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Introduction
Developmental dysplasia of the hip (DDH) is caused by 
an abnormal relationship between the femoral head and 
acetabulum of the immature hip joint [1], encompass-
ing a spectrum of abnormalities from mild acetabular 
dysplasia to subluxation or complete dislocation of the 
femoral head. It is the most common pediatric muscu-
loskeletal disorder, with an incidence of approximately 
0.1–11%, more common in females and the left hip [2, 
3]. Undetected or untreated DDH can lead to pain, limb 
shortening, gait abnormalities, reduced range of motion, 
and even severe disability. For DDH treatment, the Pav-
lik harness is the preferred method for infants under 6 
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Abstract
Objective To clarify the efficacy of artificial intelligence (AI)-assisted imaging in the diagnosis of developmental 
dysplasia of the hip (DDH) through a meta-analysis.

Methods Relevant literature on AI for early DDH diagnosis was searched in PubMed, Web of Science, Embase, and 
The Cochrane Library databases until April 4, 2024. The Quality Assessment of Diagnostic Accuracy Studies tool 
was used to assess the quality of included studies. Revman5.4 and StataSE-64 software were used to calculate the 
combined sensitivity, specificity, AUC value, and DOC value of AI-assisted imaging for DDH diagnosis.

Results The meta-analysis included 13 studies (6 prospective and 7 retrospective) with 28 AI models and a total of 
10,673 samples. The summary sensitivity, specificity, AUC value, and DOC value were 99.0% (95% CI: 97.0-100.0%), 
94.0% (95% CI: 89.0–96.0%), 99.0% (95% CI: 98.0-100.0%), and 1342 (95% CI: 469–3842), respectively.

Conclusion AI-assisted imaging demonstrates high diagnostic efficacy for DDH detection, improving the accuracy 
of early DDH imaging examination. More prospective studies are needed to further confirm the value of AI-assisted 
imaging for early DDH diagnosis.
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months of age [4]. The main treatment methods for chil-
dren over 6 months can be summarized as closed or open 
reduction, and the surgical efficacy is closely related to 
the timing of surgery. Studies have found that early diag-
nosis and treatment of DDH in infancy can achieve or 
approach normal pediatric hip joints [5, 6].

Currently, the diagnosis of pediatric DDH mainly 
includes X-ray, ultrasound, and MRI imaging. X-ray 
examination is the earliest diagnostic method but has 
certain limitations for use in younger infants [7]. Ultra-
sound is widely used in the diagnosis of hip joints in 
infants aged 0–6 months, but it has disadvantages such 
as a certain misdiagnosis rate, missed diagnosis rate, and 
strong dependence on the operator. In recent years, the 
rapid development of artificial intelligence (AI) technol-
ogy and its combination with DDH gold standards have 
attracted widespread attention. Mohammad Fraiwan et 
al. [8] included pelvic anteroposterior X-ray images of 
120 DDH patients and 234 normal individuals, classi-
fied them as DDH or normal, and developed and evalu-
ated various performance indicators using multiple 
deep transfer learning models such as SqueezeNet. They 
found that the detection accuracy of DarkNet53 for DDH 
reached 96.3%, with an F1 score, precision, recall, and 
specificity of 95%, 90.6%, 100%, and 94.3%, respectively. 
He J et al. [9] explored the feasibility of using an auto-
matic evaluation technology for hip ultrasound examina-
tion plane selection based on AI and three-dimensional 
ultrasound, including 216 infant hip joints. They found 
that the technology had an AUC = 0.938 (p = 0.00), with 
high sensitivity and specificity of 0.878 and 0.893, respec-
tively, confirming the high feasibility and prospects of AI-
based three-dimensional ultrasound.

To date, many AI-assisted models have been used to 
improve the diagnostic efficacy of DDH, but no related 
meta-analysis has been reported so far. The sensitivity 
and specificity of AI-assisted diagnosis are still unknown, 
and the diagnostic efficacy needs to be investigated, 
which is the purpose of this article. This study systemati-
cally searched and conducted a meta-analysis of all litera-
ture on AI-assisted diagnosis of DDH to obtain the latest 
and most comprehensive evidence-based medical evi-
dence to confirm the value of AI in DDH diagnosis.

