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Background/Objectives: The timely diagnosis of inherited metabolic disorders (IMD) is essential for initiating treatment, prognostication and genetic testing of relatives. Recognition of IMD in adults is difficult, because phenotypes are different from those in children and influenced by symptoms from acquired conditions. This systematic literature review aims to answer the following questions: (1) What is the diagnostic yield of exome/genome sequencing (ES/GS) for IMD in adults with unsolved phenotypes? (2) What characteristics do adult patients diagnosed with IMD through ES/GS have?

Methods: A systematic search was conducted using the following search terms (simplified): “Whole exome sequencing (WES),” “Whole genome sequencing (WGS),” “IMD,” “diagnostics” and the 1,450 known metabolic genes derived from ICIMD. Data from 695 articles, including 27,702 patients, were analyzed using two different methods. First, the diagnostic yield for IMD in patients presenting with a similar phenotype was calculated. Secondly, the characteristics of patients diagnosed with IMD through ES/GS in adulthood were established.

Results: The diagnostic yield of ES and/or GS for adult patients presenting with unexplained neurological symptoms is 11% and for those presenting with dyslipidemia, diabetes, auditory and cardiovascular symptoms 10, 9, 8 and 7%, respectively. IMD patients diagnosed in adulthood (n = 1,426), most frequently portray neurological symptoms (65%), specifically extrapyramidal/cerebellar symptoms (57%), intellectual disability/dementia/psychiatric symptoms (41%), pyramidal tract symptoms/myelopathy (37%), peripheral neuropathy (18%), and epileptic seizures (16%). The second most frequently observed symptoms were ophthalmological (21%). In 47% of the IMD diagnosed patients, symptoms from multiple organ systems were reported. On average, adult patients are diagnosed 15 years after first presenting symptoms. Disease-related abnormalities in metabolites in plasma, urine or cerebral spinal fluid were identified in 40% of all patients whom underwent metabolic screening. In 52% the diagnosis led to identification of affected family members with the same IMD.

Conclusion: ES and/or GS is likely to yield an IMD diagnosis in adult patients presenting with an unexplained neurological phenotype, as well as in patients with a phenotype involving multiple organ systems. If a gene panel does not yield a conclusive diagnosis, it is worthwhile to analyze all known disease genes. Further prospective research is needed to establish the best diagnostic approach (type and sequence of metabolic and genetic test) in adult patients presenting with a wide range of symptoms, suspected of having an IMD.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier: CRD42021295156.
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Introduction

The field of inherited metabolic disorders (IMD) encompasses a growing number of (ultra) rare diseases, with currently over 1,450 disorders recognized (1). Many IMD are amenable to therapy, making their timely identification important, as early diagnosis and treatment initiation potentially prevents irreversible damage (2). Even in absence of specific treatment options, a diagnosis is desirable for patient and family as it provides closure of the diagnostic trajectory, information on prognosis, accurate genetic counseling and access to community services. In addition, supportive therapy aimed at relief of symptoms, stabilization of disease course, preventing or delaying complications, has greatly improved quality of life and in some disorders reduced morbidity and early mortality (3–5). Although most published studies focus on the identification of IMD in children, an estimated 36–50% of patients with IMD are diagnosed after the age of 16 years (6–8).

Diagnostic techniques to identify IMD have greatly changed over the past decades. The availability and accuracy of (un)targeted measurement of metabolites in plasma, urine and cerebral spinal fluid, have greatly improved (chromatography, electrophoresis and mass spectrometry (MS) platforms) (2, 9). Using these methods, a larger number of metabolites can be identified in shorter time and at lower costs (2). On the other hand, introduction of exome and genome sequencing (ES/GS) has also shown that IMDs can lack distinctive biomarkers in these matrices (10). These tests are referred to as “whole” exome or genomic sequencing both in literature and clinical settings. In reality, clinical ES/GS entails analysis of all known disease genes at a particular point in time or of a more restricted virtual gene panel (selected genes known to cause specific phenotypes). Complete analysis of all 22,000 genes is seldom performed. In this article we choose therefore to use the acronym ES for all forms of exome analysis and GS for all forms of genome analysis.

Combining metabolic screening or metabolomics with ES/GS can be helpful in validating or ruling out variants as disease-causing. Conversely specific metabolic profiles can provide clues for the underlying genetic or pathway defect, which facilitates targeted (re)analysis of specific regions and/or the discovery of a new disease gene (10).

The fact that the number of adults diagnosed with an IMD has increased significantly over the last couple of years, suggests that there are still many undiagnosed adult IMD patients (11). Diagnosing IMD in adulthood has its specific challenges. First the attenuated phenotypes of many IMD are far less well described in literature compared to the early onset phenotypes seen in children (6, 8, 12–15). Second, the symptoms related to the genetic disorder are often combined with acquired symptoms (resulting from factors such as obesity, smoking etc.) and difficult to distinguish. Moreover, much less is known about the yield of specific diagnostic tests, e.g., metabolomics or ES/GS, for unsolved adult patients compared to children. In addition, parents and/or siblings are often unavailable for trio sequencing (ES/GS), segregation analysis and/or validation of rare variants (8).

