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Abstract
Objective
We assessed the comorbidity burden associated with multiple sclerosis (MS) severity by
performing a phenome-wide association study (PheWAS).
Methods
We conducted a PheWAS in 2 independent cohorts: a discovery (Boston, United States;
1993–2014) and extension cohort (British Columbia, Canada; 1991–2008). We included
adults with MS, ≥1 Expanded Disability Status Scale (EDSS) score, and ≥1 International
Classiﬁcation of Diseases (ICD) code other than MS. We calculated the Multiple Sclerosis
Severity Score (MSSS) using the EDSS. We mapped ICD codes into PheCodes (phenotypes),
using a published system with each PheCode representing a unique medical condition. Association between the MSSS and the presence of each condition was assessed using logistic
regression adjusted for covariates.
Results
The discovery and extension cohorts included 3,439 and 4,876 participants, respectively. After
Bonferroni correction and covariate adjustments, a higher MSSS was associated with 37
coexisting conditions in the discovery cohort. Subsequently, 16 conditions, including genitourinary, infectious, metabolic, epilepsy, and movement disorders, met the reporting criteria,
reaching the Bonferroni threshold of signiﬁcance with the same direction of eﬀect in the
discovery and extension cohort. Notably, benign neoplasm of the skin was inversely associated
with the MSSS.
Conclusion
The phenome-wide approach enabled a systematic interrogation of the comorbidity burden
and highlighted clinically relevant medical conditions associated with MS severity (beyond
MS-speciﬁc consequences) and deﬁnes a roadmap for comprehensive investigation of
comorbidities in chronic neurologic diseases. Further prospective investigation of the
bidirectional relationship between disability and comorbidities could inform the individualized
patient management.
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Glossary
BC = British Columbia; CLIMB = Comprehensive Longitudinal Investigations in MS; EDSS = Expanded Disability Status
Scale; EHR = electronic health record; ICD = International Classiﬁcation of Diseases; MSSS = Multiple Sclerosis Severity Score;
PheWAS = phenome-wide association study.

People with chronic neurologic diseases such as MS exhibit
variable disease trajectories. People with MS often develop
coexisting conditions. Prior eﬀorts relying on candidate phenotype approaches have linked comorbidities to diagnostic
delay, treatment delay, increased hospitalization, decreased
quality of life, and increased mortality.1,2 Thus, comorbidities
likely constitute an important facet of the individual variation
in MS.
Phenome-wide association studies (PheWASs) were originally designed to interrogate the multiple phenotypes associated with a given genetic variant.3 A central contribution of
the PheWAS approach is the creation of a clinically informative disease classiﬁcation system that consolidates related International Classiﬁcation of Diseases (ICD) codes for
each medical condition into a unique phenotype code (PheCode).4 This approach enables a more comprehensive and
organized examination of the comorbidity burden than candidate approaches.
We conducted a PheWAS to systematically interrogate the
relationship between MS severity and comorbidity burden in
this proof-of-concept study. We hypothesized that this novel
application of the PheWAS approach to comprehensively
assess comorbidities could oﬀer insights into the association
between disability and the occurrence of comorbidities and
guide future prospective studies and individualized management strategies.

Methods
Data sources
Following a common protocol, we conducted independent
analyses using data from 2 large MS cohorts (Partners
HealthCare, Boston, United States; British Columbia [BC],
Canada). We preassigned the Boston cohort as discovery and
BC as extension for analyses.
The discovery cohort comprised patients with MS seen at the
Partners MS Center (Boston) between 1993 and 2014, including patients enrolled in the Comprehensive Longitudinal
Investigations in MS (CLIMB) study, a well-characterized
clinic-based prospective study.5 We previously merged electronic health records (EHRs) and CLIMB research data for
these patients.6 We obtained all available inpatient and outpatient ICD-9 codes from the Partners HealthCare EHRs.
The extension cohort comprised patients with MS registered
at MS clinics in BC between 1991 and 2004, with follow-up
2

