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Introduction 

Accurate diagnosis benefits patients and their families 
by directing clinical management; predicting recurrence 
risks; providing prognosis; and preventing the invasive, 
time-consuming, and costly diagnostic odyssey. Apart 
from its tangible benefits, confirming a clinical diagnosis 
is therapeutic for the patient and the family. Establishing 
diagnosis in patients with complex disorders involves 
a stepwise approach from history taking to physical 
examination, with further complementary tests such as 
radiography and metabolite analysis, and genetic testing. 
However, many patients who undergo extensive genetic 
testing still need to be diagnosed. Exome sequencing 
(ES) became one of the leading diagnostic tools for 
genetic diseases, with a hit rate ranging from 25% to 
58% (1,2). Also, ES provides further advantages, faster 
results, and a cost-efficient testing strategy (3,4). ES is 
a powerful tool to end a diagnostic odyssey. However, 
limitations of the current practice of ES include limited 
detection of copy number variation (CNV) changes 
based on the used bioinformatics pipeline, limited 
detection of variation in the mitochondrial genome and 
inability to detect methylation changes. Performing 
CNV analysis increases the diagnostic yield of ES 

cases by 4.2% (1). And while methylation testing is a 
powerful tool in cancer diagnosis with a 95% accuracy in 
predicting cancerous versus normal tissue (5) according 
to a recent study tested the utility of a new diagnostic 
network for methylation testing in mendelian disorders, 
a hit rate of 27.6% (57/207) was achieved (6). For the 
mitochondrial genome (mtDNA), a study published in 
2018 showed that the mitochondrial genome test hit rate 
was 20% (23/117) (7). Furthermore, in a previous study, 
we showed that genome sequencing (GS) has limited 
clinical utility compared to the re-analysis of ES raw 
data (1). In this study, we aim to evaluate the usefulness 
and clinical utility of further testing beyond or after 
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inconclusive or negative exome results and the outcome 
of supplementary testing, including deletion/duplication, 
targeted methylation testing and mitochondrial genome 
analysis post-negative or inconclusive ES results.  

Subjects and Methods

A total of 3505 ES cases were evaluated during from 2018 
to 2020. Testing was done either in-house or at other CAP-
accredited laboratories. Analysis was done for patients 
at King Abdulaziz Medical City, Ministry of National 
Guard - Health Affairs, Riyadh. All clinical reports were 
investigated, and all cases with supplementary testing 
were further evaluated for accuracy and validity of the 
testing after the ES results (initial exome result, date of 
testing, clinical chart note documenting the requested 
test, indication of the further testing) (Figure 1). Only 
cases with high suspicion of specific phenotypes and 
negative or inconclusive exome results are considered in 
this analysis. Inconclusive results mean that a possible 
explanation of the primary indication of testing might 
be detected but would still need to fully explain the 
phenotype from a molecular point of view. For example, 
one pathogenic or likely pathogenic variant in a gene is 
related to the disorder clinically.

However, only one variant is detected, and the disorder is 
an autosomal recessive disorder. A negative result means 
ES failed to identify any variants that would explain the 
phenotype. The supplementary testing included in this 
study is one of three, either deletion/duplication analysis 
for a specific gene, which means a change in gene dosage 
that can not always be detected with next-generation 
sequencing testing. Deletion/duplication analysis 
includes looking at a missing or duplicated part of that 
gene in one or both strands. This is usually triggered by 
inconclusive exome results or a high suspicion of the 
specific diagnosis. The second form of supplementary 
testing is targeted methylation analysis which explores 
the epigenetic modification that causes changes in genetic 
regulation secondary to the addition of methyl group to 
the DNA, which can cause changes to DNA expression 
without altering the DNA sequence (8), with clinical 
presentation suspecting disorder related to methylation 
defect. The third form of supplementary testing is whole 
mitochondrial genome testing by analyzing mitochondrial 
DNA, which is of maternal origin. The mitochondria are 
known as the powerhouse of the cell. Changes in energy 
production can cause disease. This is indicated by either 
family history, clinical phenotype or abnormal basic 
laboratory testing like high lactate (9). All supplementary 
testing must be done at a clinical laboratory and clinical 
grade analysis. All research results are excluded from 
this study. This study was approved by the Institutional 
Research Board of King Abdullah International Medical 
Research Center, #RC19/315/R.

Results

Out of the 3,505 ES cases, there were 26 cases where 
supplementary testing was requested due to either 
inconclusive or negative exome results with high 
suspicion of a specific phenotype. 

Deletion/duplication analysis

Out of the 26 samples we reviewed, 16 cases with either 
inconclusive or negative exome results in 10 cases with 
inconclusive ES results identified where a heterozygous 
variant in a gene with an autosomal recessive mode 
of inheritance has been detected and could explain 
the phenotype (Table 1: cases 1-10). However, ES 
failed to identify the second pathogenic variant, and 
supplementary testing was requested. Only 1/16 
(6.25%) cases were positive for deletion/duplication 
analysis. Case number 5 (Table 1: case 5) presented 
with abnormal renal morphology with enlarged kidney 
and neonatal hypoglycemia with abnormal newborn 
screening suggestive of medium-chain acyl-CoA 
dehydrogenase deficiency (MCAD) (OMIM #201450), 
ES identifies one heterozygous, pathogenic variant 
in ACADM gene, NM_001286043.1:c.715C>T, p. 
(Arg239Cys), deletion/duplication analysis of ACADM 
(Figure 2) identified heterozygous deletion encompasses 
exon 8 of ACADM gene and establishes the diagnosis 
of MCAD. However, in 15/16 cases, the supplementary 
analysis results of deletion-duplication analysis were 
negative, for example, case number 1 (Table 1: case 
1), which was tested for deletion-duplication after the 
inconclusive ES result presented with hypothyroidism, 
elevated liver enzymes and diabetes mellitus, ES 
showed heterozygous pathogenic variant in ATP8B1 
and associated with benign recurrent intrahepatic 
cholestasis (OMIM #243300), due to these results and 
the clinical presentation of elevated liver enzymes, 
the physician ordered deletion -duplication testing to 
exclude heterozygous CNV changes that ES did not 
detect. However, results are negative for deletion or 
duplication of the ATP8B1 gene. A complete list of all 
cases is present in Table 1.

