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Traditionally thought of as a pediatric diagnostic and therapeutic dilemma, the diagnostic rate and spectrum of
inborn errors of metabolism (IEM) in the adult population is largely unknown. A retrospective chart review of
patients seen by the Michigan Medicine Adult Medical Genetics Clinic for clinical evaluation from 2014 to 2018
was conducted. Patients referred for a primary indication possibly consistent with an IEM were considered.
Variables included age at genetic evaluation, symptom onset age, sex, clinical course, organ systems involved,
developmental history, family history and prior genetic testing. Of patients evaluated during the study period,
112 were referred for an indication possibly consistent with an IEM and underwent a complete biochemical
workup with an IEM diagnostic rate of 9.8% achieved. An additional 9.8% were diagnosed with a non-IEM
genetic diagnosis. Management changes were implemented in all [EM diagnoses. Metabolic disorders in the adult
population are under-recognized and under-diagnosed. This report demonstrates the need for clinicians to
consider these diagnoses in adults and either refer to a genetics clinic or initiate a biochemical workup. As
advances in diagnosis, treatment, and life expectancy of patients with IEMs increases, recognizing and diag-

nosing these conditions can significantly impact care.

1. Introduction

Inborn errors of metabolism (IEMs) represent a group of approxi-
mately 500 monogenic disorders caused by defects in a biochemical
pathway leading to an accumulation of a substrate or toxic metabolite,
or deficiency of a product, and subsequent end organ dysfunction. IEMs
are individually rare, but collectively numerous, with an estimated
cumulative worldwide incidence of 1/2500 live births [1,2]. In-
heritance patterns vary and include autosomal recessive (most
common), autosomal dominant, X-linked, and mitochondrial. Im-
portantly, the diagnosis of an IEM often has lifesaving therapeutic im-
plications for patients through the use of dietary modifications, medi-
cations, organ transplantation and more recently ongoing clinical trials
for gene therapy [3]. This treatment potential has resulted in the in-
corporation of many IEMs on newborn screening (NBS) panels and re-
commendations a biochemical workup be initiated early in the eva-
luation for lack of attainment or regression in milestones, intellectual

disability, lethargy, gastrointestinal symptoms, seizures and other sig-
nificant medical issues [4].

Previously believed to primarily affect children, adults with both
known diagnoses and undiagnosed IEMs represent a growing popula-
tion [5,6]. A population-based United Kingdom study from 1999 to
2003 identified that 23% of patients diagnosed with an IEM were di-
agnosed in adulthood, with a separate cohort revealing 40% of IEM
diagnoses were made in adulthood [5,7]. NBS has also resulted in the
diagnosis of patients that may not present until late adolescence or
adulthood as has been seen in late-onset glutaric acidemia type 2,
carnitine palmitoyl transferase deficiency type 2, medium-chain acyl-
CoA dehydrogenase deficiency, primary carnitine deficiency, X-linked
adrenoleukodystrophy, and late onset Pompe Disease [8]. Clinical
practice guidelines and management algorithms are still being devel-
oped for these individuals detected “pre-symptomatically”, and the
degree to which these individuals follow up and receive care later in life
for these adult-onset conditions is largely unknown, and beyond the

* Corresponding author at: Division of Pediatric Genetics, Metabolism and Genomic Medicine, 1500 East Medical Center Drive, D5240 MPB/Box 5718, Ann Arbor,

MI 48109-5718, USA.