until 2008. We accessed linked clinical and health administrative data. The British Columbia MS database captured
clinical data. We determined residential status in BC using
provincial health care plan registration dates and captured
demographic information from the BC Registration and
Premium Billing Files7 and all available ICD codes from the
population-based physician and hospital data (the Medical
Service Plan and Discharge Abstract Databases).8,9 ICD-10
codes were converted to ICD-9 codes.10
Standard protocol approvals, registrations,
and patient consents
The relevant Institutional Review Boards at Partners
HealthCare and University of British Columbia approved the
deidentiﬁed data usage for this study.
Eligibility criteria
We included all individuals aged ≥18 years with a neurologistconﬁrmed MS diagnosis,11,12 and ≥1 recorded ICD code
other than MS, and ≥1 recorded Expanded Disability Status
Scale (EDSS) measure (assessed >3 months from a relapse
and within 3–40 years after MS symptom onset) (ﬁgure 1).
MS disease severity
We extracted relevant clinical data, including date of symptom
onset, relapsing or progressive onset, and disability (EDSS
scores from clinic visits) for all patients. We calculated the
Multiple Sclerosis Severity Score (MSSS)13 independently in
each cohort, using the EDSS scores observed at each disease
duration in the respective local cohort, and assigned a single
score to each individual using the median of their 3 most
recent MSSS measures, if available. The MSSS provides a
percentile-based cross-sectional assessment of severity that
accounts for disease duration. Ten percent of each cohort
belonged to each severity decile at each disease duration. We
included EDSS scores measured >3 months from a relapse
date (to capture measures taken during periods of stability)
and within 3–40 years after symptom onset because (1) the
MSSS is unstable for disease durations <3 years, and (2)
individuals with EDSS scores >40 years after symptom onset
were rare and diﬀerential survival of older individuals may bias
the analyses.
Coexisting conditions
We determined the occurrence of coexisting medical conditions in patients with MS. Using a published disease classiﬁcation system that consolidates multiple related ICD-9 codes
of each unique medical condition,14 we mapped each ICD-9
code to a single clinically informative medical condition represented by a unique phenotype code (PheCode). To reduce
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Figure 1 Eligibility criteria for the discovery and extension study cohorts

EDSS = Expanded Disability Status Scale; ICD = International Classification of Diseases.

the potential bias from rule-out codes (e.g., billing codes entered to indicate testing for, rather than conﬁrming a medical
condition), we excluded patients with <3 of a given ICD-9
code in the discovery analysis,15,16 whereas we assigned such
patients to control status in the extension analysis due to
complete capture of codiﬁed data in BC, made possible by its
universal health care system. To mitigate double counting,
multiple counts of a given ICD code on the same day and from
the same clinic location were counted once.
Statistical analysis
In each cohort, we independently assessed associations between the MSSS and the presence (or absence) of each
PheCode, with the MSSS modeled linearly as a continuous
independent variable. The MSSS was modeled as a linear
exposure because the alternative categorical division faced at
least 2 challenges: the ideal threshold could diﬀer for each
comorbidity, and the eﬀect on comorbidity could be nonmonotonic, neither increasing nor decreasing. We adjusted
the model for confounders, including sex, age at symptom onset,
disease course at symptom onset, ICD code follow-up duration
(deﬁned as the time from the ﬁrst to the last available ICD code),
and disease duration (deﬁned as the time from MS symptom
onset to the last available EDSS). We adjusted for disease duration to account for comorbidities that are predicted to occur
with increasing disease duration. In the discovery analysis, we
Neurology.org/NN

additionally adjusted for race and ethnicity (self-reported and
grouped as non-Hispanic European ancestry, Hispanic or nonEuropean ancestry, and unknown), smoking status, and having a
primary care provider who practices within the same hospital
system as the EHR data. These additional covariates (race,
ethnicity, smoking status, and presence of primary care provider)
were not available in the extension cohort.
To reduce ﬁnite sample and rare event bias and prevent type I
error, we excluded medical conditions for which the observed
prevalence in each cohort was <3%.17 In both cohorts, we
deﬁned the signiﬁcance threshold as p < 0.05 after Bonferroni
correction. Our predeﬁned reporting criteria for each ﬁnding
required that (1) the association achieved the Bonferroni
threshold of signiﬁcance in both cohorts and (2) displayed the
same direction of eﬀect.
We used a previously published PheWAS table and R package to
map ICD-9 codes into PheCodes.14 Analyses were performed
using the Statistical Package for the Social Sciences (Version
20.0; IBM Corp., Armonk, NY) and R (Version 3.0.2).18
Data availability
Code for analysis and ﬁgure generation is available at tinyurl.
com/y9lu7t3t. Summary data that support the ﬁndings of this
study as well as anonymous data from the Boston cohort that
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were used for this study are available on request to the corresponding author. The data from the BC cohort that were
used for this study were accessed through Population Data BC
(popdata.bc.ca/) and reside on a limited access secure research environment. For legal reasons (Canada), the data
cannot leave this secure research environment.

