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Abstract
Objective
To determine shared comorbidities and to identify underrecognized
or unexpected morbidities in children with leukodystrophies using an
unbiased phenome-wide association study (PheWAS) analysis of
a nationwide pediatric clinical and financial database.

Methods
Data were extracted from the Pediatric Health Information System
database. Patients with leukodystrophy were identified with In-
ternational Classification of Diseases, 10th revision, clinical modifi-
cation, diagnostic codes for any of 4 specific leukodystrophies
(X-linked adrenoleukodystrophy (E71.52x), Hurler disease (E76.01), Krabbe disease (E75.23),
and metachromatic leukodystrophy (E75.25)) over a 3-year time period. Confirmed leuko-
dystrophy cases (n = 553) were matched with 1659 controls. A PheWAS analysis was per-
formed on all available ICD diagnostic codes for cases and controls. Comparisons were
performed for all 4 leukodystrophies as a group and individually.

Results
We found 174 phecodes (grouped ICD codes) associated with leukodystrophies, including 28
codes with a rate difference (RD) > 20%. Known comorbidities of leukodystrophies including
developmental delay, epilepsy, and adrenal insufficiency were identified. Unexpected associations
identified included hypertension (RD 30%, OR 25), hearing loss (RD 28%, OR 15), and cardiac
dysrhythmias (RD 27%, OR 9). Hurler disease had a greater number of unique disease conditions.

Conclusions
PheWAS analysis from a national database demonstrates shared and unique features of leu-
kodystrophies. Developmental delay, cardiac dysrhythmias, fluid and electrolyte disturbances,
and respiratory issues were common to all 4 leukodystrophy diseases. Use of a PheWAS in
leukodystrophies and other pediatric neurologic diseases offers a method for targeting im-
proved care for patients by identification of morbidities.

Leukodystrophies are genetic diseases of themyelin that affectmore than 1 in 7,500 live births with
a 30%mortality by the age of 8 years.1–4 Leukodystrophies have a broad range of severemorbidities
with extensive health care requirements,2,5,6 but sparse data have hampered treatment7–9 and
limited clinical trial development.

Division of Pediatric Neurology (JLB), Department of Pediatrics, University of Utah School of Medicine; Brain and Spine Center (JLB), Primary Children’s Hospital, Intermountain
Healthcare, Salt Lake City; Intermountain Healthcare (JW), Salt Lake City; Department of Internal Medicine (JY), University of Utah School of Medicine, Salt Lake City; and Department of
Biomedical Informatics (W-QW), Vanderbilt University Medical Center, Nashville, TN.

Funding information and disclosures are provided at the end of the article. Full disclosure form information provided by the authors is available with the full text of this article at
Neurology.org/cp.

RELATED ARTICLE

Editorial
“Retrofitting” established
genetic disorders and
diseases through big data
and phenomics

Page 375

406 Copyright © 2019 American Academy of Neurology

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

mailto:joshua.bonkowsky@hsc.utah.edu
https://cp.neurology.org/lookup/doi/10.1212/CPJ.0000000000000783


The relative rarity of individual leukodystrophies, and the
absence of a central data registry, has limited understanding
of leukodystrophy morbidities. It is not known whether most
leukodystrophies share common disease features, whether
there are shared patterns of medical complications, and
whether shared disease pathophysiology could be targeted
for treatment.

Recently, approaches using national electronic health records
(EHRs) have been used to identify health care burden in
leukodystrophies.6 Furthermore, with the advent of disease-
specific codes for individual leukodystrophies in the In-
ternational Classification of Diseases, 10th edition, clinical
modification (ICD-10-CM), more granularity in diagnosis
has also become feasible. A novel method for understanding
disease-associated morbidities has been the development of
an algorithm to determine the association of all disease
“phenotypes” with a specified genotype or diagnosis.10,11

Using this method, a phenome-wide association study
(PheWAS) can test for all ICD-9-CM and ICD-10-CM
codes associated with a specific diagnosis (such as leuko-
dystrophy) in the EHR. An EHR-based PheWAS has been
shown to identify known associations across various disease
domains and has the ability to reveal novel associations.12,13

Our objective was to determine the health conditions asso-
ciated with hospitalization in patients with leukodystrophy
and to identify shared and unique patterns of medical
morbidities.

