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Abstract

:

This study delves into the diagnostic yield of whole-exome sequencing (WES) in pediatric patients presenting with developmental delay/intellectual disability (DD/ID), while also exploring the utility of Reverse Phenotyping (RP) in refining diagnoses. A cohort of 100 pediatric patients underwent WES, yielding a diagnosis in 66% of cases. Notably, RP played a significant role in cases with negative prior genetic testing, underscoring its significance in complex diagnostic scenarios. The study revealed a spectrum of genetic conditions contributing to DD/ID, illustrating the heterogeneity of etiological factors. Despite challenges, WES demonstrated effectiveness, particularly in cases with metabolic abnormalities. Reverse phenotyping was indicated in half of the patients with positive WES findings. Neural network models exhibited moderate-to-exceptional predictive abilities for aiding in patient selection for WES and RP. These findings emphasize the importance of employing comprehensive genetic approaches and RP in unraveling the genetic underpinnings of DD/ID, thereby facilitating personalized management and genetic counseling for affected individuals and families. This research contributes insights into the genetic landscape of DD/ID, enhancing our understanding and guiding clinical practice in this particular field of clinical genetics.
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1. Introduction


Developmental delay (DD) refers to a divergence in the attainment of developmental milestones in children under the age of five years, indicating a lag in one or more developmental domains when compared to peers in the general population [1]. Intellectual Disability (ID), previously referred to as “mental retardation”, denotes inadequate mental development in individuals aged five years and above, resulting in notable restrictions in overall mental capabilities, intellectual functioning, adaptive behavior, and functional skills [2]. These conditions may manifest as an isolated trait in non-syndromic ID (NSID) or in conjunction with a variety of other anomalies, being termed then as a syndromic ID (SID) [3].



The estimates suggest that DD and ID affect 1–3% of the global population, with a male-to-female ratio of 1.6:1 [4,5]. Various genetic and environmental factors can influence the occurrence of DD and ID [4]. The genetic basis of DD and ID is profoundly heterogeneous, involving more than 2000 genes in various pathways and biological processes regulating synaptic activity, chromatin remodeling, gene transcription, protein degradation, and many others [6]. Potentially preventable causes acting during intrauterine development include maternal malnutrition and nutrient deficiencies, prenatal infections, maternal exposure to toxic substances, prematurity, and perinatal asphyxia [7].



For children with DD and ID, a systematic diagnostic approach is crucial to uncover the specific cause. A stepwise clinical evaluation is fundamental in the assessment of developmental disorders [8,9]. Despite extensive and often time-consuming and expensive testing, up to 50% of children may not achieve a definitive genetic diagnosis [10]. Chromosomal microarray analysis (CMA) is recommended as the primary genetic diagnostic test for undiagnosed DD and ID cases [11]. However, the capability of detecting pathogenic variants has led to the widespread use of Next-Generation Sequencing (NGS) techniques like targeted gene panels (TGP), clinical exome sequencing (CES), and whole-exome sequencing (WES) in these patients [12].



Currently, WES finds its greatest application in diagnosing rare, unclear clinical conditions with atypical or highly nonspecific manifestations, where other diagnostic methods have failed to identify a clear cause of the disease. This method examines the totality of human exome-revealing genetic variations underlying various conditions, being particularly valuable for diagnosing nonspecific disorders with presumed genetic causes, such as DD and ID, congenital malformations, and multisystemic diseases, as well as different monosystemic disorders (e.g., cardiomyopathies, epileptic syndromes, or idiopathic hepatic diseases, etc.) [13]. Genetic findings often reveal variants associated with ultra-rare conditions, unforeseen during clinical investigation of the patient. This scenario prompts the need for a clinical reevaluation of specific clinical features in relation to the diagnosis proposed by the genetic findings. The procedure of reevaluating the patient in the context of genetic findings is designated as reverse phenotyping (RP) [14]. Several studies have shown that RP increases the yield of genetic diagnostic testing, including WES [15,16,17].



The primary objective of our study is to estimate the need for RP in patients with DD or ID after receiving positive WES findings. A secondary aim was to reevaluate the efficacy of WES as a diagnostic tool in clinical practice in order to refine its optimal place in the sequence of genetic tests indicated in DD and ID patients.




2. Materials and Methods


2.1. Study Design and Settings


Our research was methodologically framed as the retrospective descriptive research design. During the period from March 2015 to March 2022, a total number of 100 pediatric patients with DD/ID were recruited for this study at two university hospitals. The study was approved by the Institutional Ethics Committees (numbers: 8/122 and 01-5298/24). All patients were evaluated by clinical geneticists before indicating WES. WES was performed on 100 pediatric patients with DD or ID in the Clinical Institute of Medical Genetics at University Medical Centre Ljubljana, Slovenia (56 patients) and Quantitative Genomic Medicine Laboratories, Barcelona, Catalonia, Spain (44 patients). The same demographic and clinical parameters were collected and used in the statistical analysis for the entire study population using the same methodology: the age of the patient at the time of genetic testing, sex, the presence of facial dysmorphism, the presence of skeletal deformities, the presence of epilepsy, cardiac, renal, endocrine, and/or hepatic clinical abnormality, impairment of vision or hearing, metabolic abnormalities (such as metabolic acidosis, hyperammonemia, hypoglycemia, abnormal amino acid or urinary acid profile, elevated urinary glycosaminoglycans), history of significant perinatal complications, and finally the result of whole-exome sequencing with emphasis on the inheritance mode in case of an established diagnosis. Informed consent for molecular diagnostics and use in further research was obtained from the parents.