Results
Comparison of the study cohorts
Patient characteristics of both cohorts were generally similar
except that the extension cohort had a longer median followup duration from the ﬁrst to the last EDSS value (table 1). In
the discovery cohort, 3,439 patients with MS met the eligibility criteria for analysis (ﬁgure 1), whereas 109 medical
conditions met the 3% prevalence threshold. In the extension
cohort, 4,876 patients with MS met the eligibility criteria for
analysis (ﬁgure 1), whereas 365 medical conditions met the
3% prevalence threshold. In total, 78 PheCodes or medical
conditions met the 3% prevalence threshold in both cohorts.
The extension analysis (based on population-linked health
administrative data in a universal health care system) systematically capture all available ICD codes, whereas the discovery analysis (based on EHRs in an open health care
system) had fewer analyzable medical conditions that met the
minimum case threshold. As such, we included the presence
of primary care provider in the same EHR system as a key
covariate in the discovery analysis. Furthermore, the longer
follow-up duration in the extension cohort contributed to
higher measured prevalence of medical conditions, which affected the observability of medical conditions that reached the
threshold for inclusion in the analysis. Speciﬁcally, 287
PheCodes reached the 3% case threshold in the extension
cohort but were excluded because they failed to reach the 3%
case threshold in the discovery cohort. For comparison, 31
PheCodes reached the 3% case threshold in the discovery
cohort but were excluded due to failure to reach the 3% case
threshold in the extension cohort (supplementary material,
links.lww.com/NXI/A294).
Comorbidities meeting the reporting criteria
In the discovery cohort, a higher MSSS was signiﬁcantly associated with 33 (of the 78, 42%) coexisting medical conditions after Bonferroni correction and covariate adjustment. A
total of 16 (of the 33, 48%) conditions met the predeﬁned
criteria for reporting, having reached the Bonferroni threshold
of signiﬁcance (on 78 tests) and displaying a consistent direction of eﬀect in both cohorts. Table 2 provides the prevalence of the coexisting conditions that met the reporting
criteria as well as the eﬀect size and p values from the discovery and extension analysis.
Among the reported coexisting medical conditions associated
with a higher MSSS, the 6 genitourinary conditions (other
disorders of bladder [discovery: OR = 1.45, 95% CI =
4