Methods
We conducted a retrospective case-control matched study
of patients admitted to a Pediatric Health Information
System (PHIS) hospital with an International Classifica-
tion of Diseases, 10th Revision, clinical modification (ICD-
10-CM) diagnosis of one of the following leukodystro-
phies: metachromatic leukodystrophy (MLD) (E75.25),
X-linked adrenoleukodystrophy (ALD) (E71.52x), Krabbe
disease (E75.23), and Hurler disease (E76.01). Patient
identification was betweenOctober 1, 2015, throughMarch
31, 2018.

The PHIS database contains information from 52 children’s
hospitals in the United States.14 Hospitals are affiliated with

the Children’s Hospital Association (Lenexa, KS). Although
deidentified, the PHIS retains a patient-specific identifier,
permitting tracking of patient medical care and use. Data
collected includes patient and visit demographics such as age,
sex, race, insurance type, type of visit, estimated total visit
cost, length of stay, ICD coding, and detailed charge in-
formation. The hospital visits included primarily inpatient
admissions with additional visit types such as emergency
department, observation, ambulatory surgery, and clinic and
other visit types where available.

Patients with leukodystrophy were identified from any PHIS
visit (inpatient, observation, emergency department, am-
bulatory surgery, and clinic visit) as having an ICD-10-CM
code for one of the 4 leukodystrophies. Each patient with
leukodystrophy was matched to 3 control patients. The
control patients were identified from the PHIS during the
same time period and did not have a leukodystrophy ICD-
10-CM code. Matching was performed using patient de-
mographics available at the first PHIS visit, using propensity
score matching. The demographic variables used for
matching were hospital, sex, race and ethnicity grouping,
payer grouping, and patient zip code information (urban/
rural, median 2010 household income). For transplanted
patients with leukodystrophy, their controls consisted of
patients receiving a hematopoietic stem cell transplant who
did not have a leukodystrophy.

Data collected on the cases and controls included de-
mographics at the first available PHIS visit in the collection
time frame (quarter 4 of 2015 and onward) and a summary
of all available PHIS visits (including visits before the pa-
tient identification time window and clinic and other visit
types). ICD diagnostic codes available both before and
during the patient identification window (both ICD-9-CM
and ICD-10-CM) and at all PHIS visit types were also
collected.

PheWAS was performed using the PheWAS R package
(github.com/PheWAS/PheWAS/tree/v1.0). The ICD
codes were crosswalked to phecodes using both an ICD-9-
CM and ICD-10-CM crosswalk provided through the
PheWAS catalog and the team at Vanderbilt University
Medical Center. We truncated all available phecodes to 3–4
digits before a decimal for evaluation. We used the Fisher
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exact test to compare the number of patients in the case vs
control groups with at least one instance of each truncated
phecode. The phecodes were evaluated between cases and
controls for the following 6 groups: overall patients with
leukodystrophy, patients with leukodystrophy excluding
any patients with a transplant, Hurler, ALD, MLD, and
Krabbe. These results are represented using Manhattan
plots showing the −log10(p-value) and the rate difference
(RD) (control rate subtracted from case rate).

Statistical analysis
Analyses were performed with SAS 9.4 (SAS Institute, Cary,
NC) using the LOGISTIC procedure for propensity score
matching and in R 3.3.2 using the PheWAS package. All
analyses were two sided, and a Bonferroni adjusted p value <
0.05 was considered statistically significant.

Standard protocol approvals, registrations,
and patient consents
This project used deidentified data and was not considered
human subjects research and was exempted by the In-
stitutional Review Boards at the University of Utah and the
Privacy Board of Intermountain Healthcare.

Data availability
All data reported in this study are published with this study.

Results
We identified 553 patients with one of 4 specific leukodys-
trophies in the PHIS database over the nearly 3-year study
time period and 1,659 matched controls (table 1). The 4
leukodystrophies (X-linked ALD, Hurler disease, Krabbe
disease, and MLD) were selected because their ICD-10-CM
codes are specific to that individual leukodystrophy genetic
diagnosis. By contrast, other leukodystrophies coded using
different ICD-9-CM or ICD-10-CM codes such as “sphin-
golipidoses” (E75.3) are nonspecific6 and include a large
range of genetically discrete disorders, such as vanishing
white matter disease, Canavan Disease, etc.