Methods
Protocol and registration
This systematic review and meta-analysis was conducted 
in accordance with the PRISMA 2020 statement and reg-
istered in the PROSPERO database (CAD42024558159).

Search strategy
A systematic literature search was conducted in PubMed, 
Web of Science, Embase, and The Cochrane Library data-
bases using medical subject headings and free words, 

including “artificial intelligence,” “imaging,” and “devel-
opmental dysplasia of the hip.” The search formula for 
PubMed was as follows: (((“Artificial Intelligence“[Mesh]) 
OR (((((((((((((((((((Intelligence, Artificial) OR (Computer 
Reasoning)) OR (Reasoning, Computer)) OR (AI)) OR 
(Machine Intelligence)) OR (Intelligence, Machine)) OR 
(Computational Intelligence)) OR (Intelligence, Compu-
tational)) OR (Computer Vision Systems)) OR (Computer 
Vision System)) OR (System, Computer Vision)) OR 
(Systems, Computer Vision)) OR (Vision System, Com-
puter)) OR (Vision Systems, Computer)) OR (Knowledge 
Acquisition)) OR (Acquisition, Knowledge)) OR (Knowl-
edge Representation)) OR (Knowledge Representations)) 
OR (Representation, Knowledge))) AND ((“Diagnos-
tic Imaging“[Mesh]) OR ((((((Imaging, Diagnostic) OR 
(Medical Imaging)) OR (Imaging, Medical)) OR (CT)) 
OR (MRI)) OR (UItrasound)))) AND ((“Developmental 
Dysplasia of the Hip“[Mesh]) OR ((((((((Developmen-
tal Hip Dysplasia) OR (Developmental Hip Dysplasias)) 
OR (Dysplasia, Developmental Hip)) OR (Hip Dysplasia, 
Developmental)) OR (Hip Dislocation, Developmental)) 
OR (Developmental Hip Dislocations)) OR (Disloca-
tion, Developmental Hip)) OR (Developmental Hip Dis-
location))). The search time was up to April 4, 2024. All 
retrieved literature was manually reviewed and verified 
through EndNote X9.

Inclusion and exclusion criteria
This study included prospective and retrospective studies 
on pediatric DDH that focused on the diagnostic efficacy 
of AI models assisting ultrasound or X-ray gold stan-
dards. Inclusion criteria: reports containing the number 
of DDH-positive patients, number of negative patients, 
sensitivity (Sen), specificity (Spe), true positives (TP), 
false positives (FP), true negatives (TN), and false nega-
tives (FN), or articles from which these numbers could be 
calculated. Exclusion criteria: (1) duplicate publications; 
(2) articles unrelated to this study; (3) reviews, meta-
analyses, conferences, etc.; (4) animal models, low sample 
size articles; (4) articles with no or incomplete data; (5) 
non-English articles.

Data extraction
Two independent reviewers extracted data from eligible 
studies, including first author, publication year, study 
period, study design, age of study subjects, AI-assisted 
diagnostic methods, gold standard, sample size of case 
group, sample size of control group, mean age, and 
number of males/females. If conflicts arose between the 
two extraction results, the opinion of a third party was 
sought. All data were summarized into a Microsoft Excel 
spreadsheet.
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Quality assessment
The Quality Assessment of Diagnostic Accuracy Stud-
ies-2 (QUADAS-2) tool [10] was used to comprehen-
sively assess the quality of included studies, completed 
independently by two reviewers and then verified by 
a third person, with final results determined through 
joint discussion for divergent parts. This assessment tool 
includes four aspects: case selection, index test, reference 
standard, and flow and timing. Each item is rated as “high 
risk,” “low risk,” or “unclear.” The quality assessment scor-
ing table is provided in the supplementary materials.