2.2. Data Curation


The demographic, clinical, and genetic data utilized in this study were obtained from medical records, encompassing both paper and electronic formats, sourced from two clinical institutions: The Mother and Child Health Care Institute of Serbia “Dr Vukan Cupic” in Belgrade, Serbia, and the Clinic for Children Diseases, University Clinical Center of the Republic of Srpska in Banja Luka, Bosnia and Herzegovina. The data collection period spanned from March 2015 to March 2022. The dataset comprises 100 records, encompassing various features such as patient age, gender, diagnosis, treatment details, and outcomes, including reports of WES provided by the aforementioned genetic laboratories.



Data cleaning involved removing duplicate entries and correcting any obvious data entry errors. We conducted a thorough review of the dataset to ensure completeness and accuracy. No missing data were identified during this process. Patient records were selected based on specific criteria, including age (6 months to 18 years), gender (both female and male), and diagnosis of DD/ID as per standardized assessment tools. Exclusion criteria were established to ensure sample homogeneity and minimize confounding factors. Thus, we excluded patients with previously incomplete medical records, those younger than 6 months, and in cases of non-standardized developmental assessment.




2.3. Measurements


In addition to WES conducted for all patients in the cohort, other genetic analyses had previously been performed in the majority of the patients, but not in a uniform manner, and they included one or more of the following tests: karyotype analysis, multiplex ligation-dependent probe amplification (MLPA) for microdeletion/microduplication syndromes (SALSA MLPA Probemix P064 Microdeletion Syndromes-1B, MRC Holland), chromosomal microarray and molecular analysis for fragile X syndrome (AmplideX PCR/CE FMR1 kit, Asuragene USA). Metabolic investigations were performed in case of suspicion of inherited metabolic disorder and included blood lactate, ammonia, amino acids profile, and urinary metabolic screen (amino acids, organic acids, glycosaminoglycans).



Exome sequencing in Quantitative Genomic Medicine Laboratory in Barcelona was performed using two distinct probe sets: MedExome and HyperExome. The MedExome probes targeted 46.6 Mbp of the genome and focused on databases including CCDS 17, RefSeq, Ensembl 76, VEGA 56, GENCODE 20, and miRBase 21. The HyperExome probes targeted 42.8 Mbp of the genome and covered CCDS release 20, RefSeq (30 July 2018), Ensembl release 93, and GENCODE release 28. Exome sequencing at Clinical Institute of Genomic Medicine in Ljubljana utilized either the Illumina Nextera Rapid Capture Exome or the Twist Core Exome. The Illumina Nextera Rapid Capture Exome covered 37 Mbp of the genome, while the Twist Core Exome covered 33 Mbp of the genome. Although mitochondrial sequences were not included in the capture during the exome-sequencing process, off-target reads were analyzed to evaluate mitochondrial DNA. This analysis was performed using specific bioinformatics tools designed to identify and quantify mitochondrial sequences from off-target reads.



Sequencing was initially performed in the proband, and in the case of detection of a potentially causative variant, subsequent validation and segregation analysis using Sanger sequencing was performed on parental samples. Pathogenicity of the detected variants was classified according to the American College of Medical Genetics and Genomics and the Association for Molecular Pathology guidelines [18].



Reverse phenotyping (RP) was applied in patients with positive whole-exome sequencing (WES) findings in unforeseen genes. The approach involved scrutinizing the clinical presentations of these patients alongside their genetic data to uncover genotype–phenotype correlations. Therefore, RP encompassed comprehensive clinical reevaluation coupled with additional investigations tailored to the likely diagnosis unveiled by WES results. This methodology aimed to identify distinctive features associated with specific genetic variants, thereby refining final diagnoses.




2.4. Statistical Analysis


Statistical analysis included descriptive and analytical methods. Pearson chi-square and Fisher exact tests were used for frequency comparison between the groups. Logistic regression was employed to establish factors associated with a high probability of positive results of WES and subsequent need for RP. Results are presented as count (%). All p-values lower than 0.05 were considered significant. Data were analyzed using SPSS, version 20.0 (IBM Corp., Armonk, NY, USA).



This study utilized neural network analysis by means of SPSS 20 to investigate predictive factors associated with positive WES results in a cohort of 100 patients diagnosed with DD/ID. Input factors included fourteen characteristics (all clinical parameters, age, and sex). The hidden layer comprised 8 units with a hyperbolic tangent activation function. The output layer consisted of two units representing diagnosis, utilizing SoftMax activation and cross-entropy error function. The neural network model was trained on a subset of the data to identify patterns and relationships between predictor variables and the likelihood of a positive WES result. Subsequently, the model was evaluated using a testing dataset to assess its predictive accuracy and generalization capability. The same methodology was used for performing neural network analysis to investigate predictive factors associated with the necessity of RP in patients with WES findings.





3. Results


A total of 100 patients, 59 males and 41 females, were included in the study. The age of the studied population ranged from 1 month to 16.5 years with a median age of 28 months. Key clinical manifestations and organ involvements in patients with confirmed genetic causes of DD/ID are presented in Table 1.



The most commonly performed genetic analysis before WES was MLPA for microdeletions and microduplications (46 cases) while chromosomal microarray was conducted in 7 cases. All previous findings were negative. The diagnostic yield of WES was not significantly different between the group of patients with previous genetic analyses and those without pre-WES analyses (chi-square = 1.931, p = 0.381). However, the need for RP was significantly higher in patients with previously negative genetic testing when compared to patients lacking pre-WES analysis (chi-square 8.737, p = 0.013).



Genetic diagnosis was established by means of WES in 66 patients (66%). The detected variants and associated conditions are presented in Supplementary Table S1. The consistency of the positive findings between the two laboratories involved in this study was exceptionally uniform: the proportion of positive results was 66,1% (37/56) in the Clinical Institute of Medical Genetics at the University Medical Centre Ljubljana, while in the Quantitative Genomic Medicine Laboratories in Barcelona, positive findings were reported in 65.9% patients (29/44) (chi-square value 1.0 exact two-sided significance at 0).