E-mail addresses: lekriste@med.umich.edu (K.N. Lee), WUhlmann@med.umich.edu (W. Uhlmann), hipplau@med.umich.edu (L. Hipp),

squinon@med.umich.edu (S.C. Quinonez).

https://doi.org/10.1016/j.ymgmr.2020.100653

Received 13 August 2020; Received in revised form 15 September 2020; Accepted 19 September 2020
2214-4269/ © 2020 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/22144269
https://www.elsevier.com/locate/ymgmr
https://doi.org/10.1016/j.ymgmr.2020.100653
https://doi.org/10.1016/j.ymgmr.2020.100653
mailto:lekriste@med.umich.edu
mailto:WUhlmann@med.umich.edu
mailto:hipplau@med.umich.edu
mailto:squinon@med.umich.edu
https://doi.org/10.1016/j.ymgmr.2020.100653
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymgmr.2020.100653&domain=pdf

K.N. Lee, et al.

scope of this paper [8]. The diagnosis of IEMs in adults outside of
newborn screening is often difficult due to attenuated phenotypes,
variable expressivity, missed diagnoses in childhood, considerable
overlapping phenotypes with other disorders, and under recognition by
providers [5,9]. Additionally, most IEM references focus on pediatric
presentations of disease where “classical” signs and symptoms are more
typical [10]. There are also very few centers with dedicated medical
genetics clinics for adults, despite increased demand for their services
[11-16]. As a result, IEMs affecting adults are likely underdiagnosed
and, for those provided a diagnosis, there is often a significant delay in
diagnosis beyond what is already seen in pediatric IEM patients [6,7].

Here we present the retrospective study of the diagnostic evaluation
of patients seen for indications possibly consistent with an IEM in the
adult Medical Genetics Clinic at Michigan Medicine. We report the di-
agnostic rate and spectrum of IEMs diagnosed in our clinic, the in-
dications for biochemical testing, and presenting features of patients
most likely to result in a biochemical diagnosis. A significant percen-
tage of all diagnoses made in clinic were for IEMs with each diagnosis
resulting in changes in patient management recommendations. The
information presented here has important practice implications, not
only for medical geneticists but also any clinician caring for these pa-
tients.

2. Patients and methods

We performed a retrospective chart review of patients seen in the
Adult Medical Genetics Clinic at Michigan Medicine from July 2014
through December 2018. The study period start date coincided with the
start date of a clinical biochemical geneticist in this clinic. Study ap-
proval was obtained by the University of Michigan Institutional Review
Board. Inclusion criteria included all patients seen in the Michigan
Medicine Adult Medical Genetics Clinic for a primary indication pos-
sibly consistent with an IEM (Table 1) and any patient seen in clinic
who underwent biochemical screening testing as part of their diagnostic
workup. Only patients who underwent all recommended laboratory
(biochemical and molecular) tests were included for study. Patients
referred for an indication possibly consistent with an IEM but found to
have a phenotype strongly suggestive of a non-IEM diagnosis such as
22q11.2 deletion syndrome were excluded from study. Additionally,
patients referred to the clinic for genetic counseling of a previously
made diagnosis were excluded, as were patients referred to the clinic
for non-IEM genetic conditions (e.g. Huntington's disease, thoracic
aortic aneurysms) 90 underwent biochemical testing through our clinic.
Routine biochemical testing included a combination of blood and urine

Table 1
Reason for referral included in study.

Reasons for Referral Included in Study

Developmental delay

Cognitive impairment/Intellectual disability
Autism

Behavioral difficulties

Peripheral neuropathy

Hypotonia

Seizures/epilepsy

Encephalopathy

Recurrent stroke/stroke-like episodes
Chronic fatigue/Weakness
Myopathy/Muscle Atrophy

Rhabdomyolysis

Dystonia/Movement disorders

Pyramidal signs/Spastic paraparesis

Ataxia

Ocular concerns (Ectopia lentis, retinitis pigmentosa, ophthalmoplegia)
Musculoskeletal complaints
Cardiomyopathy

Suggestive labs/imaging
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tests (Supplementary Table 1). There was no standard battery of testing
for all patients, rather testing was individualized and guided by phe-
notype and clinical suspicion, though many had plasma amino and
urine organic acids assessed. Cerebrospinal fluid (CSF) analysis is oc-
casionally utilized in biochemical testing, however was not im-
plemented for evaluation of any patient in our cohort due to the in-
vasive nature of the procedure. The remaining 38 patients had
previously received biochemical testing prior to referral and did not
undergo additional biochemical testing through our clinic. 16 were
excluded from analysis as recommended testing was not completed due
to insurance issues or patient being lost to follow-up, leaving a total of
112 patients analyzed.

