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PUBO-FEMORAL DISTANCE MEASUREMENTS IN SCREENING FOR DEVELOPMENTAL DYSPLASIA OF THE HIP

ENGLISH SUMMARY

Screening for developmental dysplasia of the hip (DDH) has been performed in the
developed world for several decades. Initially the screening consisted of clinical
examinations of hip stability, but with the introduction of hip ultrasound (US) in the
1980s, mass screening of DDH based on hip morphology was made possible.

The advent of US screening also introduced the question of which children should
receive a hip US, launching a debate that is still ongoing. Should they be referred for
US based on a DDH risk assessment (selective screening) or should all children
receive a hip US (universal screening)?

While universal screening has been pursued in some countries, today most screening
programmes for DDH apply the selective screening approach citing, among other
issues, the increased financial cost of universal screening but also the need for
specialised examiners to perform the US screening.

Over the years, evidence indicating an inadequacy of selective screening to reduce
late diagnoses or ultimately surgical treatment for DDH, has been reported. Health
policy makers are therefore left with the choice of either continuing a possible
ineffective screening programme or to pursue universal screening, in a time where
health care resources are becoming increasingly scarce.

The present thesis presents a possible middle-ground, by investigating the pubo-
femoral distance (PFD) as a more accessible US metric, allowing inexperienced US
examiners to perform US screening, thus driving down the cost and personnel
requirements of a universal US screening programme.

The PFD method is investigated in three separate studies.

First, the accessibility of the PFD method was assessed in the hands of midwives as
novice US users. We designed a training programme with the purpose of
documenting the learning curve of novice US users learning the PFD method as well
as comparing the measurements to those produced by experienced musculoskeletal
radiologists.

Second, the midwives trained in the PFD method were employed in a hybrid
selective screening programme for DDH. This screening programme retained the
traditional clinical examination and risk factor identification of selective screening
while adding universal PFD US as a stand-alone referral criterion. The performance
of the traditional selective screening and universal PFD screening was then
compared in terms of effectiveness in detecting DDH.



Third, while the PFD method has been documented to correlate to DDH, and
consequently correlated to the gold standard US methods used in DDH diagnostics,
the degree of correlation had never been investigated. Therefore, using the study
population of the hybrid screening programme, we assessed the correlation of the
PFD measurement to the gold standard US metrics.

In short, the present thesis aims to provide the argument for the PFD method as a
screening tool in locations where universal US screening using the gold standard
methods are not feasible.

We found a rapid learning curve, higher efficiency of PFD screening compared to
traditional selective screening and a strong correlation to gold standard US metrics.
These findings suggest that PFD screening may be a viable alternative to traditional
selective screening and an acceptable compromise to universal US screening based
on the current gold standard methods.
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DANSK RESUME

Screening for hoftedysplasi (DDH) er blevet foretaget i adskillige artier. |
begyndelsen var screeningen baseret pa kliniske undersggelser af hoftens stabilitet,
men med introduktionen af ultralydskanning (UL) af hoften i 1980erne, blev det
muligt at screene for DDH baseret pa hofternes morfologi.

UL screening rejste samtidigt spargsmalet om hvilke bgrn, der burde modtage en UL
af hoften. Skulle bgrn henvises til UL baseret pa en risikovurdering for DDH (selektiv
screening) eller burde alle bgrn modtage en UL undersggelse af hoften uanset risiko
(universel screening).

Dette spgrgsmal udviklede sig til en debat, der stadig er pagaende. Universel
screening er indfert i enkelte lande, men selektiv screening er i dag fortsat mest
udbredt, da der henvises til de ggede finansielle omkostninger ved universel screening
samt det ggede treek pa sundhedsprofessionelle ressourcer.

Med tiden indikerer den tilgengelige evidens dog, at selektiv screening for DDH
muligvis er ineffektivt, da enkelte stgrre studier har papeget at det ikke effektivt
reducerer oversete diagnoser eller nedbringer antallet af kirurgiske behandlinger for
DDH. Beslutningstagere star derfor over for to valg: at fortsette den muligt ineffektivt
selektive screening eller at ga imod universel screening i en tid hvor ressourcerne i
sundhedsvasnet er knappe.

Denne afhandling sgger derfor at praesentere et kompromis ved at undersgge pubo-
femoral afstanden (PFD), som et mere tilgengeligt UL mal, der muligvis kan tillade
uerfarne UL brugere at foretage UL screening og derved nedbringe omkostningerne
ved universel UL screening for DDH, béade i forhold til gkonomi og pakravet
personel.

PFD-metoden undersgges i tre separate studier i denne afhandling.

Farst undersggtes PFD metodens anvendelighed i heenderne pa jordemadre, som vores
udvalgte UL novicer. Vi designede et oplaringsprogram med formalet, at
dokumentere leeringskurven for UL novicer, der opleres i PFD metoden og samtidigt
dokumentere novicernes pélidelighed i PFD opmaling sammenlignet med eksperter i
muskuloskeletal radiologi.

Dernest ansatte vi de oplarte jordemadre i et hybrid selektivt screeningsprogram for
DDH. Dette screeningsprogram beholdt de traditionelle henvisningskriterier, klinisk
undersggelse og risikofaktorer for DDH, og benyttede samtidigt universel PFD UL
screening som et selvsteendigt henvisningskriterie til opfelgende hofte-UL.



Effektiviteten af de traditionelle screeningskriterier, i forhold til at detektere DDH,
blev derefter sammenlignet med PFD henvisningskriteriet.

P& trods af, at PFD metoden er korreleret til DDH, og derved ogsa de gold standard
UL metoder der bruges i DDH diagnostik, er graden af korrelationen aldrig blevet
undersggt. Slutteligt undersggte vi derfor denne korrelation ved hjeelp af populationen
fra vores hybrid screeningsprogram.

I sin essens, sgger denne afhandling at bidrage med et argument for PFD UL som et
screeningsverktgj i samfund, hvor universel UL screening for DDH med gold
standard UL metoder ikke er muligt.

Vi fandt at PFD metoden hurtigt kunne laeres, at effektiviteten af PFD screening
signifikant overstiger traditionel selektiv screening og at PFD har en steerk korrelation
til gold standard UL mal. Disse fund indikerer at PFD screening kan vere et muligt
alternativt til traditionel selektiv screening og et kompromis til universal UL screening
baseret pé gold standard UL metoder.
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CHAPTER 1. INTRODUCTION TO
DEVELOPMENTAL DYSPLASIA OF THE
HIP

1.1. WHAT IS “DEVELOPMENTAL DYSPLASIA OF THE HIP”?

This deceptively simple question is difficult to answer, as controversies regarding the
condition and the relationship between hip dislocation and dysplasia has existed
through centuries. The following section is therefore dedicated to clarify what we
mean when we say developmental dysplasia of the hip (DDH) and how we arrived at
this definition.

DDH today describes growth abnormalities of the acetabulum and/or proximal femur
with or without subluxation, luxation or instability of the hip. This definition
originated in beginning of the 21% century. Before the connection between hip
dislocation and anatomical hip abnormalities was made, the condition was described
solely in terms of hip dislocation.

In the year 400-300 BC, the first case description of infant hip dislocation was made
by Hippocrates. He accredited it to “infants undergoing trauma or compression inside
the womb (1) and believed it to be congenital. The first mentioning of the condition
in modern times was by Palletta and Dupuytren (Dupuytren, 1847). They coined the
term primary or congenital hip dislocation (CHD) in 1847 indicating, by name, that
the condition is present at birth. While Dupuytren noted acetabular changes, the
connection of hip dislocation to hip dysplasia was first suggested by AM Phelps in
1891. Phelps autopsied a child with hip dislocation who had died from meningitis at
age 4Y years and noted: “The acetabulum is seen to be angular in shape, small, and
undeveloped” and went on to suggest: “Congenital dislocation of the hip is produced,
I believe, by injury at birth; injury in utero, or disease in utero; rhachitis; hereditary
influences, and, in exceptional cases, if such there are, by arrest of development of
the acetabulum” (1).

While the proposed causes are non-specific, they are nonetheless reflected in much of
what we know of DDH today in terms of injury (the crowding phenomenon of
oligohydramnios or breech presentation), the relationship to acetabular malformation
and indeed hereditary influences.
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In the 20™ century, hip dysplasia and hip dislocation were increasingly linked. While
there was still ongoing discussion about the name of the condition, the umbrella term
CHD was most commonly used. In 1989 Klisic published a brief report stating “the
unsatisfactory nature of the traditional term Congenital Dislocation of the hip has
been demonstrated in the course of the last 70 years, by the fact that at least 15
different names have been proposed” and “The modern term Developmental
Displacement of the Hip is much better. It realistically indicates a dynamic disorder,
potentially capable, as the baby develops, of getting better or getting worse [...] it
embraces all the variants of the disorder (dislocation, subluxation and dysplasia), no
matter whether they occur prenatally or postnatally” (2).

Thus, the ground was laid for Bowen and Kotzias-Neto to define “Developmental
dysplasia of the Hip” in their 2006 textbook of the same name. They describe hip
dysplasia as referring to “inadequate development of the hip joint, including the
acetabulum, femoral head, or both at the same time.” (3) which was later refined by
Sewell et al as “a spectrum of pathology, ranging from mild acetabular dysplasia with
a stable hip through more severe forms of dysplasia, often associated with neonatal
hip instability, to established hip dysplasia with or without later subluxation or
dislocation” (4)

To clarify, while CHD is defined by clinical hip dislocation or instability apparent in
the neonatal period regardless of acetabular changes, a diagnosis of DDH, by modern
definitions, necessitates morphological changes to the hip joint, which may lead to
instability or dislocation, but an unstable hip does not constitute DDH without the
aforementioned morphological changes. This distinction is important as will be made
clear in the following section.

20



1.2. HOW COMMON IS DDH?

Prevalence in the clinical screening era (pre 1980s) - CHD

Before the introduction of ultrasound (US) screening in the 1980s, CHD was
diagnosed by testing for clinical hip instability (i.e., a positive Barlow or Ortolani
manoeuvre or Galeazzi test) or by pelvic radiographs. In the clinical screening, the
examiner attempts to dislocate an unstable hip (Barlow), reposition a dislocated hip
(Ortolani) or test for limb length discrepancy (Galeazzi) with the child in the supine
position and with both hips flexed. The reported prevalence of CHD in this period
varies from 0.9% to above 10% even within the same ethnic populations (5-7), which
may in part be explained by the low reliability and repeatability of the clinical exam
techniques(8,9). However, as CHD and DDH are arguably two distinct conditions,
albeit with considerable overlap, the historical prevalence of CHD should not be
extrapolated into the era of US screening and DDH.

Prevalence in the ultrasound screening era (post 1980s) - DDH

With the introduction of hip US for DDH in 1983 by Reinhard Graf (10), mass
screening of children for dysplastic changes of the hip joint became possible.
Additionally, Graf proposed a classification system (table 1), reflecting the different
stages of the DDH continuum, based on measurements of the inclination of the
acetabular roof (o angle) and the time of examination. The classifications of the hips
range from normal (type I hip), to DDH (> type I1b hip), to completely dislocated and
unmeasurable (type IV hip). This system provided a framework for reporting and
comparing DDH diagnoses between studies based on hip US (table 1).

21
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Graf classification Alpha angle (degrees) | Description

Type | (Mature) >60 Normal

Type Ila (Immature) 50-60 Immature (<3 months)
Type Ilb (Delayed 50-60 > 3 months
ossification)

Type llc 43-49 Acetabular deficiency
Type Ild (Decentered) 43-49 Everted labrum

Type HI (Eccentric) <43 Everted labrum

Type IV (eccentric) Unmeasurable Dislocated

Table 1: Sonographic hip types according to Graf. Adapted from table 6.1 p.41 (11)

The reported prevalence of DDH based on the Graf classification scheme vary across
time periods, screening programs and geographical locations, with the latter owing to
both cultural factors (i.e. infant swaddling(12)) and genetic predisposition (13). In a
recent Austrian study of the largest cohort of universally screened children to date,
10% of screened children had dysplastic changes on hip US and 0.8% had true DDH,
defined as a Graf classification > Ilb (14).

1.3. TREATMENT FOR DDH

Treatment for DDH depends on the severity of the dysplasia, the instability status of
the hip and the age of the child. Active treatment ranges from the application of
orthoses or casts to tendon tenotomies, open joint reductions and periacetabular
osteotomies (15). For conservative treatment, the optimal treatment window is before
the child reaches seven weeks of age (16), as the child ages the success rate of
conservative treatment declines and surgical intervention may become necessary. This
time-dependency on treatment options makes identification of DDH cases at an early
age essential, as it minimizes the treatment intervention and the associated treatment
risks for the child (17).

22



1.4. SCREENING FOR DDH

Despite uncertainties regarding the true prevalence of DDH, it is still considered the
most common musculoskeletal disorder in childhood. Together with the time-
sensitive nature of treatment, this leads to screening for DDH being widely
implemented in the developed world, with the primary aim of reducing the number of
late or missed DDH diagnoses.

Screening for DDH can be divided into three general categories:

1. Universal clinical screening: All newborns are screened for DDH using
clinical hip examinations which are: the Barlow and Ortolani manoeuvres,
The Galeazzi test and a test for limited hip abduction.

2. Selective US screening: newborns at risk for DDH are referred for follow-up
hip US based on universal clinical screening and identification of risk factors
for DDH. Numerous risk factors have been proposed over the years,
commonly used risk factors for DDH screening are(18-20) :

o Breech position in utero or during birth

o Family history (1. degree relative)

o oligohydramnios, clubfoot, macrosomia and multiple births have
also been associated to DDH, but a clear risk increase has not been
documented.

3. Universal US screening: All newborns are screened for DDH using hip US
regardless of risk status or clinical findings.

Selective US screening is predominantly used worldwide and is recommended by
large institutions such as the American Academy of Orthopedic Surgeons (18) and the
National Health Service in the UK (19). In Denmark, selective US screening was
implemented in the mid-2000s.

Universal US screening is currently used in parts of Germany, Austria and Turkey and
was recently introduced to Mongolia in the Swiss Mongolian Pediatric Project (21).

While screening for DDH is generally recommended, the evidence surrounding these

recommendations is unclear. The uncertainties regarding DDH screening will be
presented in the discussion section of this thesis.

23
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1.5. ULTRASOUND DIAGNOSTICS FOR DDH

Over time several hip US methods have been proposed, with the most well-known
being the Graf, Harcke and Terjesen methods, which are often used in combination.
The following section will focus on these US methods, how they are performed and
how they differ from the newer pubo-femoral distance (PFD) measurement.

The Graf ultrasound method

The Graf US method is the current gold standard for DDH diagnostics and screening
for children below six months (22). Central to the method and the Graf classification
scheme, is the measure of the slope of the bony acetabular roof (a angle). The method
also describes a measurement of the cartilaginous roof (3 angle), which mainly serves
to provide individual differentiation in the case of decentred hips.

According to the methodology developed by Graf, the child is placed in a cradle in
the lateral decubitus position while the hip is examined using a linear array probe. To
ensure repeatability a “standard plane” must be identified consisting of eight
anatomical landmarks of which three are further used to check if the correct sectional
plane is produced. The US image is only considered fit for use if all these landmark
criteria are fulfilled (figure 1.1).

24
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Figure 1.1: (left) ultrasound image of a neonate hip identifying the eight anatomical
landmarks for the “standard plane” 1) Chondro-o0sseous border, 2) femoral head, 3)
synovial fold, 4) Joint capsule, 5) Acetabular labrum, 6) cartilaginous acetabular roof
7) bony acetabular roof, 8) bony rim. (right) Ultrasound image of a neonate hip
depicting the landmark check for correct plane identification. 1) Lower limb of the
iliac bone 2) upper limb of the iliac bone 3) acetabular labrum. Images presented with
permission from Hip Sonography, diagnosis and Management of Infant Hip dysplasia
by R Graf. (11)

25
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Figure 1.2: Ultrasound image of a neonate hip in the standard plane. 1) baseline, 2)
acetabular roof line 3) cartilaginous roof line. a-angle = angle between line 1 and 2,
[S-angle = angle between line 2 and 3.

Once the standard plane is obtained, the slope of the acetabulum (o angle) is measured
as the angle between the baseline, drawn from the uppermost point of the proximal
perichondrium tangential to the iliac bone and the bony roof line drawn from the
inferior border of the lower limb of the iliac bone to the bony roof (figure 1.2).

The B angle is measured as the angle between the baseline and a line drawn from the
“turning point” (i.e., where the lower limb of the acetabulum goes from concavity to
convexity) to the centre of the labrum.

Despite its long standing and widespread use, the reproducibility of the Graf method
is low (23), which may in part be explained by the complex list of requirements needed
in order perform and interpret the Graf US correctly, and the necessary extensive
training (24).

