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Abstract

Optimal DDH screening timing and whether adding risk profiles could aid in
detecting treatment outcome were investigated. Risk factors were employed
to supplement ultrasound findings in flagging cases for follow-up. Initial
screening results and harness treatment outcomes concordance were com-
pared at different screening ages and screening protocols. Using clinical deci-
sion to supplement ultrasound screening allowed to accurately flag all 12
DDH treated cases upon initial visit. Clinical decision correctly identified
cases that would have otherwise been missed (n = 2). However, doing so in-
creased the rate of false positive cases at all time points of initial screening.
Initial screens were more accurate for predicting treatment outcomes when
using ultrasound only if done after 28 days [<28 days (88.1%) vs. 29 - 56 days
(98.5%), OR = 7.16, p < 0.001] or ultrasound with clinical decision [<28 days
(86.4%) vs. 29 - 56 days (95.7%), OR = 3.00, p < 0.001]. In contrast, screening
after 56 days failed to marginally improve accuracy compared to screens done
between 29 - 56 days, regardless of the screening protocol employed. Two
important trade-offs emerged. First, when choosing timing of initial screen-
ing, optimal accuracy and harness treatment schedule should both be consi-
dered. Second, when considering whether to use a more conservative risk
profile to supplement ultrasound findings, treatment accuracy and the ability
to efficiently detect cases requiring harness treatment should both be consi-
dered. We provide evidence for performing an initial DDH ultrasound screen
between 4 and 8 weeks (29 - 56 days), while employing clinical decision to aid
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in determining cases that require further follow-up evaluation.
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1. Introduction

Developmental dysplasia of the hip (DDH) is a preventable congenital pediatric
orthopedic hip condition which affects between 1.5 - 30/1000 live births [1].
DDH is defined as an abnormal relationship between the femur and the aceta-
bulum and ranges from subluxation of the hip joint to complete dislocation [2].
Detection of DDH at the time of walking poses a high risk for corrective hip re-
duction surgery [3]. Screening early allows for timely, non-invasive treatment
for the prevention DDH and associated long-term complications [4].

Currently, ultrasound (US) screening is the best technique for detecting DDH
[5]. To reduce rates of surgery, various targeted or universal US screening pro-
grams have been implemented. To date, there has yet to be a consensus on
screening method and timing that takes into consideration screening accuracy and
costs [6] [7]. Targeted screening has traditionally been promoted as a cost-effective
method, but has also been shown to effectively decrease surgery rates [8]. A
10-year prospective study by Paton et a/ [9] found US alone did not provide suf-
ficient predictive value. Although physical exams and risk factors were useful for
targeted screening when screening for more severe hip types, the use of risk fac-
tors was not supported as an effective tool for selective screening [10]. Universal
screening programs have gained support and can provide a reduction in the
number of referred cases to orthopedic specialists and early detection of late
presenting cases [11] [12]. In Austria, Thaller et al [13] revealed that universal
screening became cost-effective, when compared to selective screening, and
when considering long-term healthcare costs and falsely identified screened cas-
es [14]. Despite evidence showing that universal US is an effective screening
method [15], means of improving screening accuracy and reducing unnecessary
follow-up should be considered.

Screening timing is an important factor in accurately assessing the risk of de-
veloping DDH [16]. The UK’s National Health Services Newborn and Infant
Physical Examination (NIPE) and American Academy of Orthopedic Physicians
both suggest that targeted screening be employed to detect high-risk DDH cases
and screening should occur between 6 and 8 weeks [17], which is largely based
on expert opinion [18]. Concerns for delayed screening are merited, with screen-
ing later than three months possibly reducing reliability and increasing missed
cases [19]. While non-invasive treatment is not typically possible later than 6
months due to advanced hip dysplasia [4]. Severely abnormal hips may even
have worse treatment outcomes when initiated after 8 weeks [20], yet treatment

of hips has been suggested to be initiated between 8 to 12 weeks of age [21].
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Ideally, initial screening age should balance between peak screening accuracy
and treatment initiation.