Several studies have been published on the implementation of genetic techniques in diagnosing IMD, however these studies mainly focus on pediatric patients. In this structured review we wanted to establish the current knowledge regarding the use of broad sequencing techniques for diagnosing IMDs in adults. We aimed to answer the following questions: (1) What is the diagnostic yield of ES and/or GS for IMD in adults with unsolved phenotypes (defined as objectifiable, unexplained signs and symptoms in one or more organ systems)? (2) What are the clinical and biochemical characteristics of adult patients diagnosed with an IMD through ES/GS? By answering these questions, we aspire to identify in which adult patients ES/GS are valuable tools for identifying IMD.



Methods


Systematic review protocol
 
Search strategy

A systematic Medline and Embase search strategy was initiated by E.F., J.D. and M.L. to identify the literature of interest (the last search on 16th February 2022; Figure 1). A hand-search of bibliographies and citations of articles of interest was performed and Google Scholar was browsed for similar articles. In this manner a reference set of 50 articles was established, which was used as a template for the online search. A customized search strategy was conducted for each database with the help of a clinical librarian (J.D.). For the online search strategy, a number of keywords, which were derived from the articles in the reference set, were combined with a list of genes associated with 1,450 metabolic diseases derived from ICIMD (1) (www.icimd.org). The aim of the search was to identify all articles in which any of these disorders was diagnosed in an adult patient and either ES or GS had been part of the diagnostic tools used. The conceptual display of the multi stranded search approach for each database is as follows:
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FIGURE 1
 PRISMA flowchart. *Articles can be represented in both (diagnostic yield and individual patient data) analysis.


([WES/WGS] AND [McMaster diagnosis high-sensitivity filter] AND [metabolic diseases derived from ICIMD])

OR

([WES/WGS] AND [McMaster diagnosis high-sensitivity filter] AND [unexplained phenotypes/metabolic errors])

OR

([WES/WGS] AND [metabolic diseases derived from ICIMD] AND [unexplained phenotypes/metabolic errors])

NOT

([animals] OR [irrelevant terms derived from VOS clusters])

See Supplementary Data Sheet 1 for comprehensive and detailed search strategies (Supplementary Data Sheet 1: Comprehensive and detailed search strategies).



Study population and selection of studies

Papers identified by the search strategy were uploaded in Rayyan for screening (16). Full text versions of all records deemed eligible on the basis of title and abstract, were searched with two electronic databases or alternatively searched via Google Scholar. The retrieved full texts were reviewed for inclusion. One co-author (E.F.) independently reviewed the 12,306 publications that emerged from the searches for potential inclusion in the review. Because of the magnitude of the search outcome, a second author (M.B.) randomly reviewed a subset of these articles (n = 1,600) in order to validate reviewer E.F.'s outcomes. Discrepancies between the reviewers were resolved by consensus. All article types were included, apart from those published as an abstract only. Only articles studying adult patients were selected. Adults were defined as: patients of ≥16 years of age at time of diagnosis or at time of ES and/or GS. The age of onset of symptoms could be before 16 years of age. The following articles were excluded: those reporting on in vitro studies or animal studies, duplicates and those dealing with pediatric populations only or in which the data of adults could not be separated from those of children. Articles that did not include patients that were either diagnosed with, or suspected of having an IMD, were excluded. Publications in English were included (Figure 1). The protocol for this literature search was registered in the Prospero database, registration number [CRD42021295156] (https://www.crd.york.ac.uk/prospero/).




Data extraction

A standardized form was designed in CASTOR EDC to collect information systematically. Data were extracted by 3 reviewers (E.F., M.B. and R.W.) independently (17).

Data were extracted in two ways:

1. Diagnostic yield: For this analysis we included all studies reporting on more than 10 individuals presenting with similar unexplained symptoms, classified using HPO terms (e.g., abnormalities of the neurological system or abnormalities of the eye). We excluded studies reporting on a single family, reporting on a heterogenic patient population and studies that did not report on negative ES/GS results in patients.

2. Single cases: to determine the phenotype of adults diagnosed with an IMD, we extracted information on an individual case level from all included study types (case reports, case series, cohort studies). For each participant the following information was collected: age of onset symptoms, age at diagnosis; gender; ethnicity; phenotype [using HPO symptom categories to categorize the symptoms, (18)]; whether metabolite testing was performed and if they were abnormal; involved IMD gene; mode of inheritance; genetic variant classification reported by the authors (benign, variant of unknown significance, likely pathogenic, pathogenic); DNA analysis technique used (ES and/or GS); techniques used to validate pathogenicity of the variant (e.g., metabolite measurements, functional assays); affected family members. By metabolite measurements we refer to the measurement of a subset or all metabolites, i.e., acyl carnitines, amino acids, organic acids in plasma, urine and/or CSF, often referred to as “metabolic screening” and measurement of a specific metabolite or set of metabolites relevant to validate the pathogenicity of a genetic variant. We categorized the observed metabolic abnormalities into groups according to the ICIMD (e.g., abnormalities in fatty acid and ketone body metabolism). Since the largest number of studies concerned patients with an unexplained neurological phenotype, we decided to further specify this group into the following categories: extrapyramidal/cerebellar symptoms, peripheral neuropathy, pyramidal tract symptoms/myelopathy, epilepsy and intellectual disability/dementia/psychiatric symptoms. The HPO category “metabolic/homeostasis abnormalities” was further split into dyslipidemia, iron accumulation, abnormalities in routine clinical biochemistry and abnormalities in full blood count. A number of articles contained patient data that could be used both in the diagnostic yield analysis and in the single cases analysis (data could be extracted at a single patient level).