This inaccessibility makes an US screening programme, based on the Graf method,

difficult to implement on a large scale. However, other, potentially more accessible,
US measurements for DDH have been proposed, most recently the PFD method.
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The Harcke/Terjesen method

Theodor Harcke and Terje Terjesen both independently described methods for
sonographic assessment of hip instability by measuring coverage percentages of the
femoral head by the bony acetabular roof. In the original description by Harcke the
examination required four views: Two frontal views with the hip joint in neutral and
90° flexion and two transverse views with the hip joint in neutral and 90° flexion (25).
The four produced US images in two perpendicular planes are then qualitatively
described as normal, subluxated or dislocated. Later, Harcke and colleagues described
the optional measurement of the Bony Rim Percentage (BRP) which measures the
coverage of the cartilaginous femoral head by the bony acetabular roof in the frontal
flexion view (26).

Coinciding with the publication of the Harcke method, Terjesen defined his
methodology of assessing the acetabular coverage of the femoral head. In the original
description by Terjesen, the method requires static and dynamic examination in the
frontal and transverse planes with the hip joint in neutral and slightly flexed position
(27). Similar to the Harcke method, a qualitative description of the hip joint is made
based on the static and dynamic findings as well as a calculated Femoral Head
Coverage (FHC), which represents the coverage of the femoral head by the bony
acetabular roof (figure 1.3). While the FHC and BRP both measure the coverage of
the femoral head, according to the original descriptions, the BRP requires a frontal
90° degree flexion view while the FHC requires a frontal “slightly flexed” view and
the tangential iliac reference line is slightly different for BRP than Terjesen’s FHC
method. Additionally, the BRP method requires a view of the acetabular fossa, which
can be impossible in cases with hip (sub)luxation.
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Figure 1.3: US images of newborn hips depicting the Terjesen FHC measurement
(Study I1). The FHC is calculated as a/A*100 where a is the distance from the
medial edge of the femoral head to the baseline tangential to the iliac bone and A is
the distance from the medial to the lateral edge of the femoral head. BRP = Bony
Rim Percentage, FHC = Femoral Head Coverage
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Today the term FHC is primarily used and measured according to the method
described by Terjesen, although there may be differences in the positioning of the hip
joint while performing the measurement. In the present thesis, and study 111, FHC will
refer to the Terjesen FHC as measured in the frontal 90° flexion view.

The Pubo-Femoral Distance method

The PFD method was first described by Couture et al in 2011(28), although Tréguier
et al have reportedly used the measurement since the 1990s (29). According to the
methodology described by Tréguier, the child is examined in the supine position with
the examined hip flexed in adduction while applying lateralizing stress. The quality
criteria for the PFD hip US are: visualization of the epiphyseal centre, the
fibrocartilaginous rim, the horizontal upper limb of the iliac bone, the acetabular roof
at its greatest depth and the pubic bone (29).

PFD is defined as the minimal measurable distance between the medial margin of the
femoral epiphysis and the ossification center of the pubic bone while applying
lateralising stress to the hip joint during hip US (figure 1.4). It is therefore similar to
the previously proposed Harcke and Terjesen methods, as it quantifies sonographic
hip joint instability. However, where the Harcke and Terjesen methods measure the
relative coverage of the cartilaginous femoral head by the bony acetabulum, the PFD
measures the absolute distance of the femoral head from the pubic bone in millimetres.
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Femoral
head

lliac bone

Figure 1.4: US image of a neonate hip depicting the PFD method. The PFD (red) is
measured as the minimal distance between the medial margin of the femoral epiphysis
and the ossification center of the pubic bone. The quality criteria are: the
fibrocartilaginous rim, the horizontal upper limb of the iliac bone, the acetabular roof
at its greatest depth and the pubic bone. PFD = pubo-femoral distance.

To date the PFD method is only used systematically in the original authors’ region of
France, where it reportedly has replaced the Graf method of diagnosing DDH (29). At
this point it is necessary to clarify that this thesis and included studies do not
investigate the PFD as a replacement for the current Graf gold standard, but rather as
an alternative to traditional referral criteria in selective screening (i.e. clinical hip
examinations and risk factor identification).
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1.6. LITERATURE GAPS

Prior to this PhD project, only seven studies had been published about PFD and DDH.
From the existing literature the following main points have been reported:

- The PFD has a high sensitivity (100%) and specificity (79.5%) for DDH
using a cut-off of 6mm or difference between sides of 1.5mm in children age
four to six weeks (29).

- The PFD is reliable between experienced and inexperienced radiologists
(Cohen’s kappa 0.8, interrater ICC 0.85) (29) (30) .

- PFD increases with age in normal children and is not influenced by gender
or side (31).

The available evidence, although limited, may indicate that the PFD method may be
the ideal accessible candidate for implementation of mass US screening for DDH.
However, more information and confirmation of the above results is necessary. The
studies in the present thesis therefore seeks to expand the existing knowledge of the
PFD method by investigating three main questions:

1. Can the PFD method be rapidly taught to novice US users?

2. What cut-off value for PFD should be used in early lateral decubitus PFD
US primary screening for DDH?

3. What is the sensitivity and specificity of the PFD as a referral criterion
when compared to traditionally used referral criteria for follow-up Graf hip
us

4. How does PFD correlate to existing DDH US metrics?

Regarding question 1

The PFD method has only been documented in the hands of radiologists with varying
amounts of training in musculoskeletal US. We wanted to test the limits of the
accessibility of the method by training novice US users, with no prior musculoskeletal
US experience, in its use. This research question leads to study I of the present thesis.

Regarding question 2

Tréguier et al defined the optimal cut-off value for PFD in their original work.
However, the measurements were performed in children at least four weeks old who
were examined in the supine position. Further, it is unclear from the 2013 study, how
they arrived at their cut-off value and how they defined a true positive outcome to
calculate it.

In study Il of this thesis, we decided to implement primary PFD screening with as

little inconvenience for the child and parents as possible. We therefore mimicked the
existing US screening setup of the Graf method by examining the child in the lateral
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decubitus position to avoid repositioning of the child during hip US and performed
the PFD examination at the same time as the primary clinical screening.

Regarding question 3

No studies have compared PFD screening to clinical hip examination and risk factor
identification in early primary screening for DDH. Using the optimised cut-off point
for PFD in DDH detection, we aimed to assess and compare the sensitivity and
specificity for clinical hip examinations, risk factor identification and PFD as referral
criteria for follow-up Graf hip US.

Regarding question 4

The PFD does not directly measure dysplastic changes in the hip joint but rather
quantifies sonographic instability. It is however highly sensitive in detecting DDH
and must therefore correlate to the Graf scheme of classifying acetabular dysplasia.

In study III we examine the correlation of PFD to Graf’s alpha angle and the

correlation between PFD and existing validated DDH US metrics that also quantifies
sonographic instability.
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CHAPTER 2. STUDY AIMS RESUME
AND RESULTS

The overall aim of the present thesis was to investigate how the PFD might be
implemented in an existing selective DDH screening setting as a referral criterion for
follow-up Graf US. The current primary screening for DDH in Denmark is primarily
performed by midwives and general practitioners. We chose the midwives as the
optimal novice US candidate for training in PFD measurements, as they are a group
experienced in connecting with newborns and their parents. Additionally, they may
seamlessly integrate PFD US examinations into the logistics of the existing screening
setup, at a minimum of inconvenience for both parents and the newborns.

In evaluating the PFD method and the implementation of primary PFD US screening,
we focused on the accessibility in terms of learning curves for novice users,
effectiveness in detecting DDH with PFD as referral criterion for follow-up hip US,
and the correlation of PFD to existing DDH US metrics which we investigated in three
separate studies.

The following section will provide a brief resume of each study, the methods used and
the results, as well as an overall conclusion of all three studies. This will be followed
by an in-depth discussion of the larger methodological challenges faced in the
execution of the studies.

The studies are:

- Study I: Pubo-Femoral Distances Measured Reliably by Midwives in Hip
Dysplasia Ultrasound (published Sep 2022, MDPI Children)

- Study II: Point of care pubo-femoral distance ultrasound outperforms
traditional referral criteria in selective screening for hip dysplasia.
(Submitted for publication)

- Study I1I: Pubo-femoral distances correlate to acetabular morphology and
sonographic instability in screening for hip dysplasia. (Submitted for
publication)

All studies are attached in the appendix section of this thesis.
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2.1. STUDY I: PUBO-FEMORAL DISTANCES MEASURED
RELIABLY BY MIDWIVES IN HIP DYSPLASIA ULTRASOUND

2.1.1. AIM

To evaluate the reliability and agreement in PFD measurements performed by
midwives compared to expert musculoskeletal radiologists and secondly, to
investigate the learning curve for the midwives as a group, defined as agreement over
cumulative number of hips scanned by the midwife.

2.1.2. RESUME

We recruited midwives for training in the PFD method from the department of
Gynaecology and Obstetrics at Aarhus University Hospital (AUH). A training
program was constructed based on the theory described in Miller’s pyramid (32) as
well as utilizing the principles of blended learning in different learning styles and
environments. In the training program the midwives were initially presented with a
10 minute online introductory film on the definitions of DDH, how it is diagnosed and
treated with an emphasis on the PFD US method. The recruited midwives then
participated in a two-hour theoretical seminar which elaborated on the subjects
covered in the introductory video. Each midwife and supervising radiologists then
participated in a workshop where they measured the PFD on 15 best-practice static
US images of newborn hips. Each measurement was repeated at a secondary
workshop one week later.

Following this, the midwives participated in four supervised learning sessions, over
the course of two weeks. The sessions were integrated into the DDH US screening
clinic at AUH, and was supervised by one of three senior musculoskeletal radiologists.

The data gathered was: PFD measured on static US images in workshop #1 and #2 for
both midwives and radiologists. PFD measured in the supervised scanning sessions
for both midwives and supervising radiologist.

Statistics

Reliability was assessed using intraclass correlation coefficients (ICC) for both inter-
and intrarater reliability for the groups of midwives and radiologists. Agreement in
the supervised sessions was analysed for each session using absolute measurement
differences between PFD measurements, obtained by the midwives and supervising
radiologist, as well as inspection of Bland-Altman (BA) plots for any systematic
differences in agreement correlated to mean value of PFD measurements.
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2.1.3. RESULTS

Eight midwives were recruited for training with a mean seniority of 11 years ranging
from 4-27 years. Two midwives had previous experience with foetal US which they
had used for one year in daily clinical practice.

Workshop measurements

The reliability of repeated PFD measurements performed on 15 static hip US images
was near perfect (ICC>0.89) regardless of group comparators (i.e. intrarater reliability
or interrater reliability within the group of midwives/radiologists or between groups
(table 2.1).

Table 2.1 — reliability of static PFD measurements performed by midwives
and radiologists

Radiologists (n=3) Midwives (n=9)
Interrater RAD/MW ICC 0.99[0.86;0.99]
(95% CI) workshop 1

0.99 [0.92;0.99]

Interrater RAD/MW ICC
(95% CI) workshop 2
Interrater ICC (95% CI) | 0.93[0.84;0.97] 0.89 [0.80;0.95]
within group workshop 1
Interrater ICC (95% CI) | 0.95[0.83;0.98] 0.95[0.90;0.98]
within group workshop 2
Intrarater ICC (95% CI) | 0.98[0.93;0.99] 0.99[0.84;0.99]
group average between
workshops

Table 2.1: inter- and Intrarater reliability of repeated PFD measurements on static
US images of newborn hips made by radiologists and midwives.

Supervised live measurements

Included midwives performed a mean of 29 hip USs (range 24-35) over the course of
four supervised scanning sessions totalling 237 hip PFD measurements for
comparative analysis. Inspection of BA plots did not reveal any correlation between
increasing mean PFD values and measurement differences between raters (figure 2.1).
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Figure 2.1: Bland Altman plot of PFD measurement differences between supervising
radiologist and supervised midwives and mean PFD measurements across four

supervised sessions.
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Reliability across sessions increased from ICC= 0.59 (95% CI 0.37;0.75) in session 1
t0 0.78 (0.66;0.86) in session 3 (table 2.2). We observed a decrease in ICC for session
410 ICC = 0.42, which did not reflect the observed measurement differences, but may
likely be attributable to the low variance of measurement values for session 4, which
is a known limitation of the ICC method (33).

Table 2.2

Session of live scans (n=hips) ICC (95 % CI)
Session 1 (n=55) 0.59 (0.37;0.75)
Session 2 (n=60) 0.81 (0.68;0.88)
Session 3 (n=61) 0.78 (0.66;0.86)
Session 4 (n=61) 0.42 (0.19;0.60)

Table 2.2: Interrater reliability of PFD measurements performed by supervising
radiologists and supervised midwives across four supervised sessions.

Initial agreement, as represented by absolute measurement differences between
midwife and radiologist, was 0.73mm which decreased by 0.1mm (95% CI 0.02-0.17)
for every ten hip US exams the midwife performed. Inspection of a scatter plot of
individual- and group mean absolute PFD differences as a function of cumulative
number of hip US exams performed by the midwives, supported the abovementioned
correlation between agreement and midwife experience. The plot also visualised a
decrease in the range of disagreement as the midwives gained experience (figure 2.2).

37



PUBO-FEMORAL DISTANCE MEASUREMENTS IN SCREENING FOR DEVELOPMENTAL DYSPLASIA OF THE HIP

o |

o~
E N
£
]
Q
=
o |
g\—
©
[m]
[T
n_ -
aF ° Py
S
2 Q\.\.-o‘“,o\ ¢ ¢
o ST e—2— %0
<L07 ..___i—_—_‘—-—-:—.'t-..

® . .‘—'—-——..._T——-—-—.___i_
® \.hﬁ-
[ ]
®
o 4
T T T T T
0 10 20 30 40

Number of scans performed by midwife

Figure 2.2: Absolute PFD measurement differences between supervising radiologist
and supervised midwife as a function of cumulative number of scans performed by
individual midwives. Blue dots represent group averages, grey dots represent
individual differences. A fitted line with accompanying 95% confidence interval has
been added.
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2.2. STUDY II: POINT OF CARE PUBO-FEMORAL DISTANCE
ULTRASOUND OUTPERFORMS TRADITIONAL REFERRAL
CRITERIA IN SELECTIVE SCREENING FOR HIP DYSPLASIA

2.2.1. AIM

To evaluate the performance of PFD measurements as a referral criterion for follow-
up hip US in newborns undergoing DDH screening and to compare it to traditional
selective referral criteria (clinical hip examination and risk factors). Each referral
criterion was compared by sensitivity, specificity and positive predictive values (PPV)
in detecting US hip abnormality (>Graf Ila), the proportion of DDH cases detected
and associated referral rates. Additionally, an optimised PFD cut-off value for DDH
detection in early PFD US screening was calculated.

2.2.2. RESUME

In the existing screening programme for DDH at AUH, all newborns are screened by
a midwife using clinical hip examinations and screening for risk factors for DDH
(breech presentation, multiple births, family history of DDH, oligohydramnios,
clubfeet) approximately two days after birth in the post-partum clinic. Utilising the
midwives trained in PFD US in study I, we offered all parents of newborns, who were
screened in the post-partum clinic, a PFD US of their newborn’s hips in addition to
the clinical- and risk factor screening. The PFD US was performed on the same
weekday as the clinical screening, or in the case of newborns clinically screened in
the weekends, in the following week.

We included all newborns screened at the post-partum clinic at AUH whose parents
opted for a supplementary PFD US, which had to be performed within 14 days after
birth. The newborns would be referred for a follow-up hip US if they had a positive
clinical examination and/or presence of a risk factor and/or a PFD >5.1mm or a
difference in PFD between hips > 1.5mm (figure 2.3).

As no other studies have investigated early PFD US examination, the initial cut off
value of 5.1 mm for the PFD was established based on a retrospective analysis of PFD
measurements of newborns aged 0-14 days from AUH and the available literature
(31). It was updated post-hoc with the aim of optimising sensitivities and specificities
for PFD as a referral criterion in detecting DDH, and the reported results and figures
uses this optimised post-hoc cut-off value.

A consort flow-chart depicting the patient flow for Study Il and study 111 can be seen
in figure 2.4. Note that study Il uses the initial cut-off for patient selection.
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One or more of the
following:

- Positive clinical
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- Risk factor for DDH
-PFD =5.8 mm or Hip ultrasound by
difference between radiologist

sides = 1.5mm

2 days <14 days Ll
Primary clinical- and
;?aerlr:ﬁs I:J‘nr?\?e"r]s?t: risk factor PFD ultrasound by Abnormal
Hospital examination at post- midwife
P partum clinic
A 4
Megative clinical- risk Normal
factor- and PFD
examination

Figure 2.3: flowchart depicting the screening protocol for study Il

Statistics

We compared individual referral criteria as well as the combined clinical examination
and risk factor identification. Comparison was made using receiver operating
characteristics (ROC) curves and AUC values as well as sensitivities, specificities and
PPVs with a true positive defined as a Graf hip US classification >lla. Confidence
intervals were calculated using bootstrapping (100 samples), while statistical
comparison and p-values for sensitivities and specificities were calculated using the
Mcnemar test. Observations were investigated for normality using QQ plot inspection
and a significance level of 5% was applied.