Since optimal screening time, risk profiling and their performance in screening
for DDH are not sufficiently understood, further research is needed to support the
current recommended guidelines. Our study aimed to compare the screening per-
formance when: 1) only using US findings, and 2) using risk factors to supplement
US findings, and comparing performance at different screening age time points in

order to find an optimal timing for initiating DDH ultrasound screening.

2. Methods
2.1. Sample

Data was retrospectively reviewed from a DDH registry database and was re-
trieved from all screening visits conducted between January 1, 2017 and Decem-
ber 31, 2017. Our sample consisted of all newborns attending one of nine medi-
cal centers or clinics for both self-referred and referred post-natal check-ups.
Referred cases may have been referred to one of the nine participating medical
centers/clinics due to indication signs of DDH risk factors or simply for a sche-
duled check-up. Any cases that had, a previous US performed at another site, or
that were older than 6 months of age at initial screen, were excluded from our
sample. The nine participating screening centers make up the Taiwanese Screening
and Audit System for Developmental Dysplasia of the Hip (TSAS-DDH). The
TSAS-DDH is a network of pediatric orthopedic specialists, general pediatric
physicians, obstetricians, radiological technicians, pediatric nurses, and public
health professionals that perform universal ultrasound screening for DDH, as
well as holding training, validating data collection, and analyzing data, to devel-
op an evidence-based screening program that can improve DDH screening out-
comes in Taiwan and internationally. Informed consent was obtained from par-
ents/guardians for newborns to participate in the screening registry. The data-
base saw 3018 newborns recruited into the US screening program. Ethics ap-
proval was granted by the Institutional Review Board of Chang Gung Medical
Foundation (IRB#: 201800670B0).

2.2. Hip Ultrasound

Hip US were assessed using Graf’s classification technique, measuring Alpha and
Beta angle from a standard coronal section of the hip as previously described
[22]. The angles are coded as follows: Ia, Ib, IIa, IIb, Ilc, D, III, and IV. Exact
Alpha and Beta angle measurements and hip types have been published else-
where [23]. Hip examinations were performed by trained DDH US operators
and newborns were given a Graf classification code for both hips. A single code

was later assigned to a newborn based on the hip with the most severe Graf type.

2.3. Screening Protocol

A universal US hip screening protocol with preliminary PE test and risk factors
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performed prior to turning 6 months of age after birth was implemented. One or
more of the PE tests (Barlow test, Ortolani test, limited abduction of the hip,
Galeazzi sign, or Allis sign) were performed. DDH risk factors included: family
history of DDH, breech delivery, primiparous pregnancy, oligohydramnios, and
any postural deformities of the neck or lower extremities. These risk factors are
based on previous established factors [19] [24], and that had complete records in
our database. Newborns were classified as Negative Screened Hips if a case had:
both Ia/Ib type hips, a negative PE test, and without DDH risk factors. Con-
versely, newborns were categorized as Negative Ultrasound Hips with Clinical
Decision (CD) if screened as Ia/Ib type with: a positive PE, or presence of a risk
factor. These cases were flagged for follow-up one month later to confirm initial
screening findings. Type IIa/IIb hip were considered Positive Ultrasound Hips
and were followed-up to monitor hip development. Newborns with Ilc, D, III, or
IV types were assigned to the Dysplastic Ultrasound Hips group and required
transfer to a pediatric orthopedic specialist for confirmation, and if required,
DDH harness treatment. After following-up, cases still screening positively or
inconclusively, were: referred to a pediatric orthopedic specialist, and were mo-
nitored until returning to an Ia/Ib hip type, or requiring harness treatment. This
screening protocol used CD to support US Graf classification results (US with
CD), and was compared to a simulated protocol (had we not employed CD in
our decision making), relying only on US Graf classification (US Only). Despite
there currently being no “Golden Standard” outcome for DDH research [6],
over-treatment is common in US DDH screening [25], thus harness treatment
for DDH was chosen as the primary outcome. A case nurse followed-up by tele-
phone after 1 year to ensure all cases had not developed late DDH. Cases that
had a final US screen which was positive and were unreachable, were deemed to

be lost to follow-up.