We report 60 unique affected genes associated with distinct genetic conditions (including deletion syndromes involving multiple genes). All patients had unique causative genetic variants, as shown in Supplementary Table S1. The most frequent gene affected is PDHA1, found in three patients, followed by MECP2, TCF4, CHD3, and KMT2D, each repeated twice in our cohort. The most common inheritance mode of the disorders diagnosed was autosomal dominant (45%), followed by X-linked (12%), autosomal recessive (8%), and mitochondrial (1%).



Logistic regression was employed to ascertain factors affecting the probability of establishing a diagnosis by WES in pediatric patients with DD/ID. Demographic factors (age, gender) and clinical parameters did not significantly affect the result of the WES when evaluated by logistic regression. However, the presence of epilepsy negatively affected the likelihood of establishing a diagnosis by WES, with borderline significance (p = 0.088). Additionally, eight out of nine patients with metabolic abnormalities detected by a standard metabolic screen of blood and urine had causative variants found by WES, but this finding failed to reach the level of statistical significance (chi-square = 2.309, p = 0.161).



There was no statistically significant difference in the mean age of diagnosis between the group of patients diagnosed and undiagnosed using WES (24 vs. 38 months, respectively, Mann–Whitney U = 874, p = 0.071).



Reverse phenotyping was indicated in 33 patients after receiving results of WES (33% of the total number, and half of the patients with positive WES findings). There was no significant difference in age between patients with and without indication for the RP (Mann–Whitney U = 453, p = 0.24). Clinical parameters that significantly affected the probability of the need for RP in children with DD/ID after WES (when tested with logistic regression) were the presence of metabolic (p = 0.003) and renal abnormalities (p = 0.024). Renal abnormalities were significantly more frequent among patients requiring RP, while metabolic abnormalities were significantly more frequent among cases not requiring RP. This finding was reconfirmed by the chi-square analysis.



The neural network model used to investigate predictive factors in children with developmental delay/intellectual disability (DD/ID) associated with positive whole-exome sequencing achieved a training cross-entropy error of 25.442 with 18.6% incorrect predictions, while the testing yielded a cross-entropy error of 6.747 with 17.6% incorrect predictions. The overall prediction accuracy was 81.4% for training and 82.4% for testing.



The model’s performance was evaluated using precision, recall, and F1 scores. For the testing sample, the precision and recall for the positive diagnosis were 78.6% and 100%, respectively, resulting in an F1 score of 88%. For the negative diagnosis, the precision was 100% and the recall was 50%, leading to an F1 score of 67%. The macro-averaged F1 score, which considers both classes, was 77.5%, indicating that the model performs well in identifying positive diagnoses but has some limitations in accurately identifying negative diagnoses.



The neural network model used to predict the need for reverse phenotyping in cases of positive whole-exome sequencing (WES) findings achieved a training cross-entropy error of 1.301 with 0% incorrect predictions, while the testing yielded a cross-entropy error of 3.192 with 16.7% incorrect predictions. The overall prediction accuracy was 100% for training and 83.3% for testing, indicating strong predictive ability during training but moderate performance on unseen data.



The model’s performance was evaluated using precision, recall, and F1 scores. For the testing sample, the precision and recall for predicting the need for reverse phenotyping were both 100%, resulting in an F1 score of 100%. For the negative prediction (no need for reverse phenotyping), the precision was 66.7% and the recall was 100%, leading to an F1 score of 80%. The macro-averaged F1 score of 90%, documents good performance in identifying cases needing reverse phenotyping but limited capability of predicting cases not needing reverse phenotyping.



The contribution of each demographic variable to the predictive model, with normalized importance values providing a relative measure within the model, is presented in Table 2.




4. Discussion


Developmental delay/intellectual disability (DD/ID) represents a group of genetic, phenotypic, and clinically heterogeneous group of disorders that affect approximately 1–3% of children worldwide [1,3]. Timely diagnosis provides the possibility of more accurate clinical management, eventual access to a more effective treatment, coupled with effective genetic counseling to relatives, therefore implicitly providing improvement in the quality of life of the patient and affected families [1]. A systematic diagnostic approach is essential for identifying specific genetic causes in children with DD/ID [19]. The current diagnostic yields suggest the application of WES as a routine first- or second-tier diagnostic tool permitting an early etiological diagnosis for DD/ID patients [20].



In our investigation, WES led to the diagnosis in 66% of the pediatric patients with DD/ID. A study in Japan, involving a cohort group like ours produced analogous findings, detecting pathogenic variants in 58 out of 101 patients [21]. A smaller study from South Korea with 41 patients with DD/ID gave a diagnostic yield of WES 48.8% [22]. A Dutch study presented results from 100 consecutive patients with both epilepsy and ID, in which the diagnostic WES analysis reported 1 or more variants providing definitive diagnosis for 58 of them [23]. In a Brazilian study investigating the effectiveness of different diagnostic approaches in pediatric patients with DD/ID, gene panel analysis emerged as the most efficient testing method, successfully identifying mutations in 63.1% (12/19) of cases [24]. In an investigation carried out in Oman, 215 patients afflicted with DD/ID from 118 Middle Eastern families were enrolled. WES was conducted for 188 individuals, revealing pathogenic or likely pathogenic variants in 32 of the 118 families (27%). Variants of uncertain significance were identified in 33 families (28%), while candidate genes potentially linked to ID were detected in 32 families (27%), impacting a total of 64 individuals [25]. In a meta-analysis encompassing 103 studies involving 32,331 individuals with DD/ID and epilepsy, targeted gene panel sequencing was employed in 73 cohorts, and WES was utilized in 36 cohorts. Across these highly selected patient cohorts, the diagnostic yield was 17.1% for DD, 24% for epilepsy, and 28.2% for ID, resulting in an overall yield of 23.7%. Notably, the highest diagnostic yield for epilepsy subtypes was observed in individuals with ID 27.9% and early-onset seizures 36.8% [19]. We speculate that the slightly increased diagnostic yield of WES in our DD/ID cohort compared to similar studies may result from a stringent selection process of patients for receiving WES analysis. Additionally, our results suggest a higher yield of WES when compared to a very similar cohort of patients analyzed by the clinical exome sequencing (CES) method [26].