To optimize the PFD cut-off value in terms of produced sensitivities and specificities
empirically optimal cut-off values were calculated using the Youden and Liu indexes
(34) (35). The first and senior author decided upon the final value by comparing the
empirically optimal cut-off values with a table of cut-off values and their
corresponding sensitivities and specificities and chose a value of 5.8mm. A sensitivity
analysis of calculated cut-off values using right hips, left hips and all hips was
performed to account for bilaterality of observations. As no significant difference in
cut-off values was found, independency between hips was assumed.
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Figure 2.4: combined CONSORT diagram for study Il and Il using the updated
5.8mm and original 5.1mm cut-off values for the PFD criterion respectively.
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RESULTS

Of the 4,794 newborns born at AUH, 2,735 were included for PFD examination after
consent was obtained from their parents. Of these, 25 were excluded due to age >14
days at the time of primary PFD examination. 616 newborns were referred for follow-
up hip US of which 561 were available for analysis (figure 2.4).

US findings and referral rates stratified by referral criteria (selective or PFD) can be
seen in figure 2.5.

561 newborns
included for analysis

| ' I

Eﬁﬁnﬁllawian;glser;izeerred 51 newborns referred in 244 newborns referred
yprngram both programs anly in F'FD_prngram
(502 hips) (81 hips) (398 hips)

Graf types (hips) Graf types (hips) Graf types (hips)
s |2 486 (96.8%) s |2 62 (76.5%) s |2 358 (90.0%)
o lla 15 (3.0%) ol 14 (17.3%) o lla: 36 (9.1%)
o llcid: 1 (0.2%) o llcid: 4 (4.9%) o llc/d: 4 (1.0%)
o I+ 0 (0%) o I+ 1 01.2%) o I+ 0 {0%)
Referred in selective program Referred in PFD program
317 newborns (11.6%) 295 newbomns (10.8%)
283 hips 479 hips
Graf types (hips) Graf types (hips)
o | 548 (94.0%) o | 420 (87.7%)
o lla: 29 (5.0%) o lla: 50 (10.4%)
« llc/d: 5 (0.9%) o llcfd: 8 (1.7%)
o I+ 1 {0.2%) o I+ 1(0.2%)

Figure 2.5: Ultrasound findings in the traditional selective screening programme
for developmental dysplasia of the hip and the PFD programme. PFD = Pubo-
femoral distance.
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Calculated sensitivities, specificities, PPV and AUC were significantly higher for the
PFD criterion using a cut-off of 5.8 mm when compared to the combined clinical exam
and risk factor identification criteria (table 2.3, figure 2.6). The PFD referral criterion
detected an additional 21 type Ila hips and three type llc hips when compared to
traditional selective criteria, corresponding to increases of 72% and 60%, when
compared to selective programme, while maintaining similar referral rates (11.6% in
selective programme vs 10.8% in PFD program). The PFD criterion missed 15 type
I1a hips and one type Ilc detected by clinical exam and risk factor identification.
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Table 2.3: Performance parameters of referral criteria for follow-up hip US in study
Il. PFD = Pubo-femoral distance, AUC = Area under the curve, PPV = Positive
predictive value.
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ROC curves - DDH referral criteria

sensitivity

.6
1-specificity

———@—— Clinical examination and/or risk factors (AUC: 0.51) ——@—— Risk factors (AUC: 0.48)

——@—— Clinical examination (AUC: 0.56) ——@—— PFD(AUC: 0.72)

Figure 2.6: Receiver operating characteristics (ROC) curves depicting the sensitivity
and 1-specificity of referral criteria for follow-up hip US in study Il. The single dots
for the traditional referral criteria represent the produced sensitivity and specificity
when the referral criteria are positive while the multiple dots for the PFD criterion
reflect sensitivities and specificities across different cut-off values for the PFD
criterion. PFD = Pubo-femoral distance, AUC = Area under the curve.
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2.3. STUDY Ill: PUBO FEMORAL DISTANCES CORRELATE TO
ACETABULAR MORPHOLOGY AND SONOGRAPHIC
INSTABILITY IN SCREENING FOR HIP DYSPLASIA.

2.3.1. AIM

To evaluate how the PFD measurement, measured in the lateral decubitus position,
correlates to traditionally used US metrics namely Graf’s alpha angle and the
Harcke/Terjesen FHC in situ and during provocation in hip US.

2.3.2. RESUME

The PFD measurement correlates to the Graf classification scheme (36) and may
reportedly decrease the rate of late DDH diagnoses to zero (29). While the connection
between PFD and the gold standard Graf method seems evident, to date no studies
have quantified the correlation between PFD and the alpha angles which is the
foundation of the Graf classifications. Further, no studies have examined how the PFD
correlates to US hip stability metrics as measured by the Harcke and Terjesen
methods.

We hypothesized that the PFD, although it does not directly measure acetabular
morphology, is significantly correlated to Graf’s alpha angle as well as the
Harcke/Terjesen FHC.

Per the current institutional guidelines, every follow-up hip US for DDH at AUH
includes a measurement of alpha/beta angles, FHC in situ and during provocation as
well as PFD measurements. During the US examination the child is placed in the
lateral examination position, fixed in a cradle. The newborn’s hip is flexed in
adduction and, using a linear high frequency transducer, the alpha angle, beta angle
and FHC is measured according to the methodology described by Graf, Harcke and
Terjesen (10,25,27) although FHC was only measured in the frontal plane. The FHC
and PFD is then subsequently measured while lateralizing stress is applied to the hip.

We retrospectively collected alpha angles, FHC (in situ and provocation) and PFD
measurements from hip US performed on newborns included and referred for follow-
up hip US in study Il. Exact FHC during provocation was only routinely reported by
one of three musculoskeletal radiologists performing hip US, while the others reported
the exact FHC value if FHC in situ or during provocation was below 50%.

Included newborns were referred based on a combination of referral criteria which
were: primary PFD >5.1mm or difference in PFD between sides > 1.5mm, a positive
clinical hip examination or presence of a risk factor for DDH. Note that the a-priori
cut-off value for PFD of 5.1mm was used in this study, which is reflected in the higher
number of referred newborns in study 111 as compared to study 1.
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We excluded examinations where the child was above three months of age at the time
of follow-up US examination and US examinations where PFD measurements were
missing.

Statistics

The correlation of PFD values to alpha angles, FHC and FHC during provocation was
analysed using scatter plots and box plots as well as linear regression. To account for
bilateral observations a sensitivity analysis using mixed linear models was performed.
Mean PFD values were stratified by Graf classification and hip US-displaceability
status (displaceable = FHC < 50% in situ and/or during provocation) and compared
across strata using Student’s t-test. Normality of data was checked using QQ plots
while a significance value of 5% was observed.

2.3.3. RESULTS

Of 2,735 screened newborns 815 were referred for follow-up hip US. 53 did not show
for follow-up hip US, 8 were referred to another institution, two children were above
three months of age at US examination, and six hips were missing one or more US
measurement values leaving 752 newborns (1500 hips) for analysis (figure 2.4).

Scatter plot inspection and linear regression revealed a significant negative correlation
of PFD to alpha angles, FHC and FHC during provocation (p<0.001) (table 2.4 figure
2.7, 2.8). A 1 mm increase in PFD correlated to a -2.1 degree (95% CI -2.3;-1.9)
change in alpha angle, a -3.4% (95% CI -3.7;-3.0) change in FHC and a -6.0% (-6.6;-
5.5) change in FHC during provocation. PFD was significantly higher for more
dysplastic hips, as determined by Graf types and in US-displaceable hips (FHC<50%)
(p<0.001)(table 2.4 figure 2.7).
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Figure 2.7: Box plots of PFD values stratified by Graf classification and hip
displaceability status. Boxes represent 25%, median and 75% percentiles with
whiskers representing upper- and lower adjacent values. Displaceable = FHC or
FHC during provocation <50% *=significant result. PFD = Pubo-femoral distance,
FHC = Femoral Head Coverage.
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Figure 2.8: Scatter plot of PFD and Alpha angles with fitted regression line, 95%
confidence intervals and regression coefficients. PFD = Pubo-Femoral distance.
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Figure 2.9: Scatter plot of PFD, FHC and FHC during provocation with fitted
regression lines, 95% confidence intervals and regression coefficients. PFD = Pubo-
femoral distance, FHC = Femoral Head Coverage.
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Graf classification (n hips) = PFD (mean 95% CI) P-value

Type | (n=1,416) 3.8 (3.8;3.9)

Type lla (n=74) 54 (5.1;5.7) <0.001*
Type llc (n=9) 7.4 (6.4;8.5) <0.001*
Type I11+(n=1) 11.2 ( N/A) N/A

Hip displaceability

Non-displaceable = 3.8 (3839
FHC>50% (n=1,422)
Displaceable= FHC <50% | 5.9 (5.6;6.2) <0.001*

(n=78)

Table 2.4 distribution of hips according to Graf types and hip displaceability status
with accompanying mean PFD values. PFD = Pubo-Femoral distance, FHC =
Femoral Head Coverage.

Variable Intersection p-coefficient (95% | P-value
Cl)

Alpha angle 74.5° -2.1(-2.3;-1.9) <0.001*

FHC 76.0% -3.4 (-3.7;-3.0) <0.001*

FHC during 84.1% -6.0 (-6.6;-5.5) <0.001*

provocation

Table 2.5 Results of linear regressions of alpha angles, FHC and FHC during
provocation with Pubo-Femoral distance as independent variable. FHC = Femoral
Head Coverage.
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2.4. OVERALL CONCLUSION

The described studies indicate that:

- The PFD method may be rapidly taught to novice US users producing
reliable US measurements. Additionally, the present results suggest that
two supervised hip US sessions may be sufficient to produce PFD
measurements with low disagreement, when compared to expert examiners.

- PFD >5.8mm as a referral criterion in early primary US screening had
higher sensitivity, specificity and PPV in detecting immature/dysplastic
hips than clinical hip examinations and risk factor identification combined.
Further, it increased detection rates by 60% while maintaining referral
rates.

- The PFD measurement is significantly correlated to existing US metrics
measuring acetabular morphology and hip displaceability status.

These findings underline the high accessibility, effectiveness and, in part, feasibility
of the PFD measurement as a potential replacement for clinical hip examinations and
risk factor identification in selective screening for DDH as referral criteria for follow-
up Graf hip US.

Specific limitations of the abovementioned conclusions are discussed in the individual
supplied manuscripts.
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CHAPTER 3. METHODOLOGICAL
CONSIDERATIONS

3.1. BILATERAL OBSERVATIONS

One of the central foundations of many statistical methods is the assumption of
independency between observations. In health care research, and specifically
orthopaedic research, this assumption is often either ignored or violated. In a
systematic review from 2006 of 288 studies from seven high impact orthopaedic
journals, Bryant et al found that 42% of studies inappropriately used multiple
observations (e.g. bilateral joint measurements) from individuals without addressing
the potential bias they introduced to their results (Bryant et al. 2006).

In traditionally used statistical analyses, standard deviations, standard errors and
associated p-values and confidence intervals rely on the assumption that the random
variance in observations originate from the variance between the independent
observations of the sample (e.g. patients). However, by including bilateral or within-
subject observations, a second source of variance is introduced in the form of possible
variance between sides.

Fixed-effects models only take the between-subject variance into account, thus failing
to account for the within-subject variance. This is expected to result in an
overestimation of the between-subject variance, but an underestimation of the within-
subject variance (since this is assumed to be zero in the fixed effect model). It is not
possible to know in which direction (wider/slimmer) this error in variance may affect
the confidence intervals (37).

As fixed-effects models such as linear regressions, analyses of variance (ANOVA) or
generalized linear models only take the between-subject variance into account, we run
the risk of underestimating the true variance of our sample (37).

Knowing this, there are several ways to approach the problem of bilateral
observations, some of which are mentioned below.

3.1.1. OPTION 1: ASSUME INDEPENDENCE

As Bryant et al found, a prevalent approach is to ignore the risk of bias of bilateral
observations by assuming independency between sides. This has the advantage that
the methodology may be conducted in a simpler manner and therefore be easier to
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understand for non-statisticians. When ignoring independency does not affect the
resulting conclusion, simplicity may be an acceptable argument.

In the case of DDH, two joints from the same patient may share certain characteristics
because of shared host factors. This could be the increased risk of increased PFD
values of both hips because of a shared risk factor such as breech presentation or
family history of DDH or, conversely, the absence of any risk factors. Given this
correlation, it may therefore not be reasonable to consider observations from two hips
from the same patient as independent without performing a sensitivity analysis of how
this assumption affects the results and conclusions.

3.1.2. OPTION 2: MIXED MODEL WITH RANDOM EFFECTS

Another option is to use mixed effect models to account for within-subject variance.

The advantage of mixed effects models is the inclusion of more than one source of
random variance in data by using random effects. Random effects in mixed effects
modelling refer to the within-subject variation that is not accounted for by the fixed
effects. For example, in a study of the effect of hip DDH status on PFD values, the
fixed effect would be DDH status of the hip whereas the random effect would be any
residual variance in data, including the variance introduced by the dependency of
within-subject observations (i.e. inclusion of bilateral observations). A mixed effects
model would then allow n measurements per subject (with n being either 1 or 2 hips),
with one variance estimation for the between-subject observations and another for
within-subject observations.

Today many standard analyses are easily done using mixed models in statistical
software packages. However, in the case of more complex analyses, some of these
tools are no longer easily applied both regarding implementation and time
consumption.

In study 111, linear mixed effect models were used to calculate the impact of PFD on
alpha angles, FHC and FHC during provocation. As the calculated coefficients only
differed minimally from the multiple linear regressions, independency between
bilateral observations were assumed and the presented results were calculated based
on this assumption for simplicity in reporting.

3.1.3. OPTION 3: USING RESAMPLING METHODS.

A third method to account for dependency is to use resampling methods such as
bootstrapping. The idea is to draw a new sample from our existing population of same
size by randomly picking patients with replacement (38). In this way we preserve the
distribution and correlation structure of the sample, but get a slightly different mean
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value for each new resample. The quantiles of our resampled means will then give a
reliable confidence interval for the estimate in question.

3.1.4. OPTION 4: INCLUDE ONE MEASUREMENT FROM EACH PATIENT

By including only one observation from each patient or collapsing the measurement
to a mean for each patient, the problem with bilateral measurements is eliminated. In
the case of using mean observations, it is important to recognise if the mean value has
a clinical meaning (e.g. changing binary observations to continuous measurements),
and to be aware that the interpretation of the result is now about means and not the
actual measurement. On the other hand, only one observation is used, a decision must
be made about which observation to include. Here an intuitive choice would be to pick
one measurement from each patient at random, assuming that there is no systematic
difference between measurements depending on side. However, in the case of sides,
we may always pick the right side, always the left or simply do both right and left side
separately. Whichever is chosen, the researcher must be mindful of the clinical
situation as to not bias results by accident and to make sure the clinical interpretation
is correct.

An obvious disadvantage of this method is the exclusion of 50% of observations in
bilateral data sets, which may therefore not be a tempting choice for the researcher
because of the loss of power in analysis. But if the analysis in question can be
sufficiently powered with a 50% reduction in observations, this is of little
consequence. If sufficient power cannot be retained, that may be a valid argument to
exclude this methodology.

An alternative compromise, where statistical power is retained, would be to perform
a sensitivity analysis of the impact of assuming independency between bilateral
observations on the results. In study Il we calculated optimal cut-off values for the
PFD in detecting immature and pathological dysplastic hips. The empirical cut-off
values were calculated for the right, the left and all hips using the Youden and Liu
indexes and compared (table 2.6).
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Only right hips Only left hips All hips

PFD cut-off 5.5mm 6.2mm 5.8mm
Youden

(5.1mm ; 5.9mm) (5.4mm ; 6.9mm) | (5.3mm; 6.3 mm)
(95% ClI)
PFD cut-off 4.9mm 5.8mm 5.7mm
Liu (4.5mm; 5.4mm) (5.4mm ; 6.3mm) | (5.3mm; 6.1mm)
(95% ClI)

Table 3.1: sensitivity analysis of empirical cut-off values for the PFD criterion
calculated according to the methods described by Youden and Liu (34,35) in study II.

As the PFD estimates based on one side were within the confidence intervals of the
contralateral side, we concluded that the bias introduced by assuming independency
between sides was negligible and continued analyses on all hips as independent
observations.

3.2. REPRODUCIBILITY MEASUREMENTS — AGREEMENT OR
RELIABILITY?

In medical research, reproducibility is often evaluated in terms of agreement or
reliability. These terms, while often erroneously used interchangeably (39), are
distinct methods of evaluating the reproducibility and repeatability of results. While
they both represent a way of looking at the similarity in measurements or scores
between examiners, examination methods or grading systems, there are central
differences in the way they should be analysed and interpreted.

3.2.1. AGREEMENT

Agreement refers to the degree of similarity or consistency between multiple
measurements or evaluations of the same phenomenon. It is generally used to assess
the concordance between different methods or observers. In medical research,
agreement is used to assess the proximity or precision of measured results between
two or more observers or methods in their assessments of the same subject of interest
(40,41). In the following example, the agreement analysis from study I, in which we
asked midwives and radiologists to measure the PFD of newborns hips, is used.
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Agreement was analysed by inspection of Bland-Altman (BA) plots and by
quantifying the absolute differences in measurement results for the groups of
midwives and radiologists across all examined hips. The Bland Altman plot is
constructed by plotting the mean of both observations ((PFD wmidwifePFDRradiologist)/2)
against the difference in observations between raters (PFDwmidwite-PFDradiologist). This is
done to check the assumption that the measurement differences between raters are not
correlated to higher/lower average measurement values i.e. is the measurement
difference in PFD between midwives and radiologists affected by increasing average
PFD values?