2.4. Variables

Timing of initial screening was reported in 3 time intervals (<28 days, 29 - 56
days, >56 days), due to previous studies showing that screening after 28 days can
significantly impact screening accuracy [26], while screening after 8 weeks has
been shown to have poorer surgical outcomes [20]. Only initial scans performed
before 6 months were included, since performing surgery after 6 months is
usually less effective, or not possible [4]. Descriptive data was collected includ-
ing: sex (male and female), gestational number (singleton, multiple), term of
birth (preterm or term), and screening physician’s background (general practi-
tioner and pediatric orthopedic specialist). The primary outcome for the study
was whether Pavlik’s harness treatment was required (Yes, No) and was coded as
a binary variable (accurate or inaccurate) in relation to initial screen. Initial
screening outcomes were categorized based on Graf hip classification and pres-
ence of risk factors and screening accuracy was coded on concordance with

treatment outcome.
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2.5. Statistical Analysis

Initial screening outcome and final screening outcomes were summarized by
group percentages and counts. Descriptive data and screening outcomes were
categorized by initial screening age groups compared by Fisher’s Exact Test (.X?)
of independence. The rate of harness treatment was further compared by initial
Graf classification group and age at screening. We present comparisons of the
simulated US Only protocol, and our actual US with CD protocol. Screening
performance was given by reporting the stative counts and column percentages
of false positive (FP), false negative (FN), true positive (TP) and true negative
(TN) and accuracy. Univariate comparison by initial screening age was done for
each using Fisher Exact Test (X?). Sensitivity, specificity, positive predictive val-
ue (PPV), negative predictive value (NPV), positive likelihood ratio (PLR), nega-
tive likelihood ratio (NLR) were also reported to further demonstrate screening
performance.

A multivariate logistic regression analysis was conducted comparing the like-
lihood of an initial screening outcome of accurately predicting whether harness
treatment was required. The independent variable of interest was timing of ini-
tial screening. We used a pairwise logistic regression model which made con-
trasted between each time interval. All models controlled for the following cova-
riates: gender, multiple fetal numbers, premature birth, and physician’s back-
ground. Odds ratio (OR) and 95% confidence interval (95% CI) were reported.
Moreover, Z-test of two proportions was performed to compare between
screening protocols at each age interval.

Finally, a Receiver Operator Characteristics (ROC) curves were developed and
the area under the curve (AUCQC), 95% confidence interval (95% CI) and p-values
(p) were reported for performance of initial screens in predicting a treatment
outcome stratified by age at initial screen, for each screening protocol. False
negative rate was also calculated at each age and for both screening protocols.
An a priori two-tailed cut-off of significance of p < 0.05 was established for all

analysis. Analysis was conducted using SPSS version 22.0 software.

3. Results

Figure 1 demonstrates our DDH screening program experience. Overall, 3018
newborns were screened, with most being Negative Screened Hips (88.5%, n =
2671), while 11.5% (n = 347) were screened positive. Among screened positive
cases, 18.1% (n = 63) cases had Negative Ultrasound Hips with CD, 74.4% (n =
258) cases had Positive Ultrasound Hips, and 7.5% (n = 26) had Dysplastic Ul-
trasound Hips. Among 347 cases that required further evaluation to finalize
outcome, 12 cases (3.5%) required harness treatment for DDH, 299 cases
(86.2%) had a negative follow-up, and 36 cases (10.4%) were lost to follow-up.
Descriptive data were compared for all cases by initial screening age (Table 1).
The majority (n = 1941) were screened within 28 days of age, while 722 were
screened between 29 days and 56 days of age, and 355 were screened after 56
days of age. Physician’s background (X* = 133.608, p < 0.001), initial Screen
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Outcome (X* = 126.297, p < 0.001) and screening program outcome (X* =
15.095, p < 0.01) all differed significantly by screening age. In contrast, newborn
sex, gestational number, and preterm birth did not differ significantly between
screening ages.

