 8.4 45.7 9-38 NS -
Right 259 7.4 2.8 47.6 10-41
Lateral CEA 12:00 (°) 35 5.8 18.8 55.5 22-45
Male 35.8 6 20.3 50.7 24-47 NS -
Female 344 5.7 18.8 55.5 22-45
Left 34.8 6 18.8 55.5 22-45 NS -
Right 352 5.7 20.3 51 22-46
Lateral CEA 11:00 325 6.4 14.6 52.8 21-45
Male 32.6 72 14.6 483 20-46 NS -
Female 324 57 16.7 52.8 19-42
Left 322 6.6 16.7 51.2 18-44 NS -
Right 32.8 6.1 14.6 52.8 21-45

SD, standard deviation; Min, minimum; Max, maximum; NS non-significant. *T-test for independent samples
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Table 6  Acetabular and femoral morphotype breakdown by age groups (mean and SD). Correlation of femoral and acetabular quantitative parameters

with age
Age Correlation
coefficient (p) (a)
<20 21-25 26-30 31-35 36-40 41-45
Mean (SD)  Mean (SD) Mean (SD) Mean (SD)  Mean (SD) Mean (SD)
Omega angle 55 355(334) 31.6(24) 38.5(27.9) 422 (26.8) 36.2(27.3) 43.3(26.8) NS
60 20.7 (29) 11.5(18.6)  21.7 (25) 21.3 (24.3) 16.9 (22.8)  23.6(25.5) NS
Alpha angle 9:00 45.4 (6.4) 444 (5.4) 46.2 (4.9) 45 (5.1) 45.88 (4.1) 459@4.7) NS
10:00 43.9 (5.6) 45.7(5.2) 46.9 (5.4) 46.1 (4.7) 46.3 (3.5) 46.6 (5) 0.038 *
10:30 40.9 (4.7) 44.8 (5.3) 449 (5.5) 444 (4.3) 44.3(3.9) 447 (4.6)  0.011*
11:00 40.1 (4.7) 42.8 (4.4) 42.6 (4.6) 425 (4) 42.6 (3.7) 42.6 (4.2)  0.042%
12:00 45.3 (6.4) 44.4 (4.9) 45.7 (6.7) 46.2 (6.4) 46.4 (5.4) 48.2 (10.4) 0.026*
1:00 58 (11.8)  54.2(8.1) 574 (10.1)  58.7(9.6) 57.8 (8.9) 59.2(10.2) NS
1:30 59.6 (104) 562 (5.8) 60 (8.2) 60.6 (7.9) 57.7 (6.2) 60.3 (6.8) NS
2:00 57.1(9.9) 54.1(5.7) 57.4 (7.6) 56.7 (6.3) 54.5(5.6) 56.9(5.5) NS
3:00 45.8 (7.6) 452 (6.7) 47.1 (6.6) 47 (6.1) 46.8 (5.9) 47.5 (6) NS
Femoral diameter Head 44.1 (3.8) 42.8 (3.1) 44 (4.8) 43.8 (3.6) 44.9 (3.7) 45.1 (4) 0.036*
Neck 30.4 (3.7) 29327 303844 30.3 (3.1) 314 (3.2) 31.4(3.6)  0.022%
CDA 131.8(5.6) 131.7(4.8) 132.5(6.1) 130245 130.56.7) 129.2 (5.5)  0.009*
Acetabular coverage Anterior 39.7 (2.5) 40.2 (2.7) 40.7 (2) 40.7 2.4) 414 (2.9) 41.4(2.6)  0.000%*
Posterior ~ 33.2 (3.5) 33.9(3.7) 33 (3.5) 32.8(3.4) 33 (3.6) 33.6(3.3) NS
Total 73 (5.1) 74.1 (5.8) 73.8 (4.7) 73.5(5) 74.4 (5.8) 75(5.1) NS
Acetabular version Center 18.5(5.7) 18.8 (5.7) 20.2 (4.5) 314 (5) 23 (5.5) 20.6 4.7)  0.000%**
Upper 16.1 (7.5) 17 (8.5) 19.9 (6.3) 20.6 (7.1) 235(7.2) 22.2(7.6)  0.000%*
Acetabular diameter 47.5 (3.8) 46.5(2.9) 47.9 (4.7) 474 (3.8) 49 (3.8) 49 (3.9) 0.007*
Acetabular inclination 3.74.7) 34(5.8) 2.8 (4.5) 34(5.6) 3(6.2) 23(5.7) NS
LCEA 1:00 24.9 (7.3) 26.7 (6.5) 26.4 (7.8) 25.6 (7.4) 25.8 (8) 28.6(7.8) NS
12:00 32.4(6.2) 34.5(5.5) 35(5) 355(64) 36.4 (6.7) 37.6 (6.1)  0.000%*
11:00 28.7 (6.2) 30.4 (5.6) 31.9 4.7) 32.7 (6.4) 35(7.5) 35.8(6.8)  0.000%*

SD, standard deviation; Min, minimum; Max, maximum; NS, non-significant. *T-test for independent samples. (a) Pearson or Spearman correlation
coefficients *inferior to 0.200 (weak); **0.200 -0.400 (moderate); ***0.400 -0.600 (strong)

[13] (who also measured the 12:00 position x°) and similar to
a recent report using MRI [54] that suggested increasing the
threshold to 63°/66° at 3:00/1:30 o’clock, respectively. The
sample size used in our study was significantly larger than
that of previous studies, demonstrating higher statistical pow-
er. However large multicentre studies will provide more de-
finitive data on this concept.

Sex differences arise in the natural physiological growth
namely in the development of the FHN junction [55] but also
in joint orientation, including acetabular anteversion and cov-
erage [41]. Interestingly, other studies found sex-dependent
disease patterns in patients with symptomatic FAIL. Females
had milder morphological abnormalities, while males had
larger morphological abnormalities and more extensive joint
disease [56-60].

At the femoral side, in males, we noticed lower mean CDA
[40] and higher mean €2° and «° from 11:30-2:00 o’clock (p <
0.001). Magnitudes of cam morphology and Reflnt for «°
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were significantly sex-different, consistent with the majority
of previous results [10, 13, 15, 61] but divergent from some
studies [16, 62]. Specifically, overall mean «° at 3/1:30/12:00
o’clock was 46°/58°/45°, 46°/60°/47° for males and 46°/56°/
43° for females. Mean «° was significantly sex-different at
1:00/1:30 (more 8-10° in males) and conversely females re-
vealed higher mean values for «° at 10:30. We hypothesise
that this latter finding [10] results from constitutional devel-
opment during adolescence where cam morphology results
from bone adaptation in response to vigorous hip loading. In
fact, it has been determined that during the growth spurt in
boys (around 12—-13 y.o.), the skeleton is particularly respon-
sive to mechanical stimuli [63]. This might also account for
other sex differences since girls’ growth spurt occurs about 1.5
years earlier [64] apart from the fact that more boys typically
engage in higher intensity sports [65].

For the pincer morphotype, there is also controversy as
prior studies have shown that women have more acetabular
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Table 7  Femoral morphotype reference intervals with comparison to relevant literature (asymptomatic populations)

Mean SD Mean + 2 SD 95% reference Reference limits in the literature
intervals

Cervico-diaphyseal angle (°) 130.5 54 120-141 120-141 Mean*: 128.8° (range: 98-180°) [39]
Mean**: 130.7° (range 107.1-151.9°; SD:6.5°) [40]
Mean**: 125.1° (SD: 4.9°) [41]

Male 129 5 119-139 118-139 Mean**: 129.6° (range: 113°-148°; SD 5.9°) [40]
Mean**: 124.3° (SD: 4.8°) [41]

Female 132 6 120-144 122-142 Mean**: 131.9° (range: 107°-151.9% SD 6.8°) [40]
Mean**: 125.5% SD: 4.9° [41]

Omega angle 60 (°) 14 19 0-52 0-59 Mean**: 17° (range: 0-84°) [10]

Omega angle 55 (°) 34 29 0-92 097 Mean**: 35° (range: 0-89°) [10]

Alpha angle 9:00 (°) 452 48 36-55 36-55 Mean**: 44.9° (SD: 4.3° range: 23.2-53.9°) [10]

Alpha angle 10:30 (°) 44.1 47 35-54 36-55 Mean**: 43.8° (SD: 3.7° range: 35.7-52.5°) [10]
Mean*#%#: 49.2° (SD: 9.6°) [7]

Alpha angle 12:00 () 452 54 34-56 37-56 Mean**: 47.8 (SD: 6.7; range: 37.1-77°) [10]
Mean**: 47.7° (range: 31-71°) [42]
Mean***: 51.8° (SD: 9.9°) [7]

Alpha angle 1:00 (°) 559 69 4270 4372 Mean**: 58.9° (SD: 8.8%; range: 41.6-80.3°) [10]
Mean**: 52.5° (range: 36-72°) [42]

Alpha angle 1:30 (°) 58 6.5 45-71 46-70 Mean®**: 58.9° (SD: 6.8; range: 46.4-76.4°) [10]
Mean**: 59° (SD: 13°) [16]
Mean***: 50.9° [43]
Mean***: 53.3 (SD: 9.6°) [7]

Alpha angle 2:00 (°) 553 5.8 44-67 42-66 Mean**: 54.9° (SD: 5.5% range: 39.3-71) [10]
Mean**: 47.9° (range: 30-65°) [42]

Alpha angle 3:00 (°) 46.2 5.8 37-58 36-58 Mean**: 45.8° (SD: 4.9; range: 35-59.1) [10]

Mean**: 45.57° (range: 30° to 70°) [44]
Mean**: 51° (SD: 9) [16]

Mean**: 46° (range: 34-74°) [42]
Mean***: 49.8° (SD: 7.2) [7]
Mean**#*#: 40.9° [43]

#CR; *#*CT; ***MRI
SD, standard deviation; 95% RI, 95% reference interval

anteversion and a greater prevalence of global acetabular
overcoverage [20, 66—68]. The mean values found for
LCEA (35°£6°), ACinc (3°+5°) and craniocaudal coverage
(74% + 5) were in accordance with the results of large-scale
studies [69], namely regarding the upper thresholds for the
LCEA [22, 44, 50, 69, 70] and discordant with other studies
[17] on small observational groups.

Of the examined acetabuli, cranial retroversion (crossover
sign) was a uncommon finding (3%), divergent with a previ-
ous study [14] and coherent with Tannenbaum et al. [48] (15%
vs. 3.8%, respectively). Acetabular retroversion and anterior
overcoverage were not more prevalent in women in the
anterosuperior acetabulum, consistent with previous reports
[48]. In fact, males had a higher prevalence of retroversion
with a clear tendency to have a more prominent antero-
superior wall (anteversion angles were on average 5° lower
in males compared to 2.7° in a previous study [19]). Women
had more ACcov and a smaller anterior wall, in line with
previous reports [21, 41, 48, 51].

Concerning limb dominance, given that more than 85% of
individuals are right-handed, we sought to investigate the as-
sociation between dominance side and hip shape as in the
development of OA one is significantly more likely to require
hip arthroplasty on their dominant side [23]. However
dominant/non-dominant limbs were globally symmetric, sug-
gesting that this predisposition cannot be explained by differ-
ences in hip shape alone. Conceptually, as varying tasks are
attributed to each of the lower limbs, the dominant limb for
forward propulsion and non-dominant limb for postural
stabilisation, this may influence the dominant hip in the pro-
gression of degenerative disease.

Similarly, there were no differences in hip shape analysis
between sides. Our Reflnt were similar between right/left
hips, comparable with previous reports [16, 71, 72].
Interestingly, also in a symptomatic cohort there were no dif-
ferences in cam deformity parameters, femoral torsion, ace-
tabular version and LCEA between affected/unaffected hips.
A decreased CDA was hypothesised as the only diagnostic
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Table 8  Acetabular morphotype reference intervals with comparison to relevant literature (asymptomatic populations)

Mean

SD

Mean + 2 SD

95% reference
intervals

Reference limits in the literature

Acetabular coverage total (%) 74%

Male 73.4
Female 74.1
Acetabular version (centre) (°) 21°

Male 18.2

Female 229

Acetabular version (upper) 21

Male 18.5
Female 22.6
Acetabular inclination (°) 34

Male 2.4

Female 4

Lateral CEA 12:00 (°) 35

Male 35.8

Female 344

4.9
52
5.1

4.8

44

7.3
7.7
6.6
5.4

5.4

53

5.8

5.7

64-84

64-83
64-84
11-31

9-27

14-32

7-35
3-34
9-36

7-14

8-13

-6-15

23-47

24-48

23-46

64-84

63-84
64-83
12-31

14-32

6-34

1-32

8-34
814
9-14
6-13

22-45

24-47

22-45

Mean**: 71% (range: 62-78) [45]
Mean**: 73% (SD 4; range: 66-81) [30]
Mean**: 73% (SD 4; range: 67-79) [30]
Mean**: 73% (SD: 4; range: 66-81) [30]
Range*: 15-20° [46, 47];

Mean**: 18° (range 8-30°) [45]

Mean**: 23° (SD: 5, range 12-39) [19]
Mean**: 21.1 (range: 11-36°) [42]
Mean**: 18.85% 95% RI: 5° - 29° [44]
Mean**: 20° (SD: 6.8) [41]

Mean**: 19° (SD: 6) [16]

Mean**: 15° (SD: 7; range: 1 — 24) [30]
Mean**: 22° (SD: 6, range: 12-39) [19]
Mean**: 20.2° [48]

Mean**: 16.8° [44]

Mean**: 17.5° (SD: 6.1) [41]

Mean**: 17° (SD: 5; 95% RI: 7-27) [16]
Mean**: 18° (SD: 8; range: 2-31) [30]
Mean**: 23° (SD: 5; range 15-35) [19]
Mean**: 24.3° [48]

Mean**: 19° [44]

Mean**: 21.3° (SD: 6.8) [41]

Mean**: 21° (SD: 6; RI 95%: 10-32) [16]
Mean**: 15.7° (SD 8.0°) [49]

Mean**: 15.5° [48]

Mean**: 18.3° [48]

Mean*: 4.4° (95 % RI: —6.9° - 14.9°) [50]
Mean**: 6° (SD: 5) [16]

Mean*: 4.4° (95% RI: —6.9-14.4°) [50]
Mean**: 6° (SD: 5; 95% RI: -3 -14°)[16]
Mean*: 3.48° (95% RI: —8.8-13.8°) [50]
Mean**: 6° (SD: 4; 95% RI: -1 — 16°) [16]
Mean**: 37°; 95% RI: 28-47° [45]
Mean*: 33.6° (95% RI: 18.1°-48°) [50]
Mean*:32.8°(Range: 13.7°-58.8°) [22]
Mean*: 36.3° (95% RI: 24.9-47.8°) [51]
Mean**: 34.84° (95% RI: 21°-46°) [44]
Mean**: 35.8° (SD: 6) [41]

Mean**: 32° (SD: 6) [16]

Mean*: 32.43° (95% RI: 17 - 46.5) [50]
Mean*: 37.7° (95% RI: 26.9-48.5°) [51]
Mean**: 36.09° [44]

Mean*#:37.9° SD: 5.3° [41]

Mean**: 35°; SD: 6°; 95% RI: 22-47° [16]
Mean*: 33.94° (95 % RI: 17.9-49.7°) [50]
Mean*: 34.9° (95% RI: 23.5-46.3°) [51]
Mean**: 33°[44]

Mean**: 34.7° (SD: 6.1°) [41]

Mean**: 32° (SD: 6°; 95% RI: 21-46°) [16]

#CR; *#CT; ***MRI

SD, standard deviation; 95% RI, 95% reference interval

predictor to determine which hip may be at a greater risk of
developing early symptoms [5, 73] or OA [74]. These findings
have important associated implications. First, hip symmetry
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remain about the aetiology of hip OA, which may be more
prevalent on the dominant side, and as such we hypothesise
that causation might be related to other non-morphological
dynamic causes. Third, for study design and clinical trials
purposes, one can safely assume that both hips are alike.

Regarding age, femoral parameters were stable after
physeal maturity. In contrast, LCEA increased with age (ap-
proximately 5-7° between opposite age groups), coherent with
previous reports that estimated that the LCEA was positively
correlated with age, increasing annually by 0.78° before adult-
hood and by 0.07° in adults [22].

Similarly, anterior ACcov and ACvers increased with age
(respectively 4%/6-7° between age opposites) in accordance with
Stem et al. [19], who estimated an increase of 0.7° in anteversion
for every 10-year age increase. This finding to the best of our
knowledge has not been further addressed in the literature and
suggests that pelvic orientation and version probably change
during adulthood. We hypothesise that osseous apposition, cu-
mulative degenerative changes and pregnancy might contribute
to this upward coverage and anteversion tendency.

This study has several limitations. First, our Reflnt were
derived from a limited sample of 590 individuals. Second,
selecting a protocol for this study may have been subject to
several biases. Specifically, our participants were not se-
lected from healthy volunteers. In addition, we used patient
survey information to exclude hip pathology but did not
perform a clinical hip examination. However, we prospec-
tively included patients presenting for non-orthopaedic pa-
thology and excluded all patients with any reported history
of hip pathology or symptoms. Additionally, we excluded
any patients with signs of hip pathology on CT so that our
cohort comprised asymptomatic individuals only. Third,
this study did not include correlation of semi-automated
measurements and traditional manual measurements; such
comparison between 2D and 3D CT methods would be
useful but was not an objective of our study, apart from
the fact that the software used had already been validated
for this purpose. Lastly, measurements of torsional abnor-
malities, which are a known cause of pain and osteoarthri-
tis [46], could not be performed for ethical reasons.

To develop more generalisable Reflnt, larger individual
cohort studies with more varied demographics are needed.
Further investigations are also needed to incorporate 3D mea-
surements of the hip in symptomatic patients for a complete
comparison between these populations to get a better picture
of hip biomechanics in cases of FAL

Conclusions
Hip morphometric measurements in this cohort of asymptom-

atic individuals extended beyond current thresholds used for
the clinical diagnosis of FAI, which was especially true for

cam-type parameters, suggesting that symptomatic FAI likely
reflects a complex dynamic interaction of morphology and
other factors and thus cannot be explained by differences in
hip shape alone.

Our results, although preliminary, suggest the need for con-
sideration of redefining the current morphometric parameters
used in FAI diagnosis. Therefore, we suggest considering an
«° threshold of 60° as an upper limit for the 12:00/3:00 posi-
tions and 65-70° for other antero-superior positions.
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Study subjects or cohorts overlap Ninety-four of the 590 patients of
the current cohort were previously studied and published [Mascarenhas
VV, Rego PA, Dantas P, et al (2016) Cam deformity and the omega angle,
a novel quantitative measurement of femoral head-neck morphology: a
3D CT gender analysis in asymptomatic subjects. Eur Radiol. doi:
10.1007/s00330-016-4530-0]. Substantially and important different ob-
jectives, statistical power and conclusions are therefore withdrawn from
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This chapter is based on the following paper:

“Cam deformity and the omega angle, a novel quantitative measurement of femoral head-neck
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Abstract

Objective Our objectives were to use 3D computed tomogra-
phy (CT) to define head—neck morphologic gender-specific
and normative parameters in asymptomatic individuals and
use the omega angle (£2°) to provide quantification data on
the location and radial extension of a cam deformity.
Methods We prospectively included 350 individuals and eval-
uated 188 asymptomatic hips that underwent semiautomated
CT analysis. Different thresholds of alpha angle («°) were con-
sidered in order to analyze cam morphology and determine 2°.
We calculated overall and gender-specific parameters for imag-
ing signs of cam morphology (£2° and circumferential «°).
Results The 95 % reference interval limits were beyond ab-
normal thresholds found in the literature for cam morphology.
Specifically, «® at 3/1 o’clock were 46.9°/60.8° overall, 51.8°/
65.4° for men and 45.7°/55.3° for women. Cam prevalence,
magnitude, location, and epicenter were significantly gender
different. Increasing «° correlated with higher Q°, meaning
that higher angles correspond to larger cam deformities.
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Conclusion Hip morphometry measurements in this cohort of

asymptomatic individuals extended beyond current thresholds

used for the clinical diagnosis of cam deformity, and «® was

found to vary both by gender and measurement location.

These results suggest that ««° measurement is insufficient for

the diagnosis of cam deformity. Enhanced morphometric eval-

uation, including 3D imaging and €2°, may enable a more

accurate diagnosis.

Key Points

* 95% reference interval limits of cam morphotype were
beyond currently defined thresholds.

* Current morphometric definitions for cam-type morphotype
should be applied with care.

» Cam prevalence, magnitude, location, and epicenter are
significantly gender different.

» Cam and alpha angle thresholds should be defined accord-
ing to sex/location.

* Quantitative 3D morphometric assessment allows thorough
and reproducible FAI diagnosis and monitoring.

Keywords Hip - Femoroacetabular impingement -
Multidetector computed tomography - Reference value -
Variant

Abbreviations

FAI =~ Femoroacetabular impingement
FHN Femoral head/neck

OA  Osteoarthritis

CT  Computed tomography

MRI  Magnetic resonance imaging
CR  conventional X-ray
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Q° Omega angle
«° Alpha angle

Introduction

Femoroacetabular impingement (FAI) is a common cause of hip
pain and refers to the abnormal conflicting movement of the fem-
oral head—neck (FHN) junction against the acetabular rim [1],
eventually resulting in hip damage and osteoarthritis (OA)
[2-4]. The cam type generally involves an FHN deformity and
the pincer-type acetabular overcoverage [1]. There is a wide dis-
crepancy in reported prevalence rates between cam and pincer
FAI among asymptomatic and symptomatic and athletes [5, 6].

The diagnosis of FAI is made using a combination of clin-
ical and imaging findings [7]. Different radiographic views
using conventional X-rays (CR) have been tested for diagnos-
tic utility in FAI [7, 8]. However, the reliability of two-
dimensional (2D) measurements has been questioned [9],
since FHN morphology cannot be fully characterized using a
single CR [9, 10].

Magnetic resonance imaging (MRI) [11] and computed
tomography (CT) [12] allow reconstructions in multiple
planes, providing a better understanding of the magnitude of
the femoral morphology. However, CT/MRI standard tech-
niques for measuring cam-type FAI still provide only a 2D
characterization of FHN morphology, since measurements
are made on a limited series of slices [13-15].
Morphological studies have demonstrated that the femoral
head may be elliptical in shape with important interindividual
variability. This variability may further contribute to signifi-
cant variations in alpha angle («°) measurements and to relat-
ed diagnostic limitations of oblique axial and multiple radial-
plane imaging protocols [15, 16].

The «°, the most frequently used parameter to grade cam
morphology and describe the FHN junction, has been sug-
gested as a predictor for the risk of anterior impingement
and extent of cartilage defects [17, 18]. However, an «° mea-
surement is performed in only one plane and so is highly
dependent on the position at which it is measured [19].
Several authors have questioned the diagnostic accuracy and
relevance of the «° [20, 21], as abnormally high «° values
have been reported in asymptomatic individuals [6] and amaz-
ingly normal threshold values to diagnose cam deformities
may range from 50° to 82° [17, 21-24]. Studies using these
reference intervals to identify cam deformities have demon-
strated a risk for false-positive results when applying these
thresholds [15, 25, 26].

Accurately understanding the 3D spatial characteristics of
cam deformities is of paramount importance not only for di-
agnosis but also for optimal treatment planning. Current 2D
imaging protocols for FAI do not permit complete consider-
ation of these features. The radial extension of cam deformity
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has been described using MRI to compare bone resection
using different surgical techniques [27], but 3D imaging might
provide more accurate estimates. However, the optimal meth-
od for using 3D CT in this setting has not been well defined. In
addition, we lack normative data with regard to 3D morphol-
ogy of the FHN in asymptomatic individuals. A predictable
and accurate method for evaluating femoral morphology is
needed to optimize surgical results and minimize complica-
tions [28].

To our knowledge, no previous study has evaluated 3D
radial circumference of the FHN in a cohort of young, asymp-
tomatic patients. The purpose of this study in a cohort of
asymptomatic individuals was to:(a) characterize FHN mor-
phology using angular measurements taken from 3D CT im-
ages; (b) estimate overall and gender-specific normative
ranges for 3D angular measurements of the FHN junction;
and (c) use 3D angular measurements, namely, the omega
angle (2°), to quantify the location and extent of cam lesions.

Methods
Study population

Institutional ethics committee approval was obtained prior to
beginning this study, and all participants provided written in-
formed consent. We prospectively recruited consecutive adult
patients undergoing pelvic CT at our institution for thoracic,
abdominal, or urogenital indications from August to
December 2015. All eligible participants completed a question-
naire regarding their clinical history, including current or past
hip/groin pain, medical or surgical hip-joint conditions, history
of childhood hip pathology, and/or hip trauma. Patients who
gave a positive answer to one or more of these questions were
excluded. Additionally, all patients completed the nonarthritic
hip score (NAHS) questionnaire [29]. Any patient with less than
the maximum possible score was also excluded.

In all, 350 hips were potentially eligible for analysis. We
then excluded all patients with CT signs of OA, defined as the
presence of at least one of the following findings [30]: joint-

Table 1  Characteristics of included and excluded individuals
Number®  Age=+SD (years—old)®  Range
Total included patients 94 348+72 1844
Male 49 35.0+8.2 1844
Female 45 344452 2344
Total excluded patients 256 40.0+4.2 1846

# Absolute count
® Mean + standard deviation (SD)
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Fig. 1 Reformatted 3D
computed tomography (CT)
images and corresponding 3D hip
model in a 36-year-old man.
Oblique axial (a, b), short-axis
image at femoral head/neck
junction (¢, d), and oblique
coronal (e, f) imaging used to
determine 12-0’clock position
according to the protocol
proposed by Philippon et al [33]
(g). Red line represents central
neck axis

space narrowing, osteophytes, or subchondral bone changes,
including sclerosis or cysts. Finally, we excluded hips with
any other diagnosed abnormalities on CT: fracture, posttrau-
matic deformity, Perthes disease, osteonecrosis, slipped capi-
tal femoral epiphysis, dysplasia (lateral center-edge angle
<20°), or bone lesions (Table 1). In total, 188 hips in 94 pa-
tients met criteria for inclusion in the final analysis.

a
Posterior {
9:00h Q

10:00h
11:00n

Superior
12:00h

Anterior
3:00h

Fig. 2 Alpha-angle («°) measurements made at different points around
the femoral head/neck junction in steps of 1° starting at 9 o’clock
(posterior); 10, 11, and 12 o’clock (superior); and 1, 2, and 3 o’clock
(anterior) (a).Femoral short-axis computed tomography (CT) reformat
derived from Fig. 1 shows bone contour abnormality from 12- to 3-
o’clock [omega angle (Q2°) of 91°]. The ° is formed by two lines
intersecting the center of the femoral neck at the level of the head/neck
junction. The most proximal line intersects peripherally the point at which
the «° begins to be abnormal beyond a best-fitting circle and the distal
line at the point where the o° returns to normal (b). Polar plot (2D) of the

POSTERO-
SUPERIOR

ANTERO-
SUPERIOR

POSTERO-

mm@n

ANTERO-
INFERIOR

CT imaging

CT imaging was performed using a Somatom Sensation 64-
slice CT scanner (Siemens, Erlangen, Germany). Patients
were positioned in a standard supine position with legs paral-
lel in neutral rotation and patellae pointing directly upward.
The pelvis was reconstructed from the anterior superior iliac

RN

A% 4

intervals for 60°: 370

Alpha angles

12:00h Q

360° «°, representing the Q° angle (red symbol) for different «°
thresholds [45° (upper left), 50° (upper right), 55° (lower left), 60°
(lower right)]. Red lines represent increased «°s for a given threshold
(¢). Hip model (3D) showing extension and location of a cam lesion
represented on the corresponding 3D model (red arrow). The §2°
measures the amount of linear radial extension of a cam deformity
corresponding to the angular measurement of the red arrow. Red and
orange lines correspond to abnormal «°s; blue line represent normal
«°s for a given « threshold
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Table 2 Mean alpha angles (x°),

standard deviation (SD), and Plane orientation All alpha angles® SD Upper limit of 95 % CI*
upper limit of 95 % of confidence by clock face
interval (CI) at each clock-face
position (all participants) Posterosuperior 9 449 43 45.8
9:30 45.6 35 46.3
10 452 3.7 46.0
10:30 43.8 3.7 44.6
11 42.6 34 433
11:30 434 34 44.1
Anterosuperior 0 47.8 6.7 49.2
0:30 54.1 9.2 56.0
1 589 8.8 60.8
1:30 589 6.8 60.3
2 549 5.5 56.1
2:30 50.8 49 51.2
Anteroinferior 3 458 49 46.9
3:30 427 4.4 43.6
4 41.7 3.6 424
4:30 42.8 35 435
5 452 3.6 46.0
5:30 48.2 35 48.9
Posteroinferior 6 49.3 33 50.0
6:30 48.1 35 48.9
7 46.0 3.7 46.8
7:30 442 39 45.0
8 43.8 4.2 44.7
8:30 445 42 454

?Mean

spines to the lesser trochanters, with 1- mm thickness. Patients
received no additional radiation during imaging beyond that
required for the CT studies ordered to evaluate their specific
medical conditions.

Three-dimensional model

Digital Imaging and Communications in Medicine (DICOM)
images were uploaded for analysis using Articulis
(AniculisTM; Clinical Graphics, Delft, The Netherlands) and
semiautomatically segmented using this software, which had
been previously validated for reliability and accuracy [31]. For
each hip, nonradiodense structures were digitally subtracted,
rendering a 3D image of a hemipelvis containing the
left or right hip. Two experienced radiologists (VVM and
AG) checked whether each segmentation contained all osse-
ous contours of the CT scan.

Omega angle

To determine the €2° (Figs. 1 and 2), we calculated the clock-
wise 360°, «° by using a regression sphere fit of the FHN
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junction [32]. The x°® was calculated according to method 1
described by Noétzli et al. [17]. The first angle was obtained
using a measurement plane defined by the femoral neck axis
and a vector perpendicular to this axis pointing upward to
define a superior 12 o’clock position [33] (Fig. 1). For subse-
quent measurement planes, this vector was rotated around the
femoral neck in steps of 1°, leading to measurement of the
360° «°. An automated algorithm based on radial sequences
was then used to determine the maximum «° and its location
(Fig. 2a). Two radiologists (VVM and AG) reviewed the im-
ages to confirm plausibility of computer-determined measure-
ments. Next, projecting the 360 «° in a polar plot (Fig. 2¢), we
found the €2° by measuring the angle corresponding to the
three points formed by the center of the femoral head, the
point where the «°® exceeds a determined threshold value
and the last one where the «° returns to a normal value
(Figs. 2b and c). We used 45, 50, 55, and 60° as x° thresholds
for measuring different (2° values (Fig. 2c). This automated
analysis yielded measurements of cam magnitude (determined
by the 360° «° and 2°) and cam location (mapped on the
previously defined clock face system, both in 2D maps and 3D
models) (Fig. 2¢ and d).
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Fig. 3 Evaluation of femoral
head/neck (FHN) morphology.
Three-dimensional model in four
projections: top row (left to right),
anterior and anterosuperior views;
bottom row (left to right), superior
and posterior views.
Corresponding 2D map of mean
circumferential alpha angles (x°)
at every degree for all
participants: 0 12-0’clock
position; 89° 3-0’clock position

Statistical analysis

For all morphometric parameters, mean values, standard
deviations (SD), and double-sided 95 % reference inter-
vals were calculated. Quantitative parameters are de-
scribed by their average and SD. Qualitative parameters
are described in numbers and percentage. For the average
comparison, Student’s ¢ test was implemented to compare
quantitative variables. If test conditions were not met, a
nonparametric test was used. To evaluate correlation be-
tween two quantitative parameters, Pearson or Spearman
coefficients were computed. A p value of 0,05 was con-
sidered statistically significant for all analyses. Statistical
analyses were performed using dedicated software
(MedCalc Software version 11.6; Belgium).

Results

Images were obtained for 188 hips from 94 patients (age range
18-44; 49 men and 45 women) (Table 1). Measured «° ranged
from 45° to 75°, with an overall mean maximal x° of 59.5° at
1:14 o’clock. Of the 188 hips, 182 demonstrated at least one
elevated «° value at any single clock-face segment when
using an «° threshold of 50°. The mean elevated x° measure-
ment was 60.5° (range 50.1-80.3°) (Table 2 and Fig. 3).

The presence of a cam deformity was defined as an in-
creased o° for at least three consecutive points of measure-
ment. Applying «° thresholds of 50°, 55°, and 60°, cam de-
formity was identified in 182, 148, and 90 hips, respectively,
out of 188 (Fig. 4).

The clock-face position at which «® was most frequently
elevated was 1 and 1:30 o’clock (respectively: frequency of
raised «® =82 and 87; frequency of location of largest «® =32
vs 35). The involved clock-face segments ranged between 0
and 6; mean of the «® measurements at each clock-face

position was greatest at the 1:30 position (58.9° + 6.8; range
46.4-76.4°) and at 1 o’clock (58.9°+8.8; range 41.6-80.3°)
(Table 3).

Sex differences were observed by the presence, magnitude,
and location of cam deformities. Overall cam prevalence was
higher in men for any threshold of «° (p <0,01), as was max-
imal mean «° (63.63° vs 55.74°; p <0,001). Sex-different «°
measurements were notably significant at 1:30 (men vs
women 61.79° vs 55.73°, p <0.001), at 1:00 (men vs women
63.5° vs 53.3°, p<0.001), and at 10-10:30 o’clock
(p=0.042) (Table 4 and Fig. 5)

Mean cam magnitude, defined by the radial extension of
the deformity, was significantly greater in men (from 0-2 h
32 min vs 0 h 36 min—2 h 28 min; p =0.01). Mean epicenter of
the cam deformity was located significantly more superiorly
in the anterosuperior quadrant for men compared with women
(1 h 04 min vs 1 h 32 min; p <0.001) (Table 5 and Fig. 6).

Mean angular range of radial extension of involved seg-
ments was translated by a mean €2°. The £2° for a 50° and 55°,
«° threshold was, respectively, 65°+25 (men vs women 71°
vs 57°, p=0.02) and 35°+24 (men vs women 43° vs 25°,
p=0,03) (Table 5). Significant positive correlations were seen

CAM deformity prevalence
96.8 100

92
0 87.7
78.7
80
69
70
60
47.9
50 !
40
30
20
10
0

OVERALL MALE

FEMALE
B ALPHA ANGLE 50° ® ALPHA ANGLE 55° ALPHA ANGLE 60°

Fig. 4 Cam deformity prevalence: overall participants and gender-specific
breakdown by different alpha angle (x°) thresholds (50, 55, and 60°)
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Table 3  Frequency and mean increased alpha angles («°) at each clock-face position in 188 hips. Location of largest alpha angles recorded at each
position, mean range of deformity (radial extension), and mean epicenter (point of highest «°) also shown

Plane orientation by Increased alpha Range * Frequency of Location of Range of deformity Epicenter of
clock-face position  angle® (for 50° raised alpha largest alpha # (radial extension) deformity®
threshold) angle® angle”
Posterosuperior 9 51 50.3-53.9 10 0 0:10°-2:30 114 +6’
9:30 514 50.1-52.2 10 0
10 51.5 50.2-55.3 12 0
10:30 513 50.2-52.5 12 0
11 51 51-51 2 0
11:30 52 50.4-52 10 0
Anterosuperior 0 56.4 50.1-77 40 2
0:30 58.2 50.2-81.9 122 8
1 60.5 50.1-80.3 164 35
1:30 589 46.4-76.4 174 36
2 55 39.3-71 154 11
2:30 539 50.1-65.3 92 1
3 53.8 50.2-59.1 30 1

#Mean
® Absolute count

€ Mean =+ standard deviation

between 2° and «° for all thresholds of Q2° and locations of «°
measurements (increasing values of «° significantly
corresponded to higher values of 2°) (Table 6).