Classification IMD genes and metabolites

Genes identified as causative in the published articles were categorized as IMD-causing if they were present in the ICIMD database (1). Both the genetic variants as well as the metabolite abnormalities were categorized in 24 metabolic pathway subgroups based on the ICIMD classification system (e.g., abnormalities of complex molecule degradation or neurotransmitter disorders).



Statistical analysis

The diagnostic yield was calculated as the proportion of adults diagnosed with an IMD of the total cohort in which ES/GS was performed. Frequencies of symptoms, demographics, genes and metabolite abnormalities, were calculated as the percentage of the total 1,426 single cases. The average diagnostic delay was calculated by extracting the number of years at age diagnosis from the age at onset of first symptoms. We performed all analyses using IBM SPSS statistics, version 26 and R version 4.2.1 (2022-06-23 ucrt).





Results


Search results

As shown in Figure 1, a total of 14,068 articles were identified in the initial search. After removal of duplicates, 12,306 articles remained. An additional 10,585 were excluded after title and abstract screening because they assessed the wrong study population, the abstract was not available, the article was not written in English or for other reasons. There were no discrepancies between the results of the two authors that screened the abstracts. After full-text assessment of the remaining 1,721 articles, 695 articles fulfilled the inclusion criteria and were included in this systematic review (reasons for exclusion of the other 1,026 articles listed in Figure 1).

The 695 reviewed articles, reported on a total number of 27,702 adult patients in whom ES/GS was performed. A total of 2,210 patients were diagnosed with an IMD through ES and/or GS. The majority of these patients (1,647 cases; 75%), were not suspected of having an IMD prior to sequencing. Data could be extracted at an individual level for 1,426 adult IMD patients.



Diagnostic yield in patient cohorts

A total of 41 articles reported on patient cohorts (>n = 10), with a total of 5,574 ES/GS sequenced patients of whom 590 adults were diagnosed with IMD. There were large differences in the total number of patients included per cohort for the different symptom categories, ranging from 4,100 patients with neurological symptoms to 103 patients with ophthalmological symptoms. The diagnostic yield for diagnosing IMD in adults with ES and/or GS in the largest included cohorts was: 11% (486/4,100) for patients with abnormalities of the nervous system; 10% (32/310) for dyslipidemia; 9% (5/57) for diabetes and 7% (52/762) for patients presenting with a cardiovascular phenotype (e.g., early myocardial infarction or unexplained pulmonary embolism). For patients with ophthalmological symptoms, the diagnostic yield of ES/GS was very low (1%; 1/103), but is important to note that this cohort consisted of patients with high myopia only (19).

Within the cohort presenting with abnormalities of the nervous system, the largest patient groups were those with extrapyramidal signs (n = 2,895) and with dementia (n = 1,008), with an IMD diagnostic yield of 13% and 6% respectively after ES/GS. The IMD diagnostic yields for pyramidal signs (50%) and peripheral neuropathy (25%) are much less reliable since these cohorts were very small (14 and 16 patients, respectively). For a full overview of the diagnostic yield of ES/GS for the nervous system, (see Figure 2), for all included studies and the diagnostics yield of ES/GS for other organ systems see Supplementary Figure 1.


[image: Figure 2]
FIGURE 2
 Diagnostic yield of ES and/or GS in diagnosing IMD in adult cohorts (n = > 10) with neurological symptoms [depicted as “Percentage(adult diagnosed with IMD/total adults sequenced with ES/GS)”].




Single case analysis of adults diagnosed with and IMD through ES and/or GS

Data of 1,426 patients could be extracted from 638 articles on an individual case level (general characteristics outlined in Table 1 and Figure 3). Of these, 634 patients (44%) were female, 697 patients (49%) were male and for 95 patients (7%) we could not establish the gender from the records. The largest proportion of patients were of Asian origin (414 cases; 29%), followed by those of European (351 cases; 25%) and Middle Eastern/Arab (161 cases; 11%) descent. The median age at the onset of symptoms was 20 years (range 0–80 years) and median age at genetic diagnosis 35 years (range 16–90 years). From these numbers an average diagnostic delay of 15 years per adult IMD patient can be deduced.


TABLE 1 Adult IMD patient characteristics.

[image: Table 1]
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FIGURE 3
 Characteristics of adults diagnosed with an IMD through ES and GS.