The most commonly performed genetic analysis before WES was MLPA analysis for microdeletions and microduplications (46 cases), while chromosomal microarray was performed in seven cases, and all findings were negative. The diagnostic yield of WES was not significantly different between the group of patients with the aforementioned previous genetic analyses performed and those without pre-WES analyses. This aligns with recent studies suggesting that WES serves as an effective and reliable first-tier diagnostic test in the evaluation of children with DD/ID [20].



Neural network models designed during our study showed reasonable predictive ability for identifying patients with a high probability of positive WES findings and commendable efficacy in the classification of patients needing clinical re-evaluation after receiving positive genetic findings (reverse phenotyping). A similar study evaluating the predictive ability of neural networks in selecting patients with DD/ID for WES demonstrated that testing patients with the top 10% probability of positive WES results in more than double the diagnostic yield of WES, from 26% to 56% [27]. Adding to that, the study highlights that 92% of patients with the lowest prediction scores accurately receive negative WES results, reinforcing the model’s efficacy in patient selection for WES. Despite these promising results, it is important to note that predictive models based on the use of artificial intelligence often lack adherence to standardized reporting specifications, such as those outlined in The Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD) guidelines [28]. This includes inadequate handling of missing values and outliers in the reporting process, as well as a failure to disclose the threshold of the model. Therefore, their use should be mindful, and the results of these models should always be interpreted within the broader context of the clinical decision-making process. Additionally, our finding of overall prediction accuracy for positive WES result of 82.4% on the testing set, demonstrated the model’s capability in generalizing to unseen data. However, despite the high precision and perfect recall for positive diagnoses (resulting in an F1 score of 88%), the model struggled with negative diagnoses, as evidenced by a lower F1 score of 67%. This disparity suggests that while the model is proficient in correctly identifying positive cases, it has a higher rate of false positives for negative cases. We could assume that integrating more diverse predictive factors could further enhance the model’s performance and reliability in clinical applications. Similarly, the neural network model demonstrated robust performance in predicting the need for reverse phenotyping in cases with positive whole-exome sequencing (WES) findings. With perfect prediction accuracy during training and an overall accuracy of 83.3% on the testing set, the model shows the potential for clinical application in identifying cases requiring further phenotypic analysis. The perfect recall for both positive and negative predictions highlights the model’s capability to identify true cases accurately. However, the lower precision for negative predictions indicates a propensity for false positives, suggesting areas for further refinement.



The logistic regression model did not identify any statistically significant predictors of positive WES results (p > 0.05 for all variables), with variables such as epilepsy, sex, age, and metabolic conditions showing limited predictive power. In contrast, the neural network model demonstrated robust predictive performance, achieving an F1 score of 0.88. The neural network model’s capability to correctly identify cases with a high probability of positive WES findings (100% recall in the testing set), and its higher overall percent correct predictions (82.4%), highlights its superiority in capturing complex relationships among the same predictive factors used in the logistic regression model.



The contributions of demographic variables to the neural network model, as shown in Table 2, highlight the varying importance of different demographic and clinical factors in predicting positive WES findings and the need for reverse phenotyping, respectively. Notably, age and prior genetic analysis showed the biggest influence on predictions, suggesting that older age and negative previous genetic testing increase the likelihood of positive WES findings. This underscores the necessity of considering these variables in clinical assessments to improve diagnostic accuracy and patient outcomes.



The need for RP notably increased among patients with negative results of other genetic testing before undergoing WES, compared to those without pre-WES analysis. We can speculate that patients with negative genetic testing results (chromosomal microarray, MLPA for microdeletions and microduplications, and others), prior to undergoing WES, are more likely to have a nonspecific clinical presentation and therefore a more challenging diagnostic journey. This could have prompted a higher demand for RP in this subset of patients, indicating a need to revisit clinical and phenotypic features upon receiving positive WES results.



We report 60 unique genes or genetic conditions (including deletion syndromes involving multiple genes). The most frequent gene affected is PDHA1, found in three patients, followed by MECP2, TCF4, CHD3, and KMT2D, each repeated twice in our cohort. These results exhibit distinctive characteristics compared to previous worldwide studies, which is somewhat expected given the significant heterogeneity in the etiology of DD/ID [19,20,21,22,23,24,25].



The most common inheritance mode of the conditions diagnosed in our cohort of patients was autosomal dominant (45%), followed by X-linked (12%), autosomal recessive (8%), and mitochondrial (1%), which is in agreement with previously reported findings [19,20,21,22,23,24,25].



Previous research mostly indicates a higher prevalence of DD/ID in males [19,20,21,22,23,24,25]. Our study aligns with this trend, demonstrating a greater representation of male patients with a male-to-female ratio of 1.4:1. The majority of participants in our study fell within the 1 to 3 years range when referred for WES diagnosis, a pattern consistent with previous study findings [19,20,21,22,23,24,25].



Our study revealed a marginally significant age difference between children diagnosed through WES (24 months) and those with negative WES results (38 months). Notably, individuals with a genetically attributed condition exhibited DD at an earlier age, typically within the first year. This observation may contribute to the higher confirmation rate of WES diagnoses in younger patients [25].