Data analysis
Statistical analysis was mainly performed using Stata15.0 
and RevMan5.4.1 software. A bivariate mixed-effects 
regression model was used after the random-effects 
model for the following indicators: combined sensitivity 
(Se), specificity (Sp), positive likelihood ratio (pLR), nega-
tive likelihood ratio (nLR), diagnostic odds ratio (DOR), 
and their 95% confidence intervals (95% CI). The sum-
mary receiver operating characteristic (SROC) curve was 
plotted, and the area under the curve (AUC) was calcu-
lated. The I2 statistic was used to check for heterogeneity 
caused by non-threshold effects, and Deeks’ funnel plot 
was used to assess publication bias and assumed small-
study effects. To evaluate the performance of AI models 
across different subgroups and compare them with the 
overall diagnostic efficacy of all models, five subgroups 
were created based on “region,” “study design,” “gold stan-
dard,” “mean age,” and “AI model,” and specificity, sen-
sitivity, AUC value, and DOR value were compared to 
determine differences between subgroups and their over-
all differences.

Results
Literature screening process and results
A total of 425 articles were obtained through database 
searches. After removing duplicate literature using End-
Note X9 and further excluding irrelevant literature by 
reading titles and abstracts, 34 articles were retained. 
After careful full-text reading by two researchers based 
on inclusion and exclusion criteria, 13 articles were 
finally included, comprising 6 prospective studies and 7 
retrospective studies. The literature screening process is 
shown in Fig. 1, and the basic characteristics of included 
studies are shown in Table 1.

Quality assessment of included studies
The quality of the 13 included studies [8, 9, 11–21] was 
assessed using the QUADAS-2 scale. Detailed quality 
assessments are shown in Fig. 2.

Meta-analysis results
The 13 included studies reported a total of 10,673 
samples, with 3,461 samples in the DDH case group 
and a prevalence of 32.4%. The overall performance of 
AI-assisted imaging diagnosis showed an overall sen-
sitivity, specificity, AUC, and DOR of 99.0% (95% CI: 
97.0-100.0%), 94.0% (95% CI: 89.0–96.0%), 99.0% (95% 
CI: 98.0-100.0%), and 1342 (95% CI: 469–3842), respec-
tively. The overall forest plot showed significant hetero-
geneity in both sensitivity and specificity, with p = 0.00 
and I2 = 95.05% (95% CI: 93.92–96.18%) for sensitivity 
and p = 0.00 and I2 = 97.47% (95% CI: 97.01–97.94%) for 
specificity. For publication bias, Deeks’ funnel plot was 
used for assessment. In this study, the included studies 
were distributed on both sides of the regression line, with 
a P-value of 0.11, indicating no potential publication bias. 
Figure 3 shows the forest plot, Fig. 4 shows the DOR plot, 
and Fig. 5 represents the SROC for all datasets, with an 
AUC value of 0.99% (95% CI: 98.0-100.0%).

Subgroup analysis results showed that the diagnos-
tic efficacy of AI-assisted imaging for DDH in Asia 
[AUC = 99.0, 95% CI: 98.0-100.0] was higher than in 
Europe [AUC = 98.0, 95% CI: 96.0–99.0]; the diagnos-
tic efficacy of retrospective studies [AUC = 98.0, 95% 
CI: 97.0–99.0] was higher than prospective studies 
[AUC = 97.0, 95% CI: 95.0–98.0]; the diagnostic efficacy 
of AI for X-ray [AUC = 100.0, 95% CI: 98.0-100.0] was 
higher than ultrasound [AUC = 99.0, 95% CI: 98.0-100.0]; 
the diagnostic efficacy for children over 6 months of age 
[AUC = 98.0, 95% CI: 96.0–99.0] was higher than for chil-
dren under 6 months [AUC = 99.0, 95% CI: 98.0-100.0]; 
among AI models, the diagnostic efficacy of CNN models 
[AUC = 99.0, 95% CI: 98.0-100.0] was higher than non-
CNN models [AUC = 97.0, 95% CI: 96.0–98.0] (Table 2).