Among the 2982 cases that were not lost to follow-up, the rate of treatment
among Graf classification groups and by age at initial screening were compared
(Table 2). Among Negative Screened Hips, none required harness treatment
(0/2761). Among Negative Ultrasound Hips with CD, 3.2% (2/62) required har-
ness treatment with both cases being screened > 56 days. Among Positive Ultra-
sound Hips, 2.7% (6/223) required harness treatment, with 4 being screened <
28 days, and 2 being screened between 29 - 56 days. Among initially Dysplastic
Ultrasound Hips, 15.4% (4/26) required harness treatment, with all cases being

screened < 28 days.

Table 1. Baseline descriptive data for DDH screened newborns (n = 3018).

Age of Newborn at Initial Screening (days)

Total <28 29 - 56 >56
(n=1941) (n=722) (n =355)
Variables Count % Count % Count % Count % Cok Sig.
Newborn sex 0.70
Female 1503 49.8% 973 50.1% 350 48.5% 180 50.7%
Male 1515 50.2% 968 49.9% 372 51.5% 175 49.3%
Gestational Number 3.72
Singleton 2940 97.4% 1885 97.1% 704 97.5% 351 98.9%
Multiple 78 2.6% 56 2.9% 18 2.5% 4 1.1%
Preterm Birth 1.15
No 2972 98.5% 1908 98.3% 713 98.8% 351 98.9%
Yes 46 1.5% 33 1.7% 9 1.2% 4 1.1%
Physician Background 133.61 ok
General Pediatric Practitioner 2795 92.6% 1718 88.5% 722 100.0% 355 100.0%
Pedjatric Orthopedic Specialist 223 7.4% 223 11.5% 0 0.0% 0 0.0%
Initial Screen Outcome 126.30 ook
Negative Screened Hips (1al Ib) 2671 88.5% 1639 84.4% 687 95.2% 345 97.2%
Negative Ultrasound (1a/ Ib) with CD* 63 2.1% 34 1.8% 20 2.8% 9 2.5%
Positive Ultrasound Hips (11al IIb) 258 8.5% 242 12.5% 15 2.1% 1 0.3%
Dysplastic Ultrasound Hips (IIc, III, IV, D) 26 0.9% 26 1.3% 0 0.0% 0 0.0%
Screening Program Outcome 15.10 b
Neg. Screened or Neg. Screened flu 2970 98.4% 1899 97.8% 718 99.4% 353 99.4%
Harness Treatment 12 0.4% 8 0.4% 2 0.3% 2 0.6%
Losttoflu 36 1.2% 34 1.8% 2 0.3% 0 0.0%
Notes. a. CD = clinical decision; b. Fisher’s Exact Test: Sig. (**p < 0.01, ***p < 0.001).
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Table 2. Rate of harness treatment by initial age at screening and hip type (n = 2982).

Age at Initial Screening

<28 days 29 - 56 days >56 days Total

Treated/ Rate of Treated/ Rate of Treated/ Rate of Treated/ Rate of

Graf Hip T} t Initial
rat ip fype at it Total Graf Treatment Total Graf Treatment Total Graf Treatment Total Graf Treatment

Screening

Type (%) Type (%) Type (%) Type (%)
. Hi
Negative Screened Hips 0/1639 0.0% 0/687 0.0% 0/345 0.0% 0/2671 0.0%
(Ia/Ib)
Negative Ultrasound Hips
0/33 0.0% 0/20 0.0% 2/9 22.2% 2162 3.2%
(Ia/Ib) w/CD* ’ ’ ’ ’
Positive Ul Hi
ositive Ultrasound Hips 4/209 1.9% 213 15.4% 01 0.0% 6/223 2.7%
(ITa/IIb)
Dysplastic Ultrasound Hips
4/26 15.4% 0/0 0.0% 0/0 0.0% 4/26 15.4%
(Ilc/D/III/IV) / ’ / ’ / ’ / ’
Total 8/1907 0.4% 21720 0.3% 2/355 0.6% 12/2982 0.4%

Notes. a. CD = clinical decision.