Discussion
There is a need for improved techniques and criteria to iden-

tify and treat FAI [34]. Considering the strong association
between cam FAI and OA [2], the ongoing debate in the

literature on criteria for an imaging diagnosis of FAI is of
paramount importance. Prior studies have used different cutoff
values for morphometric parameters of cam FAI [7, 17, 21,
23-25, 30, 3544, ] (Table 7). Accordingly, recent studies
have pointed out the high prevalence of radiographic findings
suggestive of FAI in asymptomatic populations [6] when
applying currently used diagnostic thresholds, emphasizing
the need for re-evaluation of these cutoffs [36, 45-47].

In our asymptomatic cohort, we found that the measured cam
morphometry values extended beyond commonly used

Table4 Mean of all alpha angles

(«°), range, and standard Plane orientation ~ All alpha Range * Male®  Female® P value
deviation (SD) at each clock-face by clock face angles® £SD (7 test)
position in 188 hips. Mean
male/female «° and Posterosuperior 9 449+43 23.2—53.9 44.6 45.1 NS
corresponding statistical 9:30 45.6+3.5 36.5-52.2 452 46 NS
difference recorded at each 10 452437 355555 444 461 0.043
position also shown
10:30 43.8+3.7 35.7-52.5 42.7 45.1 0.042
11 42.6+34 34.7-51 42.1 43.1 NS
11:30 43.4+34 35.4-52 44 42.7 NS
Anterosuperior 0 47.8+6.7 37.1-77 50.4 44.8 <0.001
0:30 54.1+9.2 36.9-81.9 58.6 49.1 <0.001
1 58.9+8.8 41.6-80.3 63.5 533 <0.001
1:30 58.9+6.8 46.4-76.4 61.8 55.7 <0.001
2 549+5.5 39.3-71 56.2 53.6 0.032
2:30 50.8+4.9 38.2-65.3 50.4 49.9 NS
3 45.8+4.9 35-59.1 459 45.8 NS

NS not significant
? Mean
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Fig. 5 Alpha angle («x°)

measurement comparison by

gender at each clock-face el
position. Statistically significant
differences are marked by the

corresponding p value 70
p= 0,043

I MALE

thresholds for the diagnosis of cam deformity. For example,
upper limits of reference intervals calculated for o° at 3/1:30
were 46.8°/60.3°. Previously, Sutter et al. [21] found the highest
«° measurements at the anterosuperior quadrant to be
55.0°£8.8, and «° >55° in 38-62 % of asymptomatic volun-
teers. Our study found the highest «® measurements to be
58.9°+ 6.8, and almost 78 % were found to have an «® >55°.

Also, we found normative data similar to the 50° thresholds
previously proposed at 3 o’clock by Nétzli et al. [17] and at
1:30 by Lepage-Saucier et al. [30], but our measurements
were globally higher at the anterosuperior quadrant compared
with most other studies [21, 35]. In a recent review, cam-type
morphology was found in 22.4+ 6.2 % of all asymptomatic
individuals [6]. In contrast, in this study, we found a higher
prevalence of cam morphology, reaching 78.7 %/48.9 % for
55°/60° o° thresholds, respectively. Similarly to findings in
our study, however, in a study using radial MRI, Reichenbach
et al. [45] found that 73.3 % of asymptomatic cases showed
some evidence of a cam-type deformity.

In regards to cam location and magnitude, our study con-
firms that in an asymptomatic cohort, the deformity was most

Table5  Overall evaluation and by gender of magnitude and location of
cam deformities: mean omega angles for different alpha-angle thresholds
(range in brackets), mean range of deformity, and mean epicenter (peak

. FEMALE

Gender alpha angle Clock Face comparison

p= 0,000

p= 0 000 p= o,ooo p= 0,032

p= 0,000

..nl" Ll ......".l-u"/‘l
85 “ o . o 0000, .
IR XX 000089°% eeee

40
30
20

10

0

%h 10h

1,5h 2h 2,5h 3h

--------- MEAN MALE ~ +**++++ MEAN FEMALE
prominent in the anterosuperior FHN junction and extended
around a significant radial extent. The most common position
in which we found the largest «® and a raised «° coincided
with 1 and 1:30 o’clock on the clock face. These results are
generally consistent with findings of other studies [11, 48],
although slightly superior to the anterosuperior quadrant 2
o’clock position defined by Khan et al. [49].

Including measurement of §2° to define cam radial location
and extension permits better characterization of cam deformi-
ty. In this study, greater «® was found to correlate with increas-
ing Q2°. We found a mean increase in «° measurements of
60.5° (50.1-80.3°) compared with 64.6° (50.8-86°) in a
symptomatic cohort using a similar methodology [49]. In that
study, the arc of cam deformity ranged between 60° and 90°
[49], but our study found lower magnitudes (mean 2° 65°), as
would be expected in an asymptomatic cohort. This is an area
for further application of the 2° technique, enabling detailed
subgroup analysis.

Some variation between our results and previously reported
values might be explained by the heterogeneity of imaging
methods employed, different locations of «° measurements,

location of cam deformity). Significant gender differences are marked
with an asterisk (*)

Omega angle (50° Omega angle (55° Omega angle (60° Range of cam deformity = SD  Epicenter position (mean
alpha angle threshold)  alpha angle threshold)  alpha angle threshold)  (50° alpha angle threshold) alpha angle at epicenter)
Overall ~ 65° 35° 17° 0:10°-2:30" +6’ 1:14
(0-179°) (0-89°) (0-84°) (59.5°)
Male 71° 43¢ 27° 0:00-2:32 £k 1:04
(24-179°)* (0-89°)** (0-84)*** (63.6°)%%%%
Female  57° 25° 5° 0:367-2:28> +47**** 1:32
(0-107°)* (0-66°)** (0-44)*** (55. 70y ks
SD standard deviation
*p=0,02, ¥*p=0.03, ***p=0.04,****p=0.01, ***** p <0.001
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Fig. 6 Femoral head/neck (FHN) morphology by gender. Three-
dimensional model in three projections: top row female model (left to
right), anterior, superior, and posterior views; botfom row male model

and—most importantly—nonstandardized definitions of what a
cam deformity is [23, 35, 50]. Although 3D imaging can iden-
tify larger o° than 2D imaging, these differences are mainly the
result of measurement location [19]. Furthermore, there is an
increased risk of residual impingement and vascular insult
resulting from surgical treatment based on inaccurate data re-
garding the extent of deformities [27, 28, 51].

Intervals for the «° were significantly different be-
tween genders, coherent with results reported by Hack
et al. [35] but divergent from other studies [25, 30]
(Table 7). Similarly, cam location varied significantly
according to sex, in agreement with Ito et al. [52] but
divergent from the study by Yanke et al. [53] (in symp-
tomatic individuals). We also found that mean magni-
tude, location, and the epicenter of cam morphology
were significantly gender different: in men, we specifi-
cally found larger cam radial extension, higher maximal
mean increased «° (63.63° vs 55.74°) and epicenter
superiorly located in the anterosuperior quadrant (1 vs
1:30 o’clock). Also, Yanke et al. [53] found that cam
magnitude was sex different, with deformities in men
being significantly larger. Interestingly, at the
posterosuperior quadrant (10/10:30 o’clock), we found
surprisingly higher o°s in women. To our knowledge,
this finding has not been described in the literature.

MALE vs FEMALE ALPHA ANGLE

(left to right), anterior, superior, and posterior views) and corresponding
2D map of mean circumferential alpha angles («°) at every degree (red
line men; blue line women; 0 12-0’clock position, §9° 3-0’clock position)

Importantly, the increased span of male compared with
female deformities increases the likelihood of false-
negative 2D evaluations in women [53]. We hypothesize
that pelvic morphology and other dynamic factors, such
as distinct sports activities, increased female flexibility,
pelvic rotation, or forward tilt from weaker core mus-
cles contribute to these overall differences [53-55].

Prevalence of cam morphology using current thresh-
olds and the width of reference intervals found in our
study suggest that the currently used criteria for cam-
type FAI need to be revisited. More specifically, our
results stress that the «° alone is not an appropriate
parameter to define cam lesions and that thresholds
should be redefined according to sex and cam location.
In recent CT-based studies, 3D bone reconstructions of
the proximal femur have been used to evaluate femoral
head sphericity using «° measurements [12, 34] and
model fitting [56, 57]. However, normative data is lack-
ing on 3D CT morphology of the femoral head in
asymptomatic individuals.

Therefore, we believe that our approach improves previ-
ously described hip-imaging methods for FAI by including
measures of both deformity magnitude and location [11, 14,
58]. The use of 3D CT to directly visualize and quantify 3D
morphology of the FHN junction permits detailed and

Table 6 Nonparametric bivariate correlation between different quantitative variables: alpha angle at different clock-face positions and omega angle
with different «° thresholds. Significant correlations are marked with an asterisk (*)

Spearman’s rho (significance) Alpha angle

at 0:00 o’clock

Omega angle (alpha angle threshold of 50°) 0.75%*
Omega angle (alpha angle threshold of 55°) 0.76%*
Omega angle (alpha angle threshold of 60°) 0.71%*

Alpha angle Alpha angle Alpha angle

at 1:00 o’clock at 2:00 ‘clock at 3:00 o’clock
0.71%* 0.76** 0.60**

0.80%* 0.77** 0.47**

0.83%* 0.66%* 0.28%*

*p=0.007, **p<0.001
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reproducible identification of cam lesions [19, 34, 43, 49,
59-61]. Clinical applications for the 3D imaging protocol re-
ported here include the following:

(a) Accurate spatial visualization of cam deformity and hip
morphology [62]

(b) Improved diagnosis and monitoring through the use of
quantitative 3D morphometric assessment incorporating
«° and §2° measurements [63]

(c) Creation of dynamic virtual simulations for preoperative
range of motion (ROM) simulation and identification of
impingement areas [64]

(d) Provides a tool for standardizing and reducing variability
in large-scale and clinical research [59].

This study has several limitations. First, our reference
values were derived from a limited sample of 188 hips.
Second, defining a normal sample population is an ambitious
objective. Third, selecting a protocol for this study may be
subject to several biases: Specifically, our participants were
not selected from healthy volunteers. In addition, we used
patient survey information to exclude hip pathology but did
not perform a clinical hip examination. However, we prospec-
tively included patients presenting for nonorthopedic pathol-
ogy and excluded all patients with any reported history of hip
pathology or symptoms. Additionally, we excluded any pa-
tients with signs of hip pathology on CT so that our cohort
comprised asymptomatic individuals only. Fourth, this study
did not include correlation of 3D «® measurements and tradi-
tional manual CT measurements; such comparison between
2D and 3D CT methods would be useful but was not an
objective of our study, and the software used for this analysis
had already been validated for this purpose.

To develop more generalizable reference intervals, larger in-
dividual cohort studies with more varied demographics are
needed. Further investigations are also needed to incorporate
3D measurements of the acetabulum for a complete picture of
hip biomechanics in cases of FAL

Conclusion

Cam-type morphology is a 3D deformity. Single 2D measure-
ments of the «° should be viewed with caution, as they may
not provide a true estimate of the magnitude of the deformity.
The 2° obtained with 3D imaging contributes to a better un-
derstanding and characterization of the FHN junction by de-
fining the radial extension and location of cam morphology.
Reference intervals of hip morphometric measurements in
asymptomatic individuals were beyond commonly used
thresholds, suggesting the need for revisiting the current pa-
rameters used in the diagnosis of cam and FAI specifically by
acknowledging that the «° alone is an insufficient measure by

which to appreciate cam-type morphotype and that its thresh-
olds depend on sex and measurement locations.
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This chapter is based on the following paper:

“Morphologic and angular planning for cam resection in femoroacetabular impingement:
value of the omega angle”.
International Orthopedics. 2016 Oct;40(10): 2011-2017.
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Abstract

Purpose The alpha angle is used to quantify in a single plane
the head-neck junction deformity of cam femoro-acetabular
impingement (FAI). When the deformity overlaps the superior
retinaculum, femoral head osteoplasty in this area can jeopar-
dise intra-articular vascular structures. This study proposes a
new angular measure of the linear radial extension of cam
deformity as a planning tool for bone resection and compares
the accuracy of femoral head osteoplasty using open and ar-
throscopic surgery.

Methods Twenty-five symptomatic patients operated on for
FAI were included in this study. Radial magnetic resonance
imaging (MRI) was done before and after surgery. Bi-
dimensional coordinates of the vascular foramina and radial
extension of the deformity (omega angle) were measured.
This extension was correlated with the vascular foramina lo-
cation and alpha-angle value. Accuracy of resection and hip
function were evaluated before and after surgery.

Results The cam lesion frequently extended posteriorly. No
relation between values of alpha and omega angles was found.
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Cam resection was complete in 88 % of cases; there was a
significant improvement in outcome score after surgery.
Conclusions This study showed that alpha angle, measured in
one plane, was not a predictor of the radial extension of cam
deformity. To achieve a full resection, it was frequently nec-
essary to extend the femoral head osteoplasty over the
retinacular area. Pre-operative determination of the omega an-
gle and location of the vascular foramina helped improve cam
resection safety and accuracy.

Keywords Hip arthroscopy - Femoroacetabular
impingement - Cam lesion - Osteoplasty - Vascular foramina -
Omega angle - Bone resection - Osteoplasty - Accuracy -
Retinaculum - Surgical hip dislocation - Deformity - Angular
extension

Introduction

Arthroscopic surgery is used to treat intra-articular hip
deformities such as cam femoro-acetabular impingement
(FAI) [22, 27]. The published short to mid-term results
of this technique are good [3, 18]. There is growing
interest in the development of new tools to plan the
amount of head—neck junction resection and evaluate os-
teoplasty accuracy. Extent and shape of head—neck junc-
tion resection can be easily controlled in open surgical
hip dislocation using spherical templates [8]. Conversely,
in hip arthroscopy, radial extension of the cam lesion is
not so clearly visible and cannot be checked with surgi-
cal instruments. Therefore, arthroscopic resection might
not be as accurate as in open surgery [16, 23].
Individual head-neck junction pathomorphology is
variable [12, 15, 17]. In some cases, the lesion can be
located laterally, with posterior extension over superior
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retinacular vessels, assuming a pistol-grip shape, which
is visible [7, 21, 25] in anteroposterior (AP) pelvic X-
ray. Other possible locations include a pure anterior,
which is not visible in AP X-ray and—much less fre-
quently—inferior or posterior locations. An important as-
pect when addressing lateral and posterior cam lesions is
to ensure that resection will not place femoral head vas-
cular supply through the posterosuperior retinacular ar-
teries in danger [9, 11, 13, 23].

To our knowledge, there is no published study quanti-
fying radial extension of the cam lesion and comparing
the efficacy of arthroscopy versus surgical hip dislocation
in cam resection over the posterosuperior retinacular fo-
ramina area. Our study aims were to: (1) identify any
relation between radial extension of cam lesions and lo-
cation of retinacular vascular foramina at the head—neck
junction, and (2) compare the efficacy of cam resection
using two different surgical techniques—open and arthro-
scopic—in hips with an alpha angle >80°. In addition, we
propose a new measure for linear radial extension of cam
lesions: the omega angle. This angle can be related to the
vascular foramina location using radial magnetic reso-
nance imaging (MRI) sequences. It can help characterise
the 3D morphology of the lesion and predict the correct
arc of resection in the head—neck junction area, including
the lateral and posterior zone of the vascular foramina
(Figs. 1 and 2).

Fig. 1 Quantification of cam deformity using radial reference. The
omega angle (yellow arrow) measures extension in the radial curved
plane along the femoral head equator. The alpha and gamma angles
measure elevation of the cam deformity in one radial cut. The cam
lesion can extend posteriorly over the vascular foramen (red dots). The
blue lines mark the deformity contour on the coronal plane expressed by
the gamma angle and on the horizontal plane expressed by the alpha angle
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Fig. 2 Extension and location of cam lesion represented and measured
using a 360° protractor ruler. The omega angle between the two red
arrows measures the amount of linear radial extension of cam
deformity with abnormal alpha angles (blue angles). In this case, the
omega angle was 160°

Materials and methods
Patients

We selected 25 patients who had surgery for cam im-
pingement. The only inclusion criteria was to have a
preoperative alpha angle measured in cross-table view
X-ray >80°. Fourteen patients underwent surgical hip
dislocation, and 11 underwent hip arthroscopy. The same
surgeon operated on all patients. Criteria for surgical hip
dislocation were centre-edge angle >30° or the presence
of acetabular global overcoverage. Criteria for hip ar-
throscopy were centre-edge angle <30° or patient prefer-
ence. Average follow-up time was 40 (range 18—
77) months. Patients with previous hip surgery, acetabu-
lar dysplasia, Perthes disease sequelae or slipped capital
femoral epiphysis were excluded. Hips with osteoarthritis
greater than grade 1 according to Tonnis [26] were also
excluded. Patient age, gender, height, weight, body mass
index (BMI) and sports activity prior to FAI surgical
treatment were recorded. The Nonarthritic Hip Score
[6] (NAHS) was used to evaluate pre- and post-
operative hip function. Patients were evaluated at three,
six and 12 months and then yearly. In case of a follow-
up > two years, we used the score applied in the last
visit. For statistic analyses we used only the outcome
score from the last visit.
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Head-neck junction morphology

In all cases, we obtained pre- and post-operative radial
arthro-MRI, 3T, 16 radial cuts. The same protocol and
the same MRI equipment (Siemens® Verio 3T) were
used in all cases. The same senior radiologists did image
interpretation before and after surgery. In MRI sequences
perpendicular to the femoral neck axis, intercepting the
head—neck junction, we found the lesser trochanter to be
a constant anatomical reproducible landmark. By
superimposing a protractor ruler, the tip of the lesser
trochanter was located at 240° (Fig. 3). This was the
most reliable reference for precise anatomic orientation
(superior, anterior, inferior, posterior) of all images.

Using the Osirix® cross-reference localiser, we mea-
sured and registered alpha angle value in each of the 16
radial cuts (Fig. 4). It was considered abnormal if >45°
[2, 10, 19] and was defined [20, 24] as lying between the
femoral neck axis and a line drawn from the centre of
the femoral head to the point where the peripheral con-
tour of the femoral head exceeded a superimposed best-
fitting circumference (radius of the subchondral bone of
the femoral head).

The femoral head centre was identified by placing a
circumference over its contour. The femoral neck axis
was defined as a line passing through the centre of the
femoral head and the centre of the femoral neck at its
narrowest point.

Omega angle determination
Counterclockwise, starting inferiorly, we determined in

degrees where the alpha angle exceeded the considered
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Fig. 3 Position of the lesser trochanter in a bone model simulating
magnetic resonance imaging (MRI) cuts (/eff). Superimposed parallel
images obtained perpendicular to the femoral neck axis (right); the first
(broader dotted line) intercepts the lesser trochanter and the second

normal threshold value (45°) and begins to be abnormal
and where it returns to a normal value. The difference
between those two measurements was considered to be
the radial extension of the cam lesion, which we named
the omega angle (Figs. 1 and 2). This virtual angle is
formed by two lines intersecting in the centre of the
femoral neck at the level of the head—neck junction.
The most proximal line intersects peripherally the point
of the equatorial line where the alpha angle begins to be
abnormal and the distal line at the point where the alpha
angle returns to normal. Measurements were made before
and after surgery in all cases to compare resection accu-
racy using surgical hip dislocation and arthroscopy
approaches.

Vascular foramina location (retinacular arteries)

Using the MRI sequences intercepting the head—neck
junction perpendicular to the femoral neck long axis
and the protractor ruler, we divided the selected image
into eight sectors (Fig. 5): 1 (90-45°), 2 (45-0°), 3 (0—
315°), 4 (315-270°), 5 (270-225°), 6 (225-180°), 7
(180-135) and 8 (135-90°).

Using an X-Y axis centred on the best circle contain-
ing the head—neck junction, we measured the cartesian
coordinates of all identifiable foramina [14]. To compare
foramina location with radial cam extension (omega an-
gle) and apply statistical tests, X-Y points were convert-
ed to polar (radial) coordinates using the formula
r=\/(x2+y2) and O=tan-1y/x (where r = distance of the
foramen to the centre of the neck and 6 the angle formed
between » and the x line). All values were represented
graphically (Fig. 5).

90
R 100 | 80 o

2 o
%0 20 270 200 *

(thinner dotted line) shows the femoral neck contour at the head—neck
junction The radial position of the lesser trochanter is 240°. This
anatomical reference allowed us to correctly orientate the MRI image. s
superior, a anterior, / inferior, p posterior, LT lesser throchanter
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Fig. 4 Measurement of alpha
angle in radial cuts. The green line
is a cross-reference localiser tool.
The radial image on the right
corresponds to the plane
represented by the green line on
the left. In this case, the alpha
angle at 27° of the protractor ruler
was 85.3°

Statistical studies

We used AcaStat Software ® and Statviz ® to perform statis-
tical analyses. The significance level was set at p<0.001.

1. Analysis of variance (ANOVA) was used to analyse radial
extension of cam resection in both groups and to compare
absolute radial extension (omega angle) versus posterior
extension of the deformity.

2. Pearson correlation test was used to analyse a possible
relation of radial extension of the cam deformity
(omega angle) and foramen location before surgery
and a possible relation between alpha and omega
angles.

3. Paired Student’s ¢ test was used to analyse and correlate
outcome score and cam extension before and after
surgery.

4. Chi-square test was used to compare surgical hip disloca-
tion (SHD) and arthroscopy in the resection over the
vessels.

Fig. 5 Identifying and measuring
X-Y coordinates of the vascular
foramina in one magnetic
resonance imaging sequence

@ Springer

5. Retinacular foramina distribution frequency was also
analysed.

6. NAHS ratio of variation before and after surgery were
calculated using the formula: (NAHS after - NAHS be-
fore) / NAHS before x 100.

Results
Patient cohort

Twenty-four of 25 patients were men. Mean age was 30 (range
19-56) years; mean follow-up was 40 (range 18—77) months.
Fourteen patients underwent surgical hip dislocation and 11
patients arthroscopy. The average NAHS was 54 (range 18—
90) points before surgery. After surgery, there was an absolute
increase of 32 (range 2.5-80) points to a final score of 84
(range 50-99) points (p<0.001); variation ratio was 93 %
(range 3-435 %).
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Fig. 6 Magnetic resonance
imaging (3T) showing location of
retinacular synovial fold at the
head—neck junction (/eff) and the
cross-reference perpendicular
plane crossing one vascular
foramen (right)

Head-neck junction morphology before and after surgery

We identified an average of three vascular foramina per pa-
tient. There was a higher concentration (70 %) between 90°
and 150° (sectors 7 and 8) (Fig. 5). Average alpha angle was
90° before and 40° after resection (p<0.0001). Average radial
extension of the cam lesion (omega angle) was 138° (range
90-180°); 76 % of patients presented posterior extension of
the cam lesion overlapping the retinacular area (from 90—
135°; sectors 7 and 8). A wider omega angle was associated
with posterior extension of the cam lesion (p=0.001). There
was no correlation of alpha and omega angle values before
surgery (p=0.3). Radial extension of the deformity resection
was 100 % and achieved in 22 (88 %) cases. In three patients,
a residual posterior cam extension was not resected.

Comparison of open surgery versus arthroscopy

There was no difference in resection extent between open and
arthroscopy techniques (p=0.08). There was also no differ-
ence in resection over the vascular area between techniques
(»=0.06). Distribution of vascular head—neck junction foram-
ina was similar between groups.

Fig. 7 Cam resection over the
lateral retinaculum in a surgical
hip dislocation procedure using a
motorised instrument in a right
hip (right); intraoperative
arthroscopy of cam resection over
superior retinacular fold (/ef?).
The hip capsule is open ina T
shape, and traction points are used
to visualise vascular structures
(both patients from this study)

<

Discussion

Three-dimensional morphology of the cam lesion can be
quantified using alpha angle (cross-table view in X-ray — an-
terior head—neck offset) and gamma angle (AP pelvis X-ray —
lateral head neck offset) [2, 5, 19, 24]. The goal of surgery,
open or arthroscopic, is to restore femoral-head spherical
shape along the head—neck junction, including the critical area
over the lateral retinacular fold. Less experienced arthroscopic
surgeons might run an additional risk of injuring vascular
supply to the femoral head while resecting bone in that area.
Recent improvements in MRI resolution and image process-
ing software allowed better identification of the
posterosuperior retinacular fold [4] (Fig. 6) in radial sequences
and vascular foramina in sagittal oblique sequences.

The location of these vascular structures combined with
morphological characterisation of the cam lesion can be used
as a pre-operative planning tool. The starting point of the
omega angle can be particularly helpful to decide whether a
posterior resection is necessary to accurately restore head—
neck junction offset. Our results showed a clear predominance
of vascular orifices on posterosuperior sectors, similar to find-
ings of other studies [13], but there was no relation between

osteoplasty

retinacular

foldg. zona orbicular
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radial extension of the cam lesion and retinacular foramina
location. We found a relation between omega angle value
and posterior extension of the cam lesion. A larger omega
angle was associated with a tendency for the cam lesion to
overlap the lateral retinacular area.

Alpha angle value could not be related to that of the omega
angle. A patient can have an important protruding cam lesion
generating an aggressive intrusion mechanism [1], but in a
very localised acetabular area only. The opposite is also pos-
sible: a less protuberant lesion with a broader radial extension
can generate an intrusion mechanism in a wider acetabular
area. We think, therefore, that the alpha angle value is not
predictive of the 3D cam morphology and should not be used
as a single planning tool.

We found that in 76 % of cases, in order to achieve com-
plete cam resection, it was necessary to perform osteoplasty
over the posterior vascular area. Also, in 44 % of patients,
vascular foramina location extended into sector 1 (45-90°),
overlapping the anterior cam lesion. Accordingly, even in pure
anterior cam resection, it was necessary to remove bone over
the vascular area in 44 % of cases. Previous information about
those parameters allowed a more detailed pre-operative
planning.

Additionally, we compared our results using surgical hip
dislocation and arthroscopy to resect similar cam lesions. In
surgical hip dislocation, there was a constant visual control of
the retinacular area, and the resection could be accomplished
using femoral head templates. In arthroscopy, references for
correct cam trimming were more difficult to identify. Many
surgeons, including us, use the lateral and the medial synovial
fold as guides for resection. Intra- operatively, however, it can
be difficult to realise whether there is an additional posterior
cam extension over the lateral synovial fold. Using the omega
angle and vascular area location on MRI, we achieved similar
resections in both groups (Fig. 7). Overall improvement in
clinical score reflects cam resection accuracy.

The main limitations of this study were the small number of
patients, its retrospective nature and nonrandomisation of pa-
tients, our use of only one clinical outcome score, and the
method of measuring the omega angle necessitated experi-
enced radiologists and surgeons familiar with radial MRI se-
quence interpretation. Future developments in imaging soft-
ware are needed to measure the omega angle in a more repro-
ducible and practical manner.
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Arterial Topographic Anatomy Near the Femoral
Head-Neck Perforation with Surgical Relevance
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Investigation performed at the Department of Orthopaedic Surgery, Hospital da Luz, Lisbon, Portugal

Background: Knowledge of the vascular supply of the femoral head is crucial for hip-preserving surgical procedures. The
critical area for reshaping cam deformity is at the retinacular vessel penetration, an area with ill-defined topographic
anatomy. We performed a cadaver study of the extension of the lateral retinaculum near the head-neck junction, distri-
bution of the arterial vascular foramina, and initial intracapital course of these vessels.

Methods: In 16 fresh proximal parts of the femur without head-neck deformities, the deep branch of the medial femoral
circumflex artery was injected with gadolinium for magnetic resonance imaging (MRI) sequences to identify arterial
structures.

Results: We found a mean number of 4.5 arterial foramina, showing a predominance from 10 to 12 o’clock. The
retinaculum extended 20 mm from 1 to 10 o’clock. The surface distance from the cartilage border to the vascular foramina
under the synovial fold was 6.5 mm, and the depth from the same cartilage border to the initial intraosseous vessel
pathways was 5.3 mm.

Conclusions: The data add further precision to the arterial topography at the retinacular foramina, an area that is crucial
for the perfusion of the femoral head. It may overlap with the area of anterolateral cam deformity and plays a role in
choosing the cuts for subcapital and intracapital osteotomies.

Clinical Relevance: The information is taken from normal hips and may not be directly applicable to the deformed hip.
Nevertheless, it is a prerequisite for a surgeon to understand the normal anatomy and use those boundaries to prevent
mistakes during intra-articular joint-preserving hip surgical procedures.

Peer Review: This article was reviewed by the Editor-in-Chief and one Deputy Editor, and it underwent blinded review by two or more outside experts. The Deputy Editor
reviewed each revision of the article, and it underwent a final review by the Editor-in-Chief prior to publication. Final corrections and clarifications occurred during one or
more exchanges between the author(s) and copyeditors.

cial for hip-preserving surgical procedures'’. In

many cases of femoroacetabular impingement, the
head-neck deformity extends over the area where retinac-
ular vessels penetrate into bone (Fig. 1). Excessive bone
trimming in this area can jeopardize vessels either where
they penetrate into bone (Fig. 2) or along their intraosseous
course™, placing femoral-head perfusion at risk’. To our
knowledge, the literature has been lacking studies about a
safe surface distance from the lateral border of the cartilage
to the vascular foramina under the retinacular synovial fold
and also about the depth of the intraosseous vessels near the

Knowledge of the femoral-head vascular supply is cru-

cartilage border. In subcapital and true neck osteotomies,
the entire femoral-neck circumference is approached sub-
periosteally, creating a soft-tissue tube that includes the
lateral and medial retinacular vessels®’. In femoral-head
reduction osteotomies®, the topography and points of pen-
etration of the medial and lateral retinacular vessels have to
be identified to determine the possible size and orientation
of the head segment to be resected®. This is relatively easy
at the medial retinaculum, which runs on top of the easily
visualized Weitbrecht ligament®. Identification of the ante-
rior border of the lateral retinaculum is equally straight-
forward. However, definition of the posterior border of

Disclosure: There was no source of external funding for this study. The Hospital da Luz Radiology Department provided the MRI scan facilities for cadaver
specimen imaging and all of the processing software necessary for the geometrical analysis. The Portuguese National Institute of Legal Medicine and
Forensic Science, Pathology Department, supplied the cadaveric material and facilities for dissections. On the Disclosure of Potential Conflicts of
Interest forms, which are provided with the online version of the article, one or more of the authors checked “yes” to indicate that the author had a relevant
financial relationship in the biomedical arena outside the submitted work (http://links.lww.com/JBJS/D438).

J Bone Joint Surg Am. 2017;99:1213-21 e http://dx.doi.org/10.2106/JBJS.16.01386
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Fig. 1

Prgwtograph showing the posterior aspect of the right hip with the

deep branch of the medial femoral circumflex artery running along the
greater trochanter, arborizing into the retinacular vessels at the pos-
terosuperior neck and perforating into the bone of the head close to the
superior cartilage border. Retinacular tissue was removed for better
identification of the arterial vessels. (Reproduced, with permission and
copyright © of the British Editorial Society of Bone and Joint Surgery,
from: Gautier E, Ganz K, Krigel N, Gill T, Ganz R. Anatomy of the medial
femoral circumflex artery and its surgical implications. J Bone Joint
Surg Br. 2000 Jul;82-B[5]:679-83 [Fig. 1a].)

the lateral retinaculum may be troublesome, especially when
gross anatomy is altered.

In current high-resolution magnetic resonance imaging
(MRI), the osseous perforations for initial intraosseous path-
ways of the vascular structures can be seen. We hypothesize that
the topography of the arterial inflow is rather uniform and an
attempt at quantification may further increase and strengthen
our knowledge. We performed a cadaver study of the exten-
sion of the lateral retinaculum near the head-neck junction,
the distribution of the vascular foramina at the head-neck
junction, and the initial course of the intracapital vessels.
Gadolinium-based contrast agent was injected into the deep
branch of the medial femoral circumflex artery (Fig. 3) and
MRI scans of the resected specimens were performed.

Materials and Methods
ixteen fresh hips without deformity from the Portuguese National Institute
of Legal Medicine and Forensic Science were used for the study (8 male
cadavers, with a mean donor age of 50 years [range, 20 to 60 years]).

ARTERIALTOPOGRAPHIC ANATOMY NEAR THE FEMORAL HEAD-NECK
PERFORATION WITH SURGICAL RELEVANCE

In the lateral decubitus position, a 30-cm longitudinal incision was
centered over the greater trochanter. The fascia was incised in line with the
anterior border of the gluteus maximus muscle and the muscle was re-
tracted posteriorly. The insertions of the gluteus medius and vastus late-
ralis muscles were detached from the greater trochanter and retracted
anteriorly. After identification of the interval between the gluteus mini-
mus and piriformis muscles, the gluteus minimus was resected and the
capsule was exposed circumferentially except for the area of the external
rotators. After careful resection of the quadratus femoris muscle, the deep
branch of the medial femoral circumflex artery was found about 5 to
10 mm proximal to the base of the lesser trochanter. The remaining ex-
ternal rotators were divided as far as possible from their trochanteric
insertions. By doing so, the vascular anastomoses between the superior
and inferior gluteal arteries and the deep branch could be ligated. The
capsule was resected around the femoral neck. However, the posterosu-
perior area including the perforation level of the deep branch of the medial
femoral circumflex artery into the capsule was left pristine to protect the
arterial vessels supplying the head. The deep branch was ligated and was
divided close to the lesser trochanter to allow cannulation for contrast
injection (Fig. 3). To determine the position of the arterial foramina at the
head-neck junction, a clock-face system was used and the connecting line
between the 12 and 6 o’clock positions was aligned parallel with the an-
atomical axes in the frontal and sagittal plane of the straight proximal third
of the femur. To obtain this reference axis, the anatomical axes were
marked on the bone surface. With a drill-bit pointing to the middle of the
inferior neck area and held parallel to the axes, a hole was made into the
head to serve as the reference for the clock orientation; the midpoint was
defined with a caliper ruler (Fig. 4). The drill-bits were removed to avoid
metal artifacts with the MRI scans; however, the empty drill-holes were
delineated.

The femoral osteotomy was performed 1 cm below the lesser tro-
chanter and the entire specimen was removed from the cadaver. The deep
branch of the medial femoral circumflex artery was cannulated using a
22-gauge catheter. The patency of the preparation was tested by injection of
20 mL of isotonic saline solution. Leakage from the fovea capitis demon-
strated adequate intraosseous saline solution perfusion. Head diameter
was measured using a caliper.