Discussion
In recent years, artificial intelligence technology has 
developed rapidly, providing the possibility of its appli-
cation in DDH diagnosis through image recognition 
and classification functions. Many studies have shown 
considerably high accuracy, equivalent to or better than 
humans [22–24]. Sezer et al.‘s [13] study showed that a 
fully automated computer-aided diagnosis system using 
convolutional neural networks (CNN) classified and 
automatically segmented hip ultrasound images captured 
in the Graf standard plane, classifying images based on 
image features with an accuracy as high as 97.9%, sensi-
tivity of 96.17% (95% CI: 92.85-98.23%), and specificity 
of 98.02% (95% CI: 96.39-99.05%). Another study [17] 
applied the CNN-based AI model “SN-APR” to diag-
nose DDH in anteroposterior pelvic X-rays, finding that 
the model’s area under the ROC curve, accuracy, sensi-
tivity, and specificity for quality assessment were 0.993, 
99.4% (360/362), 98.6% (138/140), and 100% (222/222), 
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respectively, considering the AI-assisted method to be 
more efficient and highly consistent with expert clinical 
opinions.

The image detection capabilities of artificial intelli-
gence have been reported in multiple medical fields [25–
27]. This article is the first to conduct a meta-analysis 
of the diagnostic efficacy of AI-assisted imaging applied 
to DDH. In this systematic review and meta-analysis, 
the efficacy of different AI models for early DDH diag-
nosis was synthesized, demonstrating the high value of 
AI-assisted imaging in early DDH diagnosis. The over-
all sensitivity, specificity, AUC value, and DOR value 
were 99.0% (95% CI: 97.0-100.0%), 94.0% (95% CI: 89.0–
96.0%), 99.0% (95% CI: 98.0-100.0%), and 1342 (95% CI: 
469–3842), respectively. Kinugasa M et al. [20] from 

Japan used the MATLAB deep learning toolbox (Math-
Works, Natick, MA, US) in a retrospective study to estab-
lish SqueezeNet, MobileNet_v2, and EfficientNet, three 
pre-trained models for transfer learning, and assessed 
the accuracy of the models using confusion matrices. In 
each model, the highest scores for accuracy, precision, 
recall, and F-value were all 1.0, considering that deep 
learning ultrasound imaging could evaluate DDH with 
high precision. In S-C. Zhang et al.‘s [19] study, the area 
under the receiver operating characteristic curve, sensi-
tivity, and specificity of the deep learning system for diag-
nosing DDH were 0.975, 95.5%, and 99.5%, respectively, 
highly consistent with clinician-led diagnosis in diagnos-
ing DDH, and more convenient and effective. The over-
all sensitivity and AUC value in our study were higher 

Fig. 1 PRISMA flow-chart for the systematic review and meta-analysis
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Fig. 2 Risk of bias and applicability concerns summary. indicates Low; and indicates Unclear

 



Page 7 of 11Chen et al. Journal of Orthopaedic Surgery and Research          (2024) 19:522 

than their study, while the specificity was lower than the 
above-mentioned studies.

In terms of subgroup analysis, the focus was on AUC 
values for diagnostic efficacy. The overall AUC was 99%, 
and the AUC values between subgroups in our study did 
not differ greatly, all above 97%, but there were slight dif-
ferences within individual subgroups. For example, the 
AUC value was 99% in the Asian population but only 98% 
in the European population, indicating better diagnos-
tic efficacy of AI-assisted diagnosis in the Asian popula-
tion. The diagnostic efficacy of prospective studies (97%) 
was lower than retrospective studies (98%), considering 
that the quality of evidence from prospective studies is 
higher than retrospective studies, so this study may over-
estimate the diagnostic efficacy of AI assistance to some 
extent. CNN has recently been successfully applied in 
medical image processing [20], and some studies have 
pointed out that this technology is the purest and most 
advanced visual analysis method constructed by humans 
to date [13]. It consists of four types of layers: convolu-
tional layers, activation layers, pooling layers, and fully 