Further, the BA plot inspection would reveal if there were any systematic over- or
underestimation of PFD values between raters. In study I, there was no correlation
between measurement differences and average measurement values and no systematic
over- or underestimation was detected (figure 3.1.

Session 1 (n=55)

E . L
ET] ™ * 4
.
E‘_- _.'.‘..‘_f ."
Colane *gplaed® o T T T T T
'5.': . L]
14 . f .
=
2. o
L o

2 3 4 5} 6

Mean value (mm)

Figure 3.1: Bland-Altman plot of PFD measurement differences between supervising
radiologist and supervised midwife and mean PFD measurement values for the first
supervised session in Study I.

Having checked this assumption, the agreement can be estimated using standard
deviations or average absolute measurement differences. In study | we chose the latter,
as a more intuitive way of presenting the disagreement between raters.

The use of absolute measurement differences, as opposed to relative measurement

differences is important, when evaluating agreement. In a hypothetical scenario, we
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could have observed that there was no systematic trend in the differences between
raters, but the midwives both over- and underestimated the PFD values by 100%,
when compared to radiologists. Intuitively, this would lead to the conclusion that the
agreement is low. But if relative differences were used to evaluate agreement, the
mean difference would be close to zero indicating high agreement, when in reality it
merely implicates that there is no systematic trend towards over- or underestimation
when comparing midwife and radiologist PFD measurements. This is valuable
information, and should be reported as a supplement to the BA plot, but it does not
give any indications about the agreement between raters.

If absolute differences are used, we get the true measurement error between raters in
terms of risk of both over- and underestimation in values relevant for the method in
question, as measurement errors are treated equally regardless of the direction of the
error.

Therefore, when reporting agreement, absolute measurement differences, combined
with BA plot inspection and mean differences should be used (42).

3.2.2. RELIABILITY

Reliability assesses if the subject of study can be distinguished despite measurement
errors introduced by the variability between methods/raters (43). Because of the
dependency on variability between methods and within observations, reliability
measurements are dependent on heterogeneity in the data sample. Commonly used
reliability parameters include the Intraclass Correlation Coefficient (ICC) for
continuous outcomes, and the Cohen’s Kappa value for dichotomous outcomes.

To illustrate the dependency on observational variance, we turn back to the example
in study I. Here PFD measurements made by midwives and radiologists during
supervised scanning sessions was used, to evaluate the reliability of midwife-
performed PFD measurements using the ICC reliability parameter.

ICC calculates reliability using the following basic formula:

Variance in observations?

ec= i i i 2 i i 2 i i 2
Variance in observations? + variance between examiners? + residual variance

In this example, the variances of interest are the variance in PFD observations and the
residual variance introduced by the measurement error between raters. The variance
between examiners concerns systematic differences in interactions between
examiners and the subject of study (i.e. different settings, locations).
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If no systematic interaction between examiners and examined hips, the above formula
can be rephrased to:

1cc Variability in PFD between newborn hips

- Variability in PFD between newborn hips + Measurement error

From the formula, it follows that the ICC or reliability reflect the
variability/variance/heterogeneity of the sample. If the measurement error is high
relative to the variability of the observations, we get a low ICC. It therefore follows
that, if the variability between observations is low, compared to the measurement
error, we get a high ICC (33).

This may seem like trivial algebra, but it is important to recognise the impact of
variability in observations when estimating reliability, as this can affect the calculated
outcome which was the case in study I.

In study 1 the reliability of midwives vs radiologists was calculated in terms of their
performance of PFD measurements for each session by ICCs using the above
formulae. While the agreement increased by each session, the ICC dropped from 0.78
to 0.42 from session three to session four. This drop in reliability was not reflected by
the regression analysis of agreement (figure 2.2) or the BA plot inspection (figure
2.1). By inspecting the BA plot for session four, a decrease in variability of PFD
measurements was detected when compared to the previous three sessions. As there
was no observed drop in agreement with increasing sessions, the decreased ICC in
session four was attributed to lower variability between observations, which is a
known limitation of the methodology (33).
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CHAPTER 4. DISCUSSION

The PFD method is at the centre of the present thesis. To provide the reader with the
context and justification for pursuing PFD as a screening tool for DDH, the following
section will focus on challenges facing current screening practices for DDH and how
the PFD as a referral criterion in selective US screening might improve screening for
DDH.

4.1. IS THERE A NEED FOR DDH SCREENING?

This question may seem rather provocative, since DDH screening has been a part of
routine health care in developed countries for the past 40 years. However, the effects
of DDH screening, and selective DDH screening in particular, are unclear. The central
issue is a lack of conclusive evidence in terms of the effect of screening, who to treat
when detected and what long term consequences untreated DDH has for the individual
(44-46).

Despite the lack of evidence, millions of children worldwide still undergo screening
for DDH every year. While the screening itself poses no risk for the child, the risk of
false positives may lead to overdiagnosis, overtreatment or cause unnecessary worries
for the families involved. In a report published by The United States Preventive
Services Task Force in 2006, citing the lack of evidence, they were “unable to assess
the balance of benefits and harms of screening” and thus could not recommend
screening for DDH (47).

In a similar remark, the UK national screening committee took a clear stand on DDH
screening in 2004, when they stated:

“If proposed now as a new programme, DDH screening would probably not be
accepted. However, it is so ingrained in the clinical practice of so many people that
it would be almost impossible to stop it unless overwhelming evidence of
ineffectiveness could be obtained.” (48)

Even if effectiveness could be obtained and demonstrated, there is still limited
agreement on which patients to treat once detected, as the US preventative task force
noted in their 2006 recommendation statement:

“[...]160% to 80% of the hips of newborns identified as abnormal or as suspicious for
DDH by physical examination and >90% of those identified by ultrasound in the
newborn period resolve spontaneously, requiring no intervention.” (47)

The question is therefore: how many children with DDH, needing treatment, are born

each year?
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To answer this, the hips of interest need to be defined which we will define as hips
that would eventually require an intervention to prevent residual acetabular dysplasia
as opposed to those that will resolve on their own.

There is no universal consensus nationally or internationally on which DDH cases to
treat, barring dislocated hips (49,50). The disagreement reflects the lack of conclusive
evidence regarding indications for treatment of DDH and when to initiate treatment.
In the treatment principles proposed by Graf, treatment should be reserved for
decentred hips (Graf types D, Ill and 1V), unstable hips (llc unstable) and stable
dysplastic hips (llc stable, I1b, 1la-) (11), while immature Graf type Ila hips should be
monitored as 5% of will not mature sufficiently within the first three months of life
(51).

Two RCTs have investigated these principles of treatment. In 2010, Rosendahl et al
randomised 128 newborns with stable Graf type Ilc hips to active surveillance or
immediate treatment and reported that 45% of the active surveillance group resolved
spontaneously without treatment(52). In 2020 Pollet et al randomised 137 newborns
with stable type Ilb/lI1c hips to active surveillance or immediate harness treatment and
found that 80% of hips in the surveillance group matured spontaneously (53).
However, as only two newborns with type Ilc hips were included in the surveillance
group, these results should only be considered valid for stable type I1b hips.

What then is the number needed to screen to detect hips eventually needing treatment
based on these findings?

As mentioned in the background, the most accurate assessment of the prevalence of

hip dysplasia comes from a cohort of universally screened children in Austria(14). In
this study, the distribution of hips according to the Graf classification was as follows:
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Graf classification N patients (%)
[ 25,093 (90.2)
lla+ 2,467 (8.9)
lla- 30(0.1)

llb 9(<0.1)

lic 182(0.7)

1 19(0.1)

v 8 (<0.1)
Total 27,808 (100)

Table 4.1: distribution of baseline classification of patients in a universal US
screening program for DDH, adapted from Biederman et al 2018 (14)

If an assumption is made, that these prevalence estimates represent unilateral stable
cases of DDH, the potential number of cases needing treatment can be estimated by
combining the prevalence estimates with the results from the Pollet and Rosendahl
RCTs.

In Denmark, 60.000 children are born each year translating to 5.340 type Ila hips, 393
type llc hips and 58 >type I11 hips. Of the immature type Ila hips, 267 will not undergo
spontaneous resolution before three months of age, thus converting them to type >Ilb
hips of which 53 (20% without spontaneous resolution) require treatment (52). Of the
393 type llc hips, 177 hips will require treatment (53). As there are no studies
comparing treatment of type 111 hips to observation, the need for treatment for these
hips is assumed.

Thus 288 DDH hips are in need of treatment each year in Denmark according to the
findings by Pollet and Rosendahl.

If, on the other hand, the treatment principles by Graf were followed, all of the type
>llc hips would require treatment along with 5% of the monitored type lla hips which
did not resolve themselves, totalling 718 DDH hips needing treatment each year in
Denmark.
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In a universally screened population, the number needed to screen (NNS), to achieve
treatment of the above DDH cases, can then be calculated as the number of patients
needed to be screened to prevent one event, in this case DDH requiring treatment.
According to the Graf treatment principles, NNS = 60,0000 newborns/718 DDH cases
needing treatment = 84, while available evidence suggests NNS = 60,000
newborns/288 DDH cases needing treatment = 208 children. To put these numbers in
perspective, the NNS in the Danish screening programme for congenital hearing loss
is 400 (54). In terms of NNS, screening for DDH therefore seems reasonable, even
when applying the liberal treatment principles proposed by Graf.

However, as it is not yet possible to determine which hips will resolve spontaneously,
9.8% of primarily screened children, assuming perfect sensitivity and specificity of
the screening program, will need serial follow-up hip US or pelvic radiographs to
distinguish between hips that spontaneously resolve and those that require
intervention. It is therefore vital to consider the effectiveness of the primary screening,
in terms of sensitivity and specificity, as to not add false positives to the significant
proportion of children who need serial follow-up.

4.2. THE EFFECTIVENESS OF SELECTIVE- AND UNIVERSAL US
SCREENING FOR DDH

Uncertainties exist regarding the value of early detection of DDH, as a significant
proportion of dysplastic hips will resolve on their own without intervention, making
the value of detecting these hips questionable(47). It is however widely accepted, that
the prevention of late detection of DDH should be the primary goal of any screening
program, as late diagnosis increases the risk of surgical interventions and sequelae for
the patient (17). This is also reflected by the choice of late diagnosis as the primary
outcome in available meta-analyses.

To date, four meta-analyses have been published concerning selective vs universal US

screening for DDH, all of which use late diagnosis as a comparative outcome (table
4.2).
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Author (year) Study Studies Outcome Result
type included
Shorter et al Meta- 5 Multiple, Inconclusive
(2013) (44) analysis including late
diagnosis of
DDH
Jung et al (2020) | Meta- 5 Late diagnosis | Significant
(46) analysis (6 weeks- 6 decrease with
months) of universal US
DDH screening
Kuitunen et al Meta- 76 Multiple, Nonsignificant
(2022) analysis including late | effect
diagnosis (>12
weeks) of
DDH
Cheok et al Meta- 31 Late detection | Trend towards
(2023) analysis (>3 months) of | decrease with
DDH universal US
screening

Table 4.2: Meta-analyses of selective vs universal US screening for DDH from a
literature search of Pubmed and EMBASE using the query: ((Developmental
dysplasia of the hip[mesh]) AND (Mass Screening[mesh])) AND (Meta analysis)
March 2023.

The systematic reviews and meta-analyses have been complicated by the large
heterogeneity of available studies in terms of variations in the application or
methodology of selective or universal US screening (e.g. timing of US, clinical
examinations used, technological limitations in US), lack of power in analysis,
inappropriate study design, geographical variations in the prevalence of DDH,
definitions of DDH and comparators used (44). Although there is an abundance of
available literature, the lack of sufficiently powered comparative studies leads to a
limited number of studies being included for analysis in four out of five of the
available reviews. The inconsistent results of the studies mentioned above, may
therefore reflect the strictness employed by the authors, when deciding on inclusion
criteria and study selection, rather than the true effect of universal- versus selective
DDH screening.
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The effect of the strictness of inclusion criteria on the effects found is also reflected
in the authors’ conclusions:

“There is insufficient evidence to give clear recommendations for practice. There is
inconsistent evidence that universal ultrasound results in a significant increase in
treatment compared to the use of targeted ultrasound or clinical examination alone.
Neither of the ultrasound strategies have been demonstrated to improve clinical
outcomes including late diagnosed DDH and surgery. The studies are substantially
underpowered to detect significant differences in the uncommon event of late detected
DDH or surgery.” Shorter et al 2013, Cochrane review of five RCTs (44)

As opposed to the more direct conclusion:

“Reported rates of early-detected DDH and initial nonoperative treatments are higher
in settings with universal ultrasonographic screening compared with clinical
screening and selective ultrasonographic screening programs. However, the
incidences of late detected DDH and surgical treatment rates were not significantly
different among different screening strategies.” Kuitunen et al 2022, systematic
review and meta-analysis of 76 studies from 1987 to 2020 (55).

The 2022 meta-analysis by Kuitunen et al did not find any significant differences in
late detection of DDH or surgical treatment rates between screening strategies.
However, the five conducted meta-analyses and forest plots all have high levels of
heterogeneity (12 = 85%-100%), indicating large variability in the results of included
studies (56). While the authors performed a random effects meta-analysis, to account
for unexplainable heterogeneity, they did not perform a thorough investigation of
known causes of heterogeneity or sensitivity- or subgroup analysis of their included
studies as recommended by the Cochrane Collaboration (57). Care should be
exercised when drawing conclusions from extremely heterogenous meta-analyses as
the results may be biased in an unknown direction by the inconsistency in the extracted
data (56). While the nonsignificant result may likely be attributed to heterogeneity,
results from the included studies trended towards a reduction in late DDH diagnosis
when universal US screening was employed. In the 21 included studies of selective
US screening, late DDH diagnosis incidences varied from O per 1,000 children (58—
60) to 13 per 1,000 children (61). Conversely, in 11 of the 12 studies reporting on
rates of late DDH diagnoses in universal DDH screening, incidence rates varied from
0 per 1,000 children to 1.3 per 1,000 children.

In Austria, universal US screening for DDH has been national health policy for over
30 years (62) representing the longest experience with universal US screening in the
world. In the results from the Austrian screening programme published in 2018, none
of the 28,092 universally screened children, from one institution, were referred later
for treatment in the five year study period (63).
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Conversely, 26 years of selective US screening in the UK has failed to reduce the rate
of late diagnoses of DDH (1 year or older) (64), and 85% of American patients with
symptomatic adult acetabular dysplasia did not have clinical signs or risk factors for
DDH at birth (65). Even in the case of the expert clinical screening in Norway, where
no effect of universal US was found in RCTs, only eight percent of patients receiving
a hip arthroplasty, because of hip dysplasia, had a positive clinical examination at
birth (66). It may be that the hips detected through selective US screening are not the
ones at risk of persistent dysplasia.

The findings from the American and Norwegian arthroplasty patients concern adult
acetabular dysplasia, which until recently had not been definitively linked to
paediatric acetabular dysplasia. Laborie et al established this link in their follow-up
study of one of the Norwegian RCTs (67). In the follow-up study they performed
pelvic x-rays on 2,370 adult patients aged 18-19, who were included in the previous
RCT, and found that alpha angles and US hip instability measured in infancy, were
significant predictors for acetabular dysplasia in adulthood (68). Additionally, clinical
stability assessment and family history of DDH did not predict adult dysplasia, further
problematizing selective US screening strategies, which rely heavily on both. These
findings provide additional significance to the findings describing the inadequacy of
selective US screening in preventing adult dysplasia.

Higher early DDH detection rates in screening leads to increases in potentially
unnecessary treatments (69). But as it is presently not possible to discriminate between
spontaneous self-resolvers and those at risk of persisting dysplasia, it may be
necessary to perform early detection and follow-up of all DDH cases to lower late
detection rates. Universal Graf US screening programmes increases rates of early
detection and referrals (69), but as the results from study Il suggest, early detection
rates can also be significantly increased by adding accessible US methods into the
existing selective US screening setup, without increasing referral rates.

In summary, results from available systematic reviews trend towards a reduction in
late DDH diagnoses when comparing universal US screening to selective US
screening. The inconsistent findings may represent the large heterogeneity of
available studies in terms of geographical locations and variation in screening
strategies. Future large-scale prospective RCTs are needed to determine the
comparative effectiveness of selective- or universal US screening for DDH.

However, several studies have been conducted which may provide insights into the
advantages and drawbacks of selective and universal US screening.
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4.3. ISSUES IN SELECTIVE US SCREENING FOR DDH

Clinical hip examinations
The foundation of traditional selective US screening is clinical hip examinations and
risk factor identification.