The cannulated specimens were then scanned in a 3-T MRI system
(Verio; Siemens) before and immediately after injection of a diluted gad-
olinium solution (0.5:200), Gadavist (gadobutrol). The purpose of the
scan previous to gadolinium injection was to find out whether the vas-
cular foramina and intraosseous vessels could be identified on routine
MRI sequences without contrast enhancement.

Manual injection was considered completed after fluid leakage was
observed at the fovea capitis. Imaging was performed in the coronal plane,
the axial plane, and a plane perpendicular to the femoral-neck axis, using
T1, T2, and T2-fat-saturated sequences, and volume-acquisition radial
reconstructions were also performed simultaneously on both right and left
proximal femoral cadaver specimens.

Image Processing, Foramen Mapping, and

Distance Measurements

T1 sequences were selected for mapping. Two senior radiologists per-
formed image interpretation before and after gadolinium injection. The
drill-hole shown in Figure 4 and visible in the MRI scan was used to define
the vertical axis of the neck and to mark the 6 and 12 o’clock positions of
a clock face; 3 o’clock was the anterior pole and 9 o’clock was the posterior
pole.

All hips were converted to the left side, mirroring the obtained MRI
scans in the DICOM (Digital Imaging and Communications in Medicine) file
format scans to make angular measurements easier.

Using a perpendicular x-y axis centered on the best-fit circle con-
taining the cortical circumference, with the y axis coincident with the vertical
axis of the femur, we measured the Cartesian coordinates of all identifiable
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Fig. 2

Figs. 2-A and 2-B Intraoperative photographs of a right femoral head during surgical hip dislocation. The arrows indicate the anterior border of the
superior retinacular fold. Fig. 2-A The reddish color of the cartilage outlines the extension of the anterolateral cam deformity that overlaps the
anterior border of the retinaculum. The superimposed clock-face reference shows that the deformity extends from the anterior and inferior head-neck
waist (below 3 o’clock) to the posterosuperior neck (10 o’clock). Retinacular arteries and perforating foramina are not clearly visible under the
synovial fold. Fig. 2-B The part of the deformity cranial to the retinaculum has to be resected only down to the level of vessel perforation, a line that
can be identified by repeated finger palpation. A = anterior and S = superior.

foramina in the head-neck junction area. These coordinates were converted
to polar (radial) coordinates using the formula r = y/ (x* + y2) and 6 =
tan™ !(y/x) (where r = the distance of the foramen from the center of the
neck and 6 = the angle formed between r and the x line) (Fig. 5). Over the
same images, a digital protractor (Onde Rulers; Ondesoft Computing)
was placed to create a clock face system with 12 sectors: 12 hours to 1 hour
(90° to 60°), 1 to 2 hours (60° to 30°), 2 to 3 hours (30° to 0°/360°), 3 to
4 hours (0°/360° to 330°), 4 to 5 hours (330° to 300°), 5 to 6 hours (300°
to 270°), 6 to 7 hours (270° to 240°), 7 to 8 hours (240° to 210°), 8 to
9 hours (210° to 180°), 9 to 10 hours (180° to 150°), 10 to 11 hours (150°
to 120°) and 11 to 12 hours (120° to 90°). The positions (clock face and
angles) of the most anterior and posterior vessels were determined in the
MRI sequence preceding osseous entrance. The absolute distance be-
tween those 2 vessels (width of the retinaculum) was also measured in
millimeters (Fig. 6).

The topographic pathway of the vessels at the extraosseous-
intraosseous transition was investigated using radially reconstructed T1
sequences (Fig. 7) by measuring the distance (d1) from the entrance of
the vessel into bone to the rim of the joint cartilage and the shortest
distance (d2) from this cartilage rim to the intraosseous course of the
contrast-filled vessels. All measurements were performed by 2 experi-
enced radiologists. Interobserver reliability for the foraminal distribu-
tion, retinacular measurements, and distances from the cartilage border
to the vascular structures were calculated using the intraclass correlation
coefficient’.

Statistical Analysis

AcaStat (AcaStat Software) was used for statistical analysis. The signifi-
cance level was set at p < 0.001. Foraminal distribution was analyzed
before and after gadolinium solution injection. Correlation between
surface and depth and distance from the cartilage border to vascular
structures was determined using Pearson correlation testing.

Results
e found a mean number (and standard deviation) of
4.5 = 0.9 arterial foramina (range, 3 to 6 arterial
foramina) per specimen. This was not dependent on age,

Fig. 3

Agphotograph showing the posterior aspect of the cadaver specimen
after cannulation. We can see the terminal path and capsular
penetration area of the medial femoral circumflex artery deep branch
(arrows) plus the short external rotators left intact to preserve
femoral-head perfusion. S = superior and P = posterior.
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A 2.5-mm drill-bit (2) is pointing to the midpoint of the undersurface of the neck and is held parallel to both anatomical axes (1); the midpoint is
defined with a caliper. The drill-hole and perforation were identifiable in the MRI and served as landmarks for orientation of the clock-face positions.

No marker was left in place to avoid later MRI interference.

sex, or side. After injection of the deep branch of the
medial femoral circumflex artery, 80% of the 72 foramina
identified on the pre-contrast MRI were filled with contrast
agent.

The global foraminal distribution (before and after
contrast injection) in a clock-face presentation (Table I and
Fig. 8) showed a predominance in sector 11 (10 to 11
o’clock), at 32%, and sector 12 (11 to 12 o’clock), at 36%.
No foramina were found from 1 to 9 o’clock (sectors 2 to
9). Between 12 and 1 o’clock, we found 16 foramina. In
60% of the hip specimens, at least 1 foramen was found in
sector 1 (12 to 1 o’clock). The global percentage of fo-
ramina in sector 1 was 22%. There was a strong interob-
server agreement (intraclass correlation coefficient > 0.8)
in this determination.

The posterosuperior width of the retinaculum, mea-
sured from the most anterior to most posterior perforating
arterial vessels, extended a mean of 20 mm (range, 13 to
26 mm). The anterior retinacular border was located at a
mean of 65° or 0.82 hour on the clock face (from 40°/1.6
hours to 95°/11.80 hours). The posterior border was located
at a mean of 143° or 10.3 hours (from 117°/11.10 hours to
170°/9.3 hours) (Fig. 6). Again, interobserver reliability was
strong (intraclass correlation coefficient > 0.8).

In the radial reconstructions, we could clearly iden-
tify 50 arterial foramina and respective intraosseous initial

vessel pathways filled with contrast agent. The mean surface

Fig. 5

Ti turbo spin echo (TSE) axial MRI showing the method of mapping
the vascular foramina and retinacular borders on the MRI: drawing

2 perpendicular axes (X and Y) and determining the Cartesian (x; y)
coordinates of a foramen that are later converted to a radial system
in which r is the distance to the center of the neck and 6 is the angle
formed by axis x and r.
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The same T1 TSE axial MRl is divided like a clock face into

12 sectors of 30° each. The protractor software allowed us to directly
measure the angular value 6 and the distance to the neck center.
Retinacular circumferential dimensions (white arrow) were measured
in millimeters using this method and were delineated by the most
anterior and posterior retinacular vessel locations. A = anterior and
S = superior.

distance (d1) from the cartilage border to the vascular fo-
ramen under the synovial fold was 6.5 mm (range, 1.6 to
10.8 mm). The mean depth (d2) from the same cartilage

Fig. 7

T:Ig. TSE coronal MRI representation of the surface distance from the
cartilage margin to the retinacular foraminal entrance under the synovial
fold (d1) and the depth from the cartilage margin to the intraosseous
vessel from the same foramen (d2).
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TABLE | Global Foraminal Distribution Per Clock-Face Sector

Sectors Foramina Percentage
1 16 22%
2 0 —
3 0 —
4 0 —
5 0 —
6 0 —
7 0 —
8 0 —
9 0 —

10 7 10%

11 23 32%

12 26 36%

Total 72 100%

border to the initial intraosseous pathway of the vessels was
5.3 mm (range, 1.7 to 9.6 mm) (Fig. 7). The interobserver
reliability was also strong in these measurements (intraclass
correlation coefficient > 0.8). There was moderate corre-
lation (Pearson correlation coefficient = 0.6; p < 0.0001)
between the 2 distances. There was no relation of those
distances to femoral-head size.

Considering the pathways of the intraosseous arterial
vessels, all specimens in this study would retain at least 2
arterial vessels if hypothetical bone resection depth was
<2.5 mm from the cartilage margin. By increasing the re-
section depth to 6 mm, only 4 of the 16 specimens would
keep at least 2 of the vascular structures intact. Increasing
this depth to 8.5 mm would result in no specimens re-
taining at least 2 intact vessels. Ata 10-mm depth, all vessels
in all specimens would be damaged (Fig. 9).

Considering the lateral distance from the cartilage
border, all specimens would retain at least 2 arterial vessels
when bone resection was inferior to 2 mm lateral to the
cartilage margin. If we increase the distance of resection to
6 mm, only 8 of 16 specimens would retain at least 2 vas-
cular structures. By increasing the resection to 8 mm, no
specimens would preserve 2 vessels. At 10 mm of lateral
resection, all vessels in all specimens would be damaged
(Fig. 10).

Discussion
K nowledge of the vascular anatomy of the proximal part
of the femur is of the utmost importance for hip-
preserving surgical procedures. During execution of os-
teochondroplasties of the femoral head-neck junction, the
more lateral or even posterior portion of the neck may need
to be approached in a primary or secondary cam resection as the
deformity frequently extends posteriorly'*"* (Fig. 2). Also, for
subcapital realignment, for true femoral-neck osteotomy, and
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Images showing the clock-face distribution of vascular foramina at the level of the head-neck junction. Black dots are the foramina before contrast

injection; red dots are the foramina after contrast injection.

especially for femoral-head reduction osteotomy, a more
detailed topographic understanding of the vessels feeding
the epiphysis is necessary®”'*'%. Spatial identification of the
medial retinaculum covering the prominent Weitbrecht
ligament and identification of the deep branch of the me-
dial femoral circumflex artery are rather easy, and mobili-
zation during subcapital and femoral-neck osteotomies can
take place under direct visual control. However, resections
at this part of the femoral-head circumference are rather
rare. The cam lesion typically occurs from 11:30 to
3 o’clock™", so we believe that additional information is
needed about vessel perforation of the lateral retinaculum
because its mobilization and nearby osseous resection oc-
cur more frequently'"'*".

The prevalence of osteonecrosis after treatment of
femoroacetabular impingement is anecdotal'®; minor ne-
crotic areas may be clinically unsuspicious and may only
be detectable with MRI. However, fear of risking such a
complication may be responsible for inappropriate resec-
tion and residual impingement, visible in more than two-
thirds of failed surgical procedures'”'. The fear may be
bolstered by the fact that cam deformity extends to the
posterior area in about 75% of the hips’. Necrosis occurring
after an intra-articular procedure is not related to the
procedure itself”. In the series of intracapital osteotomies
performed by the senior author, no necrosis has been ob-
served so far.

To our knowledge, literature is scarce about the de-
tailed location and quantification of vascular foramina at the
head-neck junction and is nonexistent regarding identifi-

cation of arterial foramina, their locations, and the dis-
tance to the surface during the intraosseous course. Also, to
our knowledge, retinaculum width and posterior extension
are ill-defined in the literature. The distribution of femoral-
head vascular foramina has been described*’; however, no in-
formation was provided on the patency of vessels eventually
going through the foramina and on the distribution of arterial
and venous vessels. One publication focused on femoral-
head vascular supply reconstruction using gadolinium-
enhanced MRI*' but did not describe the precise locations of
the intraosseous vessels.

Recent improvements in MRI resolution and image-
processing software have led to better identification in radial
sequences of a possible vascular structure in the postero-
superior area of the femoral-neck junction and possible
vascular foramina in sagittal oblique sequences®'. However,
the vessel type has remained undetermined so far. Per-
forming an MRI on cadaver specimens before and after
injection of a gadolinium solution in the medial femoral
circumflex artery main branch has allowed us to demon-
strate the vascular nature; contrast filling of 80% of
the previously identified foramina before injection showed
its arterial nature without any doubt. As previously
described>>*'*****) we also found that the foramina were
concentrated in the posterosuperior area of the femoral
head. Lavigne et al. found a mean number of 15 foramina
per specimen and 32% to 48% were assessed to be in an
anterior location'’. We found a mean of 4.5 foramina per
specimen and only 22% of arterial foramina were located
from 12 to 1 o’clock. In the study by Lavigne et al., recorded
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Schematic representation of depth distance of intra osseous vascular structures
Fig. 9

Graph showing the depth from the cartilage margin to each vascular structure as identified in each specimen (blue dot). The gray areas and dotted

lines represent the limits and amount of bone resection in this area. If we limit the hypothetical bone resection to 2.5 mm (the white area), all specimens
in this study would preserve at least 2 vessels intact. If we increase the depth to 6 mm (lighter gray area), only 4 of 16 specimens (hip numbers 5, 6, 7,
and 16) would preserve at least 2 intact vascular structures. If we increase this distance to 8.5 mm (medium gray area), no specimens would
preserve at least 2 vessels intact. At 10 mm (darker gray area), all of the vessels would be damaged in all specimens.

foramina had a diameter as small as 0.5 mm, possibly
overestimating the number of vessels supplying blood to
the femoral head. In addition, in dry bone, their arterial or
venous nature was impossible to determine. One possible
explanation for the mean number of 15 dry bone foramina
per femoral sample previously described, compared with
our smaller number of 4.5 arterial foramina (3:1 ratio),
would be the possibility that each retinacular artery is ac-
companied by 2 veins and that two-thirds of the dry bone
foramina would correspond to venous structures.

By filling the retinacular arteries with contrast agent,
it was possible to determine the circumferential extension
and the anterior and posterior borders of the retinaculum.
In our study, the anterior border mean location was found
around 1 o’clock, but a 12 o’clock position has been mentioned"'.
Although the orientation of the clock face in that study
seems to be equal to that in our study, the described an-
terolateral limit for resection of a protrusion might be less

safe. To our knowledge, the posterior retinacular border
has not been previously described; we found the mean lo-
cation to be around 10 o’clock (range, 9 to 11 o’clock),
clearly showing that the posterior neck between 6 and
9 o’clock is a safe area for posterior trimming or for
the ending level of the posterior neck-cut in femoral-head
reduction osteotomies.

The entrance of the arterial retinacular vessels into
bone relative to the cartilage border and the initial intra-
osseous course relative to the cartilage surface are not ex-
actly known. The measured surface distance and depth
show that the margin of safe bone resection in the area is
very limited and our data give an idea about the 2.5-mm
minimum safe distance for bone resection in terms of depth
and 2 mm in lateral extension. Increasing the resection
depth also increases the probability of damaging the arte-
rial supply to the femoral head. It is crucial to know how
close the retinaculum can be detached and mobilized from
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Schematic representation of lateral distance of cartilage margin to intra osseous vascular structures

Fig. 10

Graph showing the lateral distance from the cartilage margin to each vascular foramen structure (blue triangle) identified in each specimen. The
gray areas and dotted lines represent the limits and amount of bone resection in this area. If we limit the hypothetical bone resection to 2 mm (white area),
all specimens in this study would preserve at least 2 vessels intact. If we increase the lateral resection to 6 mm (lighter gray area), 8 of 16
specimens (hip numbers 5, 6, 8, 11, 13, 14, 15, and 16) would preserve at least 2 intact vascular structures. If we increase this distance to

8 mm (medium gray area), no specimens would preserve at least 2 vessels intact. At 10 mm (darker gray area), all vessels would be damaged in all

specimens.

the femoral neck in osteotomies when the posterior neck
is very short, as in severe chronic slips or in hips with
Legg-Calvé-Perthes disease.

The possible limitations of our study include the small
number of specimens and the fact that the scattered range of
measured data was too small to allow statistical power. Also,
the injection of contrast agent was done manually, which did
not guarantee a constant flow pressure; this might have con-
tributed to the observed collapse of some structures after
gadolinium injection (20%). Furthermore, it is reasonable to
hypothesize that some of the foramina would not be per-
meable in live patients or that they were of venous origin.
The width of the retinaculum was measured as the distance
between the most extreme contrast permeable foraminal
vessels, but the retinaculum as shown at the time of the
surgical procedure may be somewhat larger. Finally, our
measurements were performed on normal hips without
primary or secondary deformations; therefore, it is not

possible to make precise clinical recommendations for sur-
gical procedures about the safe distance of lateral and depth
resection in the retinacular area, especially with regard to
cam morphology in which the location and radial extension
of the deformity are very variable. Nevertheless, the infor-
mation may increase attentiveness and care during intra-
capsular surgical procedures. ®
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Understanding morphological features that characterize normal hip joint is critical and necessary for a
more comprehensive definition of pathological presentations, such as femoroacetabular impingement and
hip dysplasia. Based on anatomical observations that articular surfaces of synovial joints are better rep-
resented by ovoidal shapes than by spheres, the aim of this study is to computationally test this mor-
phological classification for the femoral head and acetabular cavity of asymptomatic, dysplastic and im-
pinged hips by comparing spherical, ellipsoidal and ovoidal shapes. An image-based surface fitting frame-
work was used to assess the goodness-of-fit of spherical, ellipsoidal and tapered ellipsoidal (i.e., egg-like)
shapes. The framework involved image segmentation with active contour methods, mesh smoothing and
decimation, and surface fitting to point clouds performed with genetic algorithms. Image data of the hip
region was obtained from computed tomography and magnetic resonance imaging scans. Shape analyses
were performed upon image data from 20 asymptomatic, 20 dysplastic and 20 impinged (cam, pincer,
and mixed) hips of patients with ages ranging between 18 and 45 years old (28 male and 32 women).
Tapered ellipsoids presented the lowest fitting errors (i.e., more oval), followed by ellipsoids and spheres
which had the worst goodness-of-fit. Ovoidal geometries are also more representative of cam, pincer,
mixed impinged hips when compared to spherical or ellipsoidal shapes. The statistical analysis of the
surface fitting errors reveal that ovoidal shapes better represent both articular surfaces of the hip joint,
revealing a greater approximation to the overall features of asymptomatic, dysplastic and impinged cases.

© 2018 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

for hip conservative surgery and the application of a prosthetic
device [6,13]. An early-stage intervention and appropriate diagno-

Morphological variations of the hip joint anatomy, such as
femoroacetabular impingement (FAI) and dysplasia, have been sug-
gested to be linked to the lesion mechanism of articular cartilage
and progress towards osteoarthritis (OA) [1-9]. It has been esti-
mated that FAI morphology affects between 10% and 15% of the
general adult population [10] and approximately 55% among young
athletes [11]. Regarding hip dysplasia prevalence in adults, it ex-
hibits high variability amongst different racial groups, going from
approximately 6-21% [12]. Considering the young age of patients
manifesting symptomatic FAI or dysplasia, they might be electable

* Corresponding author at: INESC-ID taguspark. Avenida Professor Cavaco Silva,
Edificio IST, 2744-016 Porto Salvo, Portugal.

E-mail addresses: daniel.lopes@inesc-id.pt (D.S. Lopes),
sara.pires@tecnico.ulisboa.pt (S.M. Pires), vmascarenhas@hospitaldaluz.pt (V.V.
Mascarenhas), MiguelSilva@tecnico.ulisboa.pt (M.T. Silva), jorgej@acm.org (J.A.
Jorge).
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sis for these patients rely on the accurate morphological and geo-
metric characterization of the underlying anatomic deformity [4].
However, consensus regarding the metrics that best identify the
morphological deformities and the intervals in which they should
be placed to distinguish normal from pathological hips has not
been reached to date [3,6,14-17].

Regarding the shape of the hip joint, recent computational tests
[18-24] are in line with medical evidence [25,26] which considers
that ovoidal shapes represent the articular surface geometry bet-
ter than the orthodoxal sphere [27,28]. Yet, current tools used by
physicians to investigate morphological features of these structures
and to guide them in the treatment of FAI and dysplasia, consider
the sphere to be the shape that best fits both the femoral head
and the acetabular cavity. Consequently, finding how appropriate
are currently used 2D quantitative measurements and how well
defined is the morphological difference between asymptomatic,
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femoroacetabular impingement, and hip dysplasia are interesting
questions worth addressing.

On the other hand, there seems to be high variation in the def-
inition of the physiological values for the metrics used to describe
the geometry of these surfaces, such as « angle, centre-edge an-
gle, acetabular index of Tonnis, among others. Different authors
consider different intervals for these parameters, highlighting the
ambiguity associated with the classification of hip joint morphol-
ogy [6,14-16]. Novel hip joint shape models, along with new sets
of parameters, would allow for clear and unambiguous classifica-
tion and identification of the femoral head and acetabular cavity,
regardless of the form.

In order to answer these questions, a comparative study be-
tween asymptomatic and pathological hip joints was carried out
to understand their underlying morphology. Surface fitting anal-
yses of both femoral head and acetabular cavity were performed
upon 20 asymptomatic hips, 20 dysplastic and 20 FAI (cam, pincer,
and mixed) hips to provide quantitative evidence supporting the
series of anatomical observations that the hip joint exhibits mor-
phological features that are more consistent with ovoidal shapes
than spherical ones, given that these do not contain information
on global geometric characteristics such as axial asymmetry and
non-homogeneous curvature.

2. Materials and methods
2.1. Medical image data

We retrospectively studied adult patients undergoing computed
tomography (CT) or magnetic resonance imaging (MRI) from Jan-
uary and December 2015. All eligible patients had completed a
questionnaire regarding their clinical history, including current or
past hip/groin pain, medical or surgical hip-joint conditions, his-
tory of childhood hip pathology, and/or hip trauma. Patients who
gave a positive answer to one or more of these questions were
excluded from the asymptomatic group. Additionally, all patients
completed the non-arthritic hip score questionnaire. Any patient
with less than the maximal possible score was also excluded from
the asymptomatic cohort. Images were uploaded for analysis us-
ing Articulis (ArticulisTM; Clinical Graphics, Delft, The Netherlands)
and semi-automatically segmented using this software, which had
been previously validated for reliability and accuracy [29].

CT scans of the asymptomatic pelvis (512 x 512 acquisition
matriX, in-plane and resolutions=0.602-0.869 mm, slice thick-
ness = 1.5-2 mm, 262-929 slices) from 20 individuals with ages be-
tween 18 and 45 years (32.9+8.5 years, 9 males and 11 females)
were acquired with a Siemens Emotion 16 (Siemens Healthineers,
Germany). Patients were positioned in a standard supine position
with legs parallel in neutral rotation and received no additional ra-
diation beyond that required for the CT ordered to evaluate their
medical condition. The pelvis was reconstructed with 1 mm thick-
ness from the anterosuperior iliac spine to the lesser trochanters.
As for symptomatic pelves, MRI scans ((224-256)x(224-256) ac-
quisition matrix, in-plane and resolutions =0.703-0.804 mm, slice
thickness = 0.7-0.8 mm, 96-128 slices) were acquired from 20 in-
dividuals with dysplastic hips with ages between 14 and 49yr
(34.0+£9.8 years, 6 males and 14 females), and of impinged
hips ((224-256)x(224-256) acquisition matrix, in-plane and res-
olutions =0.703-0.804 mm, slice thickness=0.7-0.8 mm, 96-128
slices) from 20 subjects with ages between 21 and 53 yr (38.9+6.8
years, 13 males and 7 females) using a T1-VIBE Fat-suppressed se-
quence performed by a Siemens MAGNETOM® 3T Verio (Siemens
Healthineers, Germany) and an eight-channel body matrix phased-
array surface coil (which was placed over the hip of the patient)
and a six-channel spine matrix coil (which was integrated in the
patient table) were used. As part of the routine MR protocol in

patients, a three-dimensional (3D) data set of the whole pelvis
was obtained with an axial water excitation true fast imaging
with steady-state precession (FISP). MR was performed in standard
supine position with legs parallel in neutral rotation. The pelvis
was reconstructed with 1mm thickness slices from the antero-
superior iliac spine to the lesser trochanters. All data sets were
anonymized. Informed consent was obtained for the use of the CT
and MRI data sets from all subjects.

Cam-type deformities at the femoral head-neck junction were
defined as an « angle greater than 55° at any location around
the femoral neck [9,30]. Pincer type and acetabular dysplasia were
considered if lateral center edge angle was greater than 40° or in-
ferior to 20°, respectively [8,10,12]. Mixed FAI cases had both char-
acteristics of Pincer and CAM cases.

2.2. Surface shapes

Based on results from a previous study that indicates that ellip-
soids and egg-like shapes are better suited to fit the femoral head
when compared to the sphere shape [23], we adopted the same as-
sumption and considered the following shape models: sphere (S),
ellipsoid (E) and tapered ellipsoid (TE). These shapes reveal an in-
creasing degree of complexity to account for as many variations as
possible within the set of subjects being considered in the study.
The mathematical expressions for the considered shapes (implicit
representation) are written as

2 2 2
sphere F5(x.y,2) = (%) + (%) + (2) )
. . X 2 y 2 z 2
ellipsoid  F(x.y,2) = (E) + (B) + (E) (2)
x 2 y 2
N B X 4
taperedellipsoid ~ Frg(x,y,2) = (sz " 1) + (7}1 . ]>
z 2
+ (E) 3)

where x, y, z are the local coordinates of the point in space that
belongs to the surface; a, b, ¢ represent shape dimensions or semi-
axis radii; Ty and Ty are the tapering values in the x and y direc-
tions.

2.3. Surface fitting and error analysis

The surface fitting framework presented by Lopes et al. [23] was
used to reconstruct three-dimensional bone structures from the
images and to fit well-defined mathematical surfaces (Fig. 1). Note
that all the 3D reconstructed articular surface meshes correspond
to the interface between cortical bone and cartilage (i.e., geometric
modeling does not take into account soft tissues, merely the outer
boundary of bony tissue and not the free surface of the articular
surface).

From the medical images, each bone structure is segmented
separately using a semi-automatic method that relies on active
contour evolution [31] using ITK-SNAP software tools (version
3.4). Afterwards, the resulting segmented images were recon-
structed into 3D surface meshes in ParaView (version 4.3.1) with
the marching cubes algorithm [32,33]. Since the marching cubes
meshes present a characteristic stair-step shape surface and an ex-
cessive and redundant amount of vertex information, mesh ad-
justment operations, namely smoothing and decimation, were then
applied to the reconstructed 3D surface meshes, in order to guar-
antee homogeneous nodal distribution and eliminate these arti-
facts that result from 3D reconstruction from scanned image data.
From the 3-D models, which presented non-articular bony surfaces
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Fig. 1. Image-based surface fitting framework used to extract geometric informa-
tion of spheroidal articular surfaces of the hip joint. File formats used as input
in the software tools consist of DICOM medical images (*.dcm), segmented images
(*.mha), triangular surface mesh (*.ply) and point cloud (*.obj).

such as the greater and lesser trochanter, we manually selected the
vertices of the articular surfaces and stored them as point clouds
using the brush selection tool available on Blender (version 2.75).

In order to identify and characterize the underlying morphol-
ogy of the point clouds of both femoral head and acetabular cav-
ity, implicit surface shape models (Eqs. 1-3) were adjusted to a
cloud of points using a least-squares minimization approach for-
malized as a nonlinear optimization problem with simple bound-
ary constraints [23]: given a set of points that belong to the outer
cortical bone surface, a vector of geometric parameters (i.e., ori-
entation, position, dimension, shape parameters) is determined to
minimize the error-of-fit objective function defined as the square
sum of residuals, where each residual is the difference between
the shape model (Eqs. 1-3) and the corresponding point datum.
Due to the non-linearity of the objective function, we approached
the minimization problem with a metaheuristic Genetic Algorithm.
To guarantee efficient and effective minimizations, close initial ap-
proximations in the neighborhood of the global solutions are re-
quired. Close initial approximations for sphere and ellipsoid shapes
can be obtained by considering a least squares approach with a
quadric surface approximation [34], which settles a close approxi-
mation of geometric parameters (i.e., position, ellipsoid orientation,
sphere radius or ellipsoid radii). To provide a good initial approxi-

mation for the tapered ellipsoid, we relied on the observation that
a tapered ellipsoid can be obtained by a sequence of morphing op-
erations: an ellipsoid is a rescaled sphere and a tapered ellipsoid
is an ellipsoid that lacks a symmetric axis. Thus, the surface fitting
process of the tapered ellipsoid was initiated with recourse to the
optimal ellipsoid parameters (i.e., position, orientation, radii). It is
important to mention that several Genetic Algorithm optimization
runs were then carried out to finetune the initial approximation,
hence, for every surface fitting case, the optimization algorithm is
constrained by boundary constraints, which are defined as simple
inequalities affecting the surface parameters and are settled as a
set of intervals centered at the good initial approximation and with
user-defined limit constants.

Lastly, the comparison between the statistical metrics of
goodness-of-fit was assessed according to the surface error, i.e.,
the signed Euclidean distance of each point in the point clouds
to the optimally fitted surface of each shape model, which are
computed according to an orthogonal distance optimization frame-
work: points laying on the surface have zero valued distance,
points inside the surface have ‘negative distances’ while points
outside have positive valued distances In particular, a statistical
analysis was then performed using first-order measures (i.e., mean,
standard deviation, minimum and maximum) for each condition
and joint structure, whereas paired Student’s t-test were applied
to verify if differences between the surface fitting errors were sig-
nificant. Both optimization codes were implemented in Matlab®
(version R2014a) using the Genetic Algorithm and Direct Search
Toolbox™,

3. Results

The statistical analyses of the surface errors for each condition
(asymptomatic, FAI, dysplasia) and articular surface (femoral head,
acetabular cavity) was performed to quantify the goodness-of-fit
of the considered shape models (S, E, TE). The resulting statistical
metrics revealed which shape, along with associated shape param-
eters, best characterizes the general morphological features of the
different hip joints.

Through visual inspection, it was possible to perform an ini-
tial assessment of the overall goodness-of-fit of the shape models
to the femoral head (Fig. 2) and acetabular cavity (Fig. 3). In gen-
eral, all shape models closely approximated the different anatomi-
cal structures. To assist visual inspection, a color map was designed
to encode the signed Euclidean distance between each point to
the closest point on the approximated surface (Figs. 2-3). There-
fore, the point clouds representing the femoral head and acetab-
ular cavity are much better approximated by primitives with less
spherical geometric features, being the tapered ellipsoid the most
well-adjusted shape.

Regarding the quantitative analysis of surface fitting errors for
the three shape models, the statistical assessment relied on the
first-order measures (i.e., mean, standard deviation, minimum and
maximum) for the whole population of each condition and joint
structure (Tables 1-2). The average surface fitting errors followed a
similar pattern reported by Lopes et al. [23]: the sphere shape fits
worse than its morphological cousins, whereas the ovoidal shape
fits best (Table 1-2).

Table 1 - Surface fitting errors statistical analysis of the femoral
head for each shape and total number of subjects considered in the
study. All metrics are represented in millimeters (mm). The mean
and standard deviation are calculated for the absolute value of the
surface error. Min and Max values are represented based on the
minimal signed Euclidean distances calculated between each point
and the optimal fitted shape. (S - Sphere; E - Ellipsoid; TE - Ta-
pered Ellipsoid).
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Fig. 2. 3-D view of the optimally fitted surfaces for the femoral head of asymp-
tomatic, FAI and dysplastic hips. Each point cloud corresponds to the femoral head
of the first subject of each hip population. Surface error color map: points inside
the surface are represented in red; points outside the surface are colored in blue;
remaining points whose distance to the surface is between —1.0 mm and 1.0 mm are
represented in a gray scale; white corresponds to points with surface errors in the
vicinity of 0.0 mm; maximum (+3.4mm) and minimum (-3.4mm) surface errors
computed for all subjects, shapes, and articular surfaces delimit the color map. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article).

ACETABULAR CAVITY
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Fig. 3. Fig. 3. 3-D view of the optimally fitted surfaces for the acetabular cavity of
asymptomatic, FAI and dysplastic hips. Each point cloud corresponds to the acetabu-
lar cavity of the first subject of each hip population. Surface error color map: points
inside the surface are represented in red; points outside the surface are colored
in blue; remaining points whose distance to the surface is between —1.0 mm and
1.0mm are represented in a gray scale; white corresponds to points with surface
errors in the vicinity of 0.0 mm; maximum (+3.4mm) and minimum (-3.4 mm)
surface errors computed for all subjects, shapes, and articular surfaces delimit the
color map. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).

Table 1

Surface fitting errors statistical analysis of the femoral head for each
shape and total number of subjects considered in the study. All met-
rics are represented in millimeters (mm). (S - Sphere; E - Ellipsoid; TE
- Tapered Ellipsoid).

Femoral head

Type # Subjects S E TE
Asymptomatic 20 i 0.653 0.591 0.538
o 0.575 0.544 0.520
Min —3.464 -2.857  —2.831
Max 1592 3.464 3.464
FAI 20 pu 0.521 0.458 0.414
o 0.476 0.445 0.418
Min —3.464 -3.426  -2.874
Max  -2.7x107° 2787 2.892
FAI (cam) 7 " 0.534 0.479 0.431
o 0.489 0.449 0.425
Min —3.461 -3426 -2.874
Max —44x10° 2787 2.672
FAI (pincer) 6 " 0.515 0.478 0.429
o 0.450 0.443 0.415
Min —2.702 -2.624 -2.293
Max  —41x107° 2191 2405
FAI (mixed) 7 i 0.512 0.419 0.385
o 0.485 0.440 0.413
Min —3.464 -3.178 —2.718
Max  —2.7x107> 2525 2.892
Dysplasia 20 0.578 0.459 0.449
o 0.485 0434 0.430
Min —2.850 -2.806 -2.698
Max  2.500 2.776 2.621
Table 2

Surface fitting errors statistical analysis of the acetabular cavity for each shape
and total number of subjects considered in the study. All metrics are repre-
sented in millimeters (mm). (S - Sphere; E - Ellipsoid; TE - Tapered Ellipsoid).

Acetabular cavity

Type # Subjects N E TE
Asymptomatic 20 I 0.789 0.640 0.611
o 0.552 0.508 0.491
Min —3.464 —3.458  —3.449
Max -3.0x107>  2.789 2.943
FAI 20 n 0.742 0.606 0.570
o 0.524 0.479 0.467
Min —3.240 -2980 2726
Max 2301 2.612 2.600
FAI (cam) 7 n 0.773 0.631 0.592
o 0.542 0.497 0.476
Min —3.146 —-2980 -2.684
Max 2301 2.612 2.600
FAI (pincer) 6 0 0.653 0.547 0.525
4 0.482 0.450 0.447
Min -2.774 -2.711 —2.726
Max  0.685 2.317 2.476
FAI (mixed) 7 n 0.788 0.632 0.587
o 0.531 0.480 0.474
Min —3.240 -2.827 -2.622
Max -69x107° 2473 2.538
Dysplasia 20 0 0.740 0.602 0.580
o 0.536 0.488 0.485
Min —3.432 -2.921 —3.001
Max  0.834 2.734 2.605

Table 2 - Surface fitting errors statistical analysis of the acetab-
ular cavity for each shape and total number of subjects considered
in the study. The mean and standard deviation are calculated for
the absolute value of the surface error. Min and Max values are
represented based on the minimal signed Euclidean distances cal-
culated between each point and the optimal fitted shape. All met-
rics are represented in millimeters (mm). (S - Sphere; E - Ellipsoid;
TE - Tapered Ellipsoid).
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Table 3

The p-values relative to the statistical significance of the dif-
ferences between fitting errors for all shape models for the
femoral head and acetabular cavity, using a paired Student
t-test with statistical significance set at p < 0.05. (S - Sphere;
E - Ellipsoid; TE - Tapered Ellipsoid).