1.39–1.52, p = 4.77 × 10−58; extension: OR = 1.25, 95% CI =
1.22–1.28, p = 1.82 × 10−78], functional disorders of bladder,
other symptoms/disorders of the urinary system, hematuria,
retention of urine, and urinary incontinence) had the strongest associations with MS severity as a category. These genitourinary conditions likely indicated MS-related morbidities,
rather than comorbidities (table 2). Two coexisting infections
likely result from MS immune-modifying treatments: pneumonia (discovery: OR = 1.33, 95% CI = 1.23–1.44, p = 2.84 ×
10−12; extension: OR = 1.16, 95% CI = 1.14–1.19, p = 1.04 ×
10−32) and fever of unknown origin (discovery: OR = 1.23,
95% CI = 1.16–1.30, p = 2.18 × 10−11; extension: OR = 1.28,
95% CI = 1.22–1.35, p = 1.89 × 10−20). Other infections are
likely consequences of worsening physical and genitourinary
function in more disabled patients: superﬁcial cellulitis and
abscess (discovery: OR = 1.17, 95% CI = 1.09–1.25, p = 4.26 ×
10−6; extension: OR = 1.07, 95% CI = 1.05–1.09, p = 5.33 ×
10−10) and urinary tract infection (discovery: OR = 1.32, 95%
CI = 1.26–1.38, p = 7.41 × 10−33; extension: OR = 1.36, 95%
CI = 1.33–1.40, p = 5.90 × 10−11).
Beyond the genitourinary and infectious conditions, other
comorbidities meeting the predeﬁned reporting criteria (table
2) included epilepsy (epilepsy, recurrent seizures, convulsions
[discovery: OR = 1.19, 95% CI = 1.11–1.27, p = 3.31 × 10−7;
extension: OR = 1.13, 95% CI = 1.09–1.16, p = 2.65 × 10−14],
convulsions [discovery: OR = 1.21, 95% CI = 1.12–1.30, p =
2.60 × 10−7; extension: OR = 1.23, 95% CI = 1.17–1.30, p =
2.49 × 10−15]), metabolic disturbance (disorders of ﬂuid,
electrolyte, and acid-base balance [discovery: OR = 1.26, 95%
CI = 1.16–1.36, p = 1.08 × 10−8; extension: OR = 1.27, 95%
CI = 1.22–1.32, p = 1.41 × 10−35]), abnormal movement
(discovery: OR = 1.24, 95% CI = 1.19–1.30, p = 1.39 × 10−19;
extension: OR = 1.11, 95% CI = 1.08–1.14, p = 9.97 × 10−14),
and gastrointestinal discomfort (nausea and vomiting [discovery: OR = 1.21, 95% CI = 1.12–1.30, p = 1.36 × 10−6;
extension: OR = 1.07, 95% CI = 1.04–1.12, p = 1.73 × 10−4]).
Of interest, benign neoplasm of the skin was inversely associated with the MSSS in both cohorts (discovery: OR = 0.89,
95% CI = 0.85–0.94, p = 4.93 × 10−6; extension: OR = 0.92,
95% CI = 0.90–0.94, p = 1.67 × 10−14). The observed correlations among the reported comorbidities suggest that the
predetermined Bonferroni threshold of signiﬁcance was likely
conservative (ﬁgure 2), but it was important for the main
ﬁndings to adhere to the predeﬁned reporting criteria.
Comorbidities not meeting the
reporting criteria
A number of conditions that did not meet the stringent predeﬁned reporting criteria are noteworthy. First, we found
diﬀerent coexisting psychiatric conditions with greater MS
severity in the 2 cohorts. Mood disorders such as depression
(OR = 1.17, 95% CI = 1.12–1.22, p = 2.83 × 10−14) and
adjustment reaction (OR = 1.15, 95% CI = 1.10–1.20, p = 1.86
× 10−9) reached signiﬁcance threshold only in the discovery
analysis (table e-1, links.lww.com/NXI/A294), whereas
schizophrenia (OR = 1.12, 95% CI = 1.07–1.16, p = 9.94 ×
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Table 1 Characteristics of the MS cohorts
Patient characteristics

Discovery cohort (Boston, United
States) N = 3,439

Extension cohort (British Columbia,
Canada) N = 4,876

Age at symptom onset, y, median (Q1–Q3)

33.0 (27.1–40.9)

31.9 (25.8–39.5)

Female, N (%)

2,524 (73)

3,535 (72)

Non-Hispanic European, N (%)

2,947 (86)

Not available

Disease duration (MS symptom onset to the last EDSS), y,
median (Q1–Q3)

13.4 (8.3–20.9)

14.5 (8.7–22.7)

Unique ICD-9 code count, N, median (Q1–Q3)

7 (3–18)

17 (3–45)

Duration from the first to the last ICD-9 code, y, median
(Q1–Q3)

11.3 (6.5–15.4)

12.9 (6.0–15.5)

Duration from the first to the last EDSS value, y, median
(Q1–Q3)

6.0 (3.0–9.8)

10.5 (4.2–14.5)

Progressive onset

378 (11)

433 (8.9)

Relapsing onset

3,061 (89)

4,443 (91)

Disease course, n (%)

Abbreviations: EDSS = Expanded Disability Status Scale; ICD = International Classification of Diseases.