During the study period, 2042 patients were seen in the Medical
Genetics Clinic. Referrals are triaged by Medical Genetics Clinic staff
(by senior genetic counselors, with clinical geneticists providing input if
requested). Patients are triaged for each clinician based on areas of
expertise and/or interest. During this time period, 665 patients were
seen by our clinical biochemical geneticist. Of those, 143 were referred
for an indication possibly consistent with an IEM, which was inclusive
of all referrals for the indications in Table 1. Fifteen were excluded
based on initial strong clinical suspicion of a non-IEM diagnosis. The
remaining 128 patients underwent some degree of biochemical
screening (Fig. 1).

Based on physician clinical evaluation and reviews of prior workup
and diagnostic testing, a binary yes/no phenotype dataset was created
for all eligible patients across all body systems and other develop-
mental/ neurodevelopmental categories. The clinical system pheno-
types assessed for abnormalities were: neurologic, ophthalmologic, ear/
nose/throat (Oto), cardiac, pulmonary, gastrointestinal, genitourinary,
integument, endocrine, hematologic, immunologic, musculoskeletal
and psychiatric. A number of other non-body system categories were
also assessed in a binary way: presence of dysmorphic features, global
developmental delay (DD, categorized by presence of impairments in
two or more developmental domains), autism spectrum disorder or
autism-like features, cognitive impairment (CI), developmental regres-
sion, presence of seizures and ability to live independently. Positive or
negative family history of similar condition was also ascertained. In
addition to these binary-curated features, all patients had demographic
information (age, sex, race/ethnicity), reason for referral, age of onset
of symptoms, ICD-10 codes, and collation of any prior genetic/mole-
cular testing including screening metabolic labs, karyotype, chromo-
somal microarray, or other single gene or panel based molecular
testing. Outcome of biochemical testing (if performed) was also noted.

Statistical analysis was completed using R version 3.4.4. For phe-
notypic statistical analysis siblings were randomly withdrawn from the
data set so only one individual from each group of siblings was included
given significant overlap with presentation. Fisher's exact tests and
Kruskal-Wallis tests were used to test the associations of diagnosis types
with clinical and demographic variables. P values were adjusted for
multiple comparisons using the false discovery rate correction [17].

3. Results
3.1. Demographics

In total, 112 patients underwent a biochemical workup in this study,
including 2 sets of siblings (Tables 2 and 3).

There was an approximately equal number of males and females,
and patients had an average age at the time of evaluation of 36.9 years
(age range 17-87 years). The majority of patients evaluated identified
as Caucasian and Non-Hispanic (86.6%).

3.2. Diagnostic rate

Of those who underwent a biochemical workup, a diagnosis was
made in 19.6% of patients (n = 22) with 9.8% diagnosed with an IEM
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alternative diagnosis
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Non-IEM
diagnosis

No diagnosis

Fig. 1. Flowchart of eligibility of patients considered for inclusion. Eligible indications included: developmental delay, cognitive impairment, autism spectrum

disorder, myopathy, rhabdomyolysis, encephalopathy, “rule out metabolic disorder”, or

diagnoses (1 per family) were considered. Therefore, n = 8 for analysis.

Table 2
Demographics.