Femoral head Acetabular cavity

S<E 0.000
S« TE 0.000
E< TE 0.000
FAI S« E 0.000
S« TE 0.000
E<~ TE 0.005
S<E 0.000
S« TE 0.000
E<~ TE 0.005

S<E 0.000
S« TE  0.609
E<« TE 0.000
S« E 0.000
S« TE  0.000
E<TE 0011
S<E 0.000
S« TE  0.000
E<«TE 0123

Asymptomatic

Dysplasia

Relatively to the femoral head, the paired Student’s t-test used
to corroborate the significance of the statistical analysis revealed
that the differences between the surface fitting parameters of all
pairs of shapes for all conditions were significant (p-value < 0.05)
between sphere <« ellipsoid, sphere < tapered ellipsoid and also
ellipsoid <« tapered ellipsoid shapes for all conditions (Table 3).
Regarding the statistical significance of the differences in sur-
face fitting errors for the acetabular cavity, in the asymptomatic
case, these were significant for the pairs sphere « ellipsoid and
ellipsoid <« tapered ellipsoid. The pair ellipsoid <« tapered el-
lipsoid presented no statistically significant difference. For the
population presenting FAI, the pairs which presented statistical
significance were sphere < ellipsoid and sphere <« tapered ellip-
soid. Finally, subjects with dysplatic hips revealed statistical sig-
nificance between the surface fitting errors of two pairs of shape
models, sphere < ellipsoid and sphere < ellipsoid, while the pair
of shapes ellipsoid < tapered ellipsoid exhibited no statistically
significant difference.

4. Discussion

The conducted morphological study revealed that the adjust-
ment of the spherical shape to the two articular surfaces to be
the worst among the hierarchy of shape models, regardless of the
clinical case. On the other hand, ovoidal shapes approximated well
not only to the femoral head but also to the acetabular cavity,
thus validating MacConaill’s assumption for synovial joint classi-
fication [25]. Results regarding the geometric parameters of the
best-approximated surfaces and the surface fitting errors were
considered reliable, given that their order of magnitude was iden-
tical to results from other morphological studies of the hip joint
[19-23]. This work allowed the comparison of two conditions, re-
vealing that, in general, articular surfaces of hip joints presenting
femoroacetabular impingement approximated better to the tapered
ellipsoidal shape than dysplastic hips.

Transversal to all three conditions and articular joint surfaces,
the following pattern of decreasing surface fitting error arises (i.e.,
from spherical to ovoidal): S > E > TE. Regarding the considered hip
conditions for both femoral head and acetabular cavity, asymp-
tomatic hips have a lesser goodness-of-fit than dysplastic and im-
pinged hips. The FAI presenting population obtained the lowest
values of average values of the surface fitting errors for the sphere
and tapered ellipsoid models. The lowest fitting error belonged to
the fitting of the tapered ellipsoid to the FAI presenting popula-
tion. The dysplastic population followed the same pattern, as did
the asymptomatic, which presented the highest fitting errors of
the three. A careful look into the average error values shows that
dysplastic hips revealed better approximation to all the geometric
primitives than the two remaining populations. In the acetabular
case, the population for which the lowest fitting errors were ob-

tained was the FAI diagnosed one, which is compliant with the re-
sults already seen for the femoral case. Similarly, the shape that fit-
ted the point clouds better for all sets of subjects was the tapered
ellipsoid. Therefore, the main novelty of this work consists of in-
troducing shapes with axial asymmetry into morphological studies
of asymptomatic, impinged and dysplastic hips. In addition, both
articular surfaces of the hip joint were considered.

The major limitation of this work is that more data sets are
required to provide a greater statistical significance; in particu-
lar an equitative number of FAI cases is required to promote a
more fair comparison between cam, pincer, and mixed hips. Nev-
ertheless, the surface fitting error results are at par with other
morphology studies which consider non-spherical shapes to bet-
ter represent femoral and acetabular joint components [19-23].
More importantly, these results question the usefulness of tradi-
tional metrics (e.g., @ angle, center-edge angle, acetabular index of
Tonnis), which describe hip geometry based on the bi-dimensional
shapes (i.e., center-side of Wiberg assumes that the femoral head
is circular), the systematic errors introduced when performing bi-
dimensional measurements could be greater than errors produced
by more reliable surface fitting methods based on ovoidal shapes.
As future work, ovoidal shapes may also inspire software tools to
support ovoidal shape metrics to fabricate personalized endopros-
thesis with ovoidal shapes with subject-specific dimensions and
curvatures. In addition, we expect to extend the surface fitting
framework to also incorporate cartilage surface as this could lead
towards new and interesting questions regarding the correlation
between cartilaginous surface and bony surface, namely, If carti-
lage thickness compensates the lack of bony asphericity or simply
follows the underlying bony shape, and if this hypothetic correla-
tion is consistent between healthy and unhealthy hips.
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CHAPTER 5.2

This chapter is based on the following paper:

“Can we discriminate symptomatic hip patients from asymptomatic volunteers based on
anatomical predictors? - A 3D MRI Study On Cam, Pincer And Spinopelvic Parameters”
American Journal of Sports Medicine 2018/247254
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Abstract

Can We Discriminate Symptomatic Hip
Patients From Asymptomatic Volunteers
Based on Anatomic Predictors?

A 3-Dimensional Magnetic Resonance Study
on Cam, Pincer, and Spinopelvic Parameters

Vasco V. Mascarenhas,*’ MD, MSc, MBA, Paulo Rego,* MD, PhD, Pedro Dantas,® MD,
Anténio P. Caetano,! MD, Lennart Jans,¥ MD, PhD, Reto Sutter,” MD,

Rui Mateus Marques,* MD, PhD, Olufemi R. Ayeni,’" MD, PhD,

and J. Guimarades Consciéncia,”™ MD, PhD

Investigation performed at Hospital da Luz, Lisbon, Portugal

Background: Given the high prevalence of patients with hip deformities and no ongoing hip dysfunction, understanding the ana-
tomic factors predicting the symptomatic state is critical. One such variable is how the spinopelvic parameters (SPPs) may inter-
play with hip anatomic factors.

Hypothesis/Purpose: SPPs and femoral- and acetabular-specific parameters may predict which patients will become symptom-
atic. The purpose was to determine which anatomic characteristics with specific cutoffs were associated with hip symptom devel-
opment and how these parameters relate to each other.

Study Design: Cohort study (Diagnosis); Level of evidence, 2.

Methods: 548 participants were designated either symptomatic patients (n = 176, scheduled for surgery with hip pain and/or
functional limitation) or asymptomatic volunteers (n = 372, no pain) and underwent 3-dimensional magnetic resonance imaging.
Multiple femoral (a angle, Q) angle, neck angle, torsion), acetabular (version, coverage), and spinopelvic (pelvic tilt, sacral slope
[SS], pelvic incidence) parameters were measured semiautomatically. Normative values, optimal differentiating thresholds, and
a logistic regression analysis were computed.

Results: Symptomatic patients had larger cam deformities (defined by increased () angle and a angle), smaller acetabular cov-
erage, and larger pelvic incidence and SS angles compared with the asymptomatic volunteers. Discriminant receiver operating
characteristic analysis confirmed that radial 2-o’clock « angle (threshold 58°-60°, sensitivity 75%-60%, specificity 80%-84%;
area under the curve [AUC] = 0.831), ) angle (threshold 43°, sensitivity 72%, specificity 70%; AUC = 0.830), acetabular inclination
(threshold 6°, sensitivity 65%, specificity 70%; AUC = 0.709), and SS (threshold 44°, sensitivity 72%, specificity 75%; AUC =
0.801) (P < .005) were the best parameters to classify participants. When parameters were entered into a logistic regression, sig-
nificant positive predictors for the symptomatic patients were achieved for SS, acetabular inclination, () angle, and « angle at
2-o’clock, correctly classifying 85% of cases (model sensitivity 72%, specificity 91%; AUC = 0.919).

Conclusion: Complex dynamic interplay exists between the hip and SPPs. A cam deformity, acetabular undercoverage, and
increased SPP angles are predictive of a hip symptomatic state. SPPs were significant to discriminate between participants
and were important in combination with other hip deformities. Symptomatic patients can be effectively differentiated from asymp-
tomatic volunteers based on predictive anatomic factors.

Keywords: hip; femoroacetabular impingement; spinopelvic; reference values

Femoroacetabular impingement (FAI) syndrome, a motion-
related hip disorder with specific symptoms, clinical signs,
and imaging findings,'® originates from contact between

) o the acetabulum and the proximal femur. Because not all
Zg$sé4néf;§?§oégggﬁlom Sports Medicine hips with cam or pincer morphology are symptomatic®%>3
DOI: 10.1177/0363546518800825 or develop degenerative changes,? it is critical to distin-
© 2018 The Author(s) guish between patients with FAI syndrome and healthy
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subjects whose osseous structure is merely abnormal. The
hip joints are part of the bony pelvis that moves around the
bicoxofemoral axis, leading to dynamic tilting in different
functional situations.*” This suggests the need to consider
the relationship between hip disease or injury and individ-
ual spinopelvic interactions.

Early diagnosis and imaging of the relevant bony struc-
ture with adequate guidance for treatment are essential,
because FAI syndrome has been associated with functional
impairment, irreversible cartilage damage, and premature
osteoarthritis (OA).! High-priority issues to define the natu-
ral history of FAI syndrome include establishing morpholog-
ical factors to predict who will develop hip symptoms and
establishing a precise definition of FAI syndrome.'® Concur-
rently, other factors are increasingly recognized as contribu-
tors to the dynamic pathological process, among which
spinopelvic parameters (SPPs) are considered to be funda-
mental indicators of pelvic alignment and sagittal function.*’

Several quantitative measurements for cam and pincer
morphology have been proposed,3+4%5%53 bhut the o angle*?
and lateral center edge angle (LCEA)®® are most commonly
used.? For pelvic radiographs and other modalities, an a-
angle threshold of 55° to 60° is generally used,**°
although with important limitations,?*®° underlining the
need for more research to validate the presence and
interchangeability of a cam deformity diagnosis between
different modalities. This is particularly challenging for
the acetabulum, which has many variations on its hemi-
spherical size, shape, and structure, as well as rim contour
irregularities and orientation abnormalities.?”*> Again,
the most appropriate measurements and accompanying
threshold values remain to be defined.®?

SPPs such as pelvic incidence® (PI) have recently been
associated with specific hip morphologic features!'®2335
and OA.' PI is a fixed individual angle regarded as a pri-
mary axis of spinopelvic sagittal balance.*” Decreased PI
has been associated with FAI morphology'®*”; however,
other studies reported opposite observations, namely that
increased PI is associated with cam morphology.'®?? Inter-
estingly, increased prevalence of OA has also been linked
with higher PI.!* Therefore, it is still unknown whether
and how SPPs influence hip disease and injury.

Regarding diagnostic methods, it is accepted that further
research is needed to provide insight on the utility of imag-
ing in this setting.'® Conventional radiographs have been
tested in different views>®3; however, characterization of
the hip is more accurate with computed tomography (CT)

The American Journal of Sports Medicine

and magnetic resonance imaging (MRI).> In fact, cross-
sectional imaging provides a 3-dimensional (3D) perspective
of the hip bone,?5%%® which allows for a more precise defini-
tion of the nature, location, and extent of morphological
abnormalities.>®° Accurate assessment of the hip with quan-
titative imaging is critical for early diagnosis, providing
a means for standardization and reducing variability.'%34

This study’s purpose is to evaluate the morphological
distinction between patients with hip pain and asymptom-
atic volunteers®® by using semiautomated 3D MRI. Addi-
tionally, our study focuses on the application of this
morphometric analysis for evaluating FAI and spinopelvic
relations, which has not been previously described.

Using a 3D MRI technique, this study aims to (A) pro-
vide hip and spinopelvic normative measurements in
asymptomatic volunteers and symptomatic patients, (B)
objectively compare pathoanatomic characteristics in these
populations, and (C) develop potential distinguishing
threshold values to differentiate these populations by
ascertaining which parameters are most useful and how
they should be used to achieve best results.

METHODS
Study Population

This prospective case-control study was approved by the
institutional review board (nr.61/2014/CEFCM). All indi-
viduals signed informed consent. Consecutive asymptom-
atic volunteers and symptomatic patients undergoing hip
surgery were enrolled. All symptomatic patients were iden-
tified and matched for age and sex in a 1:2 enrollment ratio
with a group of asymptomatic volunteers (Figure 1).

The asymptomatic volunteer group was recruited
among consecutive adult patients undergoing MRI at mul-
tiple centers from our health group for abdominal or uro-
genital indications. All eligible participants completed the
nonarthritic hip score questionnaire® and another ques-
tionnaire regarding demographics and clinical history
(including current or past hip or groin pain, orthopaedic
conditions, childhood hip disease and/or hip trauma).
Exclusion criteria included (1) subjects older than 50 and
younger than 15 years; (2) all subjects with less than the
maximum possible nonarthritic hip score (100); (3) positive
answer to 1 or more of the other hip-related questions; (4)
MRI signs of OA or other hip pathologies (defined as the

*Address correspondence to Vasco Vogado Mascarenhas, MD, MSc, MBA, MSK Imaging Unit (UIME), Imaging Center, Hospital da Luz, Rua Artilharia
Um, 71-77 Lt 6 Bloco A 3, 1250-039 Lisbon, Portugal (email: mascarenhas.vasco@gmail.com).
fMSK Imaging Unit (UIME), Imaging Center, Hospital da Luz, Lisbon, Portugal.

*Department of Orthopaedic Surgery, Hospital da Luz, Lisbon, Portugal.
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*Division of Orthopaedic Surgery, Department of Surgery, McMaster University, Hamilton, Ontario, Canada.
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Patients

261 subjects

Predictors of the Symptomatic Hip 3099

Volunteers

439 subjects

16 subjects

Below 15 years old
& above 50 years old

23 subjects

Positive past history of hip
surgery, pelvic fracture or
known childhood hip
disorder
29 subjects

Positive past history
questionnaire or below
maximum NAHS score
40 subjects

MRI signs of osteoarthritis

40 subjects 4—,

176 subjects
(176 hips)

372 volunteers
(372 hips)

Figure 1. Flow of subjects from cohort inclusion to the final study population.

presence of at least 1 of the following findings: joint-space
narrowing, osteophytes, subchondral bone changes [includ-
ing sclerosis or cysts], fracture, posttraumatic deformity,
Perthes disease, osteonecrosis, slipped femoral epiphysis).
The symptomatic patient group consisted of individuals
who were referred for MRI of the hip by orthopaedic sur-
geons between 2012 and 2017 and with preliminary surgi-
cal indication. Inclusion criteria were age from 15 to 50
years, typical symptoms (persistent groin pain for >3
months in duration), and clinical signs (positive impinge-
ment test)!® of FAL Exclusion criteria were the same as
for the asymptomatic group concerning criteria 1 and 4.

MRI and 3D Model

MRI was performed with the patients in standard supine
position with legs parallel in neutral rotation. The pelvis
was reconstructed with 1-mm-thick slices from the antero-
superior iliac spine to the lesser trochanters.

The assessment used a 3-T system (Magnetom Verio;
Siemens Healthcare); an 8-channel, body matrix, phased-
array surface coil (which was placed over the hip of the
patient); and a 6-channel, spine matrix coil (which was
integrated in the patient examination table). As part of
the routine MRI protocol in patients, a 3D data set of the
whole pelvis was obtained with a sequence consisting of
axial water excitation true fast imaging with steady-state
precession (this was the only sequence performed in the
asymptomatic volunteer group).

Image Analysis

Images were uploaded for analysis and semiautomatically
segmented by use of Articulis (Clinical Graphics), which
was previously validated for reliability and accuracy.*®
One musculoskeletal radiologist (V.V.M., 10 years of

TABLE 1
Summary of Measured Anatomic Parameters

Variables

Femoral Q angle for a 55° a-angle threshold, Q) angle
for a 60° a-angle threshold (deg)

a angle (360° around the femoral head-neck
junction) (deg)

Femoral head and neck diameter (mm)

Cervicodiaphyseal angle (deg)

Femoral version (deg)

Acetabular coverage (anterior, posterior,
and total) (%)

Acetabular version (upper, center) (deg)

Acetabular inclination angle (deg)

Lateral center edge (1-, 12-, 11-0’clock
positions) (deg)

Acetabular cup diameter (mm)

Pelvic incidence (deg)

Pelvic tilt (deg)

Sacral slope (deg)

Acetabular

Spinopelvic

experience) certified that each segmentation contained all
osseous contours and accurate MRI measurements.

The full workflow diagram for automated extraction of
the 3D bone morphology of the hip and measurements
involved (1) an active shape, model-based, bone segmenta-
tion pipeline®® construction of a 3D local coordinate sys-
tem; (2) automatic MRI reformation; and (3) variable
measurements according to a previously published proto-
col® (Table 1).

Femoral Parameters

To determine the () angle, we calculated the clockwise 360°
a angle (according to Notzli et al*?) by using a regression
sphere fit of the femoral head-neck (FHN) junction. Next,
projecting the 360° a angle in a polar plot, we determined
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A

10:00h

11:00h

Superior

12:00h

Anterior

3:00h

Figure 2. (A) a-angle measurements made at different points
around the femoral head-neck junction starting at 9-o’clock
(posterior); 10-, 11-, and 12-o’clock (superior); and 1-, 2-,
and 3-o’clock (anterior). (B) 3D model representing the radial
extension of the cam deformity (curved arrow corresponding
to the Q) angle). (C) Polar plot of the 360° « angle, represent-
ing the O angle (red symbol) for an a-angle threshold of 55°.
The red line represents increased a angles for a given
threshold.

the Q angle®**® (Figure 2). The Q angle is formed by 2 lines
intersecting the center of the femoral neck at the level of the
head-neck junction. The most posterior line posteriorly
intersects the point at which the a angle begins to be abnor-
mal beyond a best-fitting circle and the anterior line at the
point where the a angle returns to normal. Femoral version,
head-neck femoral diameters, and the cervicodiaphyseal
angle were measured semiautomatically. Malversion was
defined as abnormal if less than 10° or more than 25°.3°

Cam-type morphology was defined as an « angle greater
than 55° at any location around the femoral neck,*?
although we considered additional thresholds (namely
65° and 60°).>*

Acetabular Parameters

Acetabular inclination or sourcil angle (ACinc) and version
at the center and upper hemisphere (center and upper
ACvers) were derived from the coordinate frame by the
software comparing it with the anterior pelvic plane
(APP).2% Acetabular craniocaudal coverage (ACcov) was
calculated and determined as a percentage of the femoral
head surface.??

The American Journal of Sports Medicine

The LCEA was measured between the plane of the y-
axis of the pelvis and a line from the center of a regression
sphere in the acetabulum to the osseous acetabular rim,
performed in 30° steps from the 1- to 11-0’clock positions.??

Global pincer-type morphology was considered positive
when we observed any of the following: (1) acetabular depth
3 mm or more (coxa profunda), (2) LCEA greater than 39°,
(3) center ACvers less than 10°, (4) upper ACvers less
than 0° (acetabular retroversion, which also defined the
focal pincer subgroup). Acetabular dysplasia was defined
as LCEA 20° or less; borderline dysplasia was defined as
LCEA more than 20° and less than or equal to 25°31:4:52

Pelvic Parameters

The measurements of interest included PI, sacral slope
(SS), and spinopelvic tilt (SPT) according to a previously
described method.?® After the APP was established, the
left and right hip joint centers were identified in all planes
and aligned by tilting the pelvis in multiplanar reformats
(a line was traced to join the 2 centers and establish the
bicoxofemoral axis). PI and SS were determined, and
SPT was calculated as PI minus SS (Figure 3).

Statistical Analysis

For all parameters, descriptive statistics were calculated.
Quantitative parameters are described by their mean and
standard deviation (SD). Qualitative parameters are
described in numbers and percentages. For the mean com-
parisons, the Student ¢ test was implemented to compare
quantitative variables (if test conditions were not met,
a nonparametric method was used, namely Mann-Whitney
or Wilcoxon test). To evaluate correlation between 2 quan-
titative parameters, Pearson or Spearman -coefficients
were computed. All morphological measurements associ-
ated with the symptomatic state in the receiver operating
characteristic (ROC) curve analysis and univariate analy-
sis with P < .1 were included in a multivariate logistic
regression, with backward selection using the likelihood
ratio test to evaluate associations linking the symptomatic
state to other variables.

Intertechnique (manual measurements and semiauto-
mated analysis), interobserver, and intraobserver coeffi-
cients were identified. The data were concealed, and
some anatomic parameters (SS, SPT, PI, LCEA at 12-
o’clock, sourcil angle, and « angle 1:30-o’clock) were mea-
sured by 2 observers in a subset of 50 symptomatic
patients, with 1 observer performing a second set of read-
ings 2 weeks after the first. A P value of .05 was considered
statistically significant for all analyses. Statistical analy-
ses were performed by use of dedicated software (SPSS
Statistics Version 24; IBM).

RESULTS

Population and Overall Morphologic Findings

The study population consisted of 548 individuals (Table
2): 176 symptomatic patients and 372 weight-, age-, and
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Figure 3. (A) The left hip joint center and right hip joint center (white dots) were located and aligned to determine the bicoxofe-
moral axis as a single point in the sagittal plane (upper right image; white dot). This point (representing the bicoxofemoral axis)
was then connected to the center of the sacral endplate (shaded dot), and additional lines were joined to measure the spinopelvic
tilt, sacral slope, and pelvic incidence. (B) Schematic drawing of measurements of spinopelvic parameters.

TABLE 2
Demographics of the Cohort and Subgroups
Symptomatic Patients Asymptomatic Volunteers Total P Value
n 176 372 548
Age, y, mean = SD 356 9 339 *8 344 + 85 .12
Male, n (%) 88 (50) 186 (50) 264 (50) 2
Body mass index, kg/m?, mean + SD 259 = 4.1 26 + 4.2 26 £ 4 9

sex-matched asymptomatic volunteers (P = .5). The patient
group contained 88 men (mean age, 34.5 years; range, 18-
50 years) and 88 women (mean age, 36.9 years; range, 19-
50 years). The volunteer group contained 186 men (mean
age, 33.8 years; range, 17-50 years) and 186 women
(mean age, 34.0 years; range, 16-50 years).

Cam morphology prevalence varied between 17% and
71% in asymptomatic volunteers and between 47% and
100% in symptomatic patients according to different o-
angle thresholds (65° and 55°, respectively). Conversely,
20% of all asymptomatic volunteers and 32% of symptom-
atic patients had pincer-type morphology (coxa profunda,
19% vs 27%; LCEA >39°, 12% vs 29%; acetabular retrover-
sion, 3% vs 8%, respectively). About one-third of symptom-
atic patients had some degree of acetabular undercoverage
(borderline dysplasia in 74% of those patients) in contrast
to 2.6% in asymptomatic volunteers (Figure 4).

Very good intertechnique, interobserver, and intraob-
server coefficients were identified (0.9-0.95, P < .001).

Femoral Parameters

Mean a angles were largest at the anterosuperior position
(Table 3, Figure 5). The highest mean values of a angle in
symptomatic patients were 66° = 10° at 1:30-o’clock and
63.4° = 9.6° at 2-o’clock; the highest mean value for the
Q) angle was 66.4° = 32.2° (considering a 55° threshold of
the a angle). At the superior quadrants, a angles were
significantly larger in symptomatic patients than in
asymptomatic volunteers (Figure 5). The a angles in asymp-
tomatic volunteers were 56.6° = 7.1° at 1:30-0’clock and
53.8° = 5.7° at 2-o’clock (P = .001, symptomatic patients
vs asymptomatic volunteers). The magnitude of the mean
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Prevalence of Deformities (Total patients and volunteers)

alpha>55° alpha>60° alpha>65° Global Pincer  Focal Pincer Dysplasia

¥ Volunteers Patients

The American Journal of Sports Medicine

Prevalence of Deformities (breakdown by sex)

89%

o 2%

36% %
n =

alpha>55° alpha>60° alpha>65°  Global Pincer  Focal Pincer Dysplasia

M Female Volunteer ™ Female Patient  ~ Male Volunteer Male Patient

Figure 4. (A) Prevalence of cam morphology (considering a-angle thresholds of 55°, 60°, and 65°) and pincer morphology (global
and focal). Breakdown by categories of abnormality (percentage of total asymptomatic volunteers or symptomatic patients). (B)
Prevalence of cam morphology (considering a-angle thresholds of 55°, 60°, and 65°), pincer morphology (global and focal), and
dysplasia. Breakdown by sex and categories of abnormality (percentage of total symptomatic patients and asymptomatic

volunteers).

differences of o angle was higher between 1- and 2-o’clock
(symptomatic patients’ o angles were 8° to 10° higher
than those in asymptomatic volunteers). Significant positive
correlations (rho = 0.5-0.8; P < .05) were seen between ()-
angle and «-angle measurements at the anterosuperior
quadrants, both in symptomatic patients and in asymptom-
atic volunteers (increasing values of the a angle signifi-
cantly corresponded to higher values of the ) angle).

Mean cam magnitude (Table 4), defined by the radial
extension of the deformity, was significantly greater in
symptomatic patients than in asymptomatic volunteers
(from 0:30- to 2:40-0’clock vs from 0:56- to 1:52-o’clock,
respectively; P = .01). The mean epicenter of the cam defor-
mity was similarly located in symptomatic patients and
asymptomatic volunteers (around 1:30-o’clock; P = .5);
however, it was located significantly more superiorly in
the anterosuperior quadrant for men compared with
women, in both groups (1:24- vs 1:42-0’clock in symptom-
atic patients; P < .001). The mean angular range of radial
extension of cam morphology was translated by a mean ()
angle. The Q) angle for a 55° a-angle threshold was 66° =
25° and 27° = 15° (P = .03) in symptomatic patients and
asymptomatic volunteers, respectively.

The prevalence of decreased femoral version and
increased femoral version was 15% and 25%, respectively,
in the symptomatic patient group, although it was not sig-
nificantly different for asymptomatic volunteers (P = .1).

Acetabular and Spinopelvic Parameters

Symptomatic patients had significantly less total acetabu-
lar coverage than asymptomatic volunteers, resulting in
lower mean total ACcov (70.6% = 5.2% vs 74.5% + 4.9%,
respectively), higher ACinc (7.3° = 5.1° vs 2.9° = 5.4°),
and lower LCEA at 12-o’clock (32.7° = 5.7° vs 35.8° =+
6.8°). Other acetabular parameters revealed significant
differences although with lower mean differences (Table 5).

Concerning SPPs, symptomatic patients had signifi-
cantly more anterior pelvic tilt resulting in higher SS
(40.8° = 6.2° vs 47.8° = 6.2°, respectively; P < .000) and
higher PI (47.2° + 6.6° vs 51.4° = 8°, respectively; P = .004).

PI and SS weakly correlated with upper acetabular
anteversion (rho = —0.3 and —0.25, respectively; P = .04)
and also with a angle at 1:30- and 2-o’clock (rho = 0.3/
0.35 and 0.25/0.3, respectively; P = .04).

On the subgroup analysis, symptomatic hips with cam
morphology had a greater amount of PI and SS (52° += 8°
and 48° * 6° P = .000) compared with individuals with
asymptomatic cam morphology (45° = 6° and 41° * 5°)
and controls, defined as asymptomatic subjects without
cam morphology (48° + 6° and 41° * 7°). Pelvic tilt was
only different between the control and cam groups (Table 6).

ROC Curve Analysis

ROC curve analysis showed that discrimination between
symptomatic patients and asymptomatic volunteers was
better achieved with () angle, « angle at 2-o’clock, sacral
slope, and, to a lesser extent, ACinc, a angle at 2:30-0’clock,
and a angle at 3-o’clock (Tables 3 and 5, Figure 6). The
largest area under the curve (AUC) was obtained for fem-
oral variables, specifically for the a angle at 2-o’clock posi-
tion and the () angle (AUC = 0.831 and 0.830, respectively)
and also for sacral slope (AUC = 0.801). A 55° a-angle
threshold at 2-o’clock resulted in a sensitivity of 88% and
a specificity of 70%. When the a-angle threshold value
was increased to 58° to 60°, a sensitivity of 75% to 60%
and specificity of 80% to 84% were obtained.

On the acetabular side, the only acceptable discriminat-
ing factor was ACinc with 6° as the best discriminating
value, favoring specificity (Figure 6).

In males, the best discriminating factor was () angle
and sacral slope with an AUC of 0.828 and 0.829,
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TABLE 3
Femoral Side Morphometric Quantitative Measurements

Asymptomatic Volunteers® Symptomatic Patients® P Value Area Under the Curve
Q angle for a 55° a-angle threshold 27.7 + 245 66.4 + 32.2 .000 0.830
Male 37.3 = 23.8 75.2 £ 32.3 .000 0.832
Female 19.1 = 21.9 57.6 £ 29.9 .000 0.847
Q angle for a 60° a-angle threshold 12.2 = 19 40 + 35 .000 0.755
Male 19.1 = 229 49.1 = 32.7 .000 0.771
Female 6.1 +11.8 30.9 = 35.2 .000 0.758
« angle 9-0’clock, deg 443 + 5.1 444 + 6 .583 0.515
Male 452 + 4 44.2 = 6.3 .076 0.431
Female 434 = 5.8 455 £ 5.4 .036 0.578
« angle 12-o’clock, deg 449 £ 7.2 49.4 = 13 .000 0.617
Male 48 = 8.5 499 = 12 278 0.524
Female 42.2 + 4.1 48.8 = 13.9 .000 0.690
« angle 00:30-o’clock, deg 50 = 8.9 56 + 14 .000 0.643
Male 54.3 = 10.2 59 = 13.6 .005 0.610
Female 46.2 = 5.1 52.9 = 134 .000 0.676
« angle 1-o’clock, deg 54.6 = 8.8 62.4 = 12.8 .000 0.697
Male 59 9.2 66.2 + 12.6 .000 0.676
Female 50.7 = 6.3 58.4 = 11.9 .000 0.718
« angle 1:30-0’clock, deg 56.6 = 7.1 66 = 10 .000 0.788
Male 59.4 = 7.2 68.2 + 9.5 .000 0.778
Female 54.1 = 6.1 63.8 9.9 .000 0.801
« angle 2-o’clock, deg 53.8 = 5.7 63.4 = 9.6 .000 0.831
Male 54.7 £ 6.2 64.3 = 9.6 .000 0.811
Female 53 £ 5.1 624 = 9.5 .000 0.858
a angle 2:30-0’clock, deg 49 £ 5.6 57.6 = 9.7 .000 0.780
Male 48.9 £ 5.8 58.4 + 11 .000 0.797
Female 49.1 = 54 56.9 £ 9.3 .000 0.755
a angle 3-o’clock, deg 46.2 + 5.8 53.2 = 9.2 .000 0.764
Male 449 = 5.7 539 = 9.9 .000 0.782
Female 45.3 £ 5.8 52.5 £ 8.6 .000 0.741
Femoral head diameter, mm 445 + 4 45.7 + 4.3 .003 0.559
Male 47.8 + 2.6 49.2 = 2.7 .000 0.631
Female 415 £ 2.2 42.1 = 2.3 .012 0.597
Cervicodiaphyseal angle, deg 130.5 = 5.7 1295 =74 .004 0.432
Male 129 = 5 129.6 = 9.3 .545 0.500
Female 131.7 £ 5.6 129.3 = 4.7 .000 0.360
Femoral neck version, deg 12 = 5.8 11.1 £ 85 947 0.498
Male 12.1 = 5.7 11.1 = 8.3 944 0.497
Female 12 = 5.8 11.1 = 8.7 948 0.499

“Results expressed as mean *= SD.

respectively. An ()-angle cutoff value of 50° achieved a sen-
sitivity and specificity of 75%. In females, the best discrim-
inating factor was « angle at 2-o’clock position with an
AUC of 0.858. A cutoff value of 57° achieved a sensitivity
and specificity of 82%.

Multivariate Logistic Regression

A logistic regression was performed to ascertain the effects
of sex, acetabular factors (considering ACinc, ACcov total,
LCEA at 12-o’clock), femoral variables (considering femo-
ral head diameter, () angle for a 55° a-angle threshold, «
angle at 2-o’clock), and SPPs (sacral slope) on the likeli-
hood that participants were symptomatic (Table 7). The
model was statistically significant (x> = 327.27, P <
.0005), explained 64.0% (Nagelkerke R?) of the variance

in symptomatic status, and correctly classified 85% of
cases. Sensitivity and specificity of the model were 72%
and 91%, respectively, with an accuracy of 85% and AUC
of 0.919 (range, 0.896-0.942), which accounts for an excel-
lent discriminative model.

DISCUSSION

In this study, we assessed the usefulness of combined ace-
tabular, femoral, and spinopelvic measurements based on
3D MRIs in distinguishing between patients with FAI syn-
drome and asymptomatic volunteers. Our data build on
previously reported normative hip®*>* and spinopelvic
data.'®3%47 To the best of our knowledge, our study
included the largest cohort of asymptomatic volunteers
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Figure 5. Radar map of mean circumferential a angles at every degree of the femoral head-neck junction. Left, all participants
(blue line corresponds to asymptomatic volunteers; red line corresponds to symptomatic patients). Middle, male subjects only.
Right, female subjects only. 1 corresponds to 12-o’clock position; 89 corresponds to 3-o’clock position.

TABLE

4

Asymptomatic Volunteers’ and Symptomatic Patients’ Mean Epicenter Position and Mean a Angle at That Point®

Epicenter Position

Mean a Angles at Epicenter

Extension () Angle)

Asymptomatic Symptomatic Asymptomatic Symptomatic Asymptomatic Symptomatic
Volunteers Patients Volunteers Patients Volunteers Patients

Mean all 1:24 (42°) 1:30 (45°) 57° 66° 0:56-1:52 (27°) (Z? 0:30-2:40 (66°)

Males 1:14 (37°) 1:24 (42°) 60° 69° 0:34-1:54 (37°) (E? 0:20-2:48 (75°)

Females 1:38 (49°) 1:42 (51°) 55° 64° 1:26-1:50 (19°) (2; 0:50-2:42 (57°)

“The mean epicenter position is the point of the highest a angle; the position is registered in clockface position and corresponding degree

location in parentheses (considering 0° the 12-o’clock position and 90° the

3-0’clock position). The Extension column provides the total mean

range of cam deformity (radial extension); the values represent range in clockface positions and corresponding angular extension ({) angle in

parentheses).

and symptomatic hip patients with all FAI types and insta-
bility-related morphologies assessed by use of semiauto-
mated 3D MRI.