The cohort was composed of 330 men (60%), with a median
age of 6 years (average age 7.4 years); the most common racial
groups represented wereWhite non-Hispanic, White Hispanic,
and Black non-Hispanic (319 (58%), 107 (19%), and 57 (10%)
patients, respectively,). The cohort included 126 patients with
ALD (23%), 242 cases of Hurler disease (44%), 60 cases of
Krabbe disease (11%), and 125 cases of MLD (23%). Hundred
eighty patients (33%) had a transplant. Two hundred twenty-
nine patients (41%) had private insurance.

We adopted a PheWAS algorithm11 for use of ICD-9-CM
and ICD-10-CM codes and for evaluation of the PHIS EHR
data. The PheWAS algorithm categorizes each ICD-10-CM
code into one of 1866 PHeWAS “phecodes” (typically sim-
ilar diseases or traits), which are further categorized into 17

phenotypic disease category groups, such as “dermatologic”
or “neurologic.” The proportion of patients with each of the
phecodes was compared between patients with leukodys-
trophy and controls using the Fisher exact test.

In the entire cohort of patients with leukodystrophy, 497
phecodes were identified, of which 174 were associated with
leukodystrophy after Bonferroni adjustment (figure 1A;
table e-1, links.lww.com/CPJ/A152). We next evaluated the
RD between leukodystrophy cases and controls (figure 1B).
We observed significant differences across most disease
phecode groups. Disease conditions typically associated
with leukodystrophies such as “developmental delay,” “ep-
ilepsy,” and infections15 were observed (table 2; table e-1,
links.lww.com/CPJ/A152). However, we also noted

Table 1 Selected demographic characteristics of patients
with leukodystrophy and controls in the PHIS
used in PheWAS analysis

Leukodystrophy cohort Controls

Characteristic

Value Value

n (%) n (%)

Sex

Female 223 (40%) 643 (39%)

Male 330 (60%) 1016 (61%)

Race

White, non-Hispanic 319 (58%) 962 (58%)

White, Hispanic 107 (19%) 301 (18%)

Black, non-Hispanic 57 (10%) 189 (11%)

Other 70 (13%) 207 (12%)

Insurance

Government 295 (53%) 885 (55%)

Private 229 (41%) 704 (42%)

Other 29 (5%) 70 (4%)

Age (y), first PHIS presentation

Average 7.4 7.7

Median 6 6

Diagnosis

ALD 126 (23%)

Hurler 242 (44%)

Krabbe 60 (11%)

MLD 125 (23%)

Transplant 180 (33%) 540 (33%)

Abbreviations: ALD = adrenoleukodystrophy; MLD = metachromatic
leukodystrophy; PHIS = Pediatric Health Information System.
Total cohort, leukodystrophy, n = 553; controls, n = 1,659.
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unexpected associations including hypertension (RD 30%,
OR 25), hearing loss (RD 28%, OR 15), and cardiac dys-
rhythmias (RD 27%, OR 9).

Some diseases detected in the analysis included conditions as-
sociated with transplantation, such as graft-vs-host disease. To
evaluate whether the pattern and frequency of morbidities
identifiedwith PheWASwere primarily linked to transplant or to
leukodystrophies, we performed a PheWAS evaluation in which
we excluded patients who had received transplantation. We
found a very similar pattern of disease group involvement and
associations (figure 1, C and D; table e-2, links.lww.com/CPJ/
A153; table 3). However, we did find a decrease in the overall
number of conditions with a RD of 20% or greater.

To determine whether distinct leukodystrophy diseases had
unique morbidities, we performed individual PheWAS

analysis of patients with ALD, Hurler, Krabbe, or MLD
(figures 2 and 3; tables e3-e6, links.lww.com/CPJ/A154,
links.lww.com/CPJ/A155, links.lww.com/CPJ/A156, links.
lww.com/CPJ/A157). We found that all 4 of the leukodys-
trophies shared many common disease features, including
expected features such as developmental delay and lack of
normal physiological development. However, unexpected
shared features included cardiac dysrhythmias, diseases of
the esophagus, and nausea and vomiting. Other features
which were commonly but not universally shared included
epilepsy, various infection-related diagnoses, and con-
stipation. Finally, some of the disorders had unique disease
codes, such as infantile cerebral palsy for MLD or disorders
of adrenal glands for ALD. Hurler disease in particular had
more disease codes that were distinct from the other 3 leu-
kodystrophies, including hearing loss, heart valve disorders,
and abdominal hernia.