Initial Screening Final Treatment

Negative Ultrasound Hips _
w/CDP
Ia/Ib w/Risk Factors®
Positive Ultrasound Hips _
e _

(n=258, 74.4%)

| |Average age (days): Screening Initiation (n=3018): 22.1 day Treatment Initiation (n=12): |

Figure 1. Initial screening and final treatment outcomes of cases in the DDH newborn
screening program (n = 3018). Notes. a. f/u = follow-up; b. CD = clinical decision; c.
Clinical decision are based on negative screened cases with risk factors including: family
history of DDH, having had a breech delivery, primiparous birth, oligohydramnios, and
postural deformities of neck/lower extremities.

Screening performance for both US Onlyand US with CD screening protocols
were described in Table 3. When using US Only, FP decreased significantly
from 11.9%, to 1.5%, and 0.3%, as screening age increased (<28 days, 29 - 56
days, >56 Days, respectively). Two FN cases were found after 56 days, and the
TN rate increased with age (87.7%, 98.2%, and 99.2%, respectively). Sensitivity
was perfect except in the last screening age group due to no cases being correctly

identified after 56 days, while specificity improved from 88.0%, 98.5%, and
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Table 3. Initial screening performance for detecting harness treatment outcome between US Onlyand US with CD (n = 2982).

US Only US with CD
(Ultrasound Graf Classification Only) (Ultrasound Graf Classification with CD?)
<28 Days 29 - 56 Days >56 Days Sig. <28 Days 29 -56 Days >56 Days
(n=1907) (n=720) (n=355) (X" (n=1907) (n=720) (n=355) (X?P Ve
False Positive (FP) 227 (11.9%) 11 (1.5%) 1(0.3%) 109.01 *** 260 (13.6%) 31 (4.3%) 7 (2.0%) 79.39 ***
False Negative (FN) 0 (0.0%) 0 (0.0%) 2 (0.6%) 14.81 0(0.0%) 0(0.0%) 0 (0.0%)
True Positive (TP) 8(0.4%) 2 (0.3%) 0 (0.0%) 1.67 8(0.4%) 2(0.3%) 2(0.6%) 0.52
True Negative (TN) 1672 (87.7%) 707 (98.2%) 352 (99.2%) 104.97 *** 1639 (85.9%) 687 (95.4%) 346 (97.5%) 77.05 ***
Sensitivity“ 100.0% 100.0% 0.0% n/a‘ 100.0% 100.0% 100.0% n/a®
Specificity* 88.0% 98.5% 99.7% n/a‘ 86.3% 95.7% 98.0% n/a‘
Positive Predictive Value (PPV)! 3.4% 15.4% 0.0% n/a‘ 3.0% 6.1% 22.2% n/a®
Negative Predictive Value (NPV)# 100.0% 100.0% 99.4% n/a‘ 100.0% 100.0% 100.0% n/a‘
Positive Likelihood Ratio (PLR)" 8.37 65.27 0.00 n/a“ 7.30 23.16 50.43 n/a‘
Negative Likelihood Ratio (NLR)' 0.00 0.00 1.01 n/a‘ 0.00 0.00 0.00 n/a‘
Accuracyj 88.1% 98.5% 99.2% 93.62 *** 86.4% 95.7% 98.0% 79.39 ***

Notes. a. CD = clinical decision; b. Fisher’s Exact Test: Sig. (*p < 0.05; ***p < 0.001); c. n/a = Fisher’s Exact Test is not applicable; d. Sensitivity: TP/TP + FN;
e. Specificity: TN/TN + FP; f. PPV: TP/TP + FP; g. NPV: TN/TN + FN; h. PLR: sensitivity/1-specificity; i. NLR: 1-sensitivity/specificity; j. Accuracy: TP +

TN/FP + FN + TP + TN.