Population, Method, and Controversies

Since the recent advances in knowledge regarding FAI
syndrome, the real concern about overdiagnosing and

overtreating of this entity closely relates to the discussion
about the measurement techniques, diagnostic criteria,
and case definitions.'® A population model with a substan-
tial overlap between the healthy and diseased group seems
to be the case for FAI?® emphasizing that a thorough diag-
nostic integrated approach is critical.’® It is paramount to
recognize that the two basic mechanisms of FAI offer over-
ly simplistic explanations of this hip condition. They often
occur in addition to other complex conditions such as hip
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TABLE 5
Acetabular Side and Spinopelvic Morphometric Quantitative Measurements®

Asymptomatic Volunteers® Symptomatic Patients® P Value Area Under the Curve
Acetabular coverage total, % 745 + 4.9 70.6 + 5.2 .000 0.290
Male 74.1 * 4.6 69.8 = 4.8 .000 0.232
Female 74.7 £ 5.2 714 £53 .000 0.333
Acetabular version center, deg 20.9 = 5.2 21.9 = 6.3 .028 0.558
Male 17.8 = 4.6 19.8 = 6.3 .001 0.621
Female 23.6 = 4 24 5.6 461 0.527
Acetabular version upper, deg 211+ 8 18.6 + 9.5 .005 0.425
Male 179 = 8.2 16.1 = 11 428 0.470
Female 23.9 £ 6.7 21 6.8 .001 0.377
Acetabular cup diameter, mm 48 + 4 499 = 4.3 .000 0.614
Male 514 £ 24 53.3 £ 29 .000 0.683
Female 45.1 = 2.7 46.6 = 2.5 .000 0.665
Sourcil angle, deg 29 £ 54 7.3 +51 .000 0.715
Male 2 +48 7.6 =53 .000 0.779
Female 3.7 £ 5.8 6.9 + 4.9 .000 0.656
LCEA at 1-o’clock, deg 26.1 =179 241 £ 74 .003 0.421
Male 28.5 = 7.2 24.3 + 8.4 .000 0.319
Female 239 =179 23.8 + 6.3 .803 0.509
LCEA at 12-o’clock, deg 35.8 £ 6.8 32.7 £ 5.7 .000 0.347
Male 36.4 = 5.6 324 59 .000 0.283
Female 35.2 = 7.7 32.8 £ 5.4 .009 0.403
LCEA at 11-o’clock, deg 334 £ 73 30.2 £ 6.3 .000 0.367
Male 33 £6.2 29 + 5.5 .000 0.329
Female 33.8 = 8.1 314 = 6.8 .011 0.405
Sacral slope, deg 40.8 = 6.2 47.8 = 6.2 .000 0.801
Male 39.3 £ 7.5 485 = 7 .000 0.829
Female 422 + 4.1 47 £ 5.7 .000 0.777
Pelvic incidence, deg 47.2 + 6.6 514 + 8 .004 0.634
Male 458 = 7 53.3 = 8.2 .000 0.744
Female 485 + 6 493 £ 7.8 .825 0.515
Pelvic tilt, deg 636 3.7+54 011 0.384
Male 64 *+6 49 + 5.3 417 0.449
Female 6.3+ 6 22*+6 .006 0.313

“LCEA, lateral center edge angle.
®Results expressed as mean + SD.

dysplasia, version abnormalities,?® and other extra-articu-
lar factors (such as SPPs, extreme range of motion, and
sports participation).’® Thus, a comprehensive and com-
bined analysis of hip pathomorphologic features is needed
to help further our understanding of this complex 3-dimen-
sional pathologic process.

Prior studies comparing asymptomatic volunteers and
symptomatic hip patients have primarily used conven-
tional radiographs to characterize the hip.%2® However,
several other studies reported poor reliability for defin-
ing hip pathomorphologic features with conventional
radiographs and improved accuracy with CT and
MRI.1*! With recent developments of MRI and 3D
imaging, attention has turned to the unique capability
of determining bone and soft tissue abnormalities in
one examination. Advantages of this specific method
have been outlined in several studies,%3%%46% including
improved diagnosis and monitoring, accurate spatial
visualization of the joint, and reduced variability in clin-
ical research.

Logistic Regression Model

The hip should not be studied in isolation, given the value
of femoral and acetabular components as well as extra-
articular contributors such as SPPs.'®234757 Interestingly,
our model clearly showed the complex interplay between
these components. The likelihood of symptomatic disease
doubled for an (-angle increase of 20° or an «-angle
increase of 8° to 9° (measured at 2-o’clock). Accordingly,
higher femoral diameters were somewhat protective
against symptomatic disease, which demonstrates the
importance of FHN morphologic characteristics rather
than femoral head size in FAI disease.

The symptomatic state was also more associated with
decreasing superior acetabular coverage (decreasing LCEA
at 12-o’clock and increasing ACinc [>6° AUC = 0.715])
than with pincer morphology (which paradoxically showed
a tendency to protect against the development of the symp-
tomatic state). Likelihood of symptomatic disease doubled
with a 7° increase in ACinc in line with the findings of
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TABLE 6
Spinopelvic Parameters for the Whole Cohort and as Per Group

95% Confidence Interval for Mean

Lower Bound

Mean SD Upper Bound P Value
Sacral slope
Control® 40.5 6.6 38.9 42.2
Asymptomatic cam 414 5.3 394 43.4
Symptomatic cam 48.2 6.5 46.3 49.9 .000°
Total 43.4 7.2 42.2 44.5
Pelvic incidence
Control 48 6.7 46.3 49.6
Asymptomatic cam 45.2 6 429 475
Symptomatic cam 52.1 8.2 49.8 54.3 .000°¢
Total 48.9 7.6 47.7 50.1
Pelvic tilt
Control 7.5 6.3 5.9 9
Asymptomatic cam 3.6 4 2.1 5.2
Symptomatic cam 4.1 5.6 2.5 5.6 .06
Total 5.5 5.9 4.6 6.5

““Controls” were asymptomatic subjects without cam morphology.

*Between groups.
‘Within groups (namely symptomatic cam and other groups).

dysplasia as a major factor in OA development,? suggesting
a delicate balance regarding impingement and instability.>%®
Undercoverage may cause higher joint contact pressures
and subsequent degeneration of the articular cartilage result-
ing from static overload.>® Acetabular overcoverage may lead
to early pathological contact between the overcovering acetab-
ulum and the FHN junction. This can lead to chondrolabral
damage as a result of a more dynamic conflict at the acetabu-
lar rim.?! Previous research showed an increased risk for OA
with pincer morphology,’>'” whereas other epidemiological
studies found no association or even suggested a protective
effect for the development of OA 25374155 Conversely, recent
prospective epidemiological studies have supported that
even mild acetabular dysplasia is in fact associated with
increased risk of OA,25° concordant with our findings. Never-
theless, further prospective research with larger samples is
important to further address this issue.

Concerning SPPs, a role in symptomatic hip disease is
suggested by the increasing likelihood of symptomatic
state with increasing SS (which is a dynamic parameter),
consistent with recent reports.'3°

Femoral Parameters

The large prevalence (71%) of cam-type deformities in our
asymptomatic population is in accordance with the previ-
ous literature'?%23* using an o angle greater than 55°
measured with different imaging techniques (cam-type
deformities were detected with CT?* in 74% of asymptom-
atic volunteers and with MRI in 24%% to 34%2°). This fur-
ther stresses that although cam morphology is a known
risk factor for OA,! it is not the exception but the rule in
both populations.

Regarding cam morphology, distinguishing between
symptomatic patients and asymptomatic volunteers was

best done by measuring the a angle at 2-o’clock position
(58°) and the Q angle (43°). ROC curve analysis results
also showed that the maximal a angle from 1- to 3-o’clock
can be used for patient identification, with an AUC greater
than 0.750. Although patient identification was also possi-
ble at other femoral positions, the AUC was less favorable
at these positions.

Published reference intervals of hip morphometric
measurements, in both symptomatic patients and asymp-
tomatic volunteers, raise concerns about normal thresh-
olds, as it becomes clear that reference standards should
incorporate both higher sensitivity and specificity.?® The
use of a angle is controversial due to its moderate repro-
ducibility, its moderate discriminative ability,**®° and
the lack of conclusive data on ideal threshold values.?3%9
Reference intervals usually derive from mean values (=1
SD or +2 SD?4) and assume a normal distribution of a cer-
tain variable, often lacking specificity, which further
increases the natural overlap between populations.

Examples of a conservative approach include the recently
proposed a-angle upper-limit reference intervals of 60° for
the 12- and 3-o’clock positions and 65° to 70° for the 1- and
1:30-0’clock positions.?? This is in agreement with Agricola
et al,® who used conventional radiographs (and also mea-
sured a angle at the 12-o’clock position), and Golfam et
al,’® who used MRI (and suggested increasing the thresholds
to 63° at 3-o’clock and 66° at 1:30-0’clock). These results are
certainly adequate for identifying a definitive pathological «
angle, although with considerable loss of sensitivity. Our
results show that a cam deformity extending over half the
anterosuperior quadrant (corresponding to an () angle of
45°, AUC = 0.830) or with a-angle measurements of 57° to
60° (at the 1:30- to 2-o’clock positions; AUC = 0.788-0.831)
is probably symptomatic. Sutter et al?*® found a similar
AUC (0.790-0.820) for the best a-angle measurement point.
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OPTIMAL SENSITIVITY SPECIFICITY AUC
THRESHOLD
Omega 55
Total 43° 72 70 0,830
Male 50° 75 75 0,828
Female 36° 81 76 0,847
Alpha 1:30
Total 60° 72 75 0,788
Male 62° 70 70 0,781
Female 57° 81 70 0,801
Alpha 2:00
Total 58° 75 80 0,831
Male 58° 77 75 0,809
Female 57° 81 82 0,858
Alpha 2:30
Total 53° 67 80 0,780
Male 55° 68 86 0,796
Female 52 77 72 0,755
Alpha 3:00
Total 50° 62 82 0,764
Male 50° 61 87 0,782
Female 48° 72 72 0,741
Sourcil Angle
Total 6° 65 70 0,709
Male 5° 65 75 0,779
Female 6° 70 60 0,656
Sacral Slope
Total a4° 72 75 0,801
Male 44° 71 80 0,829
Female 44° 73 71 0,770
Pelvic Incidence
Total 50° 60 60 0,634
Male 50° 70 71 0,744
Female 50° 50 50 0,506

Figure 6. (A) Receiver operating characteristic (ROC) curve analysis of most significant femoral and acetabular parameters for
discrimination between symptomatic patients and asymptomatic volunteers showed the largest area under the curve (AUC) for
the a angle at the 2-o’clock position (red line). Discrimination power was smaller for the other positions and parameters, with
decreasing AUC for the a angle at 2:30-o’clock position (green line), the Q) angle for a 55° a-angle threshold (blue line), and
the sourcil angle (acetabular inclination) (purple line). (B) ROC curves for spinopelvic parameters for discrimination between symp-
tomatic patients and asymptomatic volunteers showed the largest AUC for the sacral slope (red line). (C) Output of ROC curve
analysis with AUC as an indication of predictive power. Optimum threshold is the level with highest combination of sensitivity

and specificity.

Increasing the threshold for an abnormal « angle while
considering its discriminative ability would improve its
value as a diagnostic test. Therefore, we suggest reconsi-
dering the threshold of abnormal a angle in the setting of
a diagnostic test to incorporate higher discriminative
power. An «a angle of 57° to 60° measured at 1:00-, 1:30-,
and 2-o’clock and 50° at 3-o’clock would optimize discrimi-
native power while favoring specificity (Table 6).

Femoral malversion was similar to previous reported
prevalence, which ranged from 13%'! to 24%2® for dimin-
ished version (<5°) and from 15%° to 34%” for increased
version (>20°).

These results underline that (a) analyzing deformities of
the femoral head with 3D imaging or at least radial images
is paramount, rather than only measuring the a angle at
the anterior position®?; and (b) the o angle should be set
according to specific location and sex®* (Figure 6).

Acetabular and Spinopelvic Parameters

Dysplasia and pincer morphology are 2 distinct pathologic
forms resulting in clinically different pathomechanisms,
static overload or dynamic conflict.2
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TABLE 7
Output From Multivariate Logistic Regression
Analysis of Variables on the Likelihood
That Participants Were Symptomatic

Variables B Significance Exp(B)
Sex -0.819 .060 0.441
Sacral slope 0.466 .000 1.252
Acetabular inclination 0.131 .001 1.141
Lateral center edge angle -0.185 .000 0.831
Q angle for a 55° a-angle threshold 0.054 .000 1.055
« angle at 2-o’clock 0.108 .001 1.114
Femoral head diameter —0.458 .000 0.633
Acetabular coverage total -0.183 .003 0.801

The goal of arthroscopy for pincer FAI is generally
accepted as correcting the impingement while not causing
iatrogenic dysplasia or acute instability.2® However, there
are no agreed-upon measurements to assess the location
and extent of correction. LCEA is the only measurement
thoroughly researched for perioperative value,?? although
pincer morphology often extends more medially and
posterolaterally.??

The relatively high reported prevalence of pincer morphol-
ogy in asymptomatic (57%-67%) and symptomatic (28%-54%)
individuals may be confounded in several ways,'®%* given
that radiographic parameters such as the crossover sign
and posterior wall sign have shown poor diagnostic reliabil-
ity.21% We observed that approximately 33% of symptomatic
patients and 20% of asymptomatic volunteers had pincer
morphology, which we believe is a more accurate estimate
of the real prevalence given the method used.

Cranial retroversion was uncommon although signifi-
cantly more prevalent in symptomatic patients (8% vs
2.6%), in agreement with radiographic differences seen in
previous studies'® although with different frequencies noted
(20% among patients with hip OA vs 5% among the general
population). Symptomatic males more often had cranial ret-
roversion than did females (7% vs 1%), consistent with a pre-
vious study®” but divergent from the report by Tannenbaum
et al®* (no sex differences noted). Males in both groups had
a clear tendency for a more prominent anterosuperior wall
(anteversion angles were on average 5° lower in males) in
line with previous reports.*>5*

Concerning SPPs, a definitive contribution of these
parameters for a symptomatic hip is suggested by our
data. Briefly, pelvic tilt and SS depend on posture (higher
SS when supine and reduced when standing) and conjointly
compose PI, which is an individual, position-independent
angle. This dynamic “unit” may change in response to pos-
tural changes to maintain the sagittal lumbopelvic bal-
ance.*’” Decreasing values of SS may allow greater
impingement-free hip flexion by effectively reducing femo-
ral coverage anteriorly. Notably, subjects with small PI
have less range to compensate through pelvic movement,
as the ability to alter spinopelvic relation is reduced.*”

The symptomatic group showed larger PI and SS
angles. Recent reports with smaller cohorts examined via
CT'®3 (<70 subjects) found similar results when

The American Journal of Sports Medicine

comparing symptomatic and asymptomatic groups (PI,
53° vs 48°; SS, 47° vs 43°'®). Interestingly, in our study
SS demonstrated higher discriminative power than PI
(SS, 48° vs 41°, AUC = 0.801; PI, 51° vs 47°, AUC =
0.634). Paradoxically, these results are divergent from ini-
tial studies that reported PI to be smaller in hips with
deformities (studies using lateral scout radiographs,?
CT,?® and cadaveric studies'®3?). Notably, the PI and SS
values in our symptomatic patients’ group are similar to
those studies, but our control group values are divergent
(the reported average “pathological” PI of 51.4°°® is within
the range of 44°-60° reported in earlier studies!®2%:3%47),
Our control group had a 2:1 enrollment ratio, which fur-
ther increases the comparative strength of our study. Fur-
thermore, two related cadaveric studies included hips from
the beginning of the previous century and with unknown
symptomatic status.'®?® Last, none of the divergent stud-
ies report body mass index, which is a critical parameter
in sacral development.?® Although it is beyond the scope
of our study to prove causation between cam or pincer mor-
phology and increased SPPs, the association can be estab-
lished as a basis for prospective evaluation. Additionally,
our findings are more consistent with published data on
the association of higher PI and OA.'*

A larger SS is by definition associated with both an
increased anterosuperior acetabular coverage and an ante-
roposterior distance between hip joint centers and the
sacral endplate (presumably resulting in a tighter core pel-
vic and iliopsoas musculature).?® These findings have clin-
ical significance as femoral and acetabular parameters are
static parameters that are not amenable to nonoperative
treatment. Conversely, SPPs may be subject to nonsurgical
treatment, as increasing SPT conceptually increases poste-
rior pelvic tilt and increases the superoanterior femoral
head collision-free range of motion (manageable by nonop-
erative pelvic muscular-focused treatment).'®3°

Limitations

This study has limitations. First, selecting a protocol for this
study may have been subject to bias as our controls were not
selected from healthy volunteers and we used patient survey
information to exclude hip abnormality but did not perform
a clinical hip examination. However, we prospectively
included controls evaluated for nonorthopaedic disease and
excluded all controls with any reported history of hip abnor-
mality or symptoms. Additionally, we excluded any controls
with signs of hip abnormality on MRI so that our cohort com-
prised asymptomatic individuals only. Second, this study
included only partial correlation of semiautomated measure-
ments with traditional manual measurements; such compar-
ison between 2D and 3D MRI methods would be useful but
was not an objective of our study, apart from the fact that
the software used had already been validated for this

purpose.

CONCLUSION AND FUTURE DIRECTIONS

These study’s findings may allow clinicians to
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(a) acknowledge that a cam deformity extending over half
of the anterosuperior quadrant ({) angle ranging from
more than 43° to 45°), a-angle measurements of 57° to
60° (at the 1:30- to 2-0’clock positions), and underco-
verage tendency (acetabular inclination >6°) are pre-
dictive factors of a symptomatic hip;

(b) identify asymptomatic populations with high PI and
high SS as subjects prone to develop symptoms and
conceptually benefiting from muscular strengthening
(as increasing SPT may attempt to tilt the pelvis to
reduce anterior acetabular coverage); and

(c) select adequate surgical indications for symptomatic
hip patients by identifying the most suitable candi-
dates who would initially benefit from nonoperative
management.

Imaging-based evaluation for hip pain should include
the entire pelvis to allow for determination of these param-
eters. Nevertheless, we acknowledge that morphologic fea-
tures alone do not account for the full gamut of hip
symptoms or signs. Intra-articular factors are not the
only factors that lead to FAIL. Extra-articular factors such
as femoral torsion, pelvic morphologic features, and nonan-
atomic factors such as ligamentous laxity need to be con-
sidered as well.

Future research may investigate integrated risk profil-
ing for FAI including key anatomic parameters ({) angle,
« angle, SPPs) combined with other specific biomarkers.
Conceptually, patient-based imaging data can be cross-
linked to population-based data available in biobanks,
enabling a personalized approach.
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4.1 Introduction

Hip arthroscopy has become very popular in the
last decade. Numbers are increasing rapidly
worldwide. More than 11,000 hip arthroscopies
were performed at the English public health sys-
tem from 2002 to 2013. It means an increase of
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more than 700%. Similar numbers were pub-
lished in North America, with an increase of
more than 350% in the period 2004—2009. During
a similar period on the opposite side of the globe,
Korean researches published a twofold increase
between 2007 and 2010. In the midterm, there is
a projected increase of 1388% by 2023 [1].
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4.2  State-of-the-Art Treatment

Due to this increase of hip arthroscopy indica-
tions, it is very interesting to have a look at basic
concepts that could be very useful for the begin-
ners with this technique.

4.2.1 Good Indications

for Hip Arthroscopy

The use of hip arthroscopy has recently developed
and expanded more than in other joints such as the
knee and shoulder. Several contributing factors
are responsible for this delayed development.
Anatomic constraints such as the femoral head
sitting deeply recessed in the acetabulum, as well
as the thick fibrocapsular and muscular envelope
surrounding the hip, preclude large amounts of
distension of the joint. Furthermore, the location
of various neurovascular structures including the
sciatic and lateral femoral cutaneous nerves
makes portal placement in hip arthroscopy more
complicated than in other joints. Moreover, the
conditions for which hip arthroscopy is indicated
such as femoroacetabular impingement (FAI),
labral tears and extra-articular impingement have
historically been poorly recognized and untreated
[2]. Improvements in our understanding of these
conditions about the hip, as well as enhanced
imaging technology and arthroscopic tool devel-
opment, have allowed for the recent expansion of
indications for hip arthroscopic intervention. This
chapter describes the common as well as emerg-
ing indications for hip arthroscopy.

4.2.1.1 Loose Body Removal

Etiologies of loose bodies within the hip joint
include post-traumatic fragments of the femoral
head or acetabulum, synovial chondromatosis,
degenerative joint disease, avascular necrosis,
osteochondritis dissecans, os acetabuli, calcium
deposits inside a labral tear and foreign bodies
such as bullets or pieces of surgical instruments.
The diagnosis of a loose body within the hip joint
involves a combination of patient history, clinical
examination, diagnostic imaging and diagnostic
intra-articular  injections.  Indications  for

arthroscopic removal include failure of nonoper-
ative management after the diagnosis of a loose
body within the joint. Access to the loose body
may present a challenge for removal; however
strategic positioning of portals such as direct
anterior and posterolateral portals to access the
acetabular fossa can improve access [3].

4.2.1.2 Septic Arthritis

The indications for arthroscopic management of
septic arthritis of the hip include clinical, labora-
tory and imaging parameters. Clinical indications
are pain to the anterior groin for less than 1 week,
limited passive and active range of motion of the
hip, inability to bear weight on the joint and/or
pyrexia. Laboratory indications include leukocy-
tosis, an elevated C-reactive protein level, an
elevated erythrocyte sedimentation rate, purulent
material on hip aspiration and/or a positive aspi-
rate culture. When indicated, the arthroscopic
procedure typically includes a thorough irriga-
tion as well as debridement of any damaged or
infected tissue [4].

4.2.1.3 Labral Tears

Labral tears can be traumatic or insidious in
onset, and patients typically present with anterior
groin pain that may radiate to the trochanteric or
gluteal regions [5]. Physical examination
manoeuvres that may indicate intra-articular
pathology include passive log rolling of the
affected leg, as well as the anterior impingement
test. In terms of imaging, MRI is typically the
preferred modality for labral tears as they allow
for visualization of the labrum and surrounding
soft tissues. A gadolinium-based contrast is
added in magnetic resonance arthrography
(MRA) to allow for separation of the labrum
from the capsule, thereby enhancing visualiza-
tion. A rigorous trial of non-surgical modalities
including rest, medications, physical therapy and
therapeutic injections should be completed prior
to pursuing surgical intervention. The goal of sur-
gery is to preserve the functional labral tissue
with selective debridement and refixation of tis-
sue (Fig. 4.1) [5]. A recent systematic review
identified ten studies with a focus on the efficacy
of hip arthroscopy for acetabular labral tears [6].
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Fig.4.1 Arthroscopic repair of a labral tear

Good clinical outcomes have been described for
patients with labral fixation and low-grade chon-
drolabral lesions [6]. Specific clinical hip scores
should be used to evaluate the results after
arthroscopic repair of hip labral injuries. Modified
Harris Hip Score (mHHS), Hip Outcome Score
(HOS), International Hip Outcome Tool 33
(iHOT 33) or Copenhagen Hip and Groin
Outcome Score (HAGOS) are good clinical
scores to measure clinical improvement after hip
arthroscopy in young patients. Arthroscopic
labral reconstruction may be considered in young
and active patients who have undergone prior
labral resection, with an irreparable or degenera-
tive labrum, and a minimum of 2 mm joint space
remaining [7].

4.2.1.4 FAI

The use of hip arthroscopy as a viable treatment
option for FAI has expanded considerably in
recent years. FAI is caused by a mismatch
between the femoral head and acetabulum. Two
subtypes of FAI, cam and pincer, involve abnor-
mal morphologies of the femoral head and ace-
tabular rim, respectively, with most patients
presenting with a combination of these deformi-
ties (Figs. 4.2 and 4.3) [8].

The indications for arthroscopic management
of FAI typically include a combination of pain,
clinical examination findings, positive radio-
graphic findings and diagnostic intra-articular

Fig.4.2 FAI (pincer lesion) on an anteroposterior radio-
graph. (a) Crossover sign. (b) Medialization ischial spine

A BIR

A

Fig. 4.3 FAI (cam lesion) on a frog-leg lateral
radiograph

injections. A positive impingement test was the
commonest clinical examination manoeuvre used
as an indication for surgery. Other special test
manoeuvres such as FADIR (flexion, adduction
and internal rotation), FABER (flexion, abduc-
tion and external rotation) (Fig. 4.4), C-sign and
log roll have been reported to be involved in the
decision-making process as well. Imaging
modalities are important indications for
arthroscopic management of FAI as well. In fact,
it was found that 20% of studies that reported
indications for hip arthroscopy used radiographic
indications alone. The imaging modalities used
include anteroposterior (AP) radiographs alone,
as well as a combination of CT, MRI and
MRA. Radiographic indications include, from
most commonly used to least commonly used,
cam or pincer lesions seen on AP radiographs,
loss of sphericity of the femoral head (pistol-grip
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Fig.4.4 (a) FADIR
(flexion, adduction and
internal rotation) and
(b) FABER manoeuvres

deformity), acetabular retroversion, reduction of
head-neck offset, alpha angle >50° and coxa pro-
funda [9]. The duration of symptoms before con-
sideration of surgical correction is typically
reported as 6 months’ time [9]. Arthroscopic sur-
gical correction involves resection of the femoral
head and neck, trimming of the osseous promi-
nence on the acetabulum and repairing intra-
articular damage such as cartilage and labral
damage.

4.2.1.5 Extra-articular Disorders

The indications for the use of similar techniques
for extra-articular pathology have continued to
expand as well. Conditions include deep gluteal
syndrome, internal snapping hip, external snap-
ping hip and greater trochanteric pain syndrome
[10]. In deep gluteal syndrome, entrapment of the
sciatic nerve in the deep gluteal space causes pain
in the buttock. Management with arthroscopic
techniques involves exploration and decompres-
sion of the sciatic nerve from offending agents
such as the piriformis, hamstring, obturator exter-
nus muscles or post-traumatic scar tissue. In two
large series of 35 and 60 patients with deep glu-
teal syndrome, indications for hip arthroscopy
were largely based on clinical symptoms and
investigations such as imaging to rule out spinal
pathology, diagnostic injections or the identifica-
tion of an offending agent causing impingement
on MRA [11, 12].

Sliding of the iliopsoas over the iliopectineal
ridge or femoral head causes internal snapping
hip. In symptomatic patients, a painful snapping
sensation occurs with exercise. Indications for
surgical management by means of arthroscopy
involve failure of nonoperative management.
First-line treatment consists of a rigorous trial of
non-surgical modalities including rest, nonsteroi-
dal anti-inflammatory drugs (NSAIDs), painkill-
ers, physical therapy and steroid injections [13].
If patients continue to experience symptoms after
nonoperative treatment, hip arthroscopy includ-
ing release of the iliopsoas tendon at the pelvic
brim or at its insertion to the lesser trochanter is
appropriate [14]. Greater trochanteric pain syn-
drome includes a group of disorders at the lateral
aspect of the hip including greater trochanteric
bursitis, external snapping hip and gluteus
medius/minimus tears. External snapping hip is
caused by a thickened posterior iliotibial (IT)
band, tensor fasciae latae or gluteus maximus
sliding over the greater trochanter during flexion
of the hip. First-line treatment for each of these
conditions includes a trial of non-surgical modal-
ities including rest, avoidance of inciting activi-
ties and anti-inflammatory medication and
injections that were diagnostic and therapeutic in
nature [15]. Failure of these nonoperative treat-
ment options is the primary indication for surgi-
cal consideration [10]. Arthroscopic techniques
are now more commonly used than open proce-
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dures, which include bursectomy, gluteus maxi-
mus tenotomy, IT band release, as well as
abductor tendon debridement and repair [16].

4.2.1.6 Traumatic and Atraumatic
Instability of the Hip

After traumatic dislocation of the hip, close
reduction is the gold standard of treatment. If
complete reduction is not achieved, arthroscopic
surgery may be warranted to remove loose bodies
or to manage accompanying labral tears and/or
chondral injuries. Fractures of both the femoral
head and acetabulum can be treated using
arthroscopic-assisted techniques, assuming the
patient is stable. Otherwise, patients with persis-
tent pain and mechanical symptoms due to labral
and/or chondral damage are suitable candidates
for delayed arthroscopic management once stable
[17]. Recently, hip arthroscopy has been consid-
ered for the treatment of recurrent, atraumatic
instability as well. After a trial of nonoperative
management, hip arthroscopy may be indicated
when intra-articular injections provide signifi-
cant relief in symptoms. However, patients
undergoing arthroscopic management often
undergo anatomic labral repair in addition to a
capsule management procedure. Successful
reduction in capsular volume, using either capsu-
lar plication or thermal capsulorrhaphy, is
increasingly being reported. Connective tissue
disorders such as Ehlers—Danlos syndrome that
impact hip function can be treated with a capsular
plication while addressing other concurrent
lesions such as labral tears [18].

4.2.1.7 Arthroscopy in the Setting
of Hip Arthroplasty

Another relatively novel indication for
arthroscopic surgery of the hip involves its use
after arthroplasty of the joint. The most common
indication for arthroscopy in the setting of
arthroplasty is in the management of patients
with iliopsoas tendinopathy, commonly after a
diagnostic injection of the iliopsoas tendon
sheath. The second most common indication of
this procedure in patients with a prior hip arthro-
plasty is to help with the diagnosis of persistent
hip or groin pain [19].

4.2.1.8 Relative Contraindications
Although hip arthroscopy continues to expand
with respect to its indications, contraindications
to its use include patients with severe OA of the
hip. Patients with no OA have substantially better
pain and functional outcomes after hip arthros-
copy than those with OA [20]. While medical his-
tory and physical examination may provide some
indication as to when the extent of the OA has
exceeded the allowable threshold, no definitive
criteria have been established using these param-
eters. However, a recent systematic review has
found that patients with radiographic parameters
such as Tonnis grade 1 or higher or a joint space
of 2 mm or less receive less benefit from hip
arthroscopy and are more likely to ultimately
covert to a total hip arthroplasty [21]. Other rela-
tive contraindications due to difficulties accessing
the hip joint arthroscopically include obesity and
significant bony deformities such as acetabular
protrusio and severe heterotrophic ossification.

4.2.2 How to Best Learn Hip
Arthroscopy: Dealing
with the Learning Curve

Hip arthroscopy has been steadily gaining popu-
larity since the 1970s and has seen a growth of
magnanimous proportion in the last decade [22].
The concept of femoroacetabular impingement
(FAI) was introduced in the late 1990s, and since
then the number of publications relating to this
subject has increased immensely [23]. FAI can be
broadly classified into two types, cam and pincer;
however, a majority of patients have a combina-
tion of both with one being a major abnormality
[23]. Nonoperative measures to treat FAI include
activity modification, analgesia and physiother-
apy [23]. Ganz et al. proposed that early opera-
tive treatment of FAI led to slow the progression
of arthritis in the hip joint [8]. Operative treat-
ment primarily aims to treat the anatomical
abnormality improving the clearance of motion
of the hip joint and preventing abutment between
the acetabular rim and femoral neck and second-
arily to address the soft tissue damage caused by
the impingement lesion [8]. The safe surgical
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dislocation with the trochanteric flip osteotomy
was popularized by Ganz as a measure to address
FAI, and of late, hip arthroscopy has become
increasingly popular to achieve the same surgical
goals [24]. On the other hand, in case of hip dys-
plasia, the surgical options available are either
hip arthroscopy or periacetabular osteotomy for
acetabular undercoverage. In addition to FAI and
hip dysplasia, indications for hip arthroscopy
include acetabular labral tears, ligamentum teres
injuries, chondral defects in the hip joint, septic
arthritis of the hip, loose bodies and synovial
abnormalities of the hip and extra-articular indi-
cations such as snapping hip, trochanteric bursitis
and gluteus medius tears, and the list keeps
expanding [25]. This coupled with the fact that
the risk of complications is around 3% makes the
procedure attractive. However, it has a steep
learning curve and is certainly not one for the
inexperienced [26].

The senior author believes that one can achieve
competence and become confident at performing
hip arthroscopy only by having a structured
approach to training. In addition to mastering the

Simulation
Training

Fig.4.5 Different
aspects of a structured
training in hip
arthroscopy

technical skills required for hip arthroscopy,
understanding pathology and the decision-mak-
ing process in the outpatient clinic are of utmost
importance. This starts right from the assessment
of a young adult with hip pain in clinic, arranging
appropriate investigations and interpreting them
correctly, and then finally making the decision of
undertaking a hip arthroscopy if indicated. The
role of a multidisciplinary team consisting of the
hip surgeon, sports physician, radiologist and a
physiotherapist cannot be underestimated in this
regard.

Thus, not only performing the hip arthroscopic
procedure safely and effectively is essential but also
choosing the right patient for the procedure is para-
mount for a successful outcome. To progress in the
technical art of arthroscopy of the hip and to become
a safe and effective arthroscopist, one may consider
the following avenues to master skills (Fig. 4.5):

e Simulation training

e Cadaveric skills training

e Fellowship in young adult hip surgery
e Mentored independent practice

Cadaveric
Skills
Training

Mentored
Independent
Practice

Fellowship
Young Adult
Hip
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The above is not an exhaustive list, and the
surgeon may still find that his/her learning curve
continues to improve throughout one’s indepen-
dent practice. Attending an educational meeting
regularly during independent practice would give
the surgeon the benefit of meeting up with their
peers and discussing ideas, tips and tricks,
advances in techniques and also any possible
complications that one may have experienced.

4.2.2.1 Simulation Training

Virtual reality training has been shown to improve
technical skills in orthopaedic surgery [27-29].
Therefore, the use of a virtual reality simulator in
hip arthroscopy training has the potential to pro-
vide an additional benefit to a trainee surgeon
[30]. In addition to the use of a simulator, adopt-
ing proficiency-based progression (PBP) in train-
ing has been shown to produce a superior
arthroscopic skill set amongst the trainees [31].
PBP involves training to be undertaken in various
key stages and several steps in each stage. A
trainee then has to successfully progress through
each stage. Training on an arthroscopic simulator
helps with the trainee to go through a checklist
making sure that one does not skip an essential
step and also helps with improving hand-eye co-
ordination [32]. In addition, simulation training
can also be a useful tool to assess a trainee’s judg-
ment in a simulated setting, thereby assessing
their cognitive and professional skills. This
would in turn be helpful to provide a constructive
feedback of both technical and non-technical
skills [32]. Howells et al., in their study, showed
improvement of knee arthroscopic psychomotor
skills of orthopaedic trainees in theatre following
a structured virtual reality knee simulator train-
ing programme [29].

4.2.2.2 Cadaveric Skills Training

With the introduction of European Working Time
Directive (EWTD), there has been a significant
reduction in total training time in surgical special-
ties in the UK from 30,000 h to around 6000 h
[29]. Along with this reduction in training time,
the surgical outcomes have been under public
scrutiny, so one has to ensure that he/she is ade-
quately trained in a specific procedure to provide

safe and effective patient care [29]. Practicing the
procedure in a cadaveric laboratory helps the
trainee to experience the “feel” of the procedure in
a controlled environment prior to undertaking the
same procedure in a real patient [9]. Arthroscopic
training in a cadaveric skills laboratory has been
shown to be superior to virtual reality simulator
training alone, in the case of knee arthroscopy,
leading to a significantly faster progression to skill
acquisition with cadaveric training [29]. The
senior author chairs the Cambridge-ESSKA Hip
Course, which is held in Cambridge (UK) annu-
ally and combines all the three aspects required for
training in hip arthroscopy, i.e. didactic training
via lectures and discussions, virtual reality hip
arthroscopy simulation and alongside this state-of-
the-art wet lab cadaveric training [33].