In 84% of patients from our group, in addition to DD/ID, other symptoms and signs were also present. The most common clinical characteristics were facial dysmorphism, epilepsy, and vision impairment, complementary to similar studies [20,21,22,23,24,25].



The role of epilepsy in determining the likelihood of a diagnosis by WES demonstrated marginal significance in our study. Specifically, the presence of epilepsy was found to have an adverse impact on the probability of establishing a diagnosis via WES. Interestingly, our results diverge from another study, where patients with epilepsy were shown to be 1.5 times more likely to obtain positive diagnostic exome sequencing results compared to individuals without epilepsy [29]. Likely, this divergence is associated with the inclusion criteria and the method of patient recruitment.



A systematic review of 48 previous studies assessing the co-occurrence of epilepsy and ID, revealed an overall prevalence rate of 22.2% [19]. This result agrees with our finding of 25% of patients with epilepsy in our cohort.



In eight out of nine patients exhibiting metabolic abnormalities, WES successfully established an accurate diagnosis, underscoring the method’s substantial yield in the realm of inborn errors of metabolism. Despite the noteworthy outcome, the relatively limited sample size prevented the attainment of statistical significance for this observation. Consistent findings are published in a previous report reviewing existing literature [30], which emphasizes the efficacy of WES in detecting both metabolic and neurologic diseases. Moreover, another study reported a diagnostic success rate of 68% in cases of DD/ID and unexplained metabolic abnormalities when utilizing WES [31].



Although the diagnosis for both patients exhibiting liver abnormalities associated with DD/ID was successfully determined through WES, this outcome did not achieve statistical significance, likely attributed to the relatively small number of patients with affected livers in this cohort. Zellweger syndrome and propionic acidemia were among the diseases identified in our patients with liver pathology. Notably, it was observed that almost one-half of all pediatric patients with chronic liver disorders have an underlying genetic cause, highlighting the potential significance of liver involvement as a predictor for a positive diagnosis [32].



Despite the relatively high diagnostic yields of WES in identifying genetic variants associated with suspected genetic disorders, challenges persist in reaching a conclusive diagnosis. One obstacle is the non-identification of pathogenic variants, which may be situated in non-coding regions of the genome, which are not interrogated by the exome sequence [33,34]. Additionally, well-covered regions may harbor variants that are not easily detectable by short-read sequencing, such as repeat polymorphisms, single nucleotide variants, or small insertions/deletion polymorphisms [35]. Another complexity arises when a variant is not recognized as pathogenic. Genomes inherently contain numerous gene-damaging and rare variants absent from databases, and distinguishing between those contributing to disease and those that do not, poses a primary challenge in exome sequencing interpretation [33,35].



Variants not identified in known disease genes may go unnoticed as pathogenic. In instances where a single patient exhibits a damaging mutation in a gene not previously linked to the disease, a diagnosis based solely on that information is unlikely [36]. Leveraging various databases becomes crucial in such cases, helping to ascertain if other patients with similar phenotypes have been reported with variants in the same gene [37]. Notably, reports suggest that re-analysis of exome data from patients with initially negative WES results can enhance diagnostic yields by 10–20% [36,37,38].



Further improvement in diagnostic yields through WES can be achieved by employing RP, a procedure defined as the reassessment of clinical features in light of genetic findings, which involves determining the clinical relevance of previously identified potential genetic causes determined via WES [13,14,15,16]. Methodologically, RP entails studying the complexity of genotype–phenotype associations, drawing evidence from published peer-reviewed literature and publicly available databases. Computational tools like VarformPDB facilitate the compilation of genes and variants related to a disease from databases such as HPO, Orphanet, OMIM, ClinVar, and UniProt, along with PubMed abstracts. Biobanks linking electronic health records (EHRs) and genetic data offer a cost-effective means to enhance clinical characterization, enabling deep clinical phenotyping and multi-omics analyses. Tools such as DECIPHER, Matchmaker Exchange, and VarSome aid in integrating and analyzing genetic and phenotypic data [16].



The true potential of this method is exemplified by a pediatric nephrology study that utilized RP within the context of nephrotic syndrome (NS). A cohort of 111 patients was examined, 64 of them steroid-resistant and 47 steroid-sensitive. By using a personalized diagnostic workflow, RP revealed previously unnoticed clinical indicators, unveiling an unexpected underlying genetic nephropathy in 28% of patients with the drug-resistant form of nephrotic syndrome [15].



Another example is a study of patients with Lofgren’s syndrome. Using the RP procedures, researchers discovered distinct, previously unknown patterns in this syndrome: erythema nodosum, a skin rash, is more common in women, while men are more likely to experience bilateral periarticular arthritis and joint inflammation [39]. In the research on pulmonary arterial hypertension (PAH), RP reveals distinct clinical manifestations and outcomes associated with certain genetic variants, particularly in genes like BMPR2, TBX4, and KDR. It underscores the crucial role of genotype–phenotype correlations in understanding disease heterogeneity and guiding personalized treatment strategies [16]. The application of RP has not only advanced our understanding of known diseases but has also played a pivotal role in uncovering novel medical conditions. For instance, RP has facilitated the discovery of previously unrecognized disorders like Koolen–DeVries syndrome, characterized by a 17q21.31 microdeletion impacting the KANSL1 gene, as well as Potocki–Lupski Syndrome, attributed to a 17p11.2 microduplication [40,41].