In the 1,426 cases the following genetic diagnostic technique was used: ES (1,366 cases; 96%), GS in (54 cases; 4%), both ES and GS (6 cases; 0.4%). In 924 cases (65%) the IMD diagnosis was based on ES or GS alone. In 66 cases (5%), the IMD was confirmed by a matching metabolite pattern after identifying a potential causal pathogenic variant. In 224 cases (16%) ES/GS results were validated using a functional assay. In the remainder of cases the diagnosis was confirmed by various imaging modalities (10 cases; 0.7%), electromyography (31 cases; 2%) or extensive eye examination (OCT, fundoscopy etc.) (79 cases; 6%). In the remaining 6% of cases, more than two validation tools were applied. Mode of inheritance of the diagnosed disorders was predominantly autosomal recessive (802 cases; 54%), followed by autosomal dominant (75 cases; 25%); x-linked inheritance (40 cases; 3%) or de novo occurrence (29 cases; 2%). In more than half of the cases (738 cases; 52%), cascade screening led to diagnosis of the same IMD in a relative.

The top 5 most common symptoms in the 1,426 adults diagnosed with an IMD through ES/GS were: neurological symptoms 65% v= 920); ophthalmological symptoms, 21% (n = 300); muscle symptoms, 13% (n = 180); cardiovascular symptoms, 9% (n = 128) and hepato-gastroenterological symptoms 8% (n = 114). In 110 (8%) of the cases, patients showed “metabolic/homeostasis abnormalities” that were observed in routine clinical investigations (e.g., abnormalities routine clinical biochemistry, dyslipidemia). In 674 cases (47%) multiple organ system involvement (two or more systems) was observed.


Diagnoses

ES/GS identified variants in a total of 446 unique IMD genes. The majority of IMD gene variants were classified by authors as likely pathogenic or pathogenic (Class 4–5) according to ACMG guidelines (1,336 cases; 90%) (20). These (likely) pathogenic variants were most often identified in IMD genes associated with: different aspects of mitochondrial form and function: 19% (287 cases); lipid metabolism: 13% (196 cases); complex molecule degradation 13% (190 cases); neurotransmitter metabolism 9% (136 cases) and function of organelle biogenesis, dynamics and interactions: 7% (109 cases).

The characteristics of patients presenting with abnormalities in the most commonly observed symptom groups: neurological symptoms, ophthalmological symptoms, muscle symptoms, cardiovascular symptoms and hepato/gastro-intestinal symptoms, are discussed below.



Neurological symptoms

The majority of the patients diagnosed with an IMD through ES/GS in adulthood presented with neurological symptoms (920/1,426 cases; 65%) (Figure 4). In roughly half of the patients with a neurological phenotype (471/920 cases; 51%) there was involvement of one or more other organ systems (ophthalmological symptoms 20%, muscle symptoms 12%, auditory symptoms 7%, hepato-gastroenterological symptoms 6% and cardiovascular symptoms 4%, for full overview see Figure 3; Supplementary Table 1). In 20% of patients with neurological symptoms, dysmorphic features were observed (ranging from pes cavus/equinovarus to specific dysmorphic facial features). The median onset of neurological symptoms was 20 years (range 0–80 years) and the median age of diagnosis was 35 years (range 16–90 years).


[image: Figure 4]
FIGURE 4
 Overview of all symptoms that occurred in ≥5% of the 1,426 adults diagnosed with an IMD through ES and/or GS [number of cases (percentage)]—Individuals can have more than one symptom from the different HPO symptom groups.


The top 5 IMD genes reported in the patients presenting with neurological symptoms were SPG7: 5% (50 cases), LRRK2: 5% (41 cases), SACS 4% (40 cases), KIF1A 3% (26 cases) and SPG11 3% (23 cases). According to the ICIMD classification, SPG7 and SACS are both involved in mitochondrial function. Affected LRRK2 and KIF1A genes cause disorders of neurotransmission. SPG11 is a causative gene for disorders of complex molecule degradation. Metabolite measurements were performed in 27% (248/920) of neurological patients. In 21% (51/248) of the neurological patients who underwent metabolite testing, the abnormalities were in the same metabolic pathway as the identified causative genetic variant. The observed neurological symptoms could be classified in the following subgroups: extrapyramidal/cerebellar symptoms: 57% (526 cases); intellectual disability/dementia/psychiatric symptoms 40% (372 cases); pyramidal symptoms 37% (339 cases); peripheral neuropathy 18% (163 cases) and epilepsy 16% (147 cases) (Figure 5). Multiple types of neurological signs/symptoms could be present in a single patient. Detailed information on the frequency of the genetic variants in patients with neurological symptoms can be found in Supplementary Table 2.
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FIGURE 5
 Neurological symptoms observed in 920 adults diagnosed with an IMD through ES/GS [number of cases (percentage)]—Individuals can have more than one neurological symptom from the different neurological subgroups.




Ophthalmological symptoms

The 300 (21%) of the 1,426 patients diagnosed with an IMD through ES/GS in adulthood, exhibited ophthalmological symptoms (retinitis pigmentosa, optic atrophy, retinal dystrophy etc.). A minority of these patients solely portrayed ophthalmological symptoms (22%). In 61% of these patients, additional neurological symptoms were observed. Variants were detected in 128 different IMD genes, all of the individual genes presented with a low frequency ( ≤ 5%). Metabolite measurements were performed in a minority of patients (27%, 80/300). In 25% (20/80) of patients, the metabolite abnormalities were found in the same metabolic pathway as the causative genetic variant. Information on the frequency of genetic variants and metabolite abnormalities observed in patients with ophthalmological symptoms can be found in Supplementary Table 2.