Figure 1 PheWAS plots

Each panel represents 1,645 phenotypes tested for association using logistic regression assuming a model adjusted for age, sex, insurance type, and
location. Phenotypes are grouped along the x-axis by categorization within the PheWAS code hierarchy. The upper red lines indicate p < 0.001
(Bonferroni false discovery rate = 0.1 for the entire PheWAS); lower black lines indicate p < 0.05. (A) Phecodes for the entire leukodystrophy cohort,
displayed by p value. (B) Phecodes for the entire leukodystrophy cohort, displayed by RD. (C) Phecodes for the nontransplant leukodystrophy cohort,
displayed by p value. (D) Phecodes for the nontransplant leukodystrophy cohort, displayed by rate difference. PheWAS = phenome-wide association
study; RD = rate difference.
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Table 2 Conditions with RDs of 30% ormore in the entire leukodystrophy cohort (complete results in table e-1, links.lww.
com/CPJ/A152)

Description RD

Cases Controls

ORN 553 % N 1659 %

Lack of normal physiological development 53% 324 59 89 5 24.90

Other cerebral degenerations 51% 288 52 18 1 98.79

Developmental delays 49% 297 54 82 5 22.26

Disorders of carbohydrate transport and metabolism 44% 248 45 6 0 223.87

Disorders of fluid, electrolyte, and acid-base balance 43% 291 53 165 10 10.04

Sleep disorders 33% 204 37 57 3 16.40

Curvature of the spine 31% 179 32 15 1 52.35

Other disorders of metabolism 31% 180 33 19 1 41.58

Epilepsy 30% 195 35 84 5 10.20

Hypertension 30% 177 32 31 2 24.67

Abbreviation: RD = rate difference.
Unexpected associations (e.g. hypertension) are shown in bold. All p values < 0.001.

Table 3 Conditions with RDs of 20% or more in the nontransplant leukodystrophy cohort

Description RD

Cases Controls

ORN 373 % N 1119 %

Other cerebral degenerations 58% 221 59 9 1 177.01

Lack of normal physiological development 49% 202 54 53 5 23.50

Developmental delays and disorders 48% 193 52 42 4 27.19

Epilepsy 39% 161 43 52 5 15.42

Disorders of fluid, electrolyte, and acid-base balance 37% 170 46 99 9 8.54

Other disorders of metabolism 33% 128 34 12 1 47.70

Dysphagia 33% 126 34 14 1 39.87

Nutrition, metabolism, and development 31% 127 34 29 3 19.20

Disorders of carbohydrate transport and
metabolism

31% 118 32 5 0 101.99

Respiratory failure, insufficiency, arrest 29% 120 32 38 3 13.36

Sleep disorders 28% 117 31 34 3 14.44

Diseases of the esophagus 28% 129 35 72 6 7.61

Constipation 28% 134 36 93 8 6.13

Abnormal movement 27% 108 29 24 2 18.40

Cardiac dysrhythmias 25% 108 29 43 4 10.10

Curvature of the spine 23% 90 24 10 1 34.92

Pneumonia 22% 101 27 55 5 7.12

Other conditions of the brain 21% 87 23 21 2 15.75

Abbreviation: RD = rate difference.
Unexpected associations (e.g., constipation) are shown in bold. All p values < 0.001.
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Discussion
We performed a national evaluation of medical morbidities
in leukodystrophies. This PheWAS analysis of a national
pediatric database demonstrates shared and unique disease

features of leukodystrophies. All 4 of the leukodystrophies
shared disease features, including expected features such as
developmental delay and lack of normal physiological de-
velopment. However, unexpected features which included
cardiac dysrhythmias, diseases of the esophagus, and nausea

Figure 2 PheWAS plots for individual leukodystrophies

Each panel represents 1,645 phenotypes tested for as-
sociation, using logistic regression assuming a model
adjusted for age, sex, insurance type, and location.
Phenotypes are grouped along the x-axis by categoriza-
tion within the PheWAS code hierarchy. The upper red
lines indicate p < 0.001 (Bonferroni false discovery rate =
0.1 for the entire PheWAS); lower black lines indicate p <
0.05. Left panels, y-axis, p value; right panels, y-axis, RD.
(A and B) Phecodes for ALD. (C and D) Phecodes for
Hurler disease. E and F. Phecodes for Krabbe disease. G
and H. Phecodes for MLD. ALD = adrenoleukodystrophy;
MLD = metachromatic leukodystrophy; PheWAS = phe-
nome-wide association study; RD = rate difference.
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and vomiting were also observed in all 4 leukodystrophies.
These features suggest a need to evaluate cardiac rhythm
features in patients with leukodystrophy and presumably
that gastrointestinal issues, for example, reflux, are a more
problematic feature than typically considered. Fluid and
electrolyte disturbances, presumably during the course of
hospitalization, were also significantly observed in all 4
leukodystrophies.