Diagnoses achieved by WES and reconfirmed by RP included, among others, 23 ultra-rare diseases among our cohort, some of them diagnosed for the first time in our country. An illustrative example in our study is SSADH deficiency confirmed in a child with the typical neurologic presentation of this disease but with unexpected sensorineural hearing loss (SNHL), which required thorough reverse phenotyping. The international registry for this rare inherited disorder of neurotransmitter metabolism did not include any patients with such an association [42]. We could speculate that in the absence of other variants affecting hearing in this patient, the SNHL in our SSADH deficiency patient contributes to understanding the phenotypic spectrum of this specific disease [43]. On the other hand, few metabolic patients in our study required RP since the referral diagnosis was foreseen. This could be explained by the presence of specific metabolic abnormalities detected in these children by biochemical analysis prior to WES.



Demographic characteristics in our study cohort did not significantly affect the need for RP. Clinical features with a significant impact on a higher probability of requiring RP after WES in children with DD/ID were renal abnormalities, as indicated by logistic regression (p > 0.05). Based on these findings, we may speculate that renal issues may be more common among children whose genetic causes of DD/ID are difficult to identify through standard genetic testing methods like WES. These diagnostic findings also have implications for genetic counseling since parents of children with DD/ID and renal abnormalities may benefit from additional counseling regarding the potential genetic factors underlying their child’s condition and the importance of comprehensive diagnostic approaches like RP.




5. Limitations of the Study


This study highlights the diagnostic potential of WES in pediatric patients with DD/ID and the utility of RP in refining diagnoses. However, limitations of the study include the relatively small sample size of 100 patients compared to the frequency of the DD/ID pathology, retrospective design, partially tentative statistical associations, and potential ethnic homogeneity within the study population, necessitating cautious interpretation and further validation. Although the WES captures employed by the two laboratories involved in this study differ in size and specific targeted regions, the capacity to detect target mutations was maintained across the different methods. Therefore, we do not anticipate any bias introduced by the different WES captures used in this study.




6. Conclusions


In conclusion, our study underscores the efficacy of WES as a valuable diagnostic tool in elucidating the genetic underpinnings of DD/ID in pediatric populations. With a diagnostic yield of 66%, WES offers significant potential in identifying causative genetic variants, particularly in cases where previous genetic analyses have been inconclusive. The neural network model’s capability to identify cases with a high probability of positive findings of WES suggests its superiority in recognizing complex relationships among the same predictive factors used in logistic regression.



Our findings highlight the importance of RP in cases with negative results of genetic testing prior to WES, indicating the complexity of these patients. Furthermore, our study emphasizes the heterogeneity of genetic causes associated with DD/ID including a plethora of unforeseen ultra-rare diseases. Moving forward, integrating RP into clinical practice holds promise in enhancing diagnostic accuracy in children with DD/ID and associated comorbidities.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/genes15060789/s1, Table S1: Genetic testing summary.





Author Contributions


Conceptualization, N.I. and A.S.; methodology, N.I., A.M., L.A., G.M., and A.S.; software, N.I., J.K., and A.S.; validation, N.I., N.M., G.M., and A.S.; formal analysis, N.I., A.M., L.A., D.R, S.C., and A.S.; investigation, N.I., J.C., J.K., and A.S.; data curation, N.I., J.C., J.K., and A.S.; writing—original draft preparation, N.I.; writing—review and editing, N.I., N.M., A.M., L.A., R.K., J.C., J.K., D.R., S.C., S.O., S.K., A.P., V.V., B.P., G.M., and A.S.; visualization, N.I., J.K., and A.S.; supervision, A.S.; project administration, A.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was approved by the Institutional Ethics Committee (number: 8/122). The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of Mother and Child Health Care Institute of Serbia “Dr Vukan Cupic” (protocol code 8/122; 27 October 2022).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study. Written informed consent was obtained from the patients to publish this paper.




Data Availability Statement


The data presented in this study are only available on request from the corresponding author due to privacy or ethical restrictions.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Khan, I.; Leventhal, B.L. Developmental Delay. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar] [PubMed]

	



American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; The American Psychiatric Association: Arlington, TX, USA, 2013. [Google Scholar]

	



Maia, N.; Nabais Sá, M.J.; Melo-Pires, M.; de Brouwer, A.P.M.; Jorge, P. Intellectual disability genomics: Current state, pitfalls and future challenges. BMC Genom. 2021, 22, 1–17. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Marrus, N.; Hall, L. Intellectual Disability and Language Disorder. Child. Adolesc. Psychiatr. Clin. N. Am. 2017, 26, 539–554. [Google Scholar] [CrossRef] [PubMed]

	



Chiurazzi, P.; Pirozzi, F. Advances in understanding—Genetic basis of intellectual disability. F1000Research 2016, 5, F1000 Faculty Rev-599. [Google Scholar] [CrossRef] [PubMed]

	



Bruno, L.P.; Doddato, G.; Valentino, F.; Baldassarri, M.; Tita, R.; Fallerini, C.; Ariani, F. New Candidates for Autism/Intellectual Disability Identified by Whole-Exome Sequencing. Int. J. Mol. Sci. 2021, 22, 13439. [Google Scholar] [CrossRef] [PubMed]

	



Srour, M.; Shevell, M. Genetics and the investigation of developmental delay/intellectual disability. Arch. Dis. Child. 2014, 99, 386–389. [Google Scholar] [CrossRef] [PubMed]

	



Han, J.Y.; Lee, I.G. Genetic tests by next-generation sequencing in children with developmental delay and/or intellectual disability. Clin. Exp. Pediatr. 2020, 63, 195–202. [Google Scholar] [CrossRef] [PubMed]

	



Shashi, V.; McConkie-Rosell, A.; Rosell, B.; Schoch, K.; Vellore, K.; McDonald, M.; Goldstein, D.B. The utility of the traditional medical genetics diagnostic evaluation in the context of next-generation sequencing for undiagnosed genetic disorders. Genet. Med. 2014, 16, 176–182. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Anderson, L.A.; Ginns, E.I.; Devlin, J.J. Cost effectiveness of karyotyping, chromosomal microarray analysis, and targeted next-generation sequencing of patients with unexplained global developmental delay or intellectual disability. Mol. Diagn. Ther. 2018, 22, 129–138. [Google Scholar] [CrossRef] [PubMed]