The clinical hip examinations suffer from low reliability (9,70). While the reliability
is higher in the hands of expert paediatricians or orthopaedic surgeons(69,71), the
sensitivity for DDH is as low as 2.6% (72) and in one study 14% of US verified
dislocated hips were incorrectly classified as reduced by expert clinical examination
(8). Further, clinical examination fails to predict acetabular dysplasia in adulthood
(65,66,68).

The two published RCTs comparing selective and universal US screening for DDH
have both been conducted in Norway, where the primary screening is centralised to
experienced paediatricians (67,73). The Norwegian RCTs did not find any significant
differences in late diagnoses of DDH (>one month), and concluded that if the quality
of the clinical screening was sufficiently high, the introduction of universal US did
not improve the detection of DDH (74). These results should therefore be extrapolated
with care to screening programs, where clinical screening is decentralised to non-
expert clinical examiners.

In most countries performing selective US screening for DDH, clinical screening is
not centralised to expert subspecialized physicians but rather performed by a large
group of health care professionals. In Denmark the primary screeners are midwives,
who perform the screening after birth, and general practitioners who perform the
screening at the routine five-week follow-up (20). The positive predictive value of
clinical hip examinations in detecting US verified DDH, performed by this group of
screeners, is as low as 1.8% (75,76).

Additionally, in a survey of primary screeners in Denmark, 89% of respondents were
able to identify written descriptions of the Ortolani manoeuvre while nearly half (41-
58%) of the respondents were unable to identify the Galeazzi or hip abduction
examinations, indicating a lack of knowledge among primary clinical screeners of
clinical screening guidelines and recommended clinical examinations (77).

These findings may in part explain why the expansion of screening to larger groups
of health care professionals lead to an increase in referral rates without a
corresponding increase in treatment (78).

In study I, PFD as a referral criterion had significantly higher sensitivity in detecting

DDH when compared to clinical examination. While the specificity for clinical
examinations was higher and PPV was not significantly worse, clinical examination
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detected only detected 15 out of 77 DDH hips while PFD detected 62 out of 77 DDH
hips.

Judging from the available literature, optimal clinical screening for DDH may be
achieved through centralising clinical examinations to expert examiners, which may
decrease unnecessary referrals without compromising treatment.

Risk factors for DDH

Multiple risk factors for DDH have been proposed through the years which include:
breech presentation, family history of DDH, multiple births, primiparity,
oligohydramnios, clubfeet, congenital musculoskeletal syndromes,
increased/decreased birthweight and prematurity (79-82).

In the two available meta-analyses investigating risk factors for DDH, breech
presentation, female sex, primiparity and family history of DDH were found to
significantly increase the risk of DDH (table 3.3) (81,82)

Study (n included studies)
Risk factor analysed (D?z) Hundt et al 2012 (C;)ric;z—Neira et al 2012
OR (95% CI) RR (95% CI)
Breech presentation 5.7(4.4;7.4) 3.75(2.3;6.2)
Female sex 3.8(3.0;4.6) 254 (2.1;3.1)
Family history of DDH 48(2.8;8.2) 1.4(1.2;1.6)
Primiparity N/A 1.44(1.1;1.9)
Foot deformities 3.2(0.9;12.0) N/A
Oligohydramnios 2.5(0.8;8.2) N/A
Mulitple births 0.5(0.0;13.6) N/A

Table 4.3: Analysed risk factors and results in the meta-analyses by De Hundt et al
2012 and Ortiz-Neira et al 2012. Factors that were found to significantly increase the
risk are marked in bold (81,82).
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Although there is international variation in the risk factors used for screening, breech
presentation and family history of DDH are generally accepted as referral criteria for
follow-up hip US in selective US screening (18-20).

In Denmark, risk factors used as referral criteria for follow-up hip US are regionally
defined and show slight variation (83). In study Il of this thesis, the risk factors used
were breech presentation, multiple births, oligohydramnios, clubfeet and family
history of DDH. While recognition of risk factors for DDH among primary screeners
is low (83), the use of risk factors as referral criteria in study Il resulted in a 72% false
positive rate even when including the detection of immature Ila hips.

The high false positive rate for risk factors used as dichotomous referral/no referral
criteria may reflect an insufficient relative risk increase of DDH when compared to
the relatively low a-priori risk of DDH in the population. A more holistic approach
including multiple risk factors for DDH may therefore be needed, if false positive
referrals in selective US screening are to be reduced.

The included studies in the risk factor meta-analyses use DDH according to the Graf
classification as outcome. While the insignificant results may stem from a lack of
correlation to DDH or power in analysis, the effect of each factor may also be too
subtle to register on the Graf classification scale. For instance, in a cross-sectional
study of the effect of birthweight on alpha angles, Orak et al found a significant
negative correlation between increased birth weight and alpha angles on hip US for
females, but was unable to detect a correlation to increased hip pathology according
to the Graf classification. They concluded that birthweight was not a risk factor even
though it predicted changes in acetabular inclination angles in US (84) and therefore
was demonstrated as an attributing factor to acetabular dysplasia.

As this example demonstrates, individual factors may increase the risk of dysplastic
changes to the acetabulum but at an insufficient level to register as an increase in Graf
hip type and are therefore not a risk factor in the traditional dichotomous referral/no-
referral sense. Neglecting the impact of risk attributing factors might then
underestimate the risk of DDH for the child. In a study by Roposch et al from 2020,
excellent discrimination was demonstrated in quantifying the risk of DDH by
including multiple risk factors (female sex, family history of DDH, birthweight
>4,000qg, positive clinical examination) in a risk-assessment analysis model for DDH.
Even though they used traditional referral criteria, this model may be expanded to
other factors which increase the risk of DDH to a lesser degree, providing a more
holistic view of the “total risk of DDH” for the screened child (85).

Going forward it may therefore be advisable to further investigate the use of
individualised risk of DDH by pooled risk estimates based on multiple risk factors
and clinical findings. Considering the impact of multiple risk factors may improve the
sensitivity of selective US screening, when compared to screening relying on single
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risk factors as arguably ineffective referral criteria for DDH screening. Alternatively,
as shown in study Il, PFD screening could be a valid alternative to risk factor
screening, as PFD as referral criterion outperforms risk factor screening in terms of
sensitivity, specificity and PPV in the detection of DDH hips.

4.4. THE POTENTIAL ROLE OF PFD IN DDH SCREENING

Selective US screening for DDH faces multiple issues including low early detection
rates, low sensitivity of clinical examinations and risk factors, and possibly higher late
detection rates.

In contrast, universal Graf US screening, while outperforming selective US screening
on all these parameters, is more expensive (86) and the Graf method requires extensive
training of examiners to be performed correctly (24) while still suffering from low
reliability (23). Conversely, universal Graf US screening may lead to overdiagnosis
and overtreatment (69), but as previously discussed, overdiagnosis may presently be
unavoidable if late presenting DDH is to be eradicated. Overtreatment of DDH may
lead to an increase in complications, but with advances in harness treatment and
increased awareness the incidence of treatment complications is low (87).

Selective US screening using the PFD method as referral criteria for Graf US may be
the compromise between selective US screening relying on clinical examinations and
risk factors and universal Graf US screening. As demonstrated in study I, the PFD
method can be swiftly taught to novice users to a level of reliability exceeding that of
the Graf method (23). In the 1-year study period of study I, detection rates increased
by 72% for immature type lla hips and 60% for type Ilc hips. To expand on this, in
study Il only 1 type llc hip, in the population referred for follow-up hip US, would
have been missed if PFD had been the sole referral criteria as opposed to 4 type llc
hips missed if clinical examination and risk factors were used instead of PFD as
referral criteria.

Currently, DDH and Graf US is tightly linked, and given the natural development of
DDH as a condition, possible replacements for the Graf US method will have to
demonstrate effectiveness in predicting both early- and long-term clinical outcomes.
It is not currently known if the PFD method can predict such clinical outcomes, but
as it is significantly correlated to both the Graf and Harcke/Terjesen US metrics (study
I11), which predict acetabular dysplastic changes in adulthood (68), PFD may, by
association, similarly predict the acetabular development over time. While this thesis
does not argue the replacement of the Graf method in diagnostic decision making,
given the association between PFD, alpha angles and FHC and the PFD method’s
accessibility, it may, in time, be a candidate for replacing the more complex Graf
measurements.
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Based on the studies presented in this thesis, the PFD method, as a referral criterion
for follow-up Graf hip US, outperforms clinical screening and risk factor
identification in terms of sensitivity, specificity and PPV with similar referral rates to
traditional referral criteria. PFD is correlated to gold standard US metrics for DDH
and can be easily taught to novice users who perform the measurements with high
reliability. The PFD as a referral criterion may therefore be a promising candidate for
updating selective US screening programmes for DDH.

4.5. LIMITATIONS OF STUDIES INCLUDED IN THIS THESIS

The central limitations for each study are described in the attached manuscripts. In the
following section, additional important limitations for each study are described.

Study I: Pubo-Femoral Distances Measured Reliably by Midwives in Hip Dysplasia
Ultrasound.

In study I, midwives were demonstrated to reliably perform PFD measurements after
a short introduction with minimal disagreement when compared to expert
musculoskeletal radiologists. To not cause unnecessary stress for the newborn and
parent or to complicate the contralateral scan for the radiologist, the newborns only
received the secondary PFD scan by the midwife if the newborn was calm. Distressed
newborns will resist hip US examination, making accurate hip US difficult. As the
midwives were only evaluated in the best-case scenario of a calm non-resisting
newborn, this may cause a selection bias resulting in higher agreement levels when
comparing midwives and radiologists.

Study I1: Point of care ultrasound outperforms traditional referral criteria in selective
screening for hip dysplasia.

PFD as referral criteria was compared to clinical hip examinations and risk factors
currently performed by midwives at AUH. The resulting discrepancies in performance
may be caused by the intense training the PFD trained midwives received as opposed
to the suboptimal instruction in clinical examinations the compared midwives have
received during their training. If the midwives who perform clinical examination
received similar supervised training it is likely that the performance of clinical
examinations as referral criteria would increase towards the level of expert examiners.
However, training clinical examiners to detect the relatively rare cases of hip
instability on an expert level may require hundreds of examinations as well as
immediate US verification of instability to confirm true positives.

Information about the study was delivered by the midwives connected to the parents
of eligible newborns at AUH and the department and personnel was informed about
the study and it’s aims. The study therefore introduced a heightened awareness of
DDH screening in the department and we observed an increased focus on risk factors
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and clinical hip examinations among primary screeners. The resulting possible
performance bias may lead to better performance in the selective programme, which
may explain the PPV of 17.4% for clinical examinations, which has previously been
reported to be as low as 4.0% for primary clinical screeners (76) (75).

Despite extensive efforts to communicate the project, the lack of risks and the low
predictive value of clinical- and risk factor screening to the parents of newborns born
at AUH, the achieved inclusion rate was only 57%. As information wasn’t collected
on newborns who weren’t included or their parents, we can only provide anecdotal
accounts as to why the parents might refuse participation. The PFD US screening was
initially planned to take place in a room immediately across the hall from the room
where the clinical screening was performed, to minimise any inconvenience to the
participating families. Due to logistical considerations in the department, this room
was changed to one roughly 150 metres away, forcing parents participating in the
study to relocate rather than walking a few steps across the hall. From personal
accounts, this inconvenience seemed to play a significant part in the parents’
participation. A true point-of-care PFD examination, performed immediately after
clinical screening may have increased participation in PFD US.

Study I11:

In this retrospective study, two of three radiologists, who performed the measurements
obtained for this study, did not routinely report FHC during provocation. Rather they
only reported the exact FHC percentage if FHC was below 50% in situ or during
provocation. This resulting information bias could increase the correlation between
PFD and FHC during provocation as a substantial number of normal FHC during
provocation values are missing.
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4.6. FUTURE PERSPECTIVES
4.6.1. FUTURE PERSPECTIVES IN PFD RESEARCH

To date, only one study has reported on the incidence of late diagnoses in a PFD
screening programme (29), future large scale prospective studies are therefore needed
to evaluate the impact of selective PFD screening on the incidence of late DDH.

In the original description of the Graf method, the child should be placed in the lateral
examination position (10). But in published studies, the examination position varies
between supine and lateral. This inconsistency is also present in studies of the PFD
method. While the anatomy of interest in the Graf US does not change between
examination positions, the application of force in the PFD method may be dependent
on the examination position of the child. Future studies should therefore investigate
what, if any, effect the examination position has on the PFD measurements to
determine if the PFD measurements are robust across examination positions. This
knowledge will enable comparison of results across studies using different
examination positions and may provide additional information about the robustness
of the PFD method. Additionally, the robustness may be further studied by
investigating the effect of probe mispositioning on the obtained PFD measurements,
as probe mispositioning significantly affects obtained Graf US images (88).

4.6.2. FUTURE PERSPECTIVES FOR RESEARCH IN DDH SCREENING

Spontaneous resolution of previously diagnosed dysplastic hips is common.
Predicting the developmental potential of dysplastic hips should therefore be a key
focus of future research efforts, as up 95% of follow-up examinations of immature
hips may be unnecessary, representing a drain on health-care resources, especially in
screening programmes with high rates of early detection, and causing unnecessary
worry for the parents and children. If any clues to the developmental potential of the
hip is in the standard plane Graf US images, convolutional neural networks, a subset
of artificial intelligence (Al), may be able to distinguish between hips that will
spontaneously resolve and those that will have persisting acetabular dysplasia thus
needing follow-up and treatment. If spontaneous resolvers among dysplastic hips can
be reliably identified, it may lead to a rethinking of what constitutes pathological
dysplasia that needs monitoring and what constitutes immaturity which can safely be
disregarded.

It may be, that the 40-year old Graf method, that relies on a single 2D representation
of the acetabular surface, will be replaced. Current candidates include Al enhanced
diagnostics such as the already commercially available MEDO-Hip Al software,
which today can provide interpretation of the quality of obtained US images, perform
the required measurements but also obtain the correct image from US sweeps of the
hip (89). The reliability of Al enhanced US is still questionable, but refinement of
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these systems might reduce the need of specialised US examiners, thus financially
enabling larger US screening programmes. While the acetabular alpha angles are
correlated to radiographic markers of dysplasia in adulthood (68), 3D hip US, which
includes a complete mapping of the acetabular surface, may be the next step towards
a more comprehensive understanding of acetabular dysplasia, while providing higher
reliability than its 2D counterpart (90,91).
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PUBO-FEMORAL DISTANCE MEASUREMENTS IN SCREENING FOR DEVELOPMENTAL DYSPLASIA OF THE HIP

Abstract

The pubo-femoral distance (PFD) has been suggested as an ultrasound screening
tool for developmental dysplasia of the hip (DDH). The aim of this study was to
examine if midwives undergoing minimal training could reliably perform pediatric
hip ultrasound and PFD measurements. Eight recruited midwives performed two
rounds of independent blinded PFD measurements on 15 static ultrasound images
and participated in four supervised live-scanning sessions. The midwives were
compared to a group of three experienced musculoskeletal radiologists. Reliability
was evaluated using inter-rater correlation coefficients (ICC). Linear regression was
used to quantify the learning curve of the midwives as a group. There was near
complete intra- and inter-rater agreement (ICC > 0.89) on static ultrasound images
across both rounds of rating for midwives and radiologists. The midwives performed
a mean of 29 live hip scans (range 24-35). The mean difference between midwives
and supervising radiologists was 0.36 mm, 95% CI (0.12-0.61) for the first session,
which decreased to 0.20 mm, 95% CI (0.04-0.37) in the fourth session. ICC for PFD
measurements increased from 0.59 mm, 95% CI (0.37-0.75) to 0.78 mm, 95% CI
(0.66-0.86) with progression in sessions. We conclude that midwives reliably
perform PFD measurements of pediatric hips with minimal training.

1. Introduction

Developmental dysplasia of the hip (DDH) is a condition of underdevelopment of the
hip joint and ranges from mild acetabular shallowing to complete hip dislocation.
With an incidence of 0.8%, it is the most common musculoskeletal disorder in
children [1]. Treatment of DDH is time-sensitive as early diagnosed cases can be
treated conservatively and successfully with hip bracing [2], and delayed diagnosis
worsens the prognosis and increases the necessity of surgery and risk of complications
[3]. Because of the relatively high incidence, and the time-sensitive nature of the
condition, ultrasound screening has been widely implemented in high-resource
countries. The predominant screening strategy is selective ultrasound screening based
on the Graf ultrasound method [4]. At-risk newborns receive a hip ultrasound based
on clinical examinations of the hip or the presence of risk factors for DDH. In contrast,
in universal ultrasound screening every child receives a hip ultrasound regardless of
clinical findings and/or risk factors. The only Cochrane review on DDH screening to
date was inconclusive in whether to recommend selective- or universal ultrasound
screening [5] due to a lack of decisive evidence. Since the Cochrane review was
published, evidence increasingly points towards limitations in the selective screening
approach, as 85% of patients treated for DDH do not fulfill the criteria for selective
ultrasound screening [6]. Further, primary screeners have insufficient knowledge of
the clinical examinations and risk factors which constitute the foundation of the
selective screening approach [7-9]. These findings might explain why 26 years of
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selective ultrasound screening in the UK has failed to reduce the rate of late DDH
diagnoses. [10]. Since the 1990s, universal DDH ultrasound screening of all newborns
with the Graf method has been performed in parts of Austria and Germany, resulting
in near-eradication of late DDH diagnoses [1], and in the lowering of treatment costs
although diagnostic expenses have increased similarly [11]. The international
consensus on DDH screening is now shifting towards universal DDH ultrasound
screening based on Graf’s method [12].