Other features were commonly but not universally shared
including epilepsy, various infection-related diagnoses, and
constipation. Infection-related issues are a known morbidity
in leukodystrophies and can be amenable to intervention.15

Finally, some of the leukodystrophies had unique disease
associations, such as infantile cerebral palsy for MLD or
disorders of adrenal glands for ALD. Hurler disease in par-
ticular had more disease codes that were distinct from the
other 3 leukodystrophies, including hearing loss, heart valve
disorders, and abdominal hernia. This suggests that the more
extensive multiorgan involvement in Hurler disease leads to
a different pattern of morbidities than the predominant
“CNS-only” complications of ALD, Krabbe disease, and
MLD. Similarly, the greater number of significant morbid-
ities observed in MLD might reflect that more patients re-
ceived bone marrow transplantation, as compared to
patients with Krabbe or ALD.

Identification of thesemorbidities could assist with designing
patient treatment strategies and with guiding clinical trial
design. Although promising treatments and cures for several
leukodystrophies appear to be nearing clinical use,16,17 even
in the absence of a cure, improvements in patient care can be
accomplished by targeting known morbidities.18 This could
help with the burden of hospitalizations in leukodystrophy:

patients with leukodystrophy in children’s hospitals account
for $59 million per year in total costs. Individually, their
treatment and care cost is 5 times the average cost for
a hospitalized child.6

Specific interventions that could be considered based on the
findings here could include targeted epilepsy education for
families of patients with leukodystrophy, based on the ob-
served morbidity of epilepsy; proactive treatment of con-
stipation; and determining the issues regarding nutrition
because this was common to all 4 leukodystrophies. Thus,
although some of the morbidities are nonspecific to leuko-
dystrophies, the findings offer potential for interventions that
might have a meaningful impact on a patient and their family.
Furthermore, treatments or care plans could be assessed for
their impact on quality of life, in which symptoms such as
constipation could be followed to determine whether there is
improvement for patients.

Strength of this work is the use of leukodystrophy disease-
specific ICD-10-CM codes. This work would not have been
feasible previously because ICD-9-CM codes have low
specificity to the diagnosis of an inherited leukodystrophy
and complex algorithms had to be used with ICD-9-CM
codes to track leukodystrophies.6 With the use of ICD-10-
CM codes for ALD, MLD, Krabbe, and Hurler, we were able
to track and compare specific leukodystrophies. Finally, the
use of the PHIS national database provides a more com-
prehensive view of trends across the United States for these
relatively rare diseases. Coding of PheWAS is relatively
specific to the morbidity. For example, “cardiac dysrhyth-
mias” does not indicate that an EKG was performed, but
rather that a cardiac rhythm disturbance such as atrial fi-
brillation was present.10

Figure 3 Conditions with RDs of 30% ormore in the individual leukodystrophies, displayed by leukodystrophy in the order
of increasing number of conditions (phecodes)

Values reported in tables e3-e6, links.lww.com/CPJ/A154, links.lww.com/CPJ/A155, links.lww.com/CPJ/A156, links.lww.com/CPJ/A157. All p values < 0.001.
Phecodes are color-coded for all charts; phecode (and its color in the pie chart) is only listed the first time it is reported. RD = rate difference.
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Limitations include use of retrospective data and the limited
temporal duration of data collection. The time limitation was
necessary because the use of ICD-10-CM has only been over
the past 3 years, and ICD-10-CM code use was necessary to
have sufficient specificity in determining diagnoses. Fur-
thermore, even with the use of national databases, in some
instances, there were very few patients experiencing certain
morbidities, thus limiting the statistical power of PheWAS.
This study was not organized in a fashion to collect data on all
patients with leukodystrophy with a diagnosis of ALD,MLD,
Krabbe, or Hurler, and we cannot use the data to determine
incidences or prevalences. However, one advantage is that it
includes data on any patient with a given diagnosis during the
enrollment time frame. That is, even if a patient with Krabbe
was born in 2013 before the study and if they came to the
hospital in 2016, they were still included in our analysis.