99.7%, respectively. Likewise, the PPV improved from 3.4% (<28 Days) to 15.4%
(29 - 56 Days). NPV was perfect except after 56 days (99.4%). PLR increased
from before 28 days (8.37) to between 29 - 56 days (65.27). Screening accuracy
followed a similar trend as specificity with significant increases between screen-
ing age groups of 87.9%, 98.2%, and 98.9%, respectively. In comparison, when
using US with CD a similar trend was observed with some key differences. FP
rate decreased significantly from 13.6%, to 4.3% and 2.0% as screening age in-
creased. Due to the use of CD in determining follow-up, both cases that screened
FN when using US Only, were correctly screened due to their risk profiles.
However, using CD was a more conservative approach, resulting in an increased
FP rate, and decreased TN rate. The TN rate increased between age groups from
85.9%, 95.4%, and 97.5%, while specificity increased with age (86.3%, 95.7% and
98.0%, respectively). Sensitivity and NPV were perfect at all screening ages.
Conversely, PPV and PLR both increased as the screening age increased. Accu-
racy also followed a similar trend increasing with each age group 86.1%, 95.4%,
and 97.7%, respectively.

Screening accuracy was further analyzed with a multivariate logistic pairwise
regression model between initial screen and concordance with the final treat-
ment outcome stratified by age groups of initial screening when using US Only
(Figure 2(a)) and when using US with CD (Figure 2(b)). When analyzing US

Only, significant increases in accuracy were detected between <28 days of age
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and 29 - 56 days of age groups (88.1% vs. 98.5%; OR = 7.16, 95% CI = 3.86 -
13.29, p < 0.001), as well as when comparing screening before 28 days and after
56 days (88.1% vs. 98.9%; OR = 13.50, 95% CI = 4.28 - 42.60, p < 0.001). How-
ever, when comparing 29 - 56 days and >56 days age groups, increases in accu-
racy failed to reach significance (OR = 1.88, 95% CI = 0.52 - 6.81, p = 0.334). A
similar trend was observed when analyzing US with CD. When comparing
screening before 28 days and screening between 29 - 56 days, a significant in-
crease in accuracy was observed (86.4% vs. 95.7%; OR = 3.00, 95% CI = 2.03 -
4.44, p < 0.001). Furthermore, when comparing screening before 28 days and
screening after 56 days, accuracy increased significantly (OR = 6.97; 95% CI =
3.24 - 14.98; p < 0.001). Similar to when screening with US Only, the difference
in accuracy failed to reach significance when comparing screening between 29 -
56 days and screening after 56 days (OR = 2.23, 95% CI = 0.97 - 5.12, p = 0.06).
Protocol screening accuracy was further compared in each screening age group
and revealed a significantly higher accuracy at 29 - 56 days (z = 2.997, p = 0.003)
for US Only (98.5%) compared to US with CD (95.7%). No significant differ-
ences were observed between protocols when comparing screening at <28 days
or >56 days.

Lastly, results from ROC analysis (Figures 3(a)-(f)) for each screening pro-
tocol stratified by age showed a good ability to predict treatment (AUC Range =
0.932 - 0.992), except for when screening with US Only after 56 days, which
performed poorly (AUC = 0.666, 95% CI = 0.289 - 1.000). Poor performance was
attributed to the high false negative rate (FNR) observed in this subgroup

(100%) which only relied on ultrasound to determine screening results.

(a) US® Only (b) US* with CD*

S 1009 o 99.2% S 100%

£ 100% 98.5% kg & ° g 98.0%

g 90% g 90% 95.7%

3 96% 3 96%

5 3

< o4y T 94%

5 5

E 92% £ 92%

g o0m 3 90%

e 88.1% B o

g ss% § 8% s6a%

2 86% 5 86%

s Lo

£ g g0

3 82% g 8%

R g 8%

E (A)<28 (B)29-56 (C)>56 i (A)=28 (B)29-56 (€)>56

Age at Initial Screening (days) Age at Initial Screening (days)

A vs. B¢ OR = 7.16, CI 95% = 3.86-13.29, p<0.001*** A vs. B¢ OR =3.00, CI 95% = 2.03-7.44, p<0.001*#*
A vs. C: OR = 13.50, CI 95% = 4.28-42.60, p<0.001*** A vs. C: OR = 6.97, CI 95% = 3.24-14.98, p<0.001***
B vs. C<: OR = 1.88, CI 95% = 0.52-6.81, p=0. 334 B vs. C: OR =2.23, CI 95% = 0.97-5.12, p=0. 06