Category Number (%)

Patient number (Total 665) 112 (16.8%)

Average age at time of evaluation (years) 36.9

Sex Female 60 (53.6%)
Male 52 (46.4%)

Race/ Ethnicity Caucasian 97 (86.6%)
African 7 (6.3%)
Native American 1 (0.9%)
Asian 2 (1.8%)
Middle Eastern 3 (2.7%)
Multiracial 2 (1.8%)
Non-Hispanic or Latino 110 (98.2%)
Hispanic or Latino 2 (1.8%)

(n = 11) and 9.8% diagnosed with a non-IEM diagnosis (n = 11)
confirmed with molecular testing (Table 4). Of the 11 biochemical di-
agnoses, 64% (n = 7) had biochemical testing that was either strongly

“rule out mitochondrial disorder”. *For analysis purposes, only unique

suggestive or diagnostic prior to referral (n = 3) or through our clinic
(n = 4). These diagnoses included alkaptonuria, mitochondrial en-
cephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS), S-
adenosylhomocysteine hydrolase deficiency (SAHH), mevalonic acid-
uria (two siblings), McArdle disease, and Fabry disease. The remaining
4 patients were 3 siblings diagnosed with Segawa syndrome who never
underwent the diagnostic CSF testing and one patient with PANK2-as-
sociated neurodegeneration with brain iron accumulation (NBIA).

The overall diagnostic yield of a biochemical workup in our cohort
was 6.3% (7/112) though when combined with a full molecular workup
was 9.8% (11/112). Importantly, a change in management was made or
is planned in all of the patients diagnosed with an IEM in our cohort.

A diagnosis was not reached for 80.4% of patients (n = 90) who
underwent biochemical screening. Of these 90 patients, 16 of the 90
(17.8%) had negative whole exome sequencing (including mitochon-
drial DNA), with many having previous NGS panel testing performed
that was normal/nondiagnostic. An additional four (4.4%) had negative
dual mitochondrial genome testing. 13 of the 90 (14.4%) had negative
single gene or NGS panel testing but did not undergo whole exome
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IEM) (Supplemental Table 2). There additionally was no difference seen
between diagnostic groups when considering the developmental course
with only the minority of patients with normal cognitive development
(78% with developmental delay, cognitive impairment, or develop-
mental regression; p-value = 0.319; adjusted p-value = 0.585). A brief
description of the IEM diagnoses in this cohort can be found in the
Supplementary Data.

Though not statistically significant, those patients who received
diagnoses (IEM and non-IEM) were more likely to have concrete/finite
or objective signs and symptoms, rather than non-specific symptoms
(such as chronic/generalized fatigue/malaise, non-specific pain or
weakness, gastroparesis, chronic nausea, frequent headache (p-
value = 0.177; adjusted p-value 0.539), when compared to un-
diagnosed patients. The majority of individuals receiving a diagnosis
(IEMs and non-IEMs) had symptoms beginning in infancy (68.4%)
compared to those not receiving a diagnosis who had only had findings
presenting in infancy in 34.4% of cases. Additionally, most individuals
not receiving a diagnosis initially presented with symptoms in adult-
hood (51.1%) with those provided with a diagnosis (IEM and non-IEM)
less likely to have symptoms starting in adulthood (21.1%). Individuals
in this cohort receiving a diagnosis (IEM and non-IEM) were more likely
to have delayed development compared to those who did not receive a
diagnosis with 70% of undiagnosed individuals having normal devel-
opment compared to only 6% of those given a diagnosis (p-
value = 0.003; adjusted p-value = 0.096). In comparison to non-IEM
diagnoses, those receiving an IEM diagnosis trended toward having a
more acute-relapsing or progressive course, versus a static/chronic
course (p-value = 0.004; adjusted p-value 0.104). A comparison of
IEM-diagnosed patients to undiagnosed patients was also performed
with no statistical difference seen between most phenotypic presenta-
tions with the exception of clinical course where IEM patients were
more likely to have an acute-relapsing or progressive course (p-
value = 0.004; adjusted p-value = 0.086).