4.2.2.3 Fellowship in Young
Adult Hip Surgery

Currently, the fivefold reduction in training time
in Europe means that one has to undertake a spe-
cialist fellowship to consolidate clinical and sur-
gical skills to bridge the gaps in training. In
addition, hip arthroscopy is a very specialized
procedure with only a select few centres and sur-
geons in Europe performing it in large numbers.
Undertaking a specialist fellowship focused on
treating hip problems in the young adult is essen-
tial for gaining adequate clinical exposure and
improving surgical expertise. Travelling fellow-
ships are invaluable, as well as in providing one
with the experience from different centres of
excellence, in particular a different approach to a
familiar problem or tips and tricks to deal with a
complex problem.

4.2.2.4 Mentored Practice During
the Learning Curve

Setting up an independent surgical practice could
be stressful in the beginning, especially if under-
taking a highly specialized procedure like hip
arthroscopy. Deitrich et al. have shown that with
growing experience in performing hip arthros-
copy, there was a decrease in the rate of complica-
tions [34]. At present, there is poor evidence to
quantify the number of cases needed to overcome
the learning curve; however some authors have
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reported that 30 cases are needed during this
period [26, 35]. Furthermore, a newly appointed
hip arthroscopy specialist may want to consider
undertaking the procedure under the supervision
of a senior surgeon, which has also been shown to
significantly decrease the rate of complications
[34]. Perez-Carro and Tey broadly classified the
common pitfalls during the learning curve into
three broad categories: (1) preoperative, (2) intra-
operative and (3) postoperative [36]. Preoperative
errors included improper or wrong patient selec-
tion and those related to improper patient position-
ing during hip arthroscopy [36]. Intraoperative
errors included improper portal creation leading to
nerve injury and/or difficult access to the hip joint
and damage to intra-articular structures during
introduction of instruments and those related to the
total traction time [36]. These pitfalls can certainly
be overcome by undertaking a structured training
programme during a specialized hip arthroscopy
fellowship in addition to virtual reality simulation
training and cadaveric skills training which can
also help with reduction in the learning curve.

4.2.2.5 Complications
and Learning Curve

The rate of complications following hip arthros-
copy is between 1 and 4%, for example, damage
to femoral head, lateral femoral cutaneous nerve
injury and neuropraxia of sciatic, femoral or
pudendal nerve secondary to traction to name a
few [37]. Harris et al. conducted a systematic
review of 92 studies comprising of more than
6000 hip arthroscopies and found a major com-
plication rate of 0.58% and minor complication
rate of 7.5% [38]. It is therefore essential that
during the initial part of the learning curve only
non-complex, straightforward cases are selected
to be performed via the arthroscopic route and
open surgical dislocations performed for the
complex cases. As the experience and the level of
confidence increase, one can take on more chal-
lenging cases via the arthroscopic route. There is
also evidence that with increasing experience, the
rate of complications following hip arthroscopy
decreases [38—40].

Adopting a structured approach to training is
essential to gain an in-depth knowledge in the

field of young adult hip surgery and hip arthros-
copy in particular. Virtual reality simulation
training and cadaveric skills training are useful
adjuncts to a specialist hip arthroscopy fellow-
ship. Finally, it would be an added benefit if one
has a mentor during the initial phase of indepen-
dent practice while going through the learning
curve.

4.2.3 How to Get Safely into
the Joint: Position and Portals

The main objective for beginners is to get a stable
and comfortable setup for hip arthroscopy and
obtain easy access through arthroscopic portals.

4.2.3.1 Patient Positioning

Hip arthroscopy can be effectively performed in a
supine or lateral decubitus position. The position
of the patient is largely dictated by the surgeon’s
preference and training. However, each position
has its own benefits and drawbacks [41].

Supine Position

The patient is placed on a fracture table with the
feet well-padded in traction boots and slightly
lateralized towards the nonoperative leg, against
a well-padded perineal post to limit the risk of
pudendal nerve neuropraxia associated with trac-
tion. The nonoperative limb is abducted to
approximately 45° with gentle traction applied to
maintain the lateralized position [42, 43]. The
supine position offers a familiar orientation of the
joint to all orthopaedic surgeons. Also, a routine
fracture table or a specialized traction table can
be used [44]. Drawbacks to the supine position
include difficult manoeuvrability in obese
patients, and potentially decreased posterior
access [45] (Fig. 4.6).

Lateral Position

A specialized traction table is usually needed. The
patient must be stabilized in the decubitus posi-
tion, usually with a beanbag, posts or a pegboard.
Attention must be paid to padding downside bony
prominences and placing an axillary roll to sup-
port the down arm. A perineal post is placed
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Recommendations

Padding of bony
prominences
Ipsilateral upper
exteremity

Contralateral
upper
extremity
Perineal post

Foot and ankle
Fluoroscopy

Operative hip

Ipsilateral foot
Contralateral

Foam padding, feet and ankles in traction boots,
and blankets placed on ipsilateral arm
Placement across patient’s body (flexion <90°),

with pulse oximetry, papoose wrapping, and
safety belt
Arm board (shoulder abducted <60°, elbow
flexion <20°) and IV access

Lateralized to operative side-contact with
medial thigh (check for genital compression)

Traction boots

45° lateral Dunn view, ROM, and vacuum
crescent sign

15° of flexion and 0° of adduction before
application of traction

Internal rotation of 10°-15°
Delicate countertraction (10-20 Ib [4.5-9 kg])

lower
extremity

1V, intravenous; ROM, range of motion.

Fig.4.6 Quick reference for hip arthroscopy procedure setup [43]

between the legs to allow for distraction and a lat-
eral vector to the operative leg [44]. The lateral
position is considered to have superior manoeu-
vrability in obese patients [46]. Also, it provides
superior access to the posterior and inferior joint
spaces compared with the supine position [47].
Disadvantages of lateral position include the extra
time needed to position the patient and to adjust
the perineal and traction posts in addition to the
need to use special traction devices [41].

Most surgeons prefer general anaesthesia for
hip arthroscopy because it provides adequate
muscle relaxation for distraction, but regional
anaesthesia can be a helpful adjunct in postopera-
tive pain management [48]. Every effort should
be made to maintain the patient’s systolic blood
pressure below 100 mmHg in order to optimize
visualization [44].

4.2.3.2 Hip Joint Access

The hip joint space is separated into central and
peripheral compartments by the acetabular
labrum in addition to the extra-articular compart-
ment around the hip joint (peritrochanteric space)
[49]. So, the hip joint can be accessed either
through:

1. “Central access first” is done under fluoroscopic
guidance and under adequate joint distraction.
This allows portal placement while minimizing
the risk of injury to the labrum or cartilage [50].
However, there is a longer traction time with
this technique, which leads to a higher risk of
neurovascular and skin complication [51, 52].

2. “Peripheral access first”, popularized by

Dienst et al. [53], arthroscopic instruments are
introduced along the anterior femoral neck
region, which is devoid of articular cartilage
and has a lower risk of injuring the labrum.
This is followed by entry into the central com-
partment under vision without the need for
fluoroscopy. No traction is needed during the
arthroscopic access to the peripheral compart-
ment. Masoud and Said [54] described ana-
tomic surface landmarks for injection and
access of the peripheral compartment that can
markedly reduce or abolish the need for imag-
ing guidance. This access is preferred by the
author because it is easier and safer and
involves less traction time (even acetabular
recession could be started before traction) and
because it is a very useful technique when
central access fails.
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3. “Outside-in technique”, in which anterior
extra-capsular space of the hip is defined
under fluoroscopy, then the anterior capsule
is identified under arthroscopic visualiza-
tion, and capsulotomy is performed to
access the peripheral compartment.
However, this technique is technically
demanding and can be considered extensive
relative to the other techniques, and compli-
cations such as fluid extravasation and dis-
location can occur [55]. This technique is
most useful when intra-articular access
could not be achieved as in cases with intra-
articular adhesions.

4.2.3.3 Portals

For the peripheral compartment, the proximal
anterolateral portal (PAL) and distal anterolateral
portal (DAL) are the primary working portals
(Fig. 4.7). Their direction is marked on the skin
under fluoroscopy before their establishment
with their intersection projecting onto the femo-
ral head-neck junction. PAL, as described by
Dienst et al. [53], is oriented 45° caudally with
the entry point lying at the junction between the
medial and the middle third of a line drawn
between GT and ASIS (soft spot). DAL is placed
on a curved line running distally from the PAL
with the centre of the curve being the greater tro-
chanter (Figs. 4.8 and 4.9).

Fig. 4.7 Demonstrates bony landmarks (GT and ASIS)
with the needles denoting surface drawings (vertical line
from ASIS and perpendicular line to GT). Black dotted
line demonstrates the direction of PAL portal. Note posi-
tion of PAL, DAL and AL portals

Fig. 4.8 Curved red line (centred over GT) from PAL
portal along which DAL portal is established

‘PJ\L - Dienst

N\

L\

Fig.4.9 Shows the direction of PAL and DAL portals

For central compartment, the anterior (A),
anterolateral (AL) and posterolateral (PL) por-
tals are the primary working portals [41]. The
AL is established first. It is placed 1 cm proxi-
mal and anterior to the tip of the GT and directed
parallel to the femoral neck [56]. The superior
gluteal nerve is found an average of 4.4 cm
above the level of the anterolateral portal [44].
The anterior (A) portal is placed at the intersec-
tion of a longitudinal line drawn distally from
the ASIS and a transverse line across the supe-
rior edge of the GT. This portal is orientated 45°
cephalic and 30° towards the midline [56]. This
portal is often made slightly lateral to this inter-
section to avoid the branches of the lateral fem-
oral cutaneous nerve that usually branch
proximal to the anterior portal, but small lateral
branches may be injured. The femoral nerve is
found an average of 3.2 cm medial to the loca-
tion of the anterior portal. The posterolateral
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portal is located 1 cm superior and posterior to
the tip of the GT. The sciatic nerve is most at
risk as it lays approximately 2-3 cm posterior to
the portal. Other described accessory portals
used to access the peripheral or lateral compart-
ments should be placed under direct visualiza-
tion if needed [44].

4.2.3.4 Author’s Preferred Technique

The patient is placed in the supine position. A
trial traction is done under fluoroscopy to assess
sufficient distraction of the hip joint (§—10 mm
distraction is sufficient). The traction is done in
the abducted position and then completed by
adduction of the limb to lever over the post.
Once achieved, the traction is then released,
and the hip can be prepped and draped in the
standard fashion. The leg is flexed to 30-50° to
relax the anterior capsule which facilitates
access to the peripheral compartment and pro-
tects the cartilage. The post is removed during
work in this position and reapplied before
traction.

The author prefers to initially access the
joint through the DAL portal as there is more
space in the distal compartment of the joint, the
soft tissues are less resistant, and there is less
risk of scuffing the distal part of the femoral
head. A spinal needle is inserted parallel to the
femoral neck towards the head-neck junction
under fluoroscopic guidance. Once the intra-
articular location of the needle is established, a
cannulated switching stick is passed over the
guide wire. A standard arthroscopic cannula is
passed over the switching stick followed by
introduction of a standard 70° scope. A PAL
portal is established under arthroscopic vision
targeting an entry point 1 cm distal to the
labrum. This is followed by thinning of the
anterior capsule either by a shaver or radiofre-
quency. It should be mentioned that capsulot-
omy is not preferred at this step in order to
maintain the ballooning effect of the capsule.
Then, a “seven-step” tour of the peripheral
compartment starts. Switching of viewing por-
tal between PAL and DAL is important to see
“around the curve” for any pathology. In addi-
tion, flexion to 70° and acetabular recession of

the pincer lesion are usually started in this
stage. This helps further reduce the traction
time. For central compartment access, the post
is reapplied, the leg is extended, and traction is
done. The AL portal is established under
arthroscopic vision. This further minimizes the
risk of lateral head cartilage scuffing or labral
injury compared with setting this portal under
fluoroscopy guidance. Then inter-portal capsu-
lotomy is established between the PAL and AL
portals. The instruments from the DAL are
redirected through the same skin incision for
further work through the central compartment.

4.2.4 Hip Arthroscopy Anatomy
and Variations at Central
and Peripheral Compartment

The hip has two intra-articular compartments,
the central and the peripheral, separated by the
acetabular labrum [57]. The central compart-
ment (CC) includes the acetabular fossa, teres
ligament, lunate surface, labrum, fovea capitis
and the articular surface of the femoral head in
the weight-bearing area. The peripheral com-
partment contains the femoral neck, the non-
weight-bearing cartilage of the femoral head, the
medial and lateral synovial folds, perilabral
recess or paralabral sulcus, the non-articular sur-
face of the labrum and the articular capsule [58,
59]. There are several methods to localize intra-
articular lesions in hip arthroscopy. The two
most commonly used mapping systems are the
“clock face” system—standardized to the right
hip, where 3:00 clock position is anterior, and
the 6:00 position corresponds to the middle point
of the transverse acetabular ligament—and the
“geographic zone method” which allows for a
precise and more reproducible description of a
lesion’s position [58, 60] (Fig. 4.10). Both sys-
tems can also be used for mapping the femoral
head, and the reference lines follow the same
pattern used in the acetabulum, so the femoral
locations will reflect the corresponding acetabu-
lar locations. The clock face system also allows
a good correlation with the radial MRI findings
[58, 60].
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Fig.4.10 The “clock face” system and the “geographic
zone method” for the acetabular mapping. Arrow: the
psoas U

4.2.4.1 Central Compartment

Acetabular Fossa

The acetabular fossa is located in the inferior
region of the acetabulum and is surrounded by
the horseshoe-shaped lunate surface. It is the
non-articular surface of the acetabulum and is
covered by synovium. The transverse ligament
limits the inferior margin of the fossa and is in
continuity with the anterior and the posterior
labrum.

Ligamentum Teres

Arises from the transverse ligament and the
ischial and pubic margins of the acetabular fossa
and has a fascicular appearance with an anterior
and posterior bundle. The ligamentum is trape-
zoidal at its base and runs to the femoral head
where it becomes progressively round or oval
shaped; it inserts in the fovea capitis. In the
dynamic evaluation, the ligamentum is tight in
hip external rotation, and head vascularity in
adults is negligible [61, 62].

Fovea Capitis
The fovea capitis is a small area devoid of carti-
lage in the femoral head and is located slightly

posterior and inferior to the centre of the femoral
head cartilage. The articular cartilage thickness
decreases from the centre to the periphery of the
femoral head.

Labrum

The labrum is a fibrocartilage with a triangular
cross section. Its base is inserted in the osseous
acetabular rim, the articular or internal surface is
in continuity with the acetabular cartilage, and the
capsular or external surface is attached to the
articular capsule. The labrum is in continuity with
the transverse ligament antero-inferiorly and pos-
tero-inferiorly. The labral vascular supply arises
from a periacetabular vascular ring with radial
branches that course over the capsular surface of
the labrum, terminating in its free edge [63]. This
study did not show vessels entering the labrum
from the adjacent subchondral bone. The clinical
relevance of this fact is that the majority of the
labral lesions are located in the chondrolabral
junction with preservation of the vascularity, and
the surgical labral detachment may interfere with
its blood supply. The sublabral sulcus is an ana-
tomic variant that should not be confused with a
labral tear. In arthroscopy, it is a well-defined cleft
between the labrum and the acetabular hyaline
cartilage with smooth edges, with no signs of
inflammation and no labral displacement or insta-
bility on probing. In the hips with a sublabral sul-
cus, the most frequent location is the
postero-inferior (48%) and anterosuperior (44%)
quadrant [64]. There is a normal concavity in the
anterior acetabular rim in relation to the iliopsoas
tendon (psoas U). It is universally present, and its
superior aspect is a reliable arthroscopic landmark
for the 3:00 clock position [58].

Physeal Scars

The ilio-pubic and the ilio-ischial physeal scars
are remnants of the triradiate physis and can be
found in the anterior and posterior lunate sur-
faces, respectively.

Stellate Crease and Supra-

acetabular Fossa

The stellate crease is an anatomic variant and rep-
resents a focal fibrocartilaginous slitlike structure.
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Fig.4.11 Arthroscopic image of the left hip. The supra-
acetabular fossa (a) separated from the acetabular fossa
(b) and the femoral head (c)

Its location is variable but is usually found above
the apex of the acetabular fossa at the 12:30 posi-
tion. Another anatomic variant, more frequent in
younger patients, is the supra-acetabular fossa
located in the roof of the acetabulum at the 12:00
position on coronal and sagittal imaging. It can be
detected in high-resolution hip MRI scans with
normal marrow signal intensity and should not be
confused with an osteochondral lesion (Fig. 4.11).
The stellate crease is in continuity with the ace-
tabular fossa, while supra-acetabular fossa is
completely separated from it, but the former
might be a residual scar left after obliteration of
the supra-acetabular fossa [65, 66].

4.2.4.2 Peripheral Compartment

The peripheral compartment (PC) consists of the
unloaded cartilage of the femoral head (FH); the
femoral neck with the medial, anterior and pos-
terolateral synovial folds (Weitbrecht’s liga-
ments); the articular capsule with its intrinsic
ligaments, including the zona orbicularis (ZO);
the non-articular surface of the labrum and the
perilabral recess or paralabral sulcus. PC of the
hip can be divided routinely into the following
areas: anterior neck area, medial neck area,
medial head area, anterior head area, lateral head
area, lateral neck area and posterior area
(Fig. 4.12). Access to the CC can be undertaken

Fig.4.12 Arthroscopic image of the peripheral compart-
ment of a right hip. The anterior femoral neck (a), the
medial synovial fold (b), the anterior capsule (c¢) and the
zona orbicularis (d)

by, initially, approaching the PC and, afterwards,
accessing the CC under arthroscopic control [67].
Another technique to access the PC is an outside-
in approach. The access to the PC is also impor-
tant because loose bodies are commonly located
here, and ultimately femoral osteoplasty is per-
formed in the PC.

Labrum

The external surface of the labrum is observed
from the PC enclosing the femoral head. At labral
insertion lays the synovial membrane responsible
for some of the labrum vascularization. In turn,
the congruency of the labrum and the FH creates
a perfect sealing mechanism. The acetabular
labrum exhibits variability in shape, symmetry
and dimensions. Labral shape can vary between
triangular (66—-69% of asymptomatic hips), round
(11-16%) and flat (9—13%). It is thickest in the
superior and posterior aspects and widest in the
anterior and superior portions [68]. At the anterior
and posterior margins, the hip joint capsule inserts
directly at the base of the labrum. On the superior
aspect of the PC, the anatomic space created
between the joint capsule and labrum is the peri-
labral sulcus which is larger in this zone and also
might be subject to dimensional variability [69].
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Synovial Folds

Synovial folds are sheetlike structures of syno-
vial and connective tissue that run longitudi-
nally in various zones of the peripheral
compartment and serve as important landmarks.
The medial synovial fold (“iliopectineal fold”)
is located at the antero-medial aspect of the
femoral neck but usually is not stuck to it. This
structure is a very helpful landmark (guide to
the 6:00 position), especially when visibility
within the PC is limited by synovial disease.
This fold passes proximally from the medial
border of the femoral head, distal to the lesser
trochanter [67]. The anterior synovial fold is
adherent to the neck and only recognizable by
its single fibres covering the bone of the neck.
The lateral synovial fold is located at the junc-
tion between the lateral and the posterior femo-
ral neck being a common landmark to the 12:00
position [58]. It runs from the greater trochanter
upwards along the lateral side of the neck to the
lateral margin of the head. It is often posteriorly
stuck to the neck and forms a small pouch. It
contains the lateral retinaculum and the intra-
capsular penetrating arteries from the lateral
epiphyseal vessels arising from the terminal
branches of the deep medial circumflex artery
(the major responsible of femoral head blood
supply). This fold usually marks the endpoint of
trimming of the femoral head-neck junction in
femoroacetabular impingement. Thus, preserva-
tion of these vessels is of primary importance,
although cam deformities frequently extend
beyond this point [70, 71].

Capsule

The anatomical structure that most influences
the peripheral space is the joint capsule. It is a
thick and tense fibrous sleeve extending from the
outer neck to the acetabular rim. The inner sur-
face is entirely covered with synovium. Some
portions of the capsule have an increased thick-
ness or are reinforced. Namely, (a) the supero-
lateral part is reinforced by the reflected tendon
of the rectus femoris, (b) the anterolateral part by
the ilio-femoral ligament (y-shaped ligament of
Bigelow), (c) the antero-medial part by the pubo-
femoral ligament and (d) the posterior capsule
by the ischio-femoral ligament.

Fig.4.13 Arthroscopic image of the peripheral compart-
ment of a right hip with an articular communication with
the iliopsoas tendon. The femoral head (a), the anterior
capsule (b) and the iliopsoas tendon (c)

The zona orbicularis (ZO) is a major hip stabi-
lizer and represents a circumferential thickening
of the hip capsule forming a ring around the fem-
oral neck. It consists of a thicker layer of annular
fibres crossing the above-mentioned longitudinal
ligaments and thus strengthening the capsule.
Just cranial to the ZO, close to the anterior capsu-
lar recess, lies the psoas tendon. The iliopsoas
bursa is located beneath the musculotendinous
portion of the iliopsoas muscle, anterior to the
hip joint capsule and lateral to the femoral ves-
sels. The bursa separates the iliopsoas tendon
from the articular capsule of the hip joint, and it
may directly communicate with the PC in
15-20% of cases [69]. This finding may bear
clinical relevance and can increase the risk of
fluid extravasation during hip arthroscopy
(Fig. 4.13).

4.2.5 How to Treat Cam Deformity:
Tips and Tricks

Femoroacetabular impingement syndrome is
most often associated with cam morphology.
Successful treatment depends on precise reshap-
ing of the proximal femur, whether done
arthroscopically or by open surgery. We present
ten steps to help get arthroscopic surgery right.
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4.2.5.1 Be Sure of the Diagnosis

Not all patients with cam morphology have FAI
syndrome, and coexisting diagnosis are common
[72]. Be certain that this is the correct diagnosis
before embarking on surgery. Local anaesthetic test
injections and image intensifier examination under
sedation, performed by the surgeon, and with pre-
and postinjection exercise testing are very helpful.
Be cautious of operating on patients with a negative
injection test, and use the examination under seda-
tion to inform the preoperative planning [73].

4.2,5.2 Preoperative Planning

We always perform CT with 3D reconstruction
before surgery to reshape a cam. Modern CT pro-
tocols allow a low dose of radiation, without
compromising the image quality. The 3D recon-
struction acts as a map that can guide you around
the hip (Fig. 4.14). Measurements from the scans
allow accurate reshaping by quantifying depth
and extent of bone resection. These scans should
also include the distal femur so that femoral tor-
sion can be measured and taken into account in
planning the depth of resection.

Fig.4.14 3D reconstruction of CT. A planned cam resec-
tion margin is marked

4.2.5.3 Setup

Surgery can be performed in supine or lateral
positions. We prefer the lateral position as it is
easy to achieve posterolateral access to the hip,
the scrub nurse can work from other side of the
patient, and the instruments do not fall out.
Whichever approach is preferred, a range of
motion from hyperextension to 100° flexion,
abduction and internal and external rotation in
flexion must be achievable. The foot must be eas-
ily detachable and reattachable from the traction
system so that traction can be used where required
while also allowing a wide range of motion
(Fig. 4.15). We use a fully transparent drape with
adhesive to allow visualization of the hip. An
image intensifier, that can provide AP and lateral
views, is required without interfering with the
surgeon’s position.

4.2.5.4 Portals

Most cases will need two to four portals depending
on the technique and the shape and location of the
cam. We typically use three portals: postero-
superior, antero-superior and superior-lateral.
Inject local anaesthetic with adrenaline into the
skin before each incision to minimize bleeding.
Avoid crowding by spacing out the entry points,
and think carefully about where they penetrate the
capsule more than the exact position of the skin

Fig.4.15 Operating theatre set up with the patient in the
lateral position. The surgeon stands behind the patient
with the scrub nurse opposite. The C-arm, of the image
intensifier, is under the radiolucent table, providing an AP
view of the hip. The C-arm can rotate to provide a lateral
view. When not in use the image intensifier moves to the
distal end of the table
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incision. Optimize triangulation by aiming for an
angle of approximately 60° between each portal.

4.2,5.5 Capsulotomy

It is possible to reshape a cam without perform-
ing a capsulotomy, but for most cases a capsu-
lotomy will improve visibility and access. We use
an “L”-shaped capsulotomy extending from 11 to
1 o’clock, parallel to the labrum and from 1
o’clock towards the capsular insertion on the
intertrochanteric line parallel to the femoral neck.
This avoids dividing the ilio-femoral ligament
and ensures postoperative stability of the hip.
Only when the cam is large and extends well lat-
erally does the second limb of the capsulotomy
need to traverse the zona orbicularis. We control
the capsulotomy flap with traction sutures and
retractors inserted through the third portal.

4.2.5.6 Step-by-Step Reshaping

With the hip in traction, a 70° arthroscope in the
postero-superior portal and a profile view of the
postero-superior and superior head-neck junc-
tion, we begin resection just in front of the reti-
nacular vessels. If the cam is very superior and
lateral, then you may need to dissect these vessels
as bone is removed, protecting them from injury.
This is made easier by slightly abducting and
extending the hip. Extend the intended line of the
head-neck junction across the anterior aspect of
the cam towards the inferior aspect of the neck,
reducing traction and flexing the hip off traction
to achieve a good view. Refer the 3D reconstruc-
tion of the CT to ensure the new head-neck junc-
tion is neither too medial nor too lateral. With
various combinations of flexion and internal rota-
tion of the hip, expose the more lateral aspect of

Fig.4.17 Diagrammatic
representation of cam
morphology before

(a) and after (b)
resection. Note the
“S”-shaped resection

the cam, and resect this right out to the normal
neck surface. Make sure the resection extends all
the way inferiorly by visualizing the medial
synovial fold (Fig. 4.16). Frequently move the
arthroscope, and change portals to properly
appreciate the three-dimensional shape of the
resection.

4.2.5.7 Create a Smooth Head-Neck
Transition

Avoid a sharp edge at the junction between the
femoral neck cartilage and the femoral neck, which
might catch on the labrum during extension from a
flexed position. Ideally, the profile should be an “S”
shape with convexity at the edge of the femoral
head and a concavity further lateral on the neck
(Fig. 4.17). This will keep the labrum in contact

Fig. 4.16 View of antero-superior femoral head-neck
junction following a cam resection

b Concavity

Convexity

N\
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with the head-neck junction throughout movement
and help to maintain suction seal and stability.

4.2.5.8 Be Sure that the Shape
Is Correct

Use an image intensifier to monitor progress of the
resection, especially in the early part of your surgi-
cal experience. Always perform a dynamic impinge-
ment test observing the labrum and the head-neck
junction through the arthroscope. Check in particu-
lar that the resection is adequate during flexion,
adduction and internal rotation: flexion abduction
and internal rotation and pure abduction.

4.2.5.9 Be Prepared to Close
the Capsule

Hip instability is a devastating complication of
hip arthroscopy, so we always consider whether
to close the capsule. It may not be necessary in
every patient, but we are more likely to do it if the
patient has ligamentous laxity, a relatively shal-
low acetabulum, labral or ligamentum teres defi-
ciency, performs a flexibility sport, has needed a
more extensive capsulotomy dividing the zona
orbicularis or has had a large resection. We close
with several sutures including the corner of the
“L” shape and the zona orbicularis.

4.2,5.10 Recovery and Rehabilitation
Use cryotherapy and CPM to facilitate early
mobilization. Almost all patients can be fully
weight bearing after surgery and can start exer-
cising with a physiotherapist on the same day. We
prefer to keep patients in the hospital for a day or
two, so that they can begin with an intensive
course of rehabilitation. Subsequent recovery is
driven by milestones, which include a quiet hip
with a full range of motion, normal core and hip
muscle control and normal strength in dynamic
movements. Most patients can return to full activ-
ity including sports training within 3 months.
Open surgery to correct cam morphology in
FAI syndrome has been very successful where
surgeons have been careful to achieve very accu-
rate reshaping to a spherical head with a smooth
head-neck transition [74]. Sometimes this is still
the best approach. However, cam reshaping can
be successfully performed in many patients by
arthroscopic surgery [75]. Despite the extra chal-

lenges of a limited view and difficult access,
arthroscopic surgery needs to achieve the same
precision as an open approach. Only then does
the less invasive technique provide an advantage.
These ten steps provide a framework, but the best
way to learn the surgical technique is in a hip
preservation fellowship with a high-volume
expert surgeon.

4.2.6 How to Manage a Chondro-
Labral Lesion

The normal movement of the hip is purely rota-
tory due to the spherical congruency of the joint
surfaces, so any change in this strict configura-
tion will produce mechanical dysfunction and
abnormal stresses on the articular cartilage. Cam
deformity was described as a bony morphologi-
cal change in the head-neck junction, mainly in
the anterolateral area, that produces outside-in
shear stress on the corresponding acetabular rim
during the terminal flexion and internal rotation
resulting in chondro-labral damage, usually
labral detachment and chondral delamination
(Fig. 4.18). On the other side, acetabular over-
coverage may produce a pincer effect against the
femoral neck on the terminal range of flexion.

Fig. 4.18 Arthroscopic view of left hip with mixed type
of FAI from anterolateral portal. The probe is showing
labral detachment associated with a peripheral acetabular
cartilage lesion
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Fig.4.19 Arthroscopic view of left hip with pincer type
of FAI from anterolateral portal. A small labrum is typical
in those cases, and detachment and degeneration due to
impact at anterolateral zone are usually found

This compression mechanism against the labrum
can lead to contusion and degeneration of it
(Fig. 4.19). Secondarily, a levering mechanism of
the head against the postero-inferior acetabular
cartilage produces a contrecoup cartilage lesion
[76, 77]. Instability is a wide term that includes
the gross subluxation and dislocation caused by
significant bony dysplasia as well as the new con-
cept of microinstability caused by traumatic or
atraumatic dysfunction of the soft tissues stabi-
lizing the hip as the labrum, capsule, ligaments
and muscles. In case of instability, there are
abnormal translation movements of the femoral
head producing inside-out shearing forces
(mainly anterior to lateral) and causing chondro-
labral injuries [78, 79] leading to detachment of
the labrum in a similar way that cam lesion does.

4.2.6.1 Diagnosis

Chondro-labral lesions should be suspected in a
young athletic patient presenting with groin pain
during activity. As initial assessment, plain radio-
graphs are used for detecting the underlying
pathologies that predispose to chondro-labral
lesions. Measurements of the centre-edge angle
of Wiberg, acetabular index angle of Tonnis,
alpha angle, head-neck offset and crossover sign
of acetabular retroversion are reliable radiologi-

cal findings for evaluating the bony morphology
before and after any kind of hip preservative
surgery [79].

Although the Tonnis classification is widely
used for grading osteoarthritis based on specific
radiographs, it cannot be used as an accurate pre-
dictor for condition of the cartilage in the early
stages of the joint disease [80]. After development
of magnetic resonance techniques, MRA with
intra-articular injection of gadolinium has become
the investigation of choice for detection of chon-
dro-labral lesions with high sensitivity (71-100%)
compared with standard MRI [81]. Nowadays,
quantitative MRI techniques can map the concen-
tration of glycosaminoglycans (GAGs) in the car-
tilage. Delayed gadolinium-enhanced MRI of
cartilage (dAGEMRIC) or T2 mapping is used for
detecting early damage and for follow-up of
patients after preservative hip surgeries [82].

4.2.6.2 Classification

Clinical interest towards hip pathologies pro-
duced many classification systems to describe the
chondro-labral lesions. According to Beck et al.
[76], labral condition is classified as (1) normal,
(2) degeneration, (3) full-thickness tear, (4)
detachment or (5) ossification, while articular
cartilage is classified as (1) normal, (2) malacia,
(3) debonding, (4) cleavage or (5) defect.
Although most of these classification systems
depend on the visual inspection of the lesion, the
geographic description (Fig. 4.10) based on the
six anatomical zones done by Ilizaliturri et al.
[60] provides a simple and reproducible method
with implications for prognosis and is commonly
used for medical reporting.

4.2.6.3 Approach for Treatment

Since it was first described by Ganz et al. [83] in
the early 2000s, surgical hip dislocation gained a
worldwide popularity as a safe method for treat-
ment of intra-articular hip lesions. However the
evolution of arthroscopic techniques attracted the
attention of hip surgeons, and today hip arthros-
copy is a commonly performed procedure for
intra-articular lesions and achieved favourable
clinical outcomes compared with other surgical
methods [84]. Cam deformity and acetabular
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overcoverage, if present, should be properly cor-
rected as a first step of treatment to protect the
repaired chondro-labral tissues and avoid further
damage. Labral debridement was reported with
satisfactory short-term clinical results in a few
literature reports, but recent studies demonstrate
better clinical outcomes in hip scores with labral
preservation, becoming this option as the gold
standard for labral damage repair. Biomechanical
studies show that labral reattachment restores
normal biomechanics. Labral preservation is the
actual standard of care, so reattachment is per-
formed when possible, and labral replacement
should be considered when it is strongly degener-
ated or absent. The articular cartilage has poor
intrinsic healing capacity, so the aim of treatment
is to potentiate the cartilage healing and repro-
duce a new tissue with structural and biomechan-
ical properties similar to the normal cartilage.
Labral repair can be considered only in stable
pocket lesions (Fig. 4.20), where viable chondro-
cytes can be demonstrated at the delaminated
flaps of acetabular cartilage.

Debridement and bone marrow stimulation
techniques are considered standard methods for
small, focal full-thickness defect <2 cm? at the
acetabular rim (Fig. 4.21), with improvement in

Fig.4.20 Arthroscopic view of left hip with cam type of
FAI from anterolateral portal. Cartilage delamination due
to shear force named pocket lesion. Cartilage repair may
be an option in these cases

Fig. 4.21 Arthroscopic view of the right hip with cam
type of FAI from anterolateral portal. Cartilage delamina-
tion has evolved to an unstable flap

the functional outcomes [85]. The microfracture
technique depends on stimulation of subchondral
bone marrow by penetrations that liberate undif-
ferentiated stem cells, and then the blood clot
formed in the defect provides a supporting envi-
ronment for the cartilage progenitor cells and
finally differentiates into stable fibrocartilage.
Enhanced bone marrow stimulation techniques
(EBMST) have been developed to improve the
results of surgical standard methods of cartilage
repair. For instance, AMIC technique adds mem-
branes to the microfractured area, and chitosan-
glycerol phosphate works as a scaffold material.
These techniques augmented the biomechanical
properties of clot formed in the microfractured
area and provided more stable environment for
growth and differentiation of hyaline cartilage.
Both are recommended for full-thickness defect
>2 cm? after adequate debridement and micro-
fracture [86].