Targeted methylation analysis

Targeted methylation testing was requested in 6 cases 
(Table 1: cases 17-22) after initial ES results, 5 cases had 
negative initial ES results, and 1 was inconclusive when 
the initial ES testing was done. For the five negative ES 
cases, Silver-Russell syndrome was suspected in four 
cases (Table 1: Cases 18, 20-22). The four cases presented 
with multiple phenotypes related to Silver-Russell 
syndrome, including intrauterine growth retardation, 
small for gestational age, premature birth, short stature, 
abnormal facial shape, abnormal skull morphology, 
abnormal heart morphology, vertebral segmentation 
defect, failure to thrive and global developmental 
delay, but all four cases had negative results. The last 
case (Table 1: case 19) presented with delayed speech 
and language development, hyperactivity, intellectual 
disability and muscular hypotonia and was tested for 
Angelman syndrome but was also negative. Furthermore, 
an additional ES case was inconclusive for an unrelated 
homozygous variant in the C1QA gene (Table 1: case 17). 
However, based on the patient’s phenotype, the clinician 
did not pursue further testing on that gene and instead 
tested for Russel Silver methylation, but unfortunately, 
the result was negative. 
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Figure 1. Number of patients that underwent supplementary testing after ES flow diagram. 

Figure 2. ACADM: exon 8 deletion.

Mitochondrial genome

There were 4 cases in total tested for mitochondrial 
genome after the ES results (Table 1: case 23-26). Three 
of these cases (Table 1: case 24-26) were ES-negative 
and were followed by mitochondrial testing. However, 

all 3 had negative results. Phenotypically all three cases 
were heterogeneous and had no specific phenotype. For 
instance, one case (Table 1: case 24) presented with 
lactic acidosis, and another presented with hypoglycemia 
(Table 1: case 25). Moreover, a case (Table 1: case 23) 
was ES inconclusive for the GRIN2A gene. However, 
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this gene could not explain the phenotype, leading the 
clinician to exclude the gene and pursue mitochondrial 
genome testing instead, but the result was negative. 

Inconclusive versus negative ES results 

The hit rate of positive results after inconclusive ES 
results is 1/12 (8.3%) for supplementary testing to ES. 
However, if the ES results are negative, supplementary 
testing fails to identify any further possible explanation 
of the disorder. 

Discussion

Establishing a clinical diagnosis is one of the main 
goals in health care - advances in molecular testing 
aid for better diagnosis. For example, the diagnostic 
yield for ES is clearly in the lead with a 25% to 58% 
hit rate (2), supplementary testing after inconclusive or 
negative exome like deletion/duplication testing, targeted 
methylation analysis or mitochondrial genome testing 
has low or no hit rate (10). Previous studies estimated the 
hit rate of methylation analysis in mendelian disorder to 
be around 27% (6). However, we could not establish the 
diagnosis of any disorder related to methylation defect 
despite the suspected phenotype of disorders related to 
methylation defect and the possible clinical phenotype 
presentation in the included cohort. 

One major consideration of this study is the targeted 
population. The majority of marriages in the included 
cohort are consanguineous marriages (~75%), previously 
we showed that around 84% of detected disorders in 
our population results from homozygous variants in 
autosomal recessive disorders (11), which might explain 
the lower hit rate of any supplementary testing for 
disorders that are unlikely related to consanguinity like 
heterozygous deletion, or disorders in the mitochondrial 
genome which is maternally inherited or defects in 
methylation or imprinting that are unlikely linked to the 
autosomal recessive mode of inheritance.  

Even though supplementary testing is essential, how 
crucial and beneficial it is when both results and testing 
cost are considered. Previously we showed that ES is the 
most cost-effective diagnostic testing even compared to 
GS (1). Furthermore, we showed that solo ES compared 
to extended family testing, also has limited clinical 
advantages (12). In this study, we showed supplementary 
testing triggered either by initial exome results or 
suspected phenotype with negative or inconclusive 
results also has no major advantages on top of ES and 
hence until the price of GS is equal to or lower than ES, 
solo ES would consider as the most cost-effective testing 
approach.  

Conclusion

ES is considered the best approach in terms of diagnostic 
yield and cost-effectiveness. Supplementary testing 
(deletion/duplication testing, targeted methylation 
analysis or whole mitochondrial genome testing) beyond 
negative or inconclusive ES has lower diagnostic yield 
with limited clinical advantages. It is recommended only 
when another biomarker establishes the diagnosis and as 

a confirmatory tool for the molecular defects of disorders 
diagnosed by other methods. 
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