4. Discussion

Here we present the diagnostic rate and spectrum of inborn errors of
metabolism diagnosed in the Adult Medical Genetics Clinic at Michigan
Medicine. In a method consistent with previously published reports in
the pediatric population, our evaluation strategy involved a combina-
tion of personal and family history, physical examination, previous
record review, and diagnostic evaluation with both biochemical testing
and molecular analysis, where indicated [18,19]. In our cohort, the
overall diagnostic rate for indications possibly consistent with an IEM
was 19.6%, with 9.8% diagnosed with an IEM, and 9.8% diagnosed
with a non-IEM diagnosis. The estimated yield of biochemical testing in
patients with DD and/or CI have ranged from less than 1%, to nearly
5% of cases, and in highly selected groups, up to 14% [18,20-24]. Our
diagnostic yield of 6.3% with biochemical testing (up to 9.8% with
added molecular testing) is at the higher end of these estimates, but is
important to note given the novel study population, with previous
studies focused largely on children. Additionally, when comparing pa-
tients provided with a diagnosis through our clinic (IEMs and non-
IEMs) to patients not receiving a diagnosis we found that patients re-
ceiving any diagnosis were more likely to have signs and symptoms
presenting before adulthood and were more likely to have a history of
developmental delay.

In our patients, a variety of IEM diagnoses were made including
relatively common and well-known conditions such as Fabry disease
and MELAS as well as very rare conditions such as alkaptonuria and
SAHH deficiency. All patients diagnosed with an IEM had a re-
commended change in their management as a result of their diagnosis.
The recognition and early diagnosis of IEMs is especially important in
early childhood when developmental outcomes can be most sig-
nificantly altered. However, the potential for improved outcomes after
diagnosis and treatment can still be quite high, regardless of age at
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diagnosis. This is exhibited by the patients diagnosed with PANK2-as-
sociated NBIA and Fabry disease in our cohort. While cocktail initiation
was not beneficial for our patient diagnosed with MELAS, counseling on
the natural history of the condition resulted in a referral to our pal-
liative care clinic for complex care management.

The prevalence of IEMs in the adult population is currently un-
known, as are the types and numbers of patients being evaluated for
suspected IEMs, but it is likely IEMs in this population are significantly
underdiagnosed. As medical and therapeutic advances are made and
with increased awareness, more children with IEMs are surviving into
adulthood. However, there are likely many adults with IEMs who pre-
sented in childhood that were missed, in addition to those with true
symptom onset during adulthood. Previous work has shown adults with
IEMs are often seen and cared for by various subspecialists with limited
medical genetics training resulting in missed, delayed, or incorrect di-
agnoses [6,7,15,25]. Further work is necessary to identify best practices
to assist non-genetics healthcare providers with the evaluation and/or
appropriate referral of patients possibly affected with IEMs [15]. This is
especially important given the increased demand for genetic services,
and resultant decreased time allotted for clinic visits, in addition to the
limited number of practicing geneticists caring for adult populations
[11,13,14].

Identifying a unique set of presenting signs and symptoms of IEMs
could help in differentiation from non-IEM patients, however, we un-
fortunately found few differences between the phenotypes of all pa-
tients seen in our clinic. The only phenotype more commonly present in
IEM-diagnosed patients was a fluctuation of clinical signs or symptoms
especially when triggered by fasting, fever, catabolism, or exercise.
Importantly, we chose to present adjusted p-values for reference pur-
poses given the large number of comparisons performed. Further work
with larger populations of patients will be important to evaluate the
true significance of this difference. No other differences were seen be-
tween diagnosis and phenotypic presentation, further stressing the
importance of a biochemical workup in all patients with a presentation
possibly consistent with an IEM. Similar to the recommended bio-
chemical screening of all patients affected with intellectual disability,
this could potentially decrease the delay in diagnosis experienced by
many patients with IEMs [19]. This importance is highlighted by the
patient diagnosed with SAHH deficiency. This patient was initially re-
ferred to our clinic for genetic counseling of a previously given diag-
nosis of autosomal-recessive LGMD based on a heterozygous VUS in
POMT found on NGS panel testing. Following genetic counseling it was
identified he was affected with a more complex phenotype with sub-
sequent biochemical testing suggestive of the eventual correct diag-
nosis. This case also demonstrates the importance and benefit of a
comprehensive evaluation of all patients seen in clinic [11].