Muscle symptoms

The 180 (13%) of the 1,426 patients diagnosed with an IMD through ES/GS in adulthood displayed muscle symptoms. In 19% of these patients this was the only affected organ system. In 60% of patients with muscle symptoms, accessory neurological symptoms were observed. Other frequently accompanying symptoms came from the ophthalmic system (30 cases, 17%), cardiovascular system (20 cases, 11%), skeletal system (19 cases, 11%) and auditory system (11 cases, 6%). Variants were detected in 493 different IMD genes, all of the individual genes presented with a low frequency ( ≤ 5%). Metabolite measurements were performed in 51% (91/180) patients. In 22% (20/91) of patients, the metabolite abnormalities were found in the same metabolic pathway as the causative genetic variant. Information on the frequency of the genetic variants and metabolite abnormalities observed in patients with muscle symptoms can be found in Supplementary Table 2.



Cardiovascular symptoms

In 128 (9%) of all patients diagnosed with an IMD through ES/GS in adulthood, abnormalities of the cardiovascular system were observed (i.e., cardiomyopathy, hypertension, early atherosclerosis). In the majority of cases the symptoms were part of a multisystem disease (72%). In 128 cases (29%) additional neurological symptoms were observed. Metabolite measurements were performed in 56% (71/128) of the patients. In 49% (35/71) of patients, the metabolite abnormalities were found in the same metabolic pathway as the identified causative genetic variant. Information on the frequency of the genetic variants and metabolite abnormalities observed in patients with cardiovascular symptoms can be found in Supplementary Table 2.



Hepato-gastroenterological symptoms

The 114 out of the 1,426 IMD patients (8%) suffered from hepato-gastroenterological symptoms (predominantly abnormalities of the liver, liver function or the pancreas). Multisystem involvement was observed in 81% of these patients and 47% of patients had additional neurological symptoms. Metabolite measurements were performed in 46% (53/114) of the patients. In 62% (33/53) of patients, the metabolite abnormalities were found in the same metabolic pathway as the causative genetic variant. Information on the frequency of the genetic variants and metabolite abnormalities in patients with hepato-gastroenterological symptoms can be found in Supplementary Table 2.





Discussion

We present the first comprehensive systematic literature review on the use of ES and/or GS in diagnosing IMD in adults with unexplained phenotypes. The average time between onset of symptoms and time of diagnosis in patients diagnosed with an IMD through ES/GS in adulthood included in this review, was 15 years. In the majority of patients diagnosed with IMDs, an IMD was not suspected prior to sequencing. This emphasizes the need for more awareness and improved recognition of these disorders in clinic. Using the findings from this review we are able to provide some guidance to improve diagnostic strategies. First, unexplained neurological symptoms should prompt investigations toward the presence of an IMD. Especially movement disorders, spasticity and cognitive symptoms are found in a large proportion of patients with an IMD. About half of the patients showed isolated neurological signs and symptoms, while the other half presented with a multisystem disease. Especially combinations of ophthalmological and neurological symptoms were frequently observed in patients with an IMD, and therefore neurologists and ophthalmologists should include metabolic disorders to their differential diagnosis when encountering such patients in clinic. Our calculations of the diagnostic yield of ES/GS in diagnosing IMD, confirm the notion that it is worthwhile to look for IMDs in adult patients with unexplained extrapyramidal symptoms (diagnostic yield 13%), which is higher than previous estimates of the diagnostic yield of ES/GS for diagnosing IMD in general (9,8%) (21). In contrast, the diagnostic yield for IMD with early onset dementia (not in the context of intellectual disability) was relatively low (6%). For the other neurological subgroups, the diagnostic yield could not be reliably calculated due to the small sample size in the relevant studies (range 14–16 patients).

Second, for the majority of IMD patients (72–88%) presenting with ophthalmological, cardiovascular, muscle or hepato-gastroenterological signs and symptoms, the symptoms were part of a multisystem disorder. Thus, specialists (ophthalmologists, cardiologists, gastroenterologists) need to be on the lookout for signs and symptoms suggestive for impairments outside of the field of their expertise and refer patients for additional testing to uncover the complete phenotype. Detailed phenotyping is crucial for the effective interpretation of ES/GS data and will contribute to exclusion of non-pathogenic variants that do not match the phenotype.