4,3 Take-Home Message

Hip arthroscopy is an evolving technique that is
expanding its indications. We should be very cau-
tious during the learning curve period, and we
must be very careful with the small details men-
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tioned in this chapter. Special care should be
taken to get a stable and comfortable initial setup
of the patient. Knowledge of arthroscopic anat-
omy and its normal variants could facilitate iden-
tification of the anatomical deformities and its
proper correction.
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Abstract

Purpose The purpose of this study was to determine if there were significant differences between patients submitted to hip
arthroscopy (HA) and surgical hip dislocation (SHD) to treat femoro-acetabular impingement (FAI), which variables were
significantly associated with hip function before surgery and those predictive of the applied functional outcome scale and its
variation rate after surgery.

Methods We selected 198 patients treated with HA or SHD with a mean follow-up of 59 months. Inclusion criteria were ages 18—
50 years, isolated FAI cam morphology and complete clinical and radiologic documentation. The subjective outcome measure
used was the nonarthritic hip score (NAHS). We compared pre-operative and post-operative NAHS, alpha angles and complication
rates. Multiple linear regression analyses were performed to find which variables could influence NAHS values.

Results The mean alpha-angle value improved from 71.5° to 40.8°, and mean NAHS improved from 50 to 83 points, with no
difference between groups (HA/SHD). We found only a 16.9% influence rate on the pre-operative score, explained by variables of
gender/pre-operative alpha angle and presence of degenerative changes/age. The influence rate on the NAHS variation ratio after
surgery was 62.8%, explained by the variables of pre-operative score, type of surgery and type of surgery/alpha angle. The
complication rate was 7%.

Conclusions FAI surgery can be considered effective in improving patient symptoms. There were no differences in clinical or
radiographic results between techniques. We could more accurately predict the variation ratio of NAHS after surgery than its
pre-operative value.

Keywords Femoro-acetabular impingement - Hip arthroscopy - Surgical hip dislocation - Cam - Nonarthritic hip score - Results

Introduction pathology by allowing direct visualisation of the impinge-

ment mechanism. The femoral head can easily be reshaped

Cam-type femoro-acetabular impingement (FAI) is consid-
ered one of the main causes of painful hips in young adults.
Surgical hip dislocation (SHD), as described by Ganz et al.
[1], led to a major breakthrough in understanding the
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and concomitant labral or cartilaginous lesions treated at
the same time. Additionally, if necessary, it is possible to
progress intra-operatively to more complex techniques of
periarticular realignment of both the proximal femur and
the acetabulum [2—4]. In the last decade, the increasingly
detailed knowledge of hip anatomy and intraosseous vas-
cular supply [5—8] has made hip arthroscopy (HA) a safer
and more precise option. HA has evolved from a difficult-
access technique (indicated only in the treatment of mild
cam deformities) to a reproducible procedure that can be
used successfully to treat all cam lesions, including those
overlapping the arterial perforation area of the femoral
head (Fig. 1) [9]. In the last few years, we have seen a
substantial increase in the number of published studies
showing promising midterm results in the arthroscopic
treatment of FAL. However, studies comparing open and
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Fig. 1 Arthroscopic view prior to bone resection showing a cam lesion on
the posterosuperior femoral head (dotted line) and anterior limit of the
vascular synovial folds defined by the most anterior arterial structure
(white arrows). Note the large cartilage ulcers in this area, indicating
the presence of an impingement mechanism. In this case, it was
necessary to resect bone over the vascular area

arthroscopic surgeries, particularly using the same out-
come measures, are less frequently found in the literature.

At our centre, we have gained experience in FAI surgery
using both SHD and HA. By increasing our knowledge of the
intra-articular vascular anatomy [8], we have changed our
preferred approach to treating cam FAI from an open to a fully
arthroscopic approach, even where there are extensive cam
deformities. The purpose of this retrospective study was to
evaluate and compare clinical and radiographic results of
cam FAI surgery using both HA and SHD techniques in pa-
tients operated upon by the same surgeon, with an average
follow-up time of 59 months (24-132). With this study, we
intended to find: (a) which patient variables were significantly
associated with the value of the functional pre-operative score;
(b) if there were significant differences in the results from HA
and SHD; (c) which variables were predictive of the function-
al outcome scale and its variation rate after surgery.

Materials and methods
Patients

Our institutional review board approved this study. From the
FAI surgical treatment database started in 2005 (that in 2015
included a total of 400 patients all operated upon by the same
surgeon), we selected cases with >24 months of follow-up for
a total of 300 patients. From those 300, we excluded all who
had more complex intra-articular procedures, those with pin-
cer or mixed-type impingement, those <18 or >50 years and
those requiring conversion to total hip replacement (three

@ Springer

cases). We obtained a final sample of 198 patients, all
exhibiting chronic FAI symptoms, with an average age of
33 years (18-49): 112 men and 86 women. Patients were
divided into two groups: One group, with 102 patients,
underwent HA; the other, with 96 patients, were submitted
to SHD. The mean follow-up time was 59 months (24—132).
All patients were informed and gave signed consent
authorising data review. Table 1 summarises demographic
and clinical data of all included cases. The preoperative eval-
uation included a detailed physical examination in which we
emphasised the importance of a positive impingement test
triggering pain that reproduced the daily complaints that mo-
tivated the visit to the doctor.

Before surgery, all patients had a standardised
anteroposterior (AP) pelvis radiograph, a cross-table lat-
eral view (CTV) radiograph and radial magnetic reso-
nance imaging (MRI) of the hip. The degenerative chang-
es present in the AP radiograph were qualified as present
(T%o) or absent (Ty) and graded according the Tonnis (T)
classification [10]. Alpha angle was measured in the CTV
radiograph before and after surgery by an independent
surgeon and by a radiologist (Fig. 2). Each patient com-
pleted the functional assessment scale Nonarthritic Hip
Score (NAHS) [11], validated for the Portuguese language
[12], before and after surgery, at three, six and 12 months,
and then yearly. For practical purposes only, the last eval-
uation after surgery was considered. Return to previous
sports and job activities were also assessed. We calculated
the difference between the initial and the latest available
NAHS values and their variation rate (%) using the for-
mula [(final NAHS — initial NAHS) / initial NAHS] x
100. We recorded all cases in which the labrum was
repaired for clear instability at the bone-rim interface.
Complications were recorded using the modified
Clavien—Dindo classification [13] (Table 4).

Statistical analysis

Statistical analysis was carried out by a statistics consul-
tant using the commercial software package IBM SPSS ®
version 23 for MAC OS X®. Student’s ¢ test was used to
compare the means of two continuous variables with nor-
mal distribution. Mann—Whitney U test was used to com-
pare the means of two independent nonnormal variables.
Pearson () and Spearman (s) correlation coefficient tests
were used to associate two continuous variables. We also
ran a multiple linear regression analysis using the auto-
matic linear modeling (ALM) test (IBM SPSS ® soft-
ware) to quantify the rate of influence that independent
variables could have on the value of the applied outcome
scale. All statistical tests were performed with a signifi-
cance level of 5%.
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Table 1 Patient demographic,

clinical and radiographic data. Characteristic All patients Group 1 Group 2
The statistical significance of (arthroscopy) (surgical hip dislocation)
some variables is referred to in
Table 2 Gender Male 112 (56%) 54 (53%) 58 (60%)
Female 86 (44%) 48 (47%) 38 (40%)
Age 33 34 31
Side Right 57% 61%
Left 43% 39%
Follow-up time (months) 59 (24-132) 44 (24-80) 76 (25-132)
Alpha angle Preop 71.5° (50°-108°) 68° (49°-100°) 75° (50°-108°)
Postop 40.8° (25°-65°) 42.4° (34°-56°) 39° (25°-65°)
NAHS Preop 50 (10-96) 53 (12-93) 48 (10-94)
Postop 83 (30-100) 82 (30-100) 83 (35-100)
Tonnis grade To 53% 51% 55%
T, 26% 31% 21%
T, 19% 17% 21%
Ts 2% 1% 3%
NAHS nonarthritic hip score, Preop pre-operatively, Postop post-operatively
Results Pre-operative

All patient demographics and pre- and post-operative clinical
and radiographic results are summarised in Tables 1 and 2.

Fig.2 Pre-operative and post-operative radiographs of a right hip with cam
impingement treated with hip arthroscopy. Alpha angles (anterior femoral
neck offset) were measured on a lateral cross-table view radiograph of the
hip. Alpha angle is defined as the angle between the midline of the
femoral neck and a line connecting the centre of the femoral head to the
point at which the head—neck junction first deviates from a circle
approximating the shape of the femoral head. In this patient, alpha
angle diminished from 68° ( ) to 45° ( ,) after surgery

The mean alpha angle value before surgery was 71.5° (50—
108°) and was significantly higher in men and in the open
surgery group. Mean NAHS score before surgery was 50
points (10-96) (Fig. 3). The difference between groups was
not significant. Male patients had a significantly higher pre-
operative score than female patients. Correlation of the pre-
operative NAHS scale with the alpha angle value and patient age
was weak.

An ALM test analysis was carried out on all variables
significantly associated with pre-operative NAHS func-
tional score. The maximum explained possible influence
rate on the pre-operative score (16.9%) was dependent on
the following association of variables: (a) gender/
pre-operative alpha angle (influence rate of 84.6% and
positive association with being male and having a larger
alpha angle); (b) presence of degenerative changes/age
(influence rate of 15.4% and positive association with
younger age and absence of degenerative changes).

Post-operative

Mean post-operative NAHS score was 83 points (35-100)
(Fig. 3). Twenty-nine percent of patients presented with a
score <70 points, 15% varying from 71 to 80 points, 17%
varying from 81 to 90 points and 39% >91 points. The
absolute difference of 33 points (25-82.5) in the NAHS
before and after surgery was strongly significant
(»<0.0001). The absolute NAHS value after surgery
did not differ between SHD (83 points) and HA (82
points) groups.
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Table 2 Statistic significance of several variables individually tested

Dependent variable Independent Statistical test pvalue  Variable mean values
variable
Pre-operative studied ~ Alpha angle Gender Student’s 7 test <0.001 F=65°/M=76°
variables Type of surgery <0.001 A=68°/SHD=75°
To/ Tso 0.06 To=70/T.0=733
NAHS Gender Student’s 7 test <0.001 F=40.8/M=575
Type of surgery 0.16 A=53/SHD =48
Age Pearson’s correlation <0.05 Negative and weak correlation (#=—0.17)
Alpha angle <0.001  Weak correlation (r=0.22)
Labral repair SHD  Student’s # test 0.9 Yes=83/No=83
HA 0.1 Yes=80/No =284
Postoperative studied  Alpha angle Type of surgery Student’s ¢ test <0.001 A=424°/SHD=39°
variables NAHS variation ~ Gender Mann-Whitney U <0.0001 F=178% /M =64%
ratio (%) Type of surgery <005 A=107%/SHD=123%
To/ Tso <0.0001 Ty=127% / Tso=100%
Labral repair  SHD 0.5 Yes =125% / No = 100%
HA 0.2 Yes =140% / No =80%
Age Spearman’s correlation 0.7 No correlation
Alpha angle postop <0.01 Negative and weak correlation (s =— 0.2)
Preoperative NAHS <0.001 Negative and strong correlation (s =—0.9)

T, without degenerative changes, 7., with degenerative changes, F' female, M male, HA hip arthroscopy, SHD surgical hip dislocation, » Pearson’s
correlation coefficient, s Spearman’s correlation coefficient, postop postoperatively, NAHS nonarthritic hip score

Considering all patients, mean NAHS variation rate after =~ NAHS and those variation rates after surgery. The follow-
surgery was 98% (26-675%). Values achieved for specific =~ ing were tested: gender, type of surgery, presence or ab-
subgroups according to their pre-operative score values are  sence of degenerative changes, whether the labrum was
presented in Table 3. repaired, age, post-operative alpha-angle value and NAHS

Alpha-angle value decreased significantly (p <0.0001)  pre-operative value. The absolute value of the post-operative
after surgery to a mean value of 40.8° (25-65°), and the = NAHS showed a moderately significant correlation with
observed difference between SHD and HA groups was 3.3°  the initial value (»=0.4; p <0.01) and a weak and negative
(»<0.001). We individually analysed the statistical signif-  correlation with age (»=—0.2; p < 0.01). No other variables
icance that some variables could have on the post-operative ~ showed statistical significance.

Mean NAHS before surgery: 50 points Mean NAHS after surgery: 83 points
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coefficient of variation before surgery = 0,4 coefficient of variation after surgery = 0,16
Fig.3 Nonarthritic hip score (NAHS) per patient before and after surgery. increased significantly and the coefficient of variation decreased, showing
The red line shows the mean score before and after surgery. The the tendency to improve and converge the outcome measures after
coefficient of variation was considered the ratio of the standard surgery

deviation (SD) to the mean. After surgery, the mean value of the NAHS
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Table 3  Division of patients into four groups according to their
pre-operative nonarthritic hip score (NAHS) value and respective
variation rate in score achieved after surgery for each group. The higher

variation rate (%) occurs in groups were the initial score value was lower.
This explains the negative correlation of the pre-operative NAHS with its
own variation ratio achieved with surgery (Table 2)

Group Preop NAHS Number of patients Average postop Average postop
NAHS NAHS variation rate

a 0-20 14 (7%) 69 394%

b 2140 51 (26%) 76 154%

c 41-60 63 (32%) 86 66%

d > 60 70 (35%) 88 27%

NAHS nonarthritic hip score

The variation rate of the NAHS was significantly higher in
female patients, in the absence of degenerative changes, in the
SHD group and in patients with a lower pre-operative NAHS
value (Table 2). Correlation with the post-operative alpha angle
value was weak and negative. Labral repair did not influence
the NAHS variation rate in either the open or arthroscopic
surgery groups. The remaining variables were also not signif-
icant. We again ran an ALM test on post-operative data. The
maximum explained possible influence on the NAHS varia-
tion rate after surgery (62.8%) was reached with the variables:
(a) pre-operative score (influence rate of 92.4%) with negative
association; (b) type of surgery (influence rate of 4.5%); (c)
variable association type of surgery/alpha angle (influence rate
of 3.2%). Our complication rate was 7% without a significant
difference between groups (Table 4). The incidence of com-
plications was no higher in patients with a longer follow-
up period.

After surgery, 14% of patients still mentioned having some
residual pain, although with different pain characteristics than
before surgery. Those cases occurred more frequently in wom-
en and in 7%, patients. Post-operative alpha angle did not cor-
relate significantly with post-operative pain persistence (p =
0.4). Ninety-eight percent of patients resumed their

professional activities without limitations, and 80% consid-
ered that their noncompetitive sports activities improved.

Discussion

Cam-type FAI has recently been recognised as a risk factor for
osteoarthritis in young symptomatic patients [14]. Many au-
thors consider hip arthroscopy the technique of choice for
treatment of cam deformities that do not need acetabular or
proximal femur realignment procedures. SHD, however, max-
imises hip exposure and allows treatment of more complex,
extra-articular deformities or impingement mechanisms. At
our institution, cam FAI was initially treated exclusively via
open surgery. We believe that detailed knowledge of
periarticular anatomy and impingent mechanism—acquired
from dynamic joint inspection during SHD procedures—was
a crucial step towards changing over to a fully arthroscopic
procedure.

However, it was very important not to jeopardise clinical
results or accuracy of the osseous resection when changing
over to a less-invasive approach. Upon initial indication for
arthroscopic surgery, certain factors besides patient

Table 4 Complications from
surgery in both groups

Complication Artrhoscopy SHD Modified Clavien—Dindo Treatment
classification

Adhesive capsulitis 1 1 Grade 11T Surgical

TO delayed consolidation - 2 Grade II No treatment
TO pseudarthrosis - 1 Grade IIT Surgical
Deep venous thrombosis - 2 Grade 1 Medical
Superficial wound infection - 1 Grade II Surgical
Reversible pudendal nerve paresis 2 - Grade 1 No treatment
Perineal cutaneous necrosis 1 - Grade II Medical
Compartment syndrome 1 - Grade IIT Surgical
Haematoma 1 - Grade II Medical
Heterotopic ossification 1 - Grade I No treatment

TO trochanteric osteotomy
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preference, or those related to the learning curve, were also
important: the dimension and radial extension of the cam pro-
tuberance and the absence of deformity overlapping the
retinacular area. For these reasons, patients submitting to open
surgery presented with a significantly higher pre-operative
alpha-angle value when compared with the arthroscopy group
(11° difference). As in our institution, arthroscopic surgery
followed open surgery by about three years; the average
follow-up time for patients included in the HA group differed
46 months in relation to the SHD group (Table 1).

Correlation between preoperative alpha-angle and NAHS
values was weak, showing the limited value of a single
uniplanar measurement of the deformity as being predictive
of hip function. [9, 15]. As in other series [16, 17], we also
found a significantly higher alpha angle in male patients.

Even though gender and the presence of degenerative
changes were the only significant correlations with pre-
operative functional NAHS in the ALM approach, it was not
possible to identify either variable as a single predictive factor.
Female patients showed a significantly lower mean pre-
operative score and alpha-angle value when compared to male
patients. Other series [18—-20] refer to this variation between
genders in the pre-operative functional evaluation. One possi-
ble explanation for the occurrence of a lower alpha angle with
more symptoms in women may be related to a wider range of
motion allowed by smaller deformities, which could trigger
more symptoms.

After surgery, positive variation of the NAHS and its var-
iation rate were consistent with significant clinical improve-
ment of symptoms. Pain disappeared in 86% of cases; sports
activity improved in 80% of patients. Results obtained with
these two surgical techniques did not differ significantly,
showing that both were effective in the treatment of cam-
type FAL The highest NAHS variation rate, obtained in open
surgery patients (Table 2), resulted from a lower initial func-
tional score in this group.

The significant decrease in the alpha-angle value attained
by surgery also reflects its efficiency in correcting bone mor-
phology. Despite the existing 3.3° difference between the two
techniques, the clinical relevance of this finding is debatable,
since the possible error when measuring the alpha angle in
CTV radiographs ranges from 2.1° to 6° [21].

The 7% complication rate does not seem to differ from that
described in other studies [22-25]. None of the complications
were irreversible. There were no cases of avascular necrosis of
the femoral head, deep infection or femoral-neck fracture re-
lated to bone resection. The open surgery group had more
complications requiring reintervention but without significant
statistical difference. We also found no significant statistical
difference in the incidence of complications related to the
surgeon’s learning curve.

In our series, before surgery, there was a large dispersion of
NAHS values (Fig. 3), which reflected the heterogeneity of

@ Springer

the sample. After surgery, this dispersion diminished signifi-
cantly. The positive variation and convergence of NAHS
values reflect the overall improvement of the patients’ condi-
tions and, once again, effectiveness of the surgery.

We found 56% of patients with post-operative score values
>80 points. Even though this result seems less favourable at
first glance, pre-operative values and their respective variation
rates to properly evaluate the final post-operative result must
be considered. When considering, for example, patients with
an initial score <20 points (group a, Table 3), they attained an
average post-operative absolute value of 69 points, which we
can consider poor. However, in this group, the average NAHS
variation rate was 394%. It seems, therefore, that in patients
with a poorer final result, the fact that they almost quadrupled
the initial value shows the effectiveness of the surgery. The
ALM analysis explains 62.8% of the variation ratio of NAHS
after surgery. It assigns a greater importance (92.4%) for pre-
operative NAHS value. The higher the patient’s initial NAHS
value, the lower the increment rate. This negative association
explained the convergence of absolute score values after sur-
gery (Fig. 3). Although gender was statistically significant in
individual associations of variables with the NAHS variation
rate (Table 2), this finding had no expression in the ALM
analysis, probably because female patients also had a lower
initial functional score.

In some published studies [26, 27], improvement in
outcome measures seems to be significantly higher after
labral repair when compared with labral resection, but
with questionable clinical importance. We found a higher
variation rate in NAHS score for patients in whom a la-
brum avulsion was reattached with suture anchors, but
that was not statistically significant (Table 2). This might
be because we did not resect the labrum; our impingement
cases were exclusively of the cam type, and our mean
follow-up was shorter. In our current approach to cam
impingement, we considered that labral detachment and
bone—rim trimming (bone exposure is needed for suture
anchor placement) in the presence of intrasubstance de-
generation only, without bony avulsion or pincer type im-
pingement, is of questionable value.

The limitations of this study are its retrospective design and
that patients were not randomised for each surgical technique.
The use of a single functional assessment scale may have been
limiting, although this score was used in ~30% of published
series regarding FAI treatment [28].

The statistical model developed did not allow us to define
isolated predictive factors regarding the evolution of post-
operative functional scores but allowed us to conclude that
FAI surgery is effective and safe using both arthroscopic and
open techniques. Furthermore, it seems that women benefited
more from this surgery and that the absence of degenerative
changes was associated with a significantly higher increment
rate in the post-operative outcome scale.

| 244 |



International Orthopaedics (SICOT)

TREATING THE SYMPTOMATIC HIP

Acknowledgments We wish to thank to Dr. Vasco Mascarenhas
(Hospital da Luz Radiology department) for the collaboration in the alpha
angle measurements and the Tonnis grading of all AP pelvis radiographs.
We wish to thank to Dr. Teresa Rodrigues (biostatistics department of the
the Faculty of Medicine, University of Lisbon) for support in all statistical
analysis presented in this manuscript.

Compliance with ethical standards This article does not include results
of experimental investigations on humans, and as a retrospective study,
formal consent was not required. Informed consent from all patients was
obtained on a routine basis for surgical procedures. We obtained formal
consent from our institutional review board.

Conflict of interest The authors declare that they have no conflict of
interest and there was no funding involved in the preparation of this
manuscript.

References

10.

11.

12.

Ganz R, Gill TJ, Gautier E, Ganz K, Kriigel N, Berlemann U (2001)
Surgical dislocation of the adult hip a technique with full access to
the femoral head and acetabulum without the risk of avascular
necrosis. J Bone Joint Surg Br 83(8):1119-1124

Leunig M, Puloski S, Beck M, Siebenrock K-A, Ganz R (2005)
Proximal femoral osteotomy: current indications and techniques.
Semin Arthroplast 16(1):53—62. https://doi.org/10.1053/j.sart.
2004.12.006

Ganz R, Huff TW, Leunig M (2009) Extended retinacular soft-
tissue flap for intra-articular hip surgery: surgical technique, indica-
tions, and results of application. Instr Course Lect 58:241-255
Schoenecker PL, Clohisy JC, Millis MB, Wenger DR (2011)
Surgical management of the problematic hip in adolescent and
young adult patients. ] Am Acad Orthop Surg 19(5):275-286
Sussmann PS, Ranawat AS, Shehaan M, Lorich D, Padgett DE, Kelly
BT (2007) Vascular preservation during arthroscopic osteoplasty of the
femoral head-neck junction: a cadaveric investigation. Arthroscopy
23(7):738-743. https://doi.org/10.1016/j.arthro.2007.01.025

Grose AW, Gardner MJ, Sussmann PS, Helfet DL, Lorich DG (2008)
The surgical anatomy of the blood supply to the femoral head: de-
scription of the anastomosis between the medial femoral circumflex
and inferior gluteal arteries at the hip. J Bone Joint Surg Br 90(10):
1298-1303. https://doi.org/10.1302/0301-620X.90B10.20983
Kalhor M, Horowitz K, Gharehdaghi J, Beck M, Ganz R (2012)
Anatomic variations in femoral head circulation. Hip Int 22(3):307—
312. https://doi.org/10.5301/HIP.2012.9242

Rego P, Mascarenhas V, Collado D, Coelho A, Barbosa L, Ganz R
(2017) Arterial topographic anatomy near the femoral head-neck
perforation with surgical relevance. J Bone Joint Surg Am 99(14):
1213-1221. https://doi.org/10.2106/jbjs.16.01386

Rego PRA, Mascarenhas V, Oliveira FS, Pinto PC, Gaspar A,
Ovidio J, Collado DG (2015) Morphologic and angular planning
for cam resection in femoro-acetabular impingement: value of the
omega angle. Int Orthop. https://doi.org/10.1007/s00264-015-
3053-7

Busse J, Gasteiger W, Tonnis D (1972) Significance of the
“summarized hip factor” in the diagnosis and prognosis deformed
hip joints. Arch Orthop Unfallchir 72(3):245-252

Christensen CP, Althausen PL, Mittleman MA, Lee J-A, McCarthy
JC (2003) The nonarthritic hip score: reliable and validated. Clin
Orthop Relat Res 406:75-83. https://doi.org/10.1097/01.blo.
0000043047.84315.4b

Del Castillo LNC, Leporace G, Cardinot TM, Levy RA, de Oliveira
LP (2013) Translation, cross-cultural adaptation and validation of

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

the brazilian version of the nonarthritic hip score. Sao Paulo Med J
131(4):244-251. https://doi.org/10.1590/1516-3180.2013.1314487
Sink EL, Leunig M, Zaltz I, Gilbert JC, Clohisy J (2012) Reliability
of a complication classification system for orthopaedic surgery.
Clin Orthop Relat Res 470(8):2220-2226. https://doi.org/10.1007/
$11999-012-2343-2

Ganz R, Leunig M, Leunig-Ganz K, Harris WH (2008) The etiol-
ogy of osteoarthritis of the hip: an integrated mechanical concept.
Clin Orthop Relat Res 466(2):264-272. https://doi.org/10.1007/
$11999-007-0060-z

Mascarenhas VV, Rego P, Dantas P, Gaspar A, Soldado F,
Consciéncia JG (2016) Cam deformity and the omega angle, a
novel quantitative measurement of femoral head-neck morphology:
a 3D CT gender analysis in asymptomatic subjects. Eur Radiol.
https://doi.org/10.1007/s00330-016-4530-0

Jamali AA, Mak W, Wang P, Tai L, Meehan JP, Lamba R (2013)
What is normal femoral head/neck anatomy? An analysis of radial
CT reconstructions in adolescents. Clin Orthop Relat Res 471(11):
3581-3587. https://doi.org/10.1007/s11999-013-3166-5

Yanke AB, Khair MM, Stanley R, Walton D, Lee S, Bush-Joseph
CA et al (2015) Sex differences in patients with CAM deformities
with femoroacetabular impingement: 3-dimensional computed to-
mographic quantification. Arthroscopy 31(12):2301-2306. https:/
doi.org/10.1016/j.arthro.2015.06.007

Hetsroni I, Dela Torre K, Duke G, Lyman S, Kelly BT (2013) Sex
differences of hip morphology in young adults with hip pain and
labral tears. Arthroscopy 29(1):54-63. https://doi.org/10.1016/j.
arthro.2012.07.008

Halim A, Badrinath R, Carter CW (2015) The importance of sex of
patient in the management of femoroacetabular impingement. Am J
Orthop (Belle Mead NJ) 44(4):172-175

Joseph R, Pan X, Cenkus K, Brown L, Ellis T, Di Stasi S (2016) Sex
differences in self-reported hip function up to 2 years after arthro-
scopic surgery for femoroacetabular impingement. Am J Sports
Med 44(1):54-59. https://doi.org/10.1177/0363546515610535
Mast NH, Impellizzeri F, Keller S, Leunig M (2010) Reliability and
agreement of measures used in radiographic evaluation of the adult
hip. Clin Orthop Relat Res 469(1):188-199. https://doi.org/10.
1007/511999-010-1447-9

McCarthy JC, Lee J-A (2006) Hip arthroscopy: indications, out-
comes, and complications. Instr Course Lect 55:301-308

Sink EL, Beaulé PE, Sucato D, Kim Y-J, Millis MB, Dayton M et al
(2011) Multicenter study of complications following surgical dislo-
cation of the hip. J Bone Joint Surg Am 93(12):1132-1136. https:/
doi.org/10.2106/JBJS.J.00794

Papavasiliou AV, Bardakos NV (2012) Complications of arthro-
scopic surgery of the hip. Bone Joint Res 1(7):131-144. https://
doi.org/10.1302/2046-3758.17.2000108

Harris JD, McCormick FM, Abrams GD, Gupta AK, Ellis TJ, Bach
BR et al (2013) Complications and reoperations during and after hip
arthroscopy: a systematic review of 92 studies and more than 6,000
patients. Arthroscopy 29(3):589-595. https://doi.org/10.1016/j.
arthro.2012.11.003

Walker JA, Pagnotto M, Trousdale RT, Sierra RJ (2012)
Preliminary pain and function after labral reconstruction during
femoroacetabular impingement surgery. Clin Orthop Relat Res
470(12):3414-3420. https://doi.org/10.1007/s11999-012-2506-1
Anwander H, Siebenrock KA, Tannast M, Steppacher SD (2016)
Labral reattachment in femoroacetabular impingement surgery re-
sults in increased 10-year survivorship compared with resection.
Clin Orthop Relat Res 475(4):1178-1188. https://doi.org/10.1007/
s11999-016-5114-7

Hetaimish BM, Khan M, Crouch S, Simunovic N, Bedi A, Mohtadi
N et al (2013) Consistency of reported outcomes after arthroscopic
management of femoroacetabular impingement. Arthroscopy
29(4):780-787. https://doi.org/10.1016/j.arthro.2012.11.011

@ Springer

| 245 |






part 1v

DISCUSSION,
CONCLU-
SIONS and
FUTURE

PROSPECTS







DISCUSSION

All the research developed during this dissertation, more precisely in imaging, was based on
the clinical motivation and accumulated experience in the analysis of registries as our clinical
knowledge evolved. While every research has limitations, we designed solid prospective studies
that we believe may contribute to the development of this emerging field and respond to mul-

tiple shortcomings in our clinical practice and gaps in knowledge.

The four parts and six chapters of this thesis covered the spectrum from the analysis of the

asymptomatic hip to the treatment of the symptomatic hip.

From standard conventional imaging to 3D imaging

We first introduced the topics that are relevant to understand the full scope of our thesis. Keeping
in mind that imaging-related research is the cornerstone for the current dissertation, we believe
that we have set the basis to enhance the methodology to further investigate hip and pelvis

related topics.

Prior studies have primarily used CR parameters to characterise the acetabulum, femur and pel-
vis?'522 However, several other studies reported poor reliability for defining hip pathomorphol-
ogy with CR and improved accuracy with CT scans, raising concerns on defining hip disorders
and anatomy based on CR alone?'>?*?% [t is possible that clinicians are not only over diagnos-
ing and over treating these conditions, but also paradoxically missing the diagnosis entirely**.
Prevalence of FAI morphology using current thresholds and the width of reference intervals
found in our research suggest that the commonly used criteria for Pincer and Cam-type FAI
need to be revisited. More specifically, our results stress that the a° alone is not an appropriate

parameter to define Cam morphology and that thresholds should be redefined according to sex

and Cam location.
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In recent CT-based studies, 3D bone reconstructions of the acetabulum and the proximal

femur have been used to evaluate femoral head sphericity using 0° measurements'’®?%,

224,225 209,226

model fitting and 3D volumetric quantification . However, normative data is lack-
ing on 3D morphology of the femoral head in asymptomatic individuals. With recent
developments of MRI and 3D imaging, attention has turned to the unique capability of
determining bone and soft tissue abnormalities in an all-in-one examination. 3D-MR
imaging can be used to accurately diagnose and quantify the typical osseous pathological
conditions in FAI and has the potential to eliminate the need for 3D-CT imaging and its

associated radiation exposure®”.

Clinically, our results stress the magnitude of applications for the 3D imaging protocol reported

here, including the following:

I.  Accurate spatial visualization of Cam deformity, hip morphology** and spinopelvic
parameters®*®?;

.  Improved diagnosis and monitoring through the use of quantitative 3D morphomet-
ric assessment, incorporating acetabular and femoral measurements®;

m. Creation of dynamic virtual simulations for preoperative ROM simulations and iden-
tification of impingement areas®”;

Iv. Provides a tool for standardizing and reducing variability in large-scale and clinical

research>%23!,

There is currently established support for advanced 3D hip modelling for research and for

232 However, we believe

potential use in more challenging FAI cases such as revision FAI surgery
and proved that the use of 3D imaging to directly visualize and quantify the 3D morphology of
the hip and pelvis (namely with MRI) permits detailed and reproducible identification of Cam
lesions’ magnitude/location’*%2*. Furthermore, it significantly improves previously described

hip-imaging methods for evaluating acetabular orientation/coverage'***7

and spinopelvic
parameters. With respect to clinical outcomes, future research can help to determine if adding
advanced 3D hip imaging for pre-surgical planning can improve surgical outcomes for FAI

patients compared with using 2D imaging and CR.

What does the literature say?
We performed a systematic review of the literature regarding asymptomatic and symptomatic

FAI morphology prevalence. This paper highlighted the gap in knowledge regarding hip mor-
phology prevalence and its role in the pathogenesis of FAIL
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Imaging FAI-like morphology was detected in all populations. However, there was a substan-
tial variability in the prevalence of Cam, Pincer, and mixed-type FAI among the populations
included in this review. Imaging detected at least one sign of FAI in the majority of symptomatic
patients and athletes, whereas asymptomatic subjects showed the lowest prevalence of radio-

graphic signs of FAI, as expected.

Few of the included studies used the same case definitions for Cam or Pincer morphology,
and additionally, others used a different case definition for males and females. Despite clini-
cians becoming increasingly familiar with the concept of FAI, there does not appear to be any
consensus on how best to define it"**, how to best image it*”” and what in fact is a definite FAI

238

case™®. The included studies used a variety of imaging modalities including CR, CT and MRI

and measured a° at different positions on the FHIN junction. Amazingly, other studies!®”->%2%

demonstrated how FAI prevalence estimates changed based on the case definition used.

FAI must be regarded as a syndrome and thus a clinical diagnosis, with patient history and
physical examination being the cornerstone of hip evaluation. Overall, imaging becomes an
indispensable tool for evaluating morphology, especially among athletes and patients reporting

pain. However, reliance on imaging diagnosis of FAI is definitely inappropriate and discouraged.

There is currently insufficient high-quality data to determine the true prevalence of Cam and
Pincer morphology in the general population or selected subgroups. Well-designed population-
-based epidemiological studies that use homogenous case definitions are required to determine
the true prevalence of these morphologies and their relationship to hip pain. Most importantly,
criteria to define and correctly classify Pincer and Cam hip shape morphology needs to be

agreed upon and the diagnostic utility delineated prior to conducting such research.

Characterisation of Hip Morphology

We presented the body of our work, focusing on the original research described by initially
performing a detailed characterisation of hip morphology in an asymptomatic cohort.We aimed
to develop the imaging approach of hip morphology and FAI by characterising femoral and ace-
tabular anatomy using quantitative measurements taken from 3D-CT (a reproducible method
for evaluating the largest reported population using cross-sectional imaging). Furthermore, bony
hip morphology was quantified using a semi-automated software, which allowed the in-detail

study of, shape variants and their relationship with sex, side and limb dominance.

Hip morphometric measurements in this cohort of asymptomatic individuals extended beyond

current thresholds used for the clinical diagnosis of FAI, which was especially true for Cam-type
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parameters, suggesting that symptomatic FAI reflects a complex dynamic interaction of mor-
phology and other factors and thus is hardly explained by difterences in hip shape alone. We
must stress that often we confuse reference intervals of a certain parameter, which reflects the
normal variation in a certain population (within 95% reference intervals), with a pathological
threshold that can differentiate those populations. As stated in the introduction, the reality of hip
morphology better resembles an overlapping population model”. As such, the measurements and

thresholds applied will result in a large number of false-positive and false-negative findings**'.