	



Mahler, E.A.; Johannsen, J.; Tsiakas, K.; Kloth, K.; Lüttgen, S.; Mühlhausen, C.; Hempel, M. Exome Sequencing in Children: Undiagnosed Developmental Delay and Neurological Illness. Dtsch. Ärzteblatt Int. 2019, 116, 197. [Google Scholar]

	



Satam, H.; Joshi, K.; Mangrolia, U.; Waghoo, S.; Zaidi, G.; Rawool, S.; Thakare, R.P.; Banday, S.; Mishra, A.K.; Das, G.; et al. Next-Generation Sequencing Technology: Current Trends and Advancements. Biology 2023, 12, 997. [Google Scholar] [CrossRef]

	



Schulze, T.G.; McMahon, F.J. Defining the phenotype in human genetic studies: Forward genetics and reverse phenotyping. Hum. Hered. 2004, 58, 131–138. [Google Scholar] [CrossRef] [PubMed]

	



de Goede, C.; Yue, W.W.; Yan, G.; Ariyaratnam, S.; Chandler, K.E.; Downes, L.; Khan, N.; Mohan, M.; Lowe, M.; Banka, S. Role of reverse phenotyping in interpretation of next generation sequencing data and a review of INPP5E related disorders. Eur. J. Paediatr. Neurol. 2016, 20, 286–295. [Google Scholar] [CrossRef] [PubMed]

	



Landini, S.; Mazzinghi, B.; Becherucci, F.; Allinovi, M.; Provenzano, A.; Palazzo, V.; Romagnani, P. Reverse Phenotyping after Whole-Exome Sequencing in Steroid-Resistant Nephrotic Syndrome. Clin. J. Am. Soc. Nephrol. 2020, 15, 89–100. [Google Scholar] [CrossRef] [PubMed]

	



Swietlik, E.M.; Prapa, M.; Martin, J.M.; Pandya, D.; Auckland, K.; Morrell, N.W.; Gräf, S. ‘There and back again’—Forward genetics and reverse phenotyping in pulmonary arterial hypertension. Genes 2020, 11, 1408. [Google Scholar] [CrossRef] [PubMed]

	



Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405–424. [Google Scholar] [CrossRef] [PubMed]

	



Manickam, K.; McClain, M.R.; Demmer, L.A.; Biswas, S.; Kearney, H.M.; Malinowski, J.; Massingham, L.J.; Miller, D.; Yu, T.W.; Hisama, F.M.; et al. Exome and genome sequencing for pediatric patients with congenital anomalies or intellectual disability: An evidence-based clinical guideline of the American College of Medical Genetics and Genomics (ACMG). Genet. Med. 2021, 23, 2029–2037. [Google Scholar] [CrossRef] [PubMed]

	



Stefanski, A.; Calle-López, Y.; Leu, C.; Pérez-Palma, E.; Pestana-Knight, E.; Lal, D. Clinical sequencing yield in epilepsy, autism spectrum disorder, and intellectual disability: A systematic review and meta-analysis. Epilepsia 2021, 62, 143–151. [Google Scholar] [CrossRef]

	



Srivastava, S.; Love-Nichols, J.; Dies, K.; Ledbetter, D.; Martin, C.; Chung, W.; Hansen, R. Meta-analysis and multidisciplinary consensus statement: Exome sequencing is a first-tier clinical diagnostic test for individuals with neurodevelopmental disorders. Genet. Med. 2019, 21, 2413–2421, Corrected in Genet. Med. 2020, 22, 1731–1732. [Google Scholar] [CrossRef]

	



Hiraide, T.; Yamoto, K.; Masunaga, Y.; Asahina, M.; Endoh, Y.; Ohkubo, Y.; Saitsu, H. Genetic and phenotypic analysis of 101 patients with developmental delay or intellectual disability using whole-exome sequencing. Clin. Genet. 2021, 100, 40–50. [Google Scholar] [CrossRef]

	



Jo, Y.H.; Choi, S.H.; Yoo, H.W.; Kwak, M.J.; Park, K.H.; Kong, J.; Lee, Y.J.; Nam, S.O.; Lee, B.L.; Chung, W.Y.; et al. Clinical use of whole exome sequencing in children with developmental delay/intellectual disability. Pediatr. Neonatol. 2024, S1875-9572(24)00004-4. [Google Scholar] [CrossRef]

	



Snoeijen-Schouwenaars, F.M.; van Ool, J.S.; Verhoeven, J.S.; van Mierlo, P.; Braakman, H.M.H.; Smeets, E.E.; Nicolai, J.; Schoots, J.; Teunissen, M.W.A.; Rouhl, R.P.W.; et al. Diagnostic exome sequencing in 100 consecutive patients with both epilepsy and intellectual disability. Epilepsia 2019, 60, 155–164. [Google Scholar] [CrossRef] [PubMed]

	



Leite, A.J.D.C.; Pinto, I.P.; Leijsten, N.; Ruiterkamp-Versteeg, M.; Pfundt, R.; de Leeuw, N.; da Cruz, A.D.; Minasi, L.B. Diagnostic yield of patients with undiagnosed intellectual disability, global developmental delay and multiples congenital anomalies using karyotype, microarray analysis, whole exome sequencing from Central Brazil. PLoS ONE 2022, 17, e0266493. [Google Scholar] [CrossRef] [PubMed]

	