A central obstacle in the implementation of universal Graf ultrasound screening is,
however, the increase in diagnostic expenses and demand for specialized radiological
resources in part due to the complexity of the Graf ultrasound method. In 2013 the
pubo-femoral distance (PFD) was proposed as an alternative, less complex ultrasound
measurement for DDH screening [13] with a high sensitivity and specificity for DDH
[14]. The PFD is defined as the minimal, measurable distance between the medial
femoral epiphysis and the pubic bone while applying lateralizing stress to the hip.
Minimal experience is necessary to perform the measurement reliably [13]. However,
the approach has only been documented when performed by radiologists. To reduce
the need for specialized radiological resources and in turn the economic impact of
implementing a universal PFD screening program, we hypothesized that the PFD
method can be taught with minimal instruction to non-physician health-care
professionals with little or no prior experience in ultrasonography while still observing
a high degree of accuracy. For this purpose, midwives were selected as they are the
health care professionals making the primary clinical examination of the newborn in
the Danish neonatal screening program.

Our aim was firstly to demonstrate the agreement in midwife PFD measurements on
static and live ultrasound images compared with measurements performed by
experienced musculoskeletal radiologists. Secondly, our aim was to quantify the
learning curve for the PFD ultrasound measurement among midwives.

2. Materials and Methods
2.1. Study Design

This was a prospective observational study. Reporting follows the STROBE
guidelines for reporting on observational studies [15].

2.2. Participants

We recruited midwives for training in PFD measurement from the Department of
Obstetrics and Gynecology at Aarhus University Hospital, Denmark. Recruited
midwives completed a demographic survey which included experience as a midwife,
prior experience in ultrasound examinations, and number of yearly clinical DDH
screenings performed. For comparison, three musculoskeletal radiologists were
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recruited from the Department of Radiology at Aarhus University Hospital, with
respectively, 21, 7 and 1.5 years of experience in pediatric hip ultrasound
examinations.

2.3. Constructing the PFD Training Program

The midwives’ training program was conceptualized on the theoretical background
described in Miller’s pyramid [16] to achieve professional clinical competence. The
learning content was developed on the principles of blended learning to provide both
different learning styles and learning environments. We started the training program
with an online introduction film about hip dysplasia followed by a traditional
theoretical lecture advancing with subsequent on-site practical demonstration and
exercises with online introduction

and instructional videos.
2.4. Lectures and Workshops

Each midwife was instructed to watch a 10-min online video introduction on DDH
and PFD screening prior to participating in a two-hour theoretical group lecture on
basic anatomy, pathogenesis and treatment of DDH as well as an introduction to
pediatric hip ultrasound, with an emphasis on the PFD measurements and video
demonstrations of how to obtain it. Afterwards, each midwife participated in two
workshops. In the first workshop, the midwives were evaluated in a best-case
scenario, where they were presented with bestpractice static hip ultrasound images in
the standard projection according to Graf without annotations, obtained by a senior
musculoskeletal radiologist with 21 years of experience. Each midwife performed
PFD measurements on 15 images using Picture Archiving and Communication
Software (PACS) (Impax, client 6.5 AGFA Healthcare, Mortsel, Belgium). Seven
days later, in the second workshop, the participants repeated these measurements on
the same images. For comparison, the recruited radiologists performed the same
measurements with seven-day intervals. The measurement exercises of the midwives
were monitored by the first author, and no instructions other than technical support
were provided. All raters were blinded to the measurements performed previously by
themselves and others and they were instructed not to share information on
measurements.

2.5. Supervised Live-Scanning Sessions

After completing the lecture and workshops, each midwife received a 30-min
introduction to the MINDRAY TE7 (Mindray Medical International, Shenzhen,
China) ultrasound scanner as well as a brief introduction to general sonography. Each
midwife then participated in four sessions of supervised live scans of pediatric hips
over the course of two weeks as part of the DDH screening program at our institution
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where PFD measurements are routinely measured. Scanning sessions were supervised
by one of the three senior musculoskeletal radiologists and integrated into the current
ultrasound screening program for DDH in the Radiological Outpatient Clinic at our
institution. The live-scanning sessions took place between September 2021 and
December 2021. For the purpose of this study, a separate MINDRAY TE7 ultrasound
scanner with a simplified user-interface and high frequency (16 MHZz) linear
transducer was acquired and calibrated specifically for pediatric hip ultrasound. In
accordance with the institution protocol, the radiologist performed a hip ultrasound
on one side with the newborn in the lateral decubitus position according to the method
described by Graf, Tréguier and Couture [4,13,17] using a 10 MHz linear transducer
(Model: Canon Aplio i800; Canon Medical Systems, Tokyo, Japan). The midwife
then repeated the scan using the MINDRAY TE7 ultrasound scanner and measured
the PFD. Finally, to avoid bias introduced by using two different scanners, the
radiologist would perform the PFD measurement using the MINDRAY TE7 scanner.
The entire sequence was then repeated for the opposite hip.

The criteria for the ultrasound scan were initially visualization of the femoral head
and the lateral epiphysis of the pubic bone while adducting the knee and performing
a Barlow equivalent lateralizing stress maneuver on the hip joint to perform the PFD
measurement. As the midwife gained experience, to ensure consistency and
repeatability, the criteria were expanded to include the horizontal plane of ilium and
the bony and cartilaginous acetabular roof in accordance with the method described
by Tréguier and Couture [13,17] (Figure 1).

As these sessions also functioned as a training regimen in pediatric hip ultrasound for
the midwives, the radiologists were free to instruct the midwives and give feedback
as needed until the midwife had performed the PFD measurement. Neither the
midwife nor the radiologist was blinded to the measurement results but they did not
make repeat PFD measurements of the same hip and were instructed to disregard the
measurements of the other party. The first author was present to enforce these
instructions.
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Figure 1. Ultrasound image of two different newborn hips obtained by a musculoskeletal
radiologist (A) and a midwife (B) depicting the quality criteria for the PFD measurement: A
horizontal ilium (1), the bony (2) and cartilaginous (3) acetabular roof, the femoral head (4) and
the lateral epiphysis of the pubic bone (5). The PFD is the minimal distance between the medial
femoral epiphysis and the pubic bone (dotted line). PFD = Pubo-femoral distance.

2.6. Data Sources

Static hip ultrasound images without annotations for the PFD measurement workshop
were acquired from the production of the existing ultrasound screening program at
our institution, and all were performed by a senior musculoskeletal radiologist
according to the methods of Graf, Tréguier and Couture [4,13,17]. All measurements
from the workshops and live-scanning sessions were anonymized and registered
directly by the first author in a General Data Protection Regulation compliant
REDCap database.

2.7. Statistical Methods
2.7.1. Workshop Measurements

We analyzed intra- and inter-rater reliability of PFD measurements within and
between the group of radiologists and midwives using intraclass correlation
coefficients (ICC) with accompanying 95% confidence intervals (Cl). Intra-rater ICCs
were calculated as twoway mixed effects, single measurement with absolute
agreement, while two-way random effect was used for the inter-rater ICCs. We
interpreted ICCs according to Portney and Watkins [18] with a value of 0, 0.75 and 1
representing no agreement, good agreement and complete agreement, respectively.
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2.7.2. Supervised Live-Scanning Sessions

To investigate any correlation in agreement with increasing PFD values, and to
illustrate the overall progress in agreement between midwives and radiologists with
increasing measurement experience among the midwives, a Bland—Altman (BA) plot
for each session was made with mean difference and limits of agreement (LOA). A
scatter plot was made of the absolute differences in PFD values between radiologists
and midwives as a function of improved experience among the midwives, defined as
the cumulative number of patients scanned. The scatter plot included the mean
absolute differences for the midwives as a group, as well as a fitted linear regression
with 95% CI. To quantify the agreement as the midwives gained experience, a linear
regression was performed with absolute difference as the dependent variable and
number of patients scanned per midwife as the explanatory variable while controlling
for previous ultrasound experience as a dichotomous yes/no variable. Normal
distribution of PFD differences was inspected using QQ plots and a significance level
of 5% was applied. Statistical analyses were performed using Stata version 16.1
(StataCorp, College Station, TX, USA).

2.8. Ethics

This was a quality control study which followed the routine DDH screening program
at our institution. Findings had no impact on patient treatment or diagnosis. As per the
guidelines from the Danish National Center for Ethics, ethical approval and written
consent was not needed.

3. Results

Eight midwives were included in this study. Mean years of seniority as a midwife was
11 years (range 4-27 years), mean number of yearly clinical DDH screening was 68
(range 10-110). Two midwives performed fetal ultrasound in clinical practice and had
done so for one year (Table 1).

Years of seniority as a midwife (mean (range)) 11 years (4 years—27 years)

Number of clinical DDH screenings (Ortolani and Barlow maneuvers) 68 (10-110)
yearly (mean (range))

Uses ultrasound in clinical practice (fetal ultrasound) (yes/no) 2/6

Years of experience using ultrasound in clinical practice (n = 2) (range) 1(1)

Table 1. Demographics of recruited midwives.
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3.1. Workshops

There was near complete intra- and inter-rater agreement (ICC > 0.89) in PFD
measurements of static ultrasound images in both workshops across and within the
midwife and radiologist groups. No difference was found in ICC between the groups
of midwives and radiologists or across rounds of rating (Table 2).

Radiologists (n=3) Midwives (n=9)

Interrater RAD/MW ICC 0.99 [0.86;0.99]
(95% CI) workshop 1
0.99 [0.92;0.99]

Interrater RAD/MW ICC
(95% CI) workshop 2

Interrater ICC (95% CI) | 0.93 [0.84;0.97] 0.89 [0.80;0.95]
within group workshop 1

Interrater ICC (95% CI) | 0.95[0.83;0.98] 0.95[0.90;0.98]
within group workshop 2

Intrarater ICC (95% CI) | 0.98[0.93;0.99] 0.99[0.84;0.99]
group average between
workshops

Table 2. Inter-rater and intra-rater ICCs of PFD measurements made on 15 static pediatric hip
ultrasound images across two rating workshops. ICC = Inter-rater correlation coefficient, PFD
= Pubo-femoral distance, RAD = Musculoskeletal radiologist, MW = Midwife.

3.2. Supervised Live-Scanning Sessions

The mean number of hips scanned by the midwives over the four supervised
livescanning sessions was 29 (range 24-35) with a total of 237 hips scanned.
Inspection of BA plots did not reveal any dependency between differences in PFD
and mean PFD values. In the first supervised session the mean difference was 0.36
mm (LOA —1.42; 2.14 mm) which decreased to 0.2 mm (LOA —1.04; 1.44 mm) in the
fourth and final supervised session (Figure 2).
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BA plot of PFD MW - PFD RAD over four sessions
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Figure 2. Bland-Altman plot of differences in PFD measurements between radiologists and
midwives across four sessions of supervised pediatric hip scans. PFD = Pubo-femoral distance,
MW = Midwife, RAD = Radiologist, LOA = Limits of agreement.

Inter-rater agreement between midwives and radiologists increased from ICC = 0.59
with a 95% CI (0.37; 0.75) in the first supervised session to ICC = 0.78 (0.66; 0.86)
in the third supervised session. ICC for the fourth supervised session could not be
evaluated due to low variance in observed values (Table 3).

Session of live scans (n=hips) ICC (95 % CI)
Session 1 (n=55) 0.59 (0.37;0.75)
Session 2 (n=60) 0.81 (0.68;0.88)
Session 3 (n=61) 0.78 (0.66;0.86)
Session 4 (n=61) 0.42 (0.19;0.60)

Table 3. Inter-rater ICCs of PFD measurements made by recruited midwives and supervising
radiologists across four sessions of live scans. ICC = Inter-rater correlation coefficient.
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* Due to an insufficient variation in measured values, the calculated ICC value falsely quantified reliability
in session 4 as low. This does not reflect the high level of agreement between the two groups of raters as
can be seen from the BA plot and limits of agreement (Figure 2). The underestimation of ICC values due
to low variation of observations is a known limitation of the ICC method [19], the value is only presented
here for transparency.

Scatter plot inspection revealed a decrease in the range of absolute PFD differences
between midwives and radiologists as the midwives became more experienced
(Figure 3). Initial mean absolute PFD difference between midwives and radiologists
was 0.73 mm, which decreased by 0.1 mm (95% CI 0.02-0.17 mm) for every ten
scans the midwives gained in experience (p < 0.008) and was not associated with
previous ultrasound experience of the midwife (p = 0.51).

94



2.5

2
1

1.5

1
|

Absolute PFD difference (mm)

]
|

T T T
0 10 20 30 40
Number of scans performed by midwife

Figure 3. Scatter plot and fitted linear regression with 95% CI of absolute differences in PFD
measurements between radiologists and midwives as a function of increasing scan experience.
Light grey dots = individual values, blue dots = average values. PFD = Pubo-femoral distance.

4, Discussion

In this study, midwives’ performance in PFD measurements on static ultrasound
images showed the same level of reliability as measurements performed by senior
musculoskeletal radiologists, following minimal instruction of midwives in PFD
measurement by ultrasound. After a short learning program, including three
supervised sessions, midwives reliably performed pediatric hip ultrasound and PFD
measurements with clinically

insignificant differences when compared to experienced radiologists.
4.1. Limitations

The results may be affected by observer- and performance bias, as both groups were
aware that their measurements would be logged, and the midwives, although
instructed to disregard the radiologists’ measurements, were not blinded to these while
doing live scans. These biases may result in an observed higher agreement in
observations. Due to low variance in observed values in session four, ICC values
could not be calculated, which is a known statistical limitation of the ICC method
[19]. However, the Bland—-Altman plot depicts larger agreement in PFD
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measurements between groups with increasing session numbers including session
four, which is also reflected in the calculated decrease in absolute PFD difference
between groups as the midwives became more experienced.

4.2. Interpretation

It is of vital importance for imaging-based screening protocols to be reliable and
accurate. To date, two studies have examined the reliability of the PFD method.
Teixeira et al. compared PFD measurements of one senior radiologist to one resident
radiologist and found a high degree of inter-rater agreement in measurement values
(ICC = 0.85) [20]. Tréguier et al. compared one senior radiologist to a radiologist in
training and documented a mean measurement difference of 0.12 mm and found a
substantial agreement in categorizing hips with a threshold of 6 mm (Kappa = 0.795)
[13]. The present study, is the first to compare examiners with no previous experience
in hip ultrasound to a group of experienced musculoskeletal radiologists, and we
found similarly high levels of agreement. It is worth noting that mean measurement
difference is a poor estimate for agreement, as a low value could mean that the
measurements are evenly under- and overestimated. In contrast, absolute differences
give a more precise estimate of agreement as they are not affected by over- and
underestimations and should be used when reporting on agreement in measurements.

In a recent meta-analysis of ultrasound measurements used in DDH diagnostics,
considerable variation was found for Graf’s alfa and beta angle, as well as Terjesen’s
Femoral Head Coverage (FHC). Reliability was poor to moderate for all ultrasound-
based metrics, and although variation was lowest for the alfa and beta angles, intra-
and interrater agreement still varied from an ICC of 0.02 to 0.453. Further, reliability
of the Graf classification of hips in the included studies was poor to moderate (Kappa
0.1-0.6) [21]. The relatively high complexity of the Graf measurements and the
susceptibility to interpretation errors due to mispositioning of the ultrasound probe
may lead to misinterpretation of measurements and consequently misclassification of
healthy hips as dysplastic and vice versa. Jaremko et al. were able to produce clinically
acceptable hip ultrasound images with a 20 degree tilt error in probe positioning,
causing an alpha angle variation of 18 degrees (52-70 degrees) leading to
misclassification in 54% of the hips scanned [22]. Orak et al. investigated the
reliability of the alfa and beta angles and found poor inter-rater agreement among four
raters with experience from >500 hip ultrasound examinations [23]. Despite the
extensive experience of the raters and a pre-study consensus meeting, images from
this study depicting four different interpretations of the same hip, showed
inconsistencies in the application of the Graf method, translating to alpha angles
ranging from 57-72 degrees or normal to mild hip dysplasia. In contrast, the PFD
method is a simple single distance measurement between two distinct landmarks.
Although the influence of probe positioning on PFD measurements has not yet been
established, the reported high levels of inter-rater agreement in this study, among
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users with varying hip ultrasound experience, suggest a higher tolerance for tilt and
rotational errors of the probe.