Some variation between our results and previously reported values might be explained by the
heterogeneity of imaging methods employed, difterent locations of measurements, and — most
importantly — nonstandardised definitions of what a Cam/Pincer deformity really is™>'*1¢7.
Although 3D imaging can identify larger a° than 2D imaging, these differences are mainly the

result of measurement location?*.

There is a need for improved techniques and criteria to identify and treat FAI. Considering the
strong association between Cam FAI and OA™, the ongoing debate in the literature on criteria
for an imaging diagnosis of FAI is of paramount importance. Additionally, there is an increased
risk of residual impingement and vascular insult resulting from surgical treatment based on inac-

curate data regarding the extent of these deformities®**#%.

The femoral side

The Reference Intervals (Reflnt) limits were beyond abnormal thresholds found in the liter-
ature for Cam morphology, providing additional insights into the evolving understanding of
the a° and its associated reference standards. It also suggested the need for revisiting the cur-
rent parameters used in the diagnosis of Cam and FAI, specifically by acknowledging that the
a° alone is an insufficient measure by which to appreciate Cam-type morphotype and that its
thresholds depend on sex and measurement locations. Conceptually, increasing the threshold
of abnormal 0° would improve its specificity, prevent overdiagnosis of FAI and consequently

decrease the number of unneeded surgeries.

Prior studies have used different cut-off values for morphometric parameters of Cam
FATB087.88.91.93.98.148.167.168.244-231 ' A ccordingly, recent studies have pointed out the high preva-
lence of radiographic findings that are suggestive of FAI in asymptomatic populations®'* when
applying currently used diagnostic thresholds, emphasizing the need for re-evaluation of these
cut-ofts®»123 Based on our large cohort, we suggest the need to rethink the threshold of an
abnormal a°. We propose an a° upper-limit RefInt of 60° for the 12:00/3:00 positions and
65—-70° for the 1:00/1:30 o’clock positions. Although higher than the previously published

| 252 |



DISCUSSION

threshold of 50° to 55°%'7  the results are in agreement with several authors, namely with
Agricola et al.”?, who also measured a° at the 12:00 position, and similar to a recent report using
MRI™ that suggested increasing the threshold to 63°/66° at 3:00/1:30 o’clock, respectively.
Importantly, the sample size used in our study was significantly larger than that of previous stud-

ies, demonstrating higher statistical power.

In regard to Cam location and magnitude, our study confirms that in an asymptomatic cohort,
the deformity was most prominent in the anterosuperior FHN junction and extended around
a significant radial extent. The most common position in which we found the largest 0°® and a
raised a° coincided with 1 and 1:30 o’clock on the clock face. These results are generally con-

sistent with findings of other studies®®'*’.

In our systematic review, Cam-type morphology was found in 22.4£6.2% of all asymptomatic
individuals?. In contrast, in our cohorts, we found a higher prevalence of Cam morphology,

reaching 79%/33% for 55°/60° a° thresholds, respectively.

The acetabular side

Regarding the acetabulum, the mean values found for LCEA (35°%6°), ACinc (3°+5°) and

craniocaudal coverage (74% * 5) were in accordance with the results of large-scale studies®,

A88,246,254,255

namely regarding the upper thresholds for the LCE and discordant with other stud-

ies'” on small observational groups. Conversely, 20% of all subjects had Pincer-type morphol-
ogy (coxa profunda: 18.5%; LCEA > 39°: 12.2%; acetabular retroversion: 3%) and 2.6% DHD
morphology. Interestingly, Pincer-type morphology was found in 57-76% of individuals in two

systematic reviews*®'4,

Sex-related hip differences

At the femoral side, in males, we noticed lower mean CCD and higher mean €2° and o° at the
antero-superior quadrants. Magnitudes of Cam morphology and Reflnt for a°® were signifi-
cantly sex-different, consistent with the majority of previous results'®”***%7 but divergent from

some studies?**?*. Mean a° was significantly sex-different at 1:00/1:30 (more 8—10° in males).

Similarly, Cam location varied significantly according to sex, in agreement with Ito et al.”” but
divergent from the study by Yanke et al.**® (in symptomatic individuals). We also found that
mean magnitude, location, and the epicentre of Cam morphology were significantly gender

diftferent. In men, we specifically found larger Cam radial extension, higher maximal mean
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increased a° (63.63° vs 55.74°) and epicentre superiorly located in the anterosuperior quad-
rant (1 vs 1:30 o’clock), which is also in accordance with previous reports®®. Importantly,
the increased span in males compared with female Cam deformities increases the likelihood
of false-negative 2D evaluations in women®®. Pelvic morphology and other dynamic factors
such as distinct sports activities, increased female flexibility, pelvic rotation or forward tilt from

weaker core muscles surely contribute to these overall differences''>%%2%,

For the Pincer morphotype, there is also controversy as prior studies have shown that women
have more acetabular anteversion and a greater prevalence of global acetabular overcoverage
27.260.261 Sex differences arise in the natural physiological growth, namely in the development
of the FHN junction®? but also in joint orientation, including acetabular anteversion and
coverage®®. Interestingly, other studies found sex-dependent disease patterns in patients with
symptomatic FAI. Females had milder morphological abnormalities, while males had larger
morphological abnormalities and more extensive joint disease****2*7. We found that acetabular
retroversion and anterior overcoverage were not more prevalent in women in the anterosuperior

acetabulum, consistent with some previous reports®’

. In fact, males had a higher prevalence of
retroversion with a clear tendency to have a more prominent antero-superior wall (anteversion
angles were on average 5° lower in males). Women had more Accov and a smaller anterior wall,

also in line with previous reports?>25%2%8,

Age related hip morphology

Femoral parameters were stable after physeal maturity, meaning that no further significant devel-

opment occurs in adult life (at least until the upper age limit studied in our cohorts (50 y.0.)).

In contrast, on the acetabular side LCEA, Accov and Acvers increased with age. This finding to
the best of our knowledge has not been well addressed in the literature and suggests that pelvic
orientation and version change during adulthood. LCEA increased with age (approximately
5-7° between 15 to 45 y.0.), coherent with previous reports that estimated that the LCEA was
positively correlated with age, increasing annually by 0.07° in adults®*. Similarly, anterior Accov
and Acvers increased with age (respectively 4% and 6-7° between 15—45 y.0.) in accordance with

Stem et al.?®’

, who estimated an increase of 0.7° in anteversion for every 10-year age increase.
We hypothesise that osseous apposition, cumulative degenerative changes and pregnancy might
contribute to this upward coverage and anteversion tendency. An all-in-one explanation comes
from the fact that increasing anterior pelvic tilt associated with osseous acetabular apposition
results in this re-orientation of the acetabular cavity and thus changes imaging parameters with

increasing age.

| 254 |



DISCUSSION

Relationship between hip shape and side, limb dominance

Concerning member dominance, dominant/non-dominant limbs hip shapes were globally sym-
metric. Given that more than 85% of individuals are right-handed, we sought to investigate
the association between dominance side and hip shape as in the development of OA one is
significantly more likely to require hip arthroplasty on their dominant side*". This predispo-
sition cannot be explained by differences in hip shape alone and may be functionally related.
Conceptually, as varying tasks are attributed to each of the lower limbs, the dominant limb for
forward propulsion and non-dominant limb for postural stabilisation, this may influence the

dominant hip in the progression of degenerative disease.

Similarly, there were no difterences between sides’ shapes, which is comparable with previous

report5245’252'27]

. Interestingly, also in a symptomatic cohort, there were no differences in Cam
deformity parameters, femoral torsion, acetabular version and LCEA between affected/unaf-
fected hips. In this setting, a decreased CCD was hypothesised as the only diagnostic predictor
to determine which hip may be at a greater risk of developing early symptoms'”'2* or QA"
These findings have important associated implications. First, hip symmetry in the asymptomatic
population questions the concept that only some morphological variations, namely the CCD
and ACing, could alter the interplay between the femoral and acetabular side. Second, questions
remain about the aetiology of hip OA, which may be more prevalent on the dominant side,
and as such we hypothesise that causation might be related to other dynamic causes (non-

-morphological). Third, for study design and clinical trial purposes, one can safely assume that

both hips are alike.

The omega angle

Cam morphology was further defined by developing a novel quantitative measure with diag-
nostic and treatment planning capabilities. The importance of this parameter was additionally
outlined by our arterial topographic study of the proximal femur. Cam-type morphology is a
3D deformity and, as we have proved in this dissertation, single 2D a°-based measurements
should be viewed with caution, as they may not provide a true estimate of the magnitude of the

deformity.

Additionally, in our everyday practice, we felt the need to step up to a 3D perception of the
morphology of the Cam deformity, determining its radial extension expressed by the €2° and
originally described by our group?? The correlation of this new angular measure with the
patient reported “non arthritic hip score” (NAHS) before surgery seemed to be significant and

presenting a negative variation. Patients with a more extensive deformity presented an inferior
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NAHS score before surgery (more symptomatic). We think that these results were relevant,
although we recognize their important limitations, namely that the manual measurement of the
€2° is complex and that only 25 patients were used to validate this imaging parameter. Clinical
validation of this angle was undoubtedly a need. Building from this initial approach, we moved
to larger patient samples and more practical methods of measurement.

Accordingly, we further developed the €° by using 3D imaging and a specific software,
contributing to a better understanding and characterisation of the FHN junction by semi-
—automatically defining the radial extension and location of Cam morphology in asymptom-
atic subjects. Interestingly, we proved that greater a°® correlates with increasing €2°, meaning
that a larger Cam 1s indeed larger in all 3 dimensions. Additionally, we found a mean increase
in 0° measurements of 60.5° (50.1-80.3°) in our asymptomatic cohort compared with 64.6°
(50.8-86°) in a symptomatic cohort using a similar methodology®?. In the latter study the “arc”
of Cam deformity ranged between 60° and 90°, in contrast to our study which found lower
magnitudes (mean Q° of 65°) as it would be expected®’® in an asymptomatic cohort. These
findings resulted as an area for further application of the Q° technique, enabling the detailed

subgroup analysis in Chapter 5.

Accordingly, we also found that symptomatic participants had larger Cam deformities (defined
by increased €2° and 0°) than asymptomatic participants. Discriminant receiver operating char-
acteristic (ROC) analysis confirmed that the €° angle (threshold 43°, sensitivity 72%, speci-
ficity 70%; AUC: 0.830) was one of the best parameters to classify participants. When parameters
were entered into a logistic regression, significant positive predictors for the symptomatic group
were achieved (including the €2° angle), correctly classifying 85% of cases (model sensitivity

72%, specificity 91%; AUC: 0.919).

Currently, there is no magic imaging tool that facilitates the reliable allocation of all patients
into the correct diagnostic group or confidently rules out the diagnosis. Nevertheless, imaging
can be used to describe the various morphological characteristics of the hip and can be bene-
ficial in confirming or precluding the diagnosis of FAI in many patients. Based on these results,
we further developed insights in finding the “key” to differentiate asymptomatic and symptom-

atic hips, i.e. identifying “at-risk” joints.

Bridging the Anatomical Gap

In order to find the anatomical “key” that could bridge the mentioned gap, a comprehensive and
combined analysis of hip pathomorphology is needed to help our understanding of this com-

plex, 3D-pathologic dynamic process. We also tested multiple parameters and their associated

shape variants to find which ones allowed the identification of a risk-increased joint in various
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populations. To this end, we used advanced computing for both shape modelling and 3D-MRI.

In our opinion, these studies specifically added to existing knowledge by allowing:

1) In-depth assessment of hip morphology with advanced computational shape modelling,
revealing that ovoid shapes better represent both articular surfaces of the hip joint. On the
other hand, ovoid geometries are also more representative of Cam, Pincer and mixed-

-impinged hips when compared to spherical or ellipsoidal shapes.

This finding greatly questions the accuracy of 2D-based imaging measurements that assume
that the femoral head is a sphere and/or use the hip joint centres as the basis of its measurement
methodology. In fact, the most used Cam and Pincer surrogate measurements (0° and LCEA)

are examples of such parameters.

2) Establishing normative reference values and differentiating thresholds on spinopelvic,

Cam and Pincer parameters with reproducible methodology using 3D-MRI.

Our results show that a Cam deformity extending over half the anterosuperior quadrant (cor-
responding to °: 45°; AUC: 0.830) or with a° measurements of 57—-60° (at the 1:30 to 2:00
positions; AUC: 0.788-0.831) is probably symptomatic. Similarly, Sutter et al.”® found identical
AUC (0.790-0.820) for the best a° measurement point.As earlier stated, increasing an a° upper-
limit Reflnt to 60° for the 12:00/3:00 positions and 65-70° for the 1:00/1:30 o’clock posi-
tions are certainly accurate to establish upper thresholds for this parameter. However, increasing
the threshold of abnormal a°® while considering its discriminative ability would additionally
improve its value as a diagnostic test. Therefore, we suggest rethinking the threshold of abnor-
mal a° in the setting of a diagnostic test to incorporate higher discriminative power. An a° of
57—60° measured at 1:00/1:30/2:00 and 50° at 3:00 would optimize discriminative power while

favouring specificity.

On the acetabular side, dysplasia and Pincer morphology are two distinct pathologic forms result-
ing in clinically different pathomechanisms, static overload or dynamic conflict'®. The relatively
high reported prevalence of Pincer morphology in asymptomatic (57-67%) and symptomatic

36,214

(28-54%) individuals may be confounded in several ways***'*, given that radiographic param-

eters such as the coxa profunda, COS and PWS have shown poor diagnostic reliability??*273-27.
We observed that approximately 33% of symptomatic patients and 20% of volunteers have
Pincer morphology, which we believe is a more accurate estimate of its real prevalence, given
the methodology used. More symptomatic males have cranial retroversion than females
(7% vs 1%), coherent with a previous study?’®. Males in both groups had a clear tendency to have
a more prominent anterosuperior wall (anteversion angles were on average 5° lower in males),

in line with previous reports®”%,
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Concerning SPP, a definitive contribution of these parameters for a symptomatic hip is sug-
gested by our data. The symptomatic group showed larger PI and SS angles, coherent with more
recent reports with smaller cohorts performed with CT?*%. A larger SS and PI are associated
with both an increased anterosuperior acetabular coverage and an increased anteroposterior
distance between hip joint centres and the sacral endplate. Although beyond the scope of this
research to prove causation between Cam/Pincer morphology and increased SPP, the associa-
tion can be established as the basis for prospective evaluation. Additionally, our findings are more

coherent with published data on the association of higher PI and OA*”.

3) Knowledge of useful independent predictive factors in identifying “risk-increased” joints,

both in asymptomatic populations and symptomatic individuals.

The likelihood of symptomatic disease doubled for an ° increase of 20° or an a° increase of
8—9° (measured at 2:00 o’clock). Accordingly, higher femoral head diameters were somewhat
protective against symptomatic disease, which demonstrates the importance of FHN morphol-
ogy rather than femoral head size in FAI disease. The symptomatic state was also more associated
with decreasing superior acetabular coverage (decreasing LCEA 12:00 and increasing ACinc
(> 6°; AUC: 0.715)) than with Pincer morphology (which, paradoxically, showed a tendency
to protect against the development of the symptomatic state). The likelihood of symptomatic
disease doubled with a 7° increase in ACing, in line with the findings of dysplasia as a major
factor in OA development'™'%, suggesting delicate balancing regarding impingement and insta-
bility**?’®. Previous research showed an increased risk for OA with Pincer morphology'*!*,
where other epidemiological studies found no association or even suggested a protective effect
for the development of QA2¢130151199.279 'Eyrthermore, recent prospective epidemiological stud-
ies have supported that even mild acetabular dysplasia is, in fact, associated with increased risk

of OA™*" indirectly concordant with our findings.

4) Improve patient selection for FAI surgery vs conservative treatment by identifying the

most suitable candidates that would primarily benefit from nonsurgical management.

Femoral and acetabular parameters are static variables that are not amenable to conservative
treatment. Conversely, SPP may be subject to non-surgical treatment as increasing posterior
pelvic tilt also increases the superoanterior femoral head collision-free ROM (manageable by
conservative pelvic muscular-focused treatment). Proper patient selection would be important
to identify the most suitable candidates who would benefit from nonsurgical management and
strength conditioning to delay or avoid unnecessary HPS. In some circumstances, patients likely

do not benefit from surgery or, worse, they may experience iatrogenic instability. 22!
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Regarding clinical relevance, not only were SPP significant to discriminate between partici-
pants, but were also important in combination with other hip deformities, allowing to effec-
tively differentiate these populations based on predictive anatomical factors. Patients with FAIS
may show a higher SS and PI, perhaps changing the core pelvic musculature and contributing
to functional impairment. Applying diagnostic imaging thresholds in combination with thorough
clinical examinations allow for an early and accurate diagnosis, helping clinicians to improve patient
selection for surgery by ascertaining which athletes/patients could benefit from a conservative
approach. Overall, complex dynamic interplay exists between the hip and SPP. A Cam deformity,
along with acetabular undercoverage and increased SPP angles, all are predictive of a hip symp-

tomatic state.

On the basis of this work, it is adequate to consider that some symptomatic patients could
extend their nonsurgical treatment, focusing more on core stability and muscle strengthening
(psoas, flexors, gluteal muscles) to alter sagittal-plane moment arms and assess if symptoms cease.
Similarly, asymptomatic patients with a higher pelvic incidence may also start benefiting from
early targeted muscle strengthening. To our knowledge, these original findings further strengthen

the biomechanical concept behind physical therapy in FAI and in asymptomatic populations.

Treating the Symptomatic Hip

Furthermore, we closed the loop from improving diagnosis and bridging gaps in knowledge,
to describing treatment options and outcomes in a cohort clinical study.

The perception that there was often a deformity on the posterior-superior retinacular region led
us to progressively interpret the location of structures that we considered vascular in radial MR
images more carefully. We observed that in many cases, they assumed a much higher and anterior
position than was described in the scarce publications on arterial perfusion of the proximal fem-
oral epiphysis®***. In fact, to the best of our knowledge, we haven’t found any reference about
the vascular origin of those “vascular” structures and, for that reason, we planned the study pre-
sented in Chapter 4.4 of this dissertation. Despite the limitations already mentioned, we believe
that the arterial origin of these structures was adequately clarified. This study also allowed us
to determine i) the safety distances in depth and laterality of the initial interosseous path of
the nourishing arteries in relation to the cartilage margin of the FHN junction; ii) the radial
extension of the retinacular fold and; iii) its precise location.

The practical importance of this contribution relates to the information that can be used,
in performing osteoplasty of the Cam deformity and in others HPS procedures that involve
the mobilization of the deep branch of the MCFA®*® Treating more complex deformities is

challenging and the detailed knowledge acquired from this research has led to its improvement.
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In the treatment cohort, which we consider sufficient for statistical analysis®*®, we included only
Cam-type FAI cases because there is no definite evidence to date that other mechanisms (other
than DHD), although symptomatic, are truly detrimental to cartilage'*®. The most relevant fact
was that, although surgical techniques with different approaches were used at different times of the
surgeon’s learning curve, the final outcome did not differ significantly. In both samples, the func-
tional scores and the final bone resection (evaluated by the measurement of the radiographic a°),

did not present a statistically significant difference (concordant with other authors®’-2*).

Adequate resection of the deformity has probably been the determining factor in the overall
symptomatic and functional improvement experienced by our patients. Supporting this assump-

20291 clearly showed that the most frequent

tion, some reviews after failed primary osteoplasty
cause of failure is insufficient bone resection, particularly over the vascular area of the FHN>",
The exposure of the retinacular folds is not problematic in open surgery with SHD®, but the
same is not the case where the deformity extends to the vascular area of the FHN?>?%_In these
cases, there is the additional risk that resection may be insufficient, which may be potentially

detrimental to joint cartilage, especially if there are sharp bone edges within the resection limits.

In our cohort, an unexpected result was the weak or non-existent correlation between func-
tional assessment before surgery and the value of the 0® measured (cross table view). Clinical
evidence, so far, emphasizes scarce correlation between the magnitude of the deformity and
function before surgery. In most cases, surgery outcomes are assessed by taking into account
functional score variation and a° correction, without considering the correlation between these
two parameters. Our study revealed that the correlation between the a° and the initial NAHS
score was poor. As we previously pointed out, the explanation for this observation is that the a°,
measured on CR, is not representative of the real size of the deformity.

Regarding the parameters evaluated after surgery (patients with a minimum follow-up time
of two years), we did not seek to find predictive factors of conversion to total hip arthroplasty.
We sought, in a more rational way, variables that were independently associated with the abso-
lute value of the applied scale of evaluation and its variation after surgery. In the case of the
absolute postoperative value of the NAHS score, our statistical model failed to identify inde-
pendent variables but found associations of variables that, on the whole, explained only 16% of
their variation. Conversely, when analysing variables and the NAHS score percentage variation
we found that preoperative NAHS value explained 62.8% of its variation. These results are
unexpected, although they reflect the difficulty in determining independent prognostic factors
in this type of surgery in accordance to other authors*’. Gender and degenerative changes were
variables (not independent), to consider as they were strongly associated with the NAHS score
percentage variation. Accordingly, a lower preoperative functional score and the female gender
seem to be associated with a greater clinical improvement (reflected as a higher NAHS score

variation). In the statistical impossibility of determining prognostic factors, the inclusion of these
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variables in the rationale decision of surgical indication, even with the mentioned shortcomings,
may help to improve patient selection.

Interestingly, patients who had a very low baseline NAHS score improved significantly but
seldom achieved a good or excellent outcome. On the other hand, most patients with a high
baseline score reached an equally high assessment value after surgery at the expense of a lesser

variability.
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General considerations

The formulation of the theory of FAI by Ganz was an important step in understanding the
pathophysiology of FAI''®. Since then, the diagnosis and treatment of nonarthritic hip pathology
is arguably the fastest-growing field within orthopedics®.

Accordingly, advances in our understanding of hip pathology, better imaging, improved equip-
ment and surgical technique have all incremented this exponential rise in arthroscopic and open

182294 Along with this increase in the number of surgical cases, however, comes an

hip procedures
increased responsibility to make sure that we make the correct diagnosis and also build accurate
clinical decisions.

Despite the increase in FAI literature, the level of evidence has generally remained low. As such,
the ability for clinicians to make evidence-based treatment decisions is still limited*”. Now, there
is a need for high-level evidence to supplement this theory and enable clinicians to diagnose and
direct treatment when appropriate. Accordingly, the key to safe adoption of emerging technol-

ogies is guidance by well-conducted studies. Through-high level studies, the potential for safe

dissemination of good practices in both imaging and FAI surgery may be increased®***.

In efforts to further understand FAI diagnosis and treatment, this research program was struc-
tured to investigate the pathoanatomical differences between asymptomatic and symptomatic
cohorts. To help delineate focal sub-studies and improve the understanding of FAI, this disserta-
tion initially identified gaps in the literature. From the systematic review of imaging prevalence
of FAI morphology, specific gaps in the literature and three main areas for development were

identified. They are as follows:
I No consideration for a clinical case definition of FAI, FAIS, Pincer, Cam and other

morphologies;

.  No consideration for imaging criteria to define such cases;
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m. No consideration for imaging technique specificities, regarding reference intervals,

thresholds and cut-offs to differentiate cases and asymptomatic populations.

Therefore, the basis of this doctoral research was to formulate more population-based specific
criteria and thresholds in order to bridge the gap between symptomatic and asymptomatic
populations. Concurrently, one specific focus was the increasingly complex analysis and under-
standing of hip joint deformities. Hip morphology analysis became more complex when we
included torsional deformities of the femur and the acetabulum, as well as malorientation of the
femur into the 3D concept of joint instability and impingement. Presently, it is clear that hip
morphology should not be appreciated in isolation, illustrating the value of femoral and acetab-

ular components as well as extra-articular contributors such as SPP?**2%7,

Summary of Research

In efforts to preserve the natural hip joint, understanding that hip morphology variants are the
rule in all populations and that anatomical parameters can play an important role in the onset of
hip symptomatology, it is critical to help identify those who are at a greater risk of earlier onset
of irreversible damage. Since not all hips with Cam morphology are symptomatic, it would be
important to note: i) what “static” morphological features (in addition to the Cam deformity)
may differentiate between symptomatic and asymptomatic hips and ii) whether “dynamic” dif-
ferences exist between symptomatic and asymptomatic hips with distinct morphologies.

Furthermore, in the process of doing so with the aforementioned studies, we have set forth
the basic tenets of 1) screening in order to identify the population at risk of developing hip
symptoms and ii) holistic patient imaging assessment in order to address the pathology prior to

symptoms development in a timely manner.

With the ultimate goal of understanding the pathomorphology of the hip, the collective
sub-studies presented a modelling approach to the analysis of hip pain by integrating more sub-

ject-specific data to investigate which parameters could predict the “at-risk” joint.

Upon closer observation, hip pain was less likely due to increased acetabular coverage but more
likely due to the combination of a Cam deformity and increased pelvic anteflexion, which could
affect the resultant mechanical loading directions and contact mechanics. With this in mind, ana-
tomical and functional parameters will be crucial to help distinguish asymptomatic individuals and
could be implemented towards developing screening programs — in efforts to predict hips that will
be at risk of early symptoms. The combined effects of the Cam morphology and dysplastic-prone
hips may induce higher stresses into the subchondral bone during larger hip motions, increasing

the likelihood of early pain associated with FAI. Although it is possible that an asymptomatic hip
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deformity can remain subclinical, while predisposing to early subchondral bone stiftening, hips
with an asymptomatic Cam morphology may be at greater risks of labral tears and degeneration.
Additional research will examine the functional outcomes of asymptomatic participants, to observe
how different natural histories and the role of soft tissues (i.e., capsular ligaments and muscles) will
influence the progression of symptoms. Ultimately, with the goal of delaying surgery and preserve
the inherent stability of the native hip, physical examinations and additional anatomical parameters
(i.e., pelvic tilt and Cam morphology parameters) should be observed early, prior to the onset of
symptoms. With these parameters in mind, other treatment options such as physiotherapy, abduc-

tors and psoas muscle training and recruitment strategies should be considered.

Although the research question of “what hip morphologies benefit from early treatment?”
is still elusive, the overall benefit taken from the present research work is the characterisation
of the population-specific prevalence of hip-deformities and the pathoanatomical aspects asso-
ciated with hip pain. Further understanding of the interaction between the joint morphology,
function and mechanical stimuli could possibly lead to an improved screening process to detect
the progression of FAI and provide clinicians with indications of where initial chondrolabral or
cartilage damage could occur. Conceptually, early recognition could help reduce hip OA cases

and, thus, the number of hip arthroplasty surgeries.

In short, having in mind the natural history of the hip, our research contributed to the develop-
ment of both the imaging identification of individuals at risk (prevention and diagnosis) and the

characterisation of subclinical and clinical disease (diagnosis and treatment) (Figure 31).

[ NATURAL HISTORY OF FEMOROACETABULAR IMPINGEMENT ]
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FIGURE 31 - The natural history of femoroacetabular impingement disorders. EOS — low dose
radiography-based 3D imaging; dGEMRIC — delayed gadolinium-enhanced MRI of cartilage.
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Clinical applications

We believe that some of the aspects described in this dissertation may be of immediate applica-

tion in daily clinical practice, namely in many steps of the clinical decision algorithm:

1)

2)

3)

Case diagnosis: In clinical practice, it is often questioned whether a specific patient with
hip pain is an instability or an impingement case. Although a case definition is not yet
consensually established, the basis for clinical diagnosis often results from the combined
information derived from clinical signs/symptoms, imaging and diagnostic injections.
By incorporating these “anatomic imaging predictors” into the clinical decision process

(case diagnosis) we can safely state that significant diagnostic improvements were set forth.

Treatment decision: By incorporating the variables and parameters discussed in the clinical
study into the treatment algorithm decision, we can, on the one hand, contribute to im-
prove the selection of surgical candidates and, on the other hand, adequately measure the
expectations of the patient and surgeon with regards to functional outcomes. One of
the most relevant research questions has not been answered yet, and certainly will not be in
the next few years: “Is there any indication for the Cam deformity prophylactic surgery
in asymptomatic patients?”. The results presented in this thesis show that, in the current era,
treatment should be directed only to symptomatic patients with an established deformity
and few degenerative changes. Even in those patients, a conservative approach trial might
be adequate. It is our responsibility to continue validating some of the parameters and ide-
as introduced here and continue to contribute to deepen our knowledge in this specific

medical area.

Imaging protocol: Case diagnosis, treatment decision, preoperative planning and postoper-
ative assessment can be improved using our 3D comprehensive protocol. In fact, measuring
SPP and the radial extent of the Cam deformity (and its relationship with the vascular
structures), will improve treatment decisions (conservative vs surgical) and, in surgical cases,
determine the extension of osteoplasty without significant risk of iatrogenic injury to the

postero-superior vascular fold.

Future prospects

There is a gap in well-conducted research addressing the best strategies for diagnosing and

treating FAIL. Areas of research that need further evaluation include diagnostic strategy, effi-

cacy of surgical intervention and relationship between FAI and OA'®. Literature suggest that

the current management of FAI is limited by the lack of awareness of high-level evidence®.
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Therefore, we believe that the continuity of the research presented in this dissertation should

be based on three pillars:

1) Epidemiological analysis: The characterisation of the Portuguese hip morphotype can be

safely and easily performed building on the data hereby presented. With little additional

effort, it would feasible to build a Portuguese imaging “biobank™ as far as hip shape/

/morphotype is concerned. Having in mind that, in the near future, individualized, tailored

clinical approaches will certainly be the rule, we believe that this would be a promising

endeavour. In order to develop more generalizable Reflnt, larger individual cohort studies

with more varied demographics are needed.

2) Clinical studies:

a.

Diagnostic and treatment algorithm: There is a need for more reliable diagnostic and
treatment guidelines beyond differentiation into pure Cam, Pincer, or mixed FAl and a
simple definition of a hip dysplasia. The largely unknown natural course both in hips
with asymptomatic Cam/Pincer morphology and symptomatic FAI continues to be
unknown. Future research should focus on the development of reliable validated
outcome measures and international collaborations to conduct high-quality research.
The current treatment paradigms for FAI are evolving along with the clinical evidence
evaluating this condition. Several ongoing randomized controlled trials, including
the FAI Trial*® (FAIT) and the FAI Randomized Controlled Trial**’ (FIRST), will
provide critical information in terms of the diagnosis, management and prognosis of’
patients undergoing arthroscopic management of FAI.

Prognostic factors: In the continuity of clinical studies, dilating the sample analysed
in Chapter 6.2, including more patients as the follow-up time increases. Within five
years, we may be able to determine predictive factors with a stronger association and,
if appropriate, describe the survival analysis of the joints, with the end point being the
conversion to total hip arthroplasty. The relatively short follow-up time of this cohort
does not allow us to base surgical indication beyond the existence of symptoms and
simultaneous imaging diagnosis of Cam morphology. Long term prospective studies
are needed to help us determine which abnormalities are most important to correct,

and which ones can be safely left alone.

3) Morphological studies:

a.

Further clinically validating the concept of the €°. Radial measurement of the extent
of Cam deformity is a parameter that can be used clinically as a planning tool for sur-
gery, especially to evaluate the posterior extent of deformity where resection is more
critical in terms of joint preservation. Its clinical validation cannot be accomplished

in a small number of cases. It needs a larger sample of symptomatic individuals to
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be able to infer its usefulness as an imaging parameter with definite influence in the
selection of candidates for surgery.

b.  Hip-specific morphological MRI is considered the gold standard for detecting car-
tilage and labral lesions. A standardized method for diagnosing and monitoring joint
shapes and joint damage in the long-term, after either nonsurgical or surgical treat-
ment of impinging or unstable hips, is yet to be established. We must continue refin-
ing our evaluation of hip joint pathomorphologies including through the use of 3D
analysis. Further investigations are also needed to incorporate 3D measurements of
the symptomatic hip for a complete comparison between these populations to get a

better picture of hip biomechanics in FAI cases.

On this regard, in each of these work pillars, Artificial Intelligence (AI) will certainly pave the
way for better and comprehensive assessment. In the medical context, Al refers to devices or sys-
tems that can perceive some element of their environment and use this information to achieve

a predefined goal.

It has been heralded as the next big wave in the computing revolution and touted as a transfor-
mative technology for many industries including healthcare. Radiology has often served as the
gateway for medical technological advancements, and Al will likely be no difterent. Although
beyond the scope of this thesis, future research may explore deep learning techniques focusing
on automated hip segmentation and enabling large-scale radiomic analysis with the potential to
identify disease characteristics based on imaging patterns that may not be readily apparent to the
human eye. “Big data” techniques, consisting of both deep learning and other machine learn-
ing strategies, may also allow for better identification of “at-risk” subgroups and prediction of
response to therapy, by providing information on which patients may benefit from conservative

care as opposed to surgery.

Looking ahead, imaging, Al and HPS will continue to evolve hand-in-hand, with new prob-
lems and greater challenges. The increasing number of analytic parameters describing hip
joint pathomorphologies, as well as new sophisticated MRI and 3D CT-analysis, have carried
us beyond the point of simple classification systems. We need more reliable treatment guide-
lines beyond differentiation into pure FAI and dysplasia. It is time to refine the diagnostic
algorithm. The largely unknown natural course, especially in hips with symptomatic FAI and
asymptomatic population, continues to be a problem as far as diagnosis, treatment and prog-

nosis are concerned.
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Limitations

We acknowledge that study heterogeneity is the most striking feature in FAI literature. Hence,
a systematic review on FAI imaging certainly incorporates the limitations of the analysed studies,
introducing selection and information bias reflected by the variability in the threshold values
used to detect radiographic FAI, participants’ age, sex, geography, activity level, race and sports
engaged. Assignment of FAI morphologic features were made by both radiography and MR1I on
difterent radiographic views or MRI protocols and with different threshold values to determine
pathological and non-pathological conditions. Further research, with general population-based
studies and strict classifying criterion is paramount. Tools such as the modified risk of bias tool

for prevalence studies can assist in ensuring methodological rigour and valid conclusions.

Selecting a protocol for some of the prospective cohort studies included in this thesis, may
have been also subjected to bias as our controls were not selected from healthy volunteers and
we used patient survey information to exclude hip abnormality but did not perform a clinical
hip examination. However, we prospectively included controls evaluated for nonorthopaedic
disease and excluded all controls with any reported history of hip abnormality or symptoms.
Additionally, we excluded any controls with signs of hip abnormality on CT/MRI so that our
cohorts comprised asymptomatic individuals only. Second, these studies included only partial
correlation of semi-automated measurements with traditional manual measurements; such com-
parisons between 2D and 3D MRI methods would be useful but were not an objective of our
study, apart from the fact that the software used had already been validated.

Despite the inherent limitations and other biases specifically referenced in our published papers,
our studies were methodologically well conducted and had a low risk of bias, providing sev-
eral Level 2 evidence papers (according to the “Oxford Centre for Evidence-based Medicine”;
OCEBM Levels of Evidence Working Group. “The Oxford 2011 Levels of Evidence”).
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