Al-Kasbi, G.; Al-Murshedi, F.; Al-Kindi, A.; Al-Hashimi, N.; Al-Thihli, K.; Al-Saegh, A.; Al-Futaisi, A.; Al-Mamari, W.; Al-Asmi, A.; Bruwer, Z.; et al. The diagnostic yield, candidate genes, and pitfalls for a genetic study of intellectual disability in 118 middle eastern families. Sci. Rep. 2022, 12, 18862. [Google Scholar] [CrossRef] [PubMed]

	



Stojanovic, J.R.; Miletic, A.; Peterlin, B.; Maver, A.; Mijovic, M.; Borlja, N.; Dimitrijevic, B.; Soldatovic, I.; Cuturilo, G. Diagnostic and Clinical Utility of Clinical Exome Sequencing in Children With Moderate and Severe Global Developmental Delay/Intellectual Disability. J. Child. Neurol. 2020, 35, 116–131. [Google Scholar] [CrossRef]

	



Dingemans, A.J.M.; Hinne, M.; Jansen, S.; van Reeuwijk, J.; de Leeuw, N.; de Leeuw, N.; Pfundt, R.; van Bon, B.W.; Vulto-van Silfhout, A.T.; Kleefstra, T.; et al. Phenotype based prediction of exome sequencing outcome using machine learning for neurodevelopmental disorders. Genet. Med. 2022, 24, 645–653. [Google Scholar]

	



Collins, G.S.; Reitsma, J.B.; Altman, D.G.; Moons, K.G. Transparent reporting of a multivariable prediction model for individual prognosis or diagnosis (TRIPOD): The TRIPOD Statement. BMC Med. 2015, 13, 1. [Google Scholar] [CrossRef] [PubMed]

	



Helbig, K.L.; Farwell Hagman, K.D.; Shinde, D.N.; Mroske, C.; Powis, Z.; Li, S.; Helbig, I. Diagnostic exome sequencing provides a molecular diagnosis for a significant proportion of patients with epilepsy. Genet. Med. 2016, 18, 898–905. [Google Scholar] [CrossRef] [PubMed]

	



Shakiba, M.; Keramatipour, M. Effect of Whole Exome Sequencing in Diagnosis of Inborn Errors of Metabolism and Neurogenetic Disorders. Iran J. Child Neurol. 2018, 12, 7–15. [Google Scholar]

	



Tarailo-Graovac, M.; Shyr, C.; Ross, C.J.; Horvath, G.A.; Salvarinova, R.; Ye, X.C.; van Karnebeek, C.D. Exome Sequencing and the Management of Neurometabolic Disorders. N. Engl. J. Med. 2016, 374, 2246–2255. [Google Scholar] [CrossRef]

	



Nicastro, E.; D‘Antiga, L. Next generation sequencing in pediatric hepatology and liver transplantation. Liver Transpl. 2018, 24, 282–293. [Google Scholar] [CrossRef]

	



Strande, N.T.; Berg, J.S. Defining the Clinical Value of a Genomic Diagnosis in the Era of Next-Generation Sequencing. Annu Rev. Genom. Hum. Genet. 2016, 17, 303–332. [Google Scholar] [CrossRef]

	



Sims, D.; Sudbery, I.; Ilott, N.E.; Heger, A.; Ponting, C.P. Sequencing depth and coverage: Key considerations in genomic analyses. Nat. Rev. Genet. 2014, 15, 121–132. [Google Scholar] [CrossRef] [PubMed]

	



Lek, M.; Karczewski, K.J.; Minikel, E.V.; Samocha, K.E.; Banks, E.; Fennell, T.; Exome Aggregation Consortium. Analysis of protein-coding genetic variation in 60,706 humans. Nature 2016, 536, 285–291. [Google Scholar] [CrossRef]

	



Wenger, A.M.; Guturu, H.; Bernstein, J.A.; Bejerano, G. Systematic reanalysis of clinical exome data yields additional diagnoses: Implications for providers. Genet. Med. 2017, 19, 209–214. [Google Scholar] [CrossRef] [PubMed]

	



Salfati, E.L.; Spencer, E.G.; Topol, S.E.; Muse, E.D.; Rueda, M.; Lucas, J.R.; Torkamani, A. Re-analysis of whole-exome sequencing data uncovers novel diagnostic variants and improves molecular diagnostic yields for sudden death and idiopathic diseases. Genome Med. 2019, 11, 83. [Google Scholar] [CrossRef]

	



van Slobbe, M.; van Haeringen, A.; Vissers, L.E.L.M.; Bijlsma, E.K.; Rutten, J.W.; Suerink, M.; Nibbeling, E.A.R.; Ruivenkamp, C.A.L.; Koene, S. Reanalysis of whole-exome sequencing (WES) data of children with neurodevelopmental disorders in a standard patient care context. Eur. J. Pediatr. 2024, 183, 345–355. [Google Scholar] [CrossRef] [PubMed]

	



Grunewald, J.; Eklund, A. Sex-Specific Manifestations of Löfgren’s Syndrome. Am. J. Respir. Crit. Care Med. 2007, 175, 40–44. [Google Scholar] [CrossRef]

	



Koolen, D.A.; Kramer, J.M.; Neveling, K.; Nillesen, W.M.; Moore-Barton, H.L.; Elmslie, F.V.; De Vries, B.B. Mutations in the chromatin modifier gene KANSL1 cause the 17q21.31 microdeletion syndrome. Nat. Genet. 2012, 44, 639–641. [Google Scholar] [CrossRef]

	



Potocki, L.; Bi, W.; Treadwell-Deering, D.; Carvalho, C.M.; Eifert, A.; Friedman, E.M.; Lupski, J.R. Characterization of Potocki-Lupski syndrome (dup(17)(p11.2p11.2)) and delineation of a dosage-sensitive critical interval that can convey an autism phenotype. Am. J. Hum. Genet.