Figure 2. (a) (b) Pairwise Logistic regression of association between accuracy of initial
screening assignment to predict treatment stratified by initial age at screening. Notes. a.
US = ultrasound; b. CD = clinical decision; c. Logistic pairwise regression model con-
trolled for: gender, multiple births, premature births, and screening doctor’s background:
Sig. (*** = p < 0.001); d. Z-test of 2 Proportions between US Only and US w/CD protocols:
1) <28 days: z = 1.513, p = 0.13; 2) 29 - 56 days: z = 2.997, p = 0.003; 3) >56 days: z =
1.274, p = 0.203: Sig. (** = p < 0.01).
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Figure 3. (a)-(f) ROC curves of screening performance for predicting harness treatment by age and screening protocol. Notes. a.

US = ultrasound; b. CD = clinical decision; c. AUC = area under the curve; d. 95% CI = 95% confidence interval; e. Receiver Op-

erator Characteristic (ROC) test results controlled for: newborn gender, multiple pregnancies, premature birth and physician type;
Sig. (*p < 0.05, ***p < 0.001); f. Screening with US Only after 56 days, resulted in 100% false negative rate, due to the presence of 2
FN and no TP cases; all other screening protocols/timing had a FNR = 0.0%.

4. Discussion

Using a US screening protocol with PE and risk factor profiles, led to all treat-
ment cases being accurately detected at first screening. Most cases were identi-
fied before 28 days (n = 8), with two additional cases screened between 29 - 56
days, and two cases screening after 56 days. Using US Only to select cases for
follow-up would have resulted in two cases being missed that were correctly
identified with the US with CD protocol. Despite, accuracy being higher when
screening after 28 days compared to screening before 28 days, screening later
than 56 days failed to marginally increase accuracy. Although employing an US
Only protocol resulted in better accuracy in the 29 - 56 day range, US with CD
was able to correctly identify all cases that required harness treatment upon first
screening.

We found that supplementing US findings with risk factor profiles to select
cases that required further follow-up, resulted in all 12 cases eventually requiring
harness treatment being correctly identified upon first screening visit. Current
evidence for selected screening protocol has indicated that cases with breech de-
livery, family history of DDH or clinical hip instability detected from PE are at
risk of developing late DDH [19] [24], on which we based our screening protocol
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to guide CD by a physician. However, rather than using risk for targeting US
screening, risk screening protocol was used as an additional decision-making
tool to select negative screened cases that were at risk of late developing DDH.
Risk profiling has been shown to be moderately supported by evidence [27], and
has also been promoted as a tool for detecting late developing DDH cases [28].
In our application of risk screening protocol, none of the DDH treatment cases
were missed upon first evaluation, which provides support of conservatively
screening out cases only if they have a negative Graf classification, have a nega-
tive PE, and are without risk factors for DDH. Further research is needed to con-
firm our findings and to develop a consensus on risk factor profile that could
supplement US screening and improve accuracy of detecting cases requiring
treatment.

US screens done > 28 days were found to be effective in improving screening
accuracy. Past studies have found a similar trend in later screens with better
screening performance with delayed screening protocols [16] [26] [29]. Delayed
screening has gained support due to the fact that dysplastic hips are likely to re-
solve naturally without intervention [30]. However, we found that improve-
ments in screening accuracy did not marginally improve when screening after 56
days compared to screening between 29 - 56 days. Our findings overlap with the
NIPE and the AAOP suggested screens between 6 - 8 weeks [17] [18]. Roovers et
al. [12] have suggested that screening between 2 - 3 months may be beneficial for
reducing overtreatment when screening with US. Furthermore, treatment for
DDH >8 weeks is shown to have poorer screening and treatment outcomes [4]
[20], since newborn hips undergo maturing (muscle tightness increases and
capsular laxity decreases) in the 8 - 12 weeks of age range [31]. In light of possi-
ble risks of delaying screening too much, and of our findings of reduced margin-
al improvements in screening accuracy after 56 days, screening should only be
delayed insofar that accuracy is improved by delayed screening and that the ef-
fects on screening and surgery performance are limited.