The four most commonly detected affected genes in the patients presenting with a neurological phenotype were SPG7, LRRK2, SACS and KIF1A. As pathogenic variants in these genes are not immediately associated with metabolic disorders, this warrants some discussion regarding the definition of an inherited metabolic disorder. One way of thinking about this, is categorizing IMDs in three groups: (1) Classical IMD: a disorder with evident biochemical abnormalities in easy to reach matrices (blood, urine) (e.g., elevated plasma ammonia and urine orotic acid in patients with OTC deficiency). These were underrepresented in the current review since they will be relatively easily diagnosed and thus not fall under the definition of unexplained phenotype. (2) IMD caused by impairments of metabolic pathways intrinsic to the pathophysiology of a disease, without abnormalities in currently available biochemical laboratory tests in easy to reach matrices (e.g., polyglucosan body myopathy type 2 (caused by pathogenic variants in GYG1), an IMD without detectable biomarkers in blood or urine, but at tissue level is clearly caused by polyglucosan accumulation due to impaired branching of glycogen) (22). (3) Disorders caused by pathogenic variants in genes that affect metabolic processes, but which function is not fully known or they are indirectly involved in metabolic pathways. This could also apply for the above mentioned genes: SPG7 for example; the exact function of the affected paraplegin protein in SPG7 is unknown, but defective paraplegin is associated with accumulation of mitochondrial DNA damage and multiple respiratory chain deficiencies) (23). SACS is associated with lysosomal functioning (24). LRRK2 and KIF1A are associated with (amongst others) lipid metabolism. For more details on the effect of pathogenic variants in these genes see Supplementary Table 2 (Tab: frequently affected genes).

There are challenges in interpreting ES/GS data, some of which are specific to the adult patient population. Coverage of some areas in ES are still low and in cases with high clinical suspicion of a specific disease, additional genetic testing might be necessary. Due to high age, for many adult patients, parents and relatives are often not available for genetic analysis. Thus segregation analysis to proof pathogenicity is often impossible or limited. To limit incidental findings or detection of variants of unknown significance (VUS), analyzing gene panels is often preferred since here only a certain set of genes is assessed. The downside of this approach is that (likely) pathogenic variants outside the gene panel are not reported. The panels are generally organ system/symptom specific, making them less applicable in case of multisystem involvement. Additionally, panels need to be curated/updated, thus are dependent on the publication of cases with new phenotypes or the discovery of new disorders and gene panels differ between hospitals and commercial laboratories. Furthermore, adults potentially suffer from genetic disorders for which the adult-onset type has only recently been recognized and described. The 100,000 genomes pilot study on rare-disease diagnosis from the UK, in which the majority (74%) of included patients were adults, showed that 40% of the diagnoses were established after variant analysis outside of the first applied gene panels (25). This is in line with the findings in our review in which a wide range of genes were discovered for each of the symptom groups, which could not all be included in a single gene panel. Therefore, if a limited virtual gene panel does not yield a diagnosis in those adult patients with a high suspicion of a genetic (metabolic) disorder, the genetic diagnostic approach should be expanded to sequencing all known disease genes. Because of the complexity of interpreting rare genetic variants and the possibility of incidental findings, we recommend to apply this approach in a multidisciplinary setting, involving a (pediatric) IMD specialist, a neurologist, clinical geneticist and (molecular and metabolic) laboratory specialist. For further diagnostic suggestions in case of a “negative exome,” we refer to the work of Wortmann et al. (26).

An important question in establishing the most efficient diagnostic trajectory in adult patients suspected of having an IMD, is the timing of metabolite measurements (metabolic screening). In the current study metabolite screening was only applied in a minority of patients (32%) diagnosed with an IMD (27%-51%, for the different symptom groups), therefore the exact diagnostic yield of metabolic screening for diagnosing IMD, cannot be given. In addition, it was not always clear if these measurements were performed before or after ES/GS. Our results do suggest that measuring metabolites may be specifically useful in patients presenting with cardiovascular or hepato-gastro-intestinal symptoms, since relatively high percentages of relevant metabolite abnormalities (49% and 62%, respectively) were found in these groups.


Limitations of the current review

There are several risks of bias in our dataset. An important limitation is the retrospective design of this study. Especially recall bias and observer bias may have occurred, for example not reporting the full range of symptoms or not describing all detected variants in the publications reporting on the included cases. Additionally, the fact that we encountered a large number of adult IMD patients presenting with neurological symptoms could be because ES and/or GS is more often applied in adults presenting with this type of symptoms. Also, neurological symptoms could be more noticeable by both patients and physicians. Patients with less pronounced symptoms (e.g., night blindness), are not as likely to receive DNA sequencing until additional symptoms arise, symptoms deteriorate or more relatives appear affected. The scope of our search was to find adult IMD cases diagnosed through ES and/or GS. These DNA techniques are often a last resort, reserved for cases with an unexplained (metabolic) phenotype. Cases with clear leads from metabolite screens, where the diagnosis was confirmed by Sanger sequencing or targeted gene panels, do not appear in this data collection. The current data analysis gives us a perspective on diagnosing IMD in adults based on data of the past decade (since broad sequencing techniques were applied in clinic). However, both the technical aspects as well as the interpretation of data is rapidly evolving (changing panels, new pipelines with better accuracy, novel genes, different ways of interpretation and validating VUS etc.) which means that a study performed in 2030 will yield different results than our current study.

In summary, exome and/or genome sequencing is likely to yield an IMD diagnosis in adult patients presenting with an unexplained neurological phenotype, as well as in patients with a phenotype involving multiple organ systems. If a gene panel does not yield a conclusive diagnosis, it is worthwhile to analyze all known disease genes albeit in a multidisciplinary setting in a center of expertise in rare (inherited metabolic) diseases. Further prospective research is needed to establish the best diagnostic approach (type and sequence of metabolic and genetic test) in adult patients presenting with a wide range of symptoms, suspected of having an IMD.




Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

EF: designing study, writing systematic review protocol, defining search term, screening of abstracts and article, designing database, data extraction, data analysis, data interpretation, and drafting manuscript. MB: screening of abstracts and articles, data extraction, data analysis, and reviewing manuscript. RW: data extraction, data analysis, and reviewing manuscript. JD: defining search term and conducting search. MD: designing database and data analysis. ME, FV, and MW: designing study and reviewing manuscript. CK and MO: reviewing manuscript. SC: designing of study, data interpretation, and reviewing manuscript. ML: conceptualizing and designing study, defining search term, designing database, data interpretation, and drafting manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by Stichting Metakids (Grant Number UMD-ZOE-2022-012).



Acknowledgments

We are very grateful for the funds that were released by Stichting Metakids and the UMD (United for metabolic diseases) in order to conduct this study. We also would like to thank Carlos Ferreira and the ICIMD advisory group, for generously providing the complete list of currently known IMD genes.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2023.1206106/full#supplementary-material



References

 1. Ferreira CR, Rahman S, Keller M, Zschocke J, Group IA. An international classification of inherited metabolic disorders (ICIMD). J Inherit Metab Dis. (2021) 44:164–77. doi: 10.1002/jimd.12348

 2. van Karnebeek CDM, Wortmann SB, Tarailo-Graovac M, Langeveld M, Ferreira CR, van de Kamp JM, et al. The role of the clinician in the multi-omics era: are you ready? J Inherit Metab Dis. (2018) 41:571–82. doi: 10.1007/s10545-017-0128-1

 3. Mohamed S. Recognition and diagnostic approach to acute metabolic disorders in the neonatal period. Sudan J Paediatr. (2011) 11:20–8.

 4. Moammar H, Cheriyan G, Mathew R, Al-Sannaa N. Incidence and patterns of inborn errors of metabolism in the Eastern Province of Saudi Arabia, 1983-2008. Ann Saudi Med. (2010) 30:271–7. doi: 10.4103/0256-4947.65254

 5. Saudubray JM, Nassogne MC, de Lonlay P, Touati G. Clinical approach to inherited metabolic disorders in neonates: an overview. Semin Neonatol. (2002) 7:3–15. doi: 10.1053/siny.2001.0083

 6. Sirrs S, Hollak C, Merkel M, Sechi A, Glamuzina E, Janssen MC, et al. The frequencies of different inborn errors of metabolism in adult metabolic centres: report from the ssiem adult metabolic physicians group. JIMD Rep. (2016) 27:85–91. doi: 10.1007/8904_2015_435

 7. Perez-Lopez J, Ceberio-Hualde L, Garcia-Morillo JS, Grau-Junyent JM, Hermida Ameijeiras A, Lopez-Rodriguez M, et al. Clinical characteristics of adult patients with inborn errors of metabolism in Spain: A review of 500 cases from university hospitals. Mol Genet Metab Rep. (2017) 10:92–5. doi: 10.1016/j.ymgmr.2017.01.011

 8. Gariani K, Nascimento M, Superti-Furga A, Tran C. Clouds over IMD? perspectives for inherited metabolic diseases in adults from a retrospective cohort study in two swiss adult metabolic clinics. Orphanet J Rare Dis. (2020) 15:210. doi: 10.1186/s13023-020-01471-z

 9. Arnold GL. Inborn errors of metabolism in the 21(st) century: past to present. Ann Transl Med. (2018) 6:467. doi: 10.21037/atm.2018.11.36

 10. Stenton SL, Prokisch H. Genetics of mitochondrial diseases: Identifying mutations to help diagnosis. EBioMedicine. (2020) 56:102784. doi: 10.1016/j.ebiom.2020.102784

 11. Chin SJ, Fuller M. Prevalence of lysosomal storage disorders in Australia from 2009 to 2020. Lancet Reg Health West Pac. (2022) 19:100344. doi: 10.1016/j.lanwpc.2021.100344

 12. Vengalil S, Polavarapu K, Preethish-Kumar V, Nashi S, Arunachal G, Chawla T, et al. Mutation spectrum of primary lipid storage myopathies. Ann Indian Acad Neurol. (2022) 25:106–13. doi: 10.4103/aian.aian_333_21

 13. Andresen BS, Olpin S, Poorthuis BJ, Scholte HR, Vianey-Saban C, Wanders R, et al. Clear correlation of genotype with disease phenotype in very-long-chain acyl-CoA dehydrogenase deficiency. Am J Hum Genet. (1999) 64:479–94. doi: 10.1086/302261

 14. Sevin M, Lesca G, Baumann N, Millat G, Lyon-Caen O, Vanier MT, et al. The adult form of Niemann-Pick disease type C. Brain. (2007) 130(Pt 1):120–33. doi: 10.1093/brain/awl260

 15. Wolf B. “Think metabolic” in adults with diagnostic challenges: Biotinidase deficiency as a paradigm disorder. Neurol Clin Pract. (2017). 7:518–22. doi: 10.1212/CPJ.0000000000000379