A key issue in implementing universal ultrasound screening for DDH is the increase
in diagnostic expenses and an increased demand for experienced ultrasound
examiners. This is largely due to the experience needed to perform and interpret
pediatric hip ultrasound using the Graf method [11]. The PFD method has been
suggested as an alternative to the Graf method as a highly sensitive measurement for
DDH [13,14]. As demonstrated by the present study, PFD screening measurements
performed by novices did not result in lowering accuracy, thus demonstrating a
possible cost-effective alternative to current screening practices, and supporting the
feasibility of employing midwives to perform PFD ultrasound screening for DDH.
Further studies on PFD ultrasound screening programs using non-radiologist
examiners are, however, needed to evaluate the efficacy in detecting DDH through
PFD screening, based on trained novice ultrasound users.

Generalizability

The degree of dysplasia based on Graf’s method was not registered for the infants
scanned in this study. However, as we consider a PFD > 6.0 mm to be indicative of
DDH [13], and we did not find an increase in PFD between raters with increasing
mean PFD values, we believe these results are valid in a dysplastic population. The
midwives in this study were diverse in terms of years of seniority, number of yearly
clinical DDH screenings and previous ultrasound experience, with the majority having
no experience in performing ultrasound examinations. We therefore expect these
results to be applicable to health care professionals with no experience in ultrasound.

5. Conclusions

We conclude that midwives, undergoing theoretical and limited supervised practical
training, are able to perform PFD measurements of pediatric hips with the same level
of reliability and precision as senior musculoskeletal radiologists.
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5.2. APPENDIX II

Point of care pubo-femoral distance ultrasound outperforms
traditional selective screening for hip dysplasia
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Abstract
Aims

To investigate and compare the effectiveness of primary PFD screening as a referral
criterion for follow-up (FU) Graf hip ultrasound (US), to traditional referral criteria
in selective US screening for developmental dysplasia of the hip (DDH). Secondly, to
propose an optimal cut-off value for primary PFD screening in the lateral examination
position.

Methods

We prospectively included all newborns consented to receive a primary PFD US
screening of both hips in the selective screening programme at our institution. The
PFD criterion was compared to traditional referral criteria in terms of sensitivity,
specificity and positive predictive values (PPV) in detecting abnormal hips on FU US,
as well as proportion of abnormal hips found and referral rates.

Results

We included 2,735 newborns of which 616 received a FU hip ultrasound. After
exclusion 561 newborns were included for analysis. Gender distribution was 283
female and 273 male, mean age at FU US was 36.6 days (range 4-87 days). 317
newborns (11.6%) were referred by traditional screening criteria and 303 newborns
(10.8%) were referred by the PFD criterion.

Sensitivities/specificities for detecting >Graf type Ila hips were: 17.4%/94.2% for
clinical examination, 27.9%/47.5% for risk factors, 40.7%/51% for clinical
examination and risk factors combined and 65.1%/72% for PFD examination using a
cut-off of 5.8 mm. Differences in sensitivities and specificities between traditional
referral criteria and the PFD criterion were statistically significant (p<0.01).

Conclusion
Early point-of-care PFD US screening has significantly higher sensitivity, specificity
and PPV in detecting abnormal hips, when compared to current selective criteria. PFD

US increases the detection rate of immature hips (Graf lla) by 72% and dysplastic
hips (> Graf Ilc) by 60% while maintaining similar referral rates
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Introduction

Developmental dysplasia of the hip (DDH) is a condition defined by
underdevelopment of the hip joint which can lead to pain, hip joint instability and
early osteoarthritis *. With an incidence of 0.8% 2 of all newborn children it is the
most common musculoskeletal developmental disorder in children.

Universal ultrasound (US) screening of all children is increasingly favoured over
selective US screening 3, but is difficult and time-consuming to implement on a large
scale, due to financial and logistical considerations *. Hip US is commonly based on
the methodology developed by Graf ®, but the complexity of the Graf method and its
requirements, necessitates high levels of training of examiners with subsequent
monitoring to ensure the diagnostic quality of examiners using the method ¢, which
may cause a strain on specialised health care professionals and delay the
implementation process.

A sensitive, reproducible and easily taught point of care (POC) US method could
therefore ease the implementation of a primary US screening programme and provide
a feasible alternative to primary screening based on the more complex Graf method.

In 2013 the Pubo-femoral distance (PFD) was suggested as an US screening
measurement . The PFD method is highly sensitive for DDH in the hands of skilled
examiners & and has high reliability even when performed by novice users °. To date
no studies have evaluated the PFD method as a referral criterion for follow-up (FU)
Graf hip US and compared it to traditional selective referral criteria in DDH screening.

The aim of the present study is to evaluate the performance of PFD measurements as
a referral criterion for FU Graf hip US and to compare it to the performance of clinical
hip examinations and risk factor identification currently used as referral criteria in
selective screening programmes worldwide. We will compare the PFD criterion to
traditional selective referral criteria in terms of sensitivity, specificity, and positive
predictive values (PPV) in detecting US positive DDH, the proportion of abnormal
hips found and referral rates. Secondly, we propose an optimized cut-off value for the
detection of DDH in early PFD US examination of newborn hips.
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Materials and Methods
Setting

Design: Prospective interventional study running from October 2021 to October 2022
at Aarhus University Hospital (AUH), Denmark.

The referral criteria for FU hip US in the screening programme for DDH at AUH is
based on clinical hip examinations based on the Ortolani and Barlow manoeuvres and
risk factor identification (family history, breech presentation, oligohydramnios,
clubfeet, musculoskeletal syndromes). All newborns born at AUH receive a clinical-
and risk factor screening performed by a midwife in the post-partum clinic when the
child is approximately two days old.

Parents of newborns undergoing screening were offered a hip US with PFD
measurement of their newborns’ hips as a supplement to the primary clinical
examination and risk factor identification. The PFD US was performed in a separate
room, ideally on the same day as the clinical examination, by another midwife trained
in PFD measurements. PFD examination was performed using a MINDRAY TE7 US
scanner and a high frequency (16MHz) linear transducer (Mindray Medical
International, Shenzhen, China). PFD was measured according to the methods
described by Treguiér and Couture, but with the child in the lateral examination
position 7% (Figure 1). A description of the training programme, the PFD method and
reliability of midwife-performed PFD measurements has been documented in a
previous publication °.

PFD screening was performed on the same day as clinical screening or, in the case of
clinical screening being performed in the weekend, in the following week. To negate
any bias in comparison between screening criteria introduced by the interval between
clinical- and PFD examination, the PFD screening had to be completed within 14 days
after birth.

The combined referral criteria for a FU hip US were: a positive clinical finding upon
hip examination and/or a risk factor for DDH and/or PFD above the 5.1mm threshold
or a difference in PFD between both hips of 1.5mm or above (figure 2). FU hip US
was performed by one of three musculoskeletal radiologists according to the methods
by Graf and Harcke %! (figure 1). FU hip US would take place ideally before the child
was six weeks of age, or before two weeks of age if clinical instability was detected
upon examination or, per study protocol, if the PFD measurement was above 8 mm,
indicating US instability.

We estimated an initial PFD cut-off for detecting abnormal hips (>Graf type I1a) based

upon retrospective analysis of PFD measurements performed at AUH and the existing
literature 71?8, We decided on a low cut-off at 5.1mm to increase the proportion of
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newborns referred and thus the amount of data for analysis. Further, we included the
original authors suggestion of a PFD difference of 1.5mm between both hips as a
referral criterion 7. An updated optimal PFD cut-off was determined post-hoc and the
results reported in this study uses the updated post-hoc cut-off value as well as the
1.5mm PFD difference.

Participants

Inclusion criteria: newborns < 14 days old screened at the post-partum clinic at AUH
with written parental consent for participation.

We excluded newborns who were referred to other institutions for their FU hip US.
Study size

Sample size calculation was based on differences in Graf type lIc hip detection rates
between a selective screening programme at AUH and published results from a
universal screening programme in Austria 3. A difference in Graf llc detection rates
of 0.46% was found and with a power of 90 and alfa of 5% a sample size of 2.204
newborns was calculated.

Statistical methods

To compare referral criteria, a ROC curve for each referral criteria (clinical
examination, risk factor and PFD) was created while confidence intervals sensitivity,
specificity and AUC values were calculated using 100 bootstrap samples. Positive
predictive values for each criterion were calculated as true positives divided by all
referrals with a true positive defined as > Graf type Ila hips. Sensitivity and specificity
was compared using the Mcnemar test and correlated AUC values were calculated
according to the method by Delong 4. Further, referral rates and results from the FU
hip US stratified by Graf hip classifications were calculated for the current selective
screening criteria (clinical examination and/or risk factor) and the PFD criterion. To
account for bilaterality in data, a sensitivity analysis was performed, by calculating
empirical cut-off values for left, right and all hips. As no significant difference was
detected in the sensitivity analysis, independency between sides was assumed. Normal
distribution of data was investigated using QQ plots and a significance level of 5%
was used.

Determining optimal PFD cut-off for analysis
We estimated an optimal cut-off value for the PFD post-hoc by calculating empirical
cut-off points of 5.8 and 6.1 mm using the Youden and Liu indexes 56, To calculate

prediction errors and confidence intervals of the cut-off values we performed a
repeated 10-fold cross validation while assuming independency between hips. A final
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value of 5.8mm was chosen by the first- and senior author as the optimal cut-off point
upon inspection of cut-off values and their corresponding sensitivities and
specificities (supplementary table 1). The reported results in this study were calculated
using the 5.8mm PFD threshold while keeping the 1.5 mm difference in PFD between
hips.

Ethics

The study and the written patient information leaflet for the parents were approved by
the local institutional ethics committee (Ref no: N-20200051).

Funding
The project was funded by The Independent Research Fund Denmark, The Danish

Acrthritis foundation, The Health professional fund at AUH and the Dagmar Marshall
Fund Grant no. 1030-00366B.
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Results

During the study period 4,794 newborns were screened at the post-partum clinic. We
included 2,735 newborns, 2,094 newborns were not referred for specialised US as
they did not fulfil criteria of the selective screening programme and had a PFD below
5.8 mm. 25 newborns were above 14 days of age at PFD screening, 47 referred
newborns did not show up for FU US, and eight newborns were referred to other
institutions in the region leaving 561 children for analysis (figure 3).

Gender distribution was 283 female and 273 males, mean age at primary PFD
screening was 3.7 days (range 0-13 days), and mean age at FU hip US was 35.6 days
(range 4-121 days). 317 newborns were referred by traditional screening criteria and
303 newborns were referred by the PFD criterion (>5.8 mm) corresponding to referral
rates of 11.6% and 10.8% respectively.

Sensitivities for detecting >Graf type Ila hips were: 17.4% (95% CI 9.9% ; 24.0%)
for clinical examination, 27.9% (95% CI 18.8% ; 39.4%) for risk factors, 40.7% (95%
Cl 28.9% ; 50.4%) for clinical examination and risk factors combined and 65.1%
(95% CI 58.5% ; 76.1%) for PFD examination using a cut-off of 5.8 mm. Specificities
were 94.2% (95% CI 52% ; 59%) for clinical examination, 47.5% (95% CI 43% ;
54%) for risk factors, 51% (95% CI 45% ; 56%) for clinical examination and risk
factors combined and 72% (95% CI1 68%;77%) for PFD examination.

Differences in sensitivities and specificities between traditional referral criteria and
the PFD criterion were statistically significant (p<0.01). A detailed comparison
including PPV and AUC values for all referral criteria are presented in table 1 and
figure 5.

Classification of hips referred by combined clinical examination and risk factor
identification were: 548 Type I, 29 type lla, 5 type llc and 1 > type Ill, for PFD
examination the corresponding findings were: 420 type I, 50 type lla, 8 type lic and
1 > type Ill. A detailed presentation of hip classifications and referral rates stratified
by screening criteria can be seen in figure 4.
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Discussion

This study found a significantly higher sensitivity, specificity and PPV for detecting
abnormal hips, when comparing PFD US examination to traditional screening criteria
in a population of 2,730 newborns. PFD examination detected an additional 21 type
Ila hips and three type llc hips, translating to increases of 72% and 60%, respectively
with no increase in referral rates. A PFD cut-off value of 5.8mm was determined as
the optimal cut-off value in early PFD US screening of newborns for DDH.

Interpretation

Timing of US screening for DDH has been found to be unreliable before the fourth
week of life 7, while others have found that US screening within three days of life
reliably detected DDH®8, In the present study, while early PFD US screening was
performed within the first days of life, the final diagnosis of DDH was made at the
six-week FU US, which follows international recommendations °.

We chose to define immature Graf type lla hips as abnormal, and consequently
designed our study to detect these hips. While 95% of immature hips spontaneously
resolve with time, 5% do not % and it is therefore recommended to do FU on all
immature hips until maturation 2%, Until prediction of which hips will resolve on their
own is possible, a DDH screening programme should therefore be able to detect hip
immaturity, even though it will have no consequence in treatment for most patients.

Cut-off values for PFD in DDH screening have been previously proposed, but the
definition of what constitutes true DDH varies and the application of the US method
is thus not consistent. 22 78, The original authors suggested a cut-off of 6.0 mm or a
difference between hips of 1.5mm measured with the child in the supine position.
While they did not describe in detail how they arrived at this cut-off, implementing
DDH screening, using this cut-off, reportedly reduced late DDH diagnoses to 0%.
Motta and colleagues suggested a cut-off of 3.0mm measured in the lateral position,
but did not submit the hip to the lateral stress described in the method by Couture %,
We previously suggested a cut-off of 4.4mm when detecting dysplastic hips in need
of treatment in older children. The presently suggested 5.8mm cut-off value is
therefore the first to be proposed for use in early US screening for DDH. As any
decision of cut-off values is a compromise of gained sensitivity versus lost specificity,
we have added a table of cut-off values and corresponding sensitivities and
specificities (supplementary table 1), as others may disagree with our choice.

For any screening program to be feasible, the screening method needs to be reliable,
implementable and have an acceptable rate of detection, while not producing an
unacceptable number of false positives. While selective screening based on clinical
hip examinations and risk factor screening is already widely implemented, the
predictive value and knowledge of clinical hip examinations, in a general pool of
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screeners, is low 2* 25 which increases referral rates without a similar increase in
treatment 6. Further, 51% of newborns with DDH do not have positive physical signs
or risk factors for DDH?8. Similarly, in the present study 53% of abnormal hips were
detected in newborns who had negative physical findings and no risk factors for DDH.

Universal US screening using the Graf method has been proposed as an alternative to
clinical screening, but the Graf method has a low reliability 27 and requires extensive
training and quality monitoring to be performed correctly 8, challenging large scale
implementation. Conversely, the PFD method may be the useful compromise, as it is
reliable 7 %, and swiftly be taught to even novice US users 28 °. Although the detection
rates may be lower than those seen in universal Graf US screening programmes, the
sensitivities and specificities are superior to those of clinical- and risk factor screening
as presently demonstrated.

Limitations

Participation in the study provided the opportunity for parents to receive a referral for
a specialized hip US if the PFD examination was positive. As such, we observed that
parents of children who were already referred, based on a positive clinical
examination or presence of risk factors, were likely to not participate in the study.
Further, as the PFD screening took place in a separate room from the post-partum
clinic, we anecdotally experienced that parents were reluctant to relocate their
newborn to another room for secondary hip screening procedure. While this behaviour
was not systematically registered, and we do not have any information on families
that did not participate, it may cause a selection bias in our study population which
underrepresents previously referred children, and complicates the comparison of our
findings to those of other screening programmes.

External validity

As all newborns did not receive a FU hip US, per the selective screening guidelines
at AUH, the reported sensitivities and specificities should not be considered valid
outside this study population. As we have no information on how many abnormal hips
were missed in our cohort, the values are only presented to enable a comparison
between screening criteria.

Conclusion

Early PFD US screening has significantly higher sensitivity, specificity and PPV in
detecting abnormal hips in newborns compared to traditional selective criteria. PFD
US increases the detection rate of immature hips by 72% and dysplastic hips by 60%
with similar referral rates. Early PFD screening as a POC method may be considered
an alternative to selective screening programmes for DDH.
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Figures and tables

Table 1: sensitivities, specificities, AUC values and PPVs stratified by referral criteria
for DDH screening. P values compare estimates for previous row of referral criteria.
PFD = pubo-femoral distance, AUC = Area under the curve, PPV = Positive predictive
value.