This work demonstrates a broad extent of shared morbidities
in children with leukodystrophies. With this same method-
ology, many avenues of investigation are possible. For ex-
ample, to investigate whether different commonly used
medications in different leukodystrophies associate with the
presence or absence of comorbidities, which could provide
information about improved medicine choice for patients
with leukodystrophy. The scope of the work was limited in
that only 4 leukodystrophies could be specifically examined,
and future efforts should include the adoption of more spe-
cific ICD codes for leukodystrophies. It seems counter-
sensical that specific ICD-10-CM codes exist for “sucked into
jet engine” and “injury at library,” but not to distinguish
Canavan disease from vanishing white matter disease, for
example. In conclusion, use of PheWAS in leukodystrophies
and other pediatric neurologic diseases offers a method for
characterizing disease burden and targeting improved care
for patients.

Acknowledgment
We appreciate the advice and suggestions of R.J. Carroll,
J.C. Denny, M. Hall, and T. Richardson.

Study funding
J.L. Bonkowsky was supported by NIH grant 3UL1TR002538
and by the Bray Presidential Chair in Child Neurology re-
search. This investigation was supported by the University of
Utah Study Design and Biostatistics Center, with funding in
part from the National Center for Research Resources and the
National Center for Advancing Translational Sciences, Na-
tional Institutes of Health, through Grant 8UL1TR000105
(formerly UL1RR025764).

Disclosure
J.L. Bonkowsky was supported byNIH grant 3UL1TR002538
and by the Bray Presidential Chair in Child Neurology re-
search; has served as a consultant to Bluebird Bio, Inc., Calico,
Inc., Neurogene, Inc.; is on the Board of Directors of wFluidx,
Inc.; and owns stock in Orchard Therapeutics. J. Wilkes
reports no disclosures. J. Ying was supported by the University

of Utah StudyDesign and Biostatistics Center, with funding in
part from the National Center for Research Resources and the
National Center for Advancing Translational Sciences, Na-
tional Institutes of Health, through Grant 8UL1TR000105
(formerly UL1RR025764). W.-Q. Wei was supported by
NHLBI R01HL133786. Full disclosure form information
provided by the authors is available with the full text of this
article at Neurology.org/cp.

Publication history
Received by Neurology: Clinical Practice June 11, 2019. Accepted in final
form September 23, 2019.

TAKE-HOME POINTS

We performed a PheWAS analysis of leukodystro-
phy comorbidities using a national database.

Developmental delay, epilepsy, fluid and electrolyte
disturbances, and respiratory issues were shared
morbidities in leukodystrophies.

PheWAS identified unexpected morbidities includ-
ing hypertension, hearing loss, and cardiac
dysrhythmias.

Information from PheWAS analysis provides targets
for clinical treatments and for following outcomes in
patients with leukodystrophy.

Appendix Authors

Name Location Contribution

Josh L.
Bonkowsky, MD,
PhD

Division of Pediatric
Neurology, Department
of Pediatrics, University
of Utah School of
Medicine; Brain and
Spine Center, Primary
Children’s Hospital,
Intermountain
Healthcare, Salt Lake
City, UT

Designed and
conceptualized the study,
analyzed the data, and
drafted and edited the
manuscript for intellectual
content.

Jacob Wilkes, BS Intermountain
Healthcare, Salt Lake
City, UT

Designed the study,
collected and analyzed the
data, and edited the
manuscript for intellectual
content.

Jian Ying, PhD Department of Internal
Medicine, University of
Utah School ofMedicine,
Salt Lake City, UT

Designed the study,
analyzed the data, and
edited the manuscript for
intellectual content.

Wei-Qi Wei, MD,
PhD

Department of
Biomedical Informatics,
Vanderbilt University
Medical Center,
Nashville, TN

Designed the study and
edited the manuscript for
intellectual content.

Neurology.org/CP Neurology: Clinical Practice | Volume 10, Number 5 | October 2020 413

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

https://cp.neurology.org/lookup/doi/10.1212/CPJ.0000000000000783
http://neurology.org/cp


References
1. Heim P, ClaussenM, Hoffmann B, et al. Leukodystrophy incidence in Germany. Am J

Med Genet 1997;71:475–478.
2. Bonkowsky JL, Nelson C, Kingston JL, Filloux FM, MundorffMB, Srivastava R. The

burden of inherited leukodystrophies in children. Neurology 2010;75:718–725.
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