 16. Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. Rayyan-a web and mobile app for systematic reviews. Syst Rev. (2016) 5:210. doi: 10.1186/s13643-016-0384-4

 17. Capture CED. CASTOR EDC (2019). 

 18. Kohler S, Vasilevsky NA, Engelstad M, Foster E, McMurry J, Ayme S, et al. The human phenotype ontology in 2017. Nucleic Acids Res. (2017) 45(D1):D865–D76. doi: 10.1093/nar/gkw1039

 19. Zheng YH, Cai XB, Xia LQ, Zhou FY, Wen XR, Chen DF, et al. Mutational screening of AGRN, SLC39A5, SCO2, P4HA2, BSG, ZNF644, and CPSF1 in a Chinese cohort of 103 patients with nonsyndromic high myopia. Mol Vis. (2021) 27:706–17.

 20. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, 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) 17:405–24. doi: 10.1038/gim.2015.30

 21. Lee KN, Uhlmann W, Hipp L, Quinonez SC. The diagnosis of inborn errors of metabolism in previously undiagnosed adults referred for medical genetics evaluation. Mol Genet Metab Rep. (2020) 25:100653. doi: 10.1016/j.ymgmr.2020.100653

 22. Cenacchi G, Papa V, Costa R, Pegoraro V, Marozzo R, Fanin M, et al. Update on polyglucosan storage diseases. Virchows Arch. (2019) 475:671–86. doi: 10.1007/s00428-019-02633-6

 23. Wedding IM, Koht J, Tran GT, Misceo D, Selmer KK, Holmgren A, et al. Spastic paraplegia type 7 is associated with multiple mitochondrial DNA deletions. PLoS One. (2014) 9:e86340. doi: 10.1371/journal.pone.0086340

 24. Francis V, Alshafie W, Kumar R, Girard M, Brais B, McPherson PS. The ARSACS disease protein sacsin controls lysosomal positioning and reformation by regulating microtubule dynamics. J Biol Chem. (2022) 298:102320. doi: 10.1016/j.jbc.2022.102320

 25. Investigators GPP, Smedley D, Smith KR, Martin A, Thomas EA, McDonagh EM, et al. 100,000 genomes pilot on rare-disease diagnosis in health care—preliminary report. n Engl J Med. (2021) 385:1868–80. doi: 10.1056/NEJMoa2035790

 26. Wortmann SB, Oud MM, Alders M, Coene KLM, van der Crabben SN, Feichtinger RG, et al. How to proceed after “negative” exome: A review on genetic diagnostics, limitations, challenges, and emerging new multiomics techniques. J Inherit Metab Dis. (2022) 45:663–81. doi: 10.1002/jimd.12507



OPS/images/fneur-14-1206106-g005.gif
P






OPS/images/fneur-14-1206106-t001.jpg
Patient Frequency Percentage

characteristic (number) (V4]
(n = 1,426)
Gender
Female 634 45%
Male 697 49%
Not reported 95 7%
Ethnicity
Asian 414 29%
European 351 25%
Middle Eastern/Arab 161 11%
North-American 70 5%
South American (incl 27 2%
Hispanic and Latino)
African and African 25 2%
American
Not reported 378 27%
Age (years) | Median onset of 20 (range 0-—80 years)
symptoms*
Median age of diagnosis 35 (range 16-—90 years)
Average 15 years
diagnostic
delay®
Multiple system involvement (2 or more organ
systems involved; % of all cases)
Yes 674 47%
No 752 53%

*30% missing data. AThe number of years between age at onset first symptom presentation
until diagnosis.





OPS/images/fneur-14-1206106-g003.gif
Single cases n=1426

)

@ v
1@ e

& wam

o
) o

2eeee

wow e %
) o @ e






OPS/images/fneur-14-1206106-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Inherited metabolic disorders in adults: systematic review on patient characteristics and diagnostic yield of broad sequencing techniques (exome and genome sequencing)



		Introduction



		Methods



		Systematic review protocol



		Search strategy



		Study population and selection of studies









		Data extraction



		Classification IMD genes and metabolites



		Statistical analysis













		Results



		Search results



		Diagnostic yield in patient cohorts



		Single case analysis of adults diagnosed with and IMD through ES and/or GS



		Diagnoses



		Neurological symptoms



		Ophthalmological symptoms



		Muscle symptoms



		Cardiovascular symptoms



		Hepato-gastroenterological symptoms













		Discussion



		Limitations of the current review







		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neurology

Inherited metabolic disorders in
adults: systematic review on
patient characteristics and
diagnostic yield of broad
sequencing techniques (exome
and genome sequencing)





OPS/images/fneur-14-1206106-g001.gif
£

[rpe—
pre)

Crr— [re——
i gy
v
e =
et —
nssrcmaisn
[Rccreemnin)
=)
ey
iy
v scevore
peteiin
=
orrm—
J—
v [
o
)
pmme— osssmessnsnsn
oo
J T — o)
e on o






OPS/images/fneur-14-1206106-g002.gif
st [ e










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