Referral Sensitivity P- Specificity % P- AUC (95% CI) P- PPV %
criteria (95% ClI) value (95% CI)* value value (95% ClI)
Clinical 17.4% - 94.2% - 56% - 17.4%
examinatio
n (9.9%; (93.0%; (52% ; 59%) (9.9%;
24.0%) 95.4%) 24.0%)
Risk factor 27.9% 0.15 67.1% <0.00 47.5% 0.011 4.9%
1
(18.8% ; (65.0% ; (43% ; 54%) (3.0%;
39.4%) 69.1%) 6.9%)
Clinical 40.7% <0.00 61.7% <0.00 51% 0.049 6.0%
exam 1 1
and/or risk (28.9% ; (59.0% ; (45% ; 56%) (4.1%;
factor 50.4%) 63.9%) 8.3%)
PFD 65.1% 0.004 78.0% <0.00 2% <0.00 15.1%
(>5.8mm) 1 1
(58.5%; (75.6% ; (68% ; 77%) (12.4% ;
76.1%) 80.1%) 18.8%)
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Figure 1: Ultrasound images of three newborn hips as performed by a radiologist
(A,B) and midwife (C). (A) and (C) depicts the pubo-femoral distance (PFD) method
with PFD marked as a red line, while (B) depicts the Graf method with annotated

alpha angles.
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Figure 2: Flowchart depicting the screening process of the newborns who were

consented to participate in the study. PFD

pubo femoral distance.
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Figure 3: CONSORT diagram of the inclusion process. PFD = pubo-femoral distance
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Figure 4: Ultrasound findings for each set of screening criteria for the current study.
The green and blue boxes the total number of patients and findings in each program.
Referral numbers for the PFD program reflect a cut off value of PFD > 5.8mm or a
difference in PFD >1.5mm between hips.
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Figure 5: Receiver operating characteristics curves depicting sensitivities and 1-
specifities for each referral criteria analysed. The single point for the dichotomous
referral criteria (orange, blue and red) represents the sensitivity and 1-specificty when
the referral criteria is obtained. The multiple points for the PFD measurement (teal)
represents the sensitivity and 1-specificity for each cut-off value of the primary PFD
measurement. PFD = pubo-femoral distance, AUC = Area under the curve, DDH =
Developmental dysplasia of the hip.
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5.3. APPENDIX III

Pubo femoral distances correlate to acetabular
morphology and sonographic instability in screening
for hip dysplasia
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PUBO-FEMORAL DISTANCE MEASUREMENTS IN SCREENING FOR DEVELOPMENTAL DYSPLASIA OF THE HIP

Abstract
Aims

The present study seeks to investigate the correlation of pubo-femoral distances (PFD)
to alpha angles, and hip displaceability status defined as femoral head coverage (FHC)
or FHC during manual provocation of the newborn hip < 50%.

Methods

We retrospectively included all newborns referred for ultrasound screening at our
institution based on primary risk factor-, clinical- and PFD screening. Alpha angles,
PFD, FHC and FHC at follow-up ultrasound for referred newborns were measured
and compared using scatter plots, linear regression, t-tests and box-plots.

Results

We included 2,735 newborns of which 754 received a follow-up hip ultrasound within
six weeks of age. After exclusion 1,500 hips were included for analysis. Gender
distribution was 372 male 380 female, mean age at examination was 36.6 days (range
4-87 days).

We found a negative linear correlation of PFD to alpha angles (p<0.001),
FHC(p<0.001) and FHC during provocation (p<0.001) with a 1mm increase in PFD
corresponding to a -2.1 degree (95% CI -2.3;-1.9) change in alpha angle and a -3.4%
(95% CI -3.7;-3.0) change in FHC and a -6.0% (-6.6;-5.5) change in FHC during
provocation. The PFD was significantly higher with increasing Graf types and in
displaceable hips (p<0.001)

Conclusion

PFD is strongly correlated to both alpha angles and hip displaceability, as measured
by FHC and FHC during provocation, in ultrasound of newborn hips. The PFD
increases as the hips become more dysplastic and/or displaceable.

Clinical relevance

- The PFD strongly correlates to traditionally used ultrasound metrics in
DDH diagnostics.

- Primary PFD screening may be a viable candidate for selective screening
for DDH as it predicts acetabular morphology and hip stability upon
follow-up hip US.
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Introduction

Multiple ultrasound (US) metrics have been proposed in screening for developmental
dysplasia of the hip (DDH) with the most commonly used being the alpha angle
proposed by Graf in 1983 1, which describes the morphological conditions of the
acetabulum, by measuring the slope of the acetabular roof. In the following years
Harcke and Terjesen proposed the femoral head coverage (FHC) which is defined as
the percentage of the cartilaginous femoral head covered by the bony acetabular roof
while the hip is at rest and while applying lateralizing stress 2 3.

Both clinical stability testing and FHC during provocation evaluates the degree of
laxity of the paediatric hip joint. To avoid any confusion in terms, we have chosen to
use the term “displaceability” when referring to hips able to be provoked laterally
during hip US i.e. a FHC < 50% in situ or during provocation while “instability” refers
to clinical instability.

In 2013, the Pubo-Femoral Distance (PFD) US method was first published 4. PFD
measures the minimum distance between the medial epiphysis of the femoral head
and the ossified pubic bone while applying lateralizing stress to the hip joint. It is a
stress similar to the FHC but rather than being measured in relative units (percentages)
it is measured in millimetres and thus does not account for individual differences in
the size of the examined anatomy. The PFD has been proven to be a reliable measure
and an accessible alternative to traditionally used US metrics® . The original authors
have already implemented universal screening of female newborns in their region of
France using the PFD method, which has reportedly reduced the rate of late diagnoses
of hip dysplasia to zero in a catchment area of one million inhabitants*. However, the
diagnosis of DDH was not made using the gold standard Graf method, rather it relied
on an assessment of clinical stability and acetabular morphology in US using the PFD
measurement and FHC*.

No studies have examined how the PFD relates to traditionally used US metrics in
DDH diagnostics, including the gold standard Graf method. The aim of the current
study is therefore to evaluate the correlation of PFD to alfa angles and hip
displaceability, as measured by the FHC in rest and during lateralizing stress, in
newborns undergoing US screening for DDH.
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Methods

Design and setting: This was a retrospective observational study of newborns referred
for DDH US screening at INSTITUTION, COUNTRY, during a one-year period from
October 2021 to October 2022. Annually, 5000 newborns are born at INSTITUTION
a tertiary hospital including the only maternity ward in the municipality of CITY.
Reporting follows the STROBE guidelines for reporting on observational studies 7.

Participants

The newborns in the present retrospective study participated in the Danish Hip
Screening Project (DHP). In the DHP, primary early PFD screening was added to the
traditional selective referral criteria for follow-up Graf hip US. A newborn was
included in the DHP, and the present retrospective study, once written parental
consent for participation and data collection had been obtained.

The clinical examination and risk factor identification were performed by a midwife
at the post-partum clinic at INSTITUTION. The primary PFD US examination was
performed by a secondary midwife trained in the PFD method on the same weekday
or, in the case of the newborn being screened in the post-partum clinic in the weekend,
in the following week. All examinations including clinical-, risk factor- and primary
PFD screening were performed within the first 10 days after birth.

We included newborns referred in this hybrid selective screening program for DDH
at INSTITUTION where primary clinical examination, risk factor identification and
primary PFD US examination had been performed. Referral criteria were: a positive
clinical examination, presence of a risk factor (family history of DDH, breech
presentation, oligohydramnios, twins, clubfeet or musculoskeletal syndromes) a
primary PFD > 5.1 mm or a PFD difference > 1.5mm between hips.

The exclusion criteria were: newborns with musculoskeletal syndromes, age at
follow-up US examination by radiologist above three months, follow-up US
examination missing PFD measurements.

The referred newborns received a follow-up hip US examination ideally before six
weeks of age or, in the case clinical instability or a primary PFD above 8.0, before
two weeks of age. Follow-up hip US was performed by one of three musculoskeletal
radiologists experienced in paediatric US using a combination of the Graf, Harcke and
PFD methods * 2 4 8 (figure 1). Alpha angles and FHC were measured in the frontal
standard plane with the child fixed in a cradle in the lateral decubitus examination
position, the hip flexed to 90 degrees and the knees gently adducted. Secondly, the
FHC during provocation and PFD was measured in the same lateral examination
position while the hip was stressed laterally in a Barlow equivalent manoeuvre. FHC
during provocation was routinely reported in all scans by one of three radiologists,
while the remaining two only reported it, if they observed lateralization on US i.e.
FHC decreased below 50% after applying lateralizing stress to the hip.
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All measurements were performed using a high frequency (10 MHz) linear transducer
(Model: Canon Aplio i800; Canon Medical Systems, Tokyo, Japan). The parents were
present during all examinations of the newborns.

Statistical methods

Variables: the performed analyses use alpha angles, FHC and FHC during provocation
as dependent variables and PFD as obtained at the follow-up hip US examination as
dependent variable. The primary PFD measurement was only used in the referral of
patients, not for subsequent correlation analysis.

We examined the correlation and impact of increasing PFD values on alpha angles,
FHC, and FHC during provocation using linear regression, scatter plots, and box plots.
Regression results are presented as intersections and B-coefficients with
accompanying p-values. Scatter plots are presented with fitted lines and 95%
confidence intervals and linear regression coefficients. To further illustrate the
correlation, mean PFD values were calculated stratified by Graf classification and hip
displaceability status and compared using Student’s t-test as well as box plots with
median values and 25% and 75% centiles with whiskers representing upper- and lower
adjacent values. A sensitivity analysis was performed using a mixed effect model to
account for any bias introduced by the bilaterality of observations. As no bias was
detected in the sensitivity analysis, independence between bilateral observations was
assumed. PFD measurements were used as a referral criterion, when performed by a
midwife in primary screening, and as independent variable in the regression analysis,
when performed by the radiologist at the follow-up hip US. To investigate any
selection bias introduced to the correlation analysis of PFD to alpha angles and
displaceability status, by selecting patients using primary PFD screening, a secondary
sensitivity analysis was performed by linear regression stratified by referred/not
referred by primary PFD screening. No significant difference in regression
coefficients between these two groups was detected. Normality of data was inspected
using QQ-plots for continuous data and a significance level of 5% was used.

All statistical analyses were performed using Stata version 17.0 (StataCorp, College
Station, TX, USA).
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Ethics

Ethical approval for the present study and written parent information was obtained
from the COUNTRY National Committee on Health Research Ethics (Registration
number N-20200051).

The project and data management plan were approved by the regional Department of
Research Data and Statistics at INSTITUTION (Project ID 2021-043).
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Results

In the present study 4,794 newborns were born during the study period. Of these,
consent for data collection was obtained from the parents of 2,735 newborns. 815
newborns were referred for follow-up hip US, 53 didn’t show, eight were referred to
another institution, six hips had no PFD US measurements and two newborns were
older than three months at US examination, which left 752 newborns for inclusion
(1500 hips) (Figure 2). Gender distribution was 372 males and 380 females, mean age
at examination was 36.6 days (range 4-87 days). Distribution of patients according to
highest Graf classification was type I: 696 (92.5%), type lla: 48 (6.4%), type llc:
7(0.9%) and type IlI: 1(0.1%). Distribution of hips according to Graf classification
were type |: 1.416, type lla: 74, type lic: 9 and Type I1I: 1. 78 hips were classified as
displaceable and 1422 were non-displaceable (table 1).

Inspection of scatter plots and linear regression revealed a negative linear correlation
of PFD to alpha angles (p<0.001), FHC(p<0.001) and FHC during provocation
(p<0.001) with a Imm increase in PFD corresponding to a -2.1 degree (95% CI -2.3;-
1.9) change in alpha angle, a -3.4% (95% CI -3.7;-3.0) change in FHC and a -6.0%
(-6.6;-5.5) change in FHC during provocation (Table 2, figure 3, figure 4). Further,
PFD was significantly higher with increasing Graf types and in displaceable hips
(p<0.001) (Figure 5, Table 1).
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Discussion
Key results

PFD was significantly correlated to both acetabular morphology and hip
displaceability. An increase in PFD was seen with both shallowing of the acetabulum
and an increase in hip displaceability.

Interpretation

There is no universal consensus on what constitutes true DDH. Graf proposed a
treatment plan according to his classification system which relies on hip morphology
%, Surgeons, when deciding which hips to treat, rely on a combination of radiological
findings and hip stability assessment, with the latter being the guiding factor for a
majority of surgeons, as they are more likely to opt for nonoperative management of
children showing no signs of hip instability °. Hip instability is clinically assessed
using the Barlow and Ortolani manoeuvres, and the Galeazzi test, but the value of
these examinations is questionable. The Barlow and Ortolani manoeuvres have a
combined sensitivity of 60% . While they are more sensitive in the hands of
experienced orthopaedic surgeons *2, in a study from 2020, Harper and colleagues
demonstrated that 14% of dislocated hips, as detected on US, were incorrectly
classified as being reduced upon clinical examination by experienced orthopaedic
surgeons 3. Further, the positive predictive value of clinical hip examinations in
detecting hip dysplasia defined as >Graf Ilc type hips, is 33% among experienced
orthopaedic surgeons *# and as low as 4% among primary screeners °,

In evaluating the correlation of PFD to hip stability, we therefore chose to define it as
displaceability using the FHC which has a high degree of agreement when classifying
dysplastic hips (Kappa>0.7)%. Terjesen originally described a cut of value for FHC
of 44% for females and 47% for males for hip dysplasia with some age variation.
Others describe a cut-off of 50% for both genders 7, which is also used routinely at
INSTITUTION and consequently in this study.

In terms of reliability and accessibility, the PFD method outperforms both the Graf-
and FHC methods ¢ 4 ® |, but, as demonstrated in this study, is strongly correlated to
both.

The PFD method may therefore be a viable candidate for predicting alpha angles and
displaceability status in primary DDH screening.

Limitations

Both the PFD and FHC methods rely on a Barlow equivalent hip provocation
manoeuvre. As the application of force may not be equal between the examiners when
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performing the examinations, the obtained measurements may to a minor extent be
affected in precision. This uncertainty can affect the precision of the correlation
coefficients of our regression analyses. However, the impact may not have any clinical
influence when classifying the hips as displaceable using the 50% FHC threshold as
a significant increased PFD when compared to stable hips was found.

The present study only evaluated the correlation of PFD to Graf’s alpha angles and
hip displaceability status. An assessment of the effectiveness of primary PFD
screening on DDH detection cannot be made on the present results.

Generalizability

Participants for the current study were selected through a unique selective screening
programme for DDH using primary PFD as a referral criterion for follow-up Graf hip
US. As such, all newborns included in this study were selected based on the presence
of a risk factor for DDH, positive clinical examination or primary PFD screening.
However, as the prevalence of Graf types are comparable to those reported in
universal screening programmes 8, we believe the present results to be representative
of a general population.

Conclusion
PFD is strongly correlated to both alpha angles and hip displaceability, as measured

by FHC and FHC during provocation, in US of hips at six weeks of age. The PFD
increases as the hips become more dysplastic and/or displaceable.
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Tables and figures

Graf classification (n hips) | PFD (mean 95% CI) P-value

Type | (n=1,434) 3.8 (3.8;3.9)

Type lla (n=74) 5.4 (5.1;5.7) <0.001*
Type llc (n=9) 7.4 (6.4;8.5) <0.001*
Type 11+ (n=1) 11.2( N/A) N/A

Hip displaceability

Non-displaceable =38 (3.83.9
FHC>50% (n=1,440)
Displaceable= FHC <50% | 5.9 (5.6;6.2) <0.001*

(n=78)

Table 1: distribution of hips according to Graf types and hip displaceability status
with accompanying mean PFD values. PFD = Pubo-Femoral distance
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Variable Intersection B-coefficient (95% | P-value

Cl)
(crude)
(crude)
Alpha 74.5° -2.1(-2.3;-1.9) <0.001*
FHC 76.0% -3.4 (-3.7;-3.0) <0.001*
FHC with 84.1% -6.0 (-6.6;-5.5) <0.001*

provocation

Table 2: Results of linear regression of alpha angles, FHC and FHC during
psrovocation with Pubo-Femoral distance as independent variable. FHC = femoral
head coverage.
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Figure 1: Three ultrasound images of one paediatric hip examination. A) Graf standard plane with added annotated alpha
angles and FHC values. B) ultrasound image captured during hip provocation with annotated FHC values. C) Ultrasound
image captured during hip provocation with annotated PFD values. PFD = Pubo-femoral distance, FHC = Femoral Head
Coverage.

134



4,794 newborns
children screened in
the post-partum clinic

2,081 newborns
whose parents
declined participation

¥

2,713 newborns
included for additional
PFD screening

Referred for hip

ultrasound
(763 newborns)

n=1,526 hips
Excluded
- above 3 months of age (n=2 hips)
- missing one or more ultrasound
measurements (n=4 hips)

¥

Included in study
(761 newborns)

n=1,518 hips
Distribution of hips Distribution of hips
(Graf classification) (displaceability =
FHC=50%)
Type |- 1.434
Type lla: 74 Mon-displaceable: 1440
Type llc: 9 Displaceable: 78

Type llI: 1

Figure 2: Consort diagram of inclusion process and distribution of hips according to
the Graf classification and displaceability criteria. FHC = Femoral Head Coverage
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Alpha angles vs PFD
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Figure 3: Scatter plot of PFD and Alpha angles with fitted regression line, 95%
confidence intervals and regression coefficients. PFD = Pubo-Femoral distance.
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Figure 4: Scatter plot of PFD, FHC and FHC with provocation with fitted regression
lines, 95% confidence intervals and regression coefficients. PFD = Pubo-Femoral
distance, FHC = Femoral Head Coverage.
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Figure 5: Box plots of PFD values stratified by Graf classification and hip
displaceability status. Boxes represent 25%, median and 75% percentiles with
whiskers representing upper- and lower adjacent values. PFD = Pubo-Femoral
Distance. Displaceable = FHC or FHC during provocation <50% *=significant result.
FHC = Femoral Head Coverage.
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