connected layers, each with different roles in complet-
ing the intended task. Its data-driven approach has been 
proposed for automatic image segmentation and clas-
sification in hip examinations. Golan et al. [28] used 
CNN to generate two probability maps for the ilium and 
acetabular roof, respectively, for plotting and calculat-
ing the ɑ angle. Hareendranathan et al. [29] developed 
an automatic hip scanning system based on CNN using 
four landmarks in the Graf classification: iliac crest, ace-
tabular labrum, ischium, and femoral head. These studies 
all demonstrate the feasibility and effectiveness of CNN 
for AI-assisted imaging in DDH ultrasound diagnosis. 
Another study [30] applied a CNN-based deep learn-
ing algorithm to automatically measure the Sharp angle 
in hip X-ray images based on X-ray diagnostic criteria. 
Currently, this model has become the main model in AI-
assisted imaging, and its diagnostic efficacy is superior to 
other non-CNN model groups.

The surgical efficacy of DDH in children is closely 
related to the timing of surgery. Studies have found that 
early diagnosis and treatment of DDH in infancy can 

Fig. 3 The forest map of the overall sensitivity, specificity, and CI confidence interval of artificial intelligence assisted imaging for DDH diagnosis in the 
published research
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achieve or approach normal pediatric hip joints [5, 6]. 
The diagnostic methods differ according to the patient’s 
age [31]. Hip ultrasound examination (for infants under 
6 months) and X-ray (for children over 6 months) are 
the gold standards for early DDH diagnosis in children 
in clinical practice [32, 33]. Both examination meth-
ods strongly depend on the operator’s experience and 
technique, and the variability of scanned images is high, 
which may produce considerable measurement errors, 
thus affecting the accuracy of diagnosis to a certain 
extent. In recent years, with the development of com-
puter science, the performance advantages of artificial 
intelligence in image recognition, data analysis, and clini-
cal decision-making have been demonstrated by numer-
ous studies [34–36]. In terms of DDH-assisted diagnosis, 
AI has constructed diagnostic models that can accurately 
identify DDH ultrasound or X-ray image features by seg-
menting main anatomical structures or extracting quan-
titative features to measure relevant angles and classify 

them, automatically evaluating images during scanning 
to improve scan quality [37], effectively compensating for 
or overcoming the deficiencies of gold standards in diag-
nosis, significantly improving diagnostic accuracy [38], 
and reducing false positive and false negative rates in the 
diagnostic process, thereby improving the overall diag-
nostic efficacy of DDH.

This study still has some limitations: (1) Some of the 
included studies were retrospective, which may lead to 
potential uncontrollable bias risks. Subgroup analysis 
found that the diagnostic efficacy of prospective stud-
ies was weaker than retrospective studies, so the inter-
pretation of the overall diagnostic efficacy in this study 
needs to consider the impact of retrospective stud-
ies. (2) Most studies were from Asia and Europe, with 
no data from the Americas, Africa, Oceania, and other 
regions to confirm the value of AI models in assisted 
diagnosis. Therefore, it is unclear whether AI-assisted 
imaging technology can be extended to other regions 

Fig. 4 Funnel plot for sensitivity and specificity analysis. CI, confidence interval
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globally, requiring further studies for confirmation. (3) 
In our study, artificial intelligence was mainly applied to 
assist in the diagnosis of two gold standards: ultrasound 
imaging and X-ray, which also led to differences in the 
study population. In addition, there were many and scat-
tered model types, all of which can cause high overall 

heterogeneity. Furthermore, apart from CNN models, 
other models could not be compared through subgroup 
analysis due to data limitations. It is hoped that more 
large-sample, prospective, multicenter clinical stud-
ies will be available in the future to further evaluate the 
value of AI in early DDH diagnosis.

Fig. 5 Summarize the characteristic curves of artificial intelligence assisted imaging for DDH diagnosis
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Conclusion
This study demonstrates that artificial intelligence (AI)-
assisted imaging technology has high accuracy for DDH 
diagnosis and can significantly improve the diagnostic 
efficacy of DDH diagnostic gold standards such as X-ray 
and ultrasound. Among them, the CNN model has par-
ticularly significant advantages in DDH-assisted diagno-
sis. More large-sample, prospective, multicenter clinical 
studies are needed in the future to further evaluate the 
value of AI in early DDH diagnosis.
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