Implementing risk screening into the follow-up clinical decision making re-
vealed an important difference in screening performance. Screening perfor-
mance was statistically superior when relying on ultrasound Graf classification
findings to decide on cases requiring follow-up. Specificity and accuracy were
higher in all age groups when assessed in the US Only protocol. Screening with
risk profiling led to more screened cases being unnecessarily followed-up at all
screening age time points. Sensitivity was found to be higher by Roovers et al
[12] and Mace et al [32] Although earlier screens in both screening strategies
had lower specificity than Mace et al (99.8% to 99.9%), our delayed screenings
(>28 days of age) had a similar performance. It is interesting to note that the
mean age for cases from Mace et al [32] was around 1 week; contrasting our
earlier findings of higher accuracy at later screening ages. The discrepancy in our
screening performance was likely due to relying on a more conservative screen-
ing approach; leading to higher number of cases being unnecessarily fol-
lowed-up, and a decrease in accuracy, but with an ability to accurately detect
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upon first evaluation all cases that required harness treatment. Roovers et al
[12] also found when relying on delayed universal ultrasound Graf classification
screening, missed positive cases still persisted (6/1000, 11.5% of DDH cases).
Despite this difference when using US with CD protocol, screening accuracy was
not severely lower with significant decrease in accuracy observed in the 29 - 56
day screening range, while other age groups were not significantly different.
Clinical application is important to consider, since cases requiring surgery are
potentially the most costly “inaccurately” screened cases due to subsequent
treatment complexity and increased costs [14]. A clear trade-off emerged when
implementing CD into US screening decision making, where using CD de-
creased accuracy but correctly identified all cases requiring harness treatment.
Further research with a larger number in false negative cases is needed to con-
firm our findings in this observed trade-off.

Our study had some limitations. First, the design was observational and selec-
tion for screening age was not randomized. Higher risk cases may have pre-
sented for earlier screenings than lower risk cases, which may have introduced
bias into our sample selection. A further study comparing consecutive cases, re-
ceiving repeated, blind measurements at different screening time points may be
needed. Second, although our multi-center healthcare units were varied in set-
tings, the sample chosen may not be generalizable to the general population.
Additionally, 36 cases were unreachable for follow-up despite receiving an ab-
normal hip classification on their last screening visit. Most of these cases (n =
35) were Type IIa/IIb hips at initial screening. Cases may have chosen to attend
another treatment site outside of our network. Thus, DDH treatment rate may
have been underestimated in our sample. However, it is more likely that the cas-
es resolved naturally with maturity, since the overall DDH incidence in our
sample was 0.4%, similar to the incidence in the general population [3] [11] [33],
and the likelihood that a case was present in the 36 lost cases was low (0.8%).
Third, we compared a simulated screening protocol, which used the same popu-
lations but removed CD from the study protocol. Lastly, although we found sig-
nificant differences between screening protocols, only 2 cases were missed (after
56 days), which may have been attributable to physician error. The majority of
early screens were performed by general pediatric practitioners, previous studies
have shown that screening operator experience plays an important role in
screening accuracy, screening early leads to more variability in screening per-
formance [5] and higher rates of over-treatment [6]. We controlled for physician
experience and found that regardless of operator experience, delayed screening
may improve screening performance. Thus, further research with sufficient
sample size may be needed to confirm this finding.

With the ongoing debate between targeted and universal ultrasound screen-
ing, a universal screening approach which utilizes both delayed screening and
risk profiling to support ultrasound assessment was supported by our findings.
Two important trade-offs were identified. First, the timing of initial DDH

screening should consider both screening performance and potential of impact
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on surgical outcomes of screening too late. Second, choosing whether to employ
risk factors to aid in screening should consider both screening performance and
the cost of missing cases that require harness treatment. Our findings reveal a
window for optimal DDH screening in newborns between 4 - 8 weeks (29 to 56
days), while employing risk profiles to guide follow-up decision making. Em-
ploying this screening method ensures the optimizing of screening accuracy,
while preventing potential harm from late detection, and missed cases requiring

harness treatment.
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