10−8) and psychosis (OR = 1.14, 95% CI = 1.08–1.19, p = 1.69
× 10−7) did so only in the extension analysis (table e-2).
Second, although osteoporosis (OR = 1.40, 95% CI =
1.30–1.51, p = 2.08 × 10−19) and osteoporosis, osteopenia,
and pathologic fracture (OR = 1.21, 95% CI = 1.16–1.27, p =
1.47 × 10−15) reached the signiﬁcance threshold only in the
discovery analysis (table e-1), related conditions such as
several types of fractures (e.g., fracture of lower limb [OR =
1.11, 95% CI = 1.07–1.15, p = 2.70 × 10−9]) were also signiﬁcant in the extension analysis (table e-2). Third, several
notable vascular conditions did not meet the stringent predeﬁned reporting criteria in our study (tables e-1 and e-2).
Diabetes (discovery: OR = 1.17, 95% CI = 1.08–1.25, p = 4.20
× 10−5), cerebrovascular (extension: OR = 1.08, 95% CI =
1.04–1.11, p = 8.43 × 10−6), and peripheral vascular disease
(extension: OR = 1.15, 95% CI = 1.10–1.20, p = 1.28 × 10−8)
reached signiﬁcance in only 1 cohort. Hyperlipidemia did not
reach signiﬁcance in either cohort. Hypertension had opposite direction of eﬀect (discovery: OR = 1.09, 95% CI =
1.04–1.14, p = 5.50 × 10−4; extension: OR = 0.93, 95% CI =
0.91–0.95, p = 5.52 × 10−10). Finally, some comorbidities
expected in severe MS, such as physical impairment (e.g.,
other paralytic syndromes [OR = 1.42, 95% CI = 1.37–1.46, p
= 1.85 × 10−10]) and chronic ulcers (e.g., decubitus ulcers
[OR = 1.80, 95% CI = 1.66–1.94, p = 7.73 × 10−49]), reached
signiﬁcance only in the extension analysis but not in the discovery analysis (tables e-1 and e-2).
Independent discovery analysis
Analyzing the discovery cohort data independently, we
identiﬁed 42 (of the 109 that met the 3% prevalence threshold, 39%) coexisting medical conditions that were signiﬁcantly associated with a higher MSSS after Bonferroni
Neurology.org/NN

correction and covariate adjustment (table e-1, links.lww.
com/NXI/A294, ﬁgures 3A and 4A). Of the 31 PheCodes
that reached the 3% case threshold in the discovery cohort
data (but were excluded from the discovery analysis due to
failure to reach the 3% case threshold in the extension cohort), 9 medical conditions are signiﬁcantly associated with
the MSSS after Bonferroni adjustment in an independent
analysis of discovery data. Of these 9 conditions, 2 had
prevalence above 10% in the discovery cohort.
Independent extension analysis
Analyzing the extension cohort data independently, we
identiﬁed 130 (of the 365 that met the 3% prevalence
threshold, 36%) coexisting medical conditions that were signiﬁcantly associated with a higher MSSS after Bonferroni
correction and covariate adjustment (table e-2, links.lww.
com/NXI/A294, ﬁgures 3B and 4B). Of the 287 PheCodes
that reached the 3% case threshold in the extension cohort
(but were excluded from the extension analysis due to failure
to reach the 3% case threshold in the discovery cohort), we
found that 90 of these medical conditions are signiﬁcantly
associated with the MSSS after Bonferroni adjustment in the
independent analysis of the BC extension cohort data. Of
these 90 medical conditions, 39 had prevalence above 10% in
the extension cohort.

Discussion
In this study of 2 large independent cohorts, we deployed a
phenome-wide approach to comprehensively assess the
comorbidity burden associated with higher disease severity in
MS. Notwithstanding the diﬀerences between the 2 cohorts
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Table 2 Coexisting medical conditions associated higher MS severity scores
Discovery

Extension

d

ORe

OR 95% CI

p Value

Prev
(%)