The use of biochemical testing also has the potential to provide a
diagnosis faster and in a more cost-effective manner when evaluating
adults with phenotypes possibly consistent with an IEM. Many bio-
chemical screening tests are readily available to most clinicians, require
no additional paperwork, and have a relatively quick turnaround time
and if suggestive allows for subsequent targeted single gene testing.
However, as can be noted even amongst our patient cohort, in many
cases whole exome sequencing (WES) may be identified as the cheaper
option when compared to panel testing depending on insurance cov-
erage, as was the case for our IEM patients who underwent WES. For
context, the Centers for Medicare and Medicaid Services (CMS) uses
Current Procedural Terminology (CPT) codes to determine payment for
specific testing. While the fee rate for most biochemical analysis falls
under $50.00 per test (with many below $25.00 per test), the CMS fee
for trio-based clinical exome sequencing is $30,067.00 (though notably
self-pay options for trio-based exomes may be as low as $2500), making
biochemical screening a cost- and time-effective adjunct to molecular
testing [26].

An important aspect of this work also lies in the composition of the
field of adult medical genetics. Currently, of all certified American
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Board of Medical Genetics and Genomics physicians, only 10% are
certified in Internal Medicine with 67% certified in Pediatrics.[27]
Early medical geneticists in the 1950s were primarily Internal Medicine
trained but following the introduction of cytogenetic diagnostic tech-
niques and the subsequent ability to provide diagnoses in childhood,
the field transitioned to what it is today [28]. Recent work assessing the
medical genetics workforce found adult patients with genetics condi-
tions were a population significantly at risk of not receiving genetic
services with approximately half of all adults with genetic conditions
waiting more than 5 years for a diagnosis following symptom onset
[11]. With the increased use of precision medicine in oncology and the
increasing number of combined Internal Medicine-Medical Genetics
programs in the US, the number of Internal Medicine trained medical
geneticists will hopefully increase. This increase in Internal Medicine-
trained medical geneticists will increase awareness and the presence of
adult geneticists in subspecialty clinics ideally resulting in increased
diagnoses for adults with genetic conditions.

The data presented here has some limitations important to note. The
sample was limited to a single provider at a single clinic from a single
institution with a relatively small numbers of patients with 3 of the
diagnoses part of a sibship. Though we report on only patients seen by a
single clinical biochemical geneticist, all referrals with indications
possibly consistent with an IEM were triaged to be seen by this ge-
neticist. Additionally, as this is a referral-based population, there is
clearly selection bias in that these patients were the ones whom other
clinicians felt should be referred to a medical genetics clinic. Unlike
many pediatric departments where the majority of genetic testing is
performed in a pediatric genetics clinic, at our institution a large
number of non-genetic clinics perform genetic testing on adults. As a
result, the data presented here likely represents only a fraction of pa-
tients seen at our institution during the study time who would qualify
for study inclusion. This selection bias is further supported by the
limited number of patients seen in our cohort with relatively common
IEMs such as MELAS and Fabry disease. Not all patients seen in our
clinic underwent a full evaluation as a result of poor insurance cov-
erage, patient/guardian decision to not pursue testing, or were lost to
follow-up so were not included in our study.

Despite these limitations, our patient cohort further demonstrates
that patients with IEMs can present at any time and with varied pre-
sentations. Though IEMs often have symptom-onset during childhood
and may be missed, meaningful medical management changes can still
occur even if the diagnosis is delayed. Therefore, consideration of this
class of disorders during adulthood is imperative. Future studies more
inclusive of multi-site clinics with additional providers would be valu-
able in expanding the understanding of phenotypes and predictive
value of testing for IEMs in the adult populations, as well as to expand
the visibility of this class of disorders. Though much of the research in
this field is geared toward a pediatric population when the majority of
patients are diagnosed, this cohort, as well as others, demonstrates that
these diagnoses are indeed being made in adulthood. If these patients
are to benefit from the treatment modalities being discovered, a diag-
nosis must first be considered, before it is made.
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