OR

OR 95% CI

p Value

9.4

0.89

0.85

0.94

4.93E−06

30.2

0.92

0.90

0.94

1.67E−14

Disorders of fluid, electrolyte, and acid-base
balance

3.8

1.26

1.16

1.36

1.08E−08

8.9

1.27

1.22

1.32

1.41E−35

345

Epilepsy, recurrent seizures, convulsions

4.0

1.19

1.11

1.27

3.31E−07

11.4

1.13

1.09

1.16

2.65E−14

345.3

Convulsions

3.3

1.21

1.12

1.30

2.60E−07

4.0

1.23

1.17

1.30

2.49E−15

350

Abnormal movement

10.8

1.24

1.19

1.30

1.39E−19

14.9

1.11

1.08

1.14

9.97E−14

480

Pneumonia

3.6

1.33

1.23

1.44

2.84E−12

21.0

1.16

1.14

1.19

1.04E−32

591

Urinary tract infection

14.5

1.32

1.26

1.38

7.41E−33

25.8

1.36

1.33

1.40

5.90E−11

593

Hematuria

5.4

1.29

1.21

1.38

5.48E−15

5.3

1.12

1.07

1.17

1.11E−06

596

Other disorders of bladder

15.9

1.45

1.39

1.52

4.77E−58

30.9

1.25

1.22

1.28

1.82E−78

596.5

Functional disorders of bladder

15.6

1.44

1.38

1.51

1.40E−56

15.6

1.31

1.27

1.35

6.16E−69

599

Other symptoms/disorders of the urinary
system

18.8

1.33

1.28

1.38

1.81E−42

59.5

1.13

1.11

1.15

6.57E−30

599.2

Retention of urine

4.0

1.35

1.25

1.45

5.28E−14

6.8

1.32

1.26

1.38

7.61E−33

599.4

Urinary incontinence

7.9

1.40

1.32

1.48

3.83E−28

9.3

1.16

1.12

1.20

3.89E−17

681

Superficial cellulitis and abscess

4.9

1.17

1.09

1.25

4.26E−06

36.8

1.07

1.05

1.09

5.33E−10

783

Fever of unknown origin

6.1

1.23

1.16

1.30

2.18E−11

4.4

1.28

1.22

1.35

1.89E−20

789

Nausea and vomiting

3.3

1.21

1.12

1.30

1.36E−06

7.2

1.07

1.04

1.12

1.73E−04

PheCodea

Reported medical conditionb,c

Prev
(%)

216

Benign neoplasm of skin

276

a
Related International Classification of Diseases, Ninth Revision, codes of a single medical condition are mapped to a single phenotype code or PheCode
(column 1).
b
Predefined reporting criteria are meeting the Bonferroni threshold of statistical significance and having the same direction of effect in both the discovery
cohort and the extension cohort.
c
Description of the PheCode or the medical condition (column 2) is directly extracted from a publicly available mapping tool without further editing by the
authors.14
d
Prevalence (Prev) is defined as the percentage of the patients in the cohort having a medical condition as indicated by the PheCode.
e
OR represents the estimated factor by which the odds of the presence of the given medical condition changes per unit increase of the MS Severity Score (on
the decile scale), holding controlled covariates constant.

(health care systems, billing practices, and data integration),
we reported 16 coexisting medical conditions that met the
predeﬁned stringent reporting criteria for reaching the Bonferroni threshold of signiﬁcance and displaying the same direction of eﬀect in both cohorts. Our application of the
PheWAS approach sets the road map for comprehensive
comorbidity investigation in other chronic neurological
diseases.
Consistent with prior targeted approaches investigating predetermined candidate conditions,19 we found an overrepresentation of genitourinary conditions among the reported
comorbidities associated with MS severity, after accounting for
conditions that are predicted to occur with increasing disease
duration. It is important to note that some of the reported
coexisting conditions, particularly the genitourinary disorders,
are known MS-related morbidities rather than independent
comorbidities. Importantly, the disproportionally large number
of genitourinary conditions that met the stringent reporting
6

criteria not only conﬁrms the clinical experience of the large
impact of disease severity on the genitourinary system in MS but
also reaﬃrms the validity of the PheWAS approach in highlighting this category of conditions.
Another comorbidity category associated with a higher MSSS
was infectious diseases, including urinary tract infection, pneumonia, superﬁcial cellulitis and abscess, and fever of unknown
origin (likely secondary to an underlying infection). Prior
studies reported higher prevalence of infections among MS than
the general population,20,21 attributable to older age or the use
of disease-modifying therapies.22 Infections such as abscess and
cellulitis can also result from physical debilitation. Infections
contribute to MS mortality23 and increase MS relapse risk.24
Furthermore, relapses associated with an infection might result
in greater neurologic damage (relative to relapses without
comorbid infections) and greater long-term severity.25 Our
study again highlights infections associated with MS severity,
independent of age, while reaﬃrming the PheWAS approach.
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Figure 2 Correlation structure of the reported coexisting medical conditions (as indicated by PheCodes) associated with
higher MS severity scores

As shown in a heat map (A) and in a hierarchical
clustering (B) format. The color saturation and the
circle size in the heatmap both indicate the strength of
(positive or negative) correlation between 2 medical
conditions. Reporting criteria were defined as meeting the Bonferroni threshold of statistical significance
and having the same direction of effect in both the
discovery cohort and the extension cohort. Strength
of association −log(p value) from the extension cohort
is shown. Refer to table 2 for explanation of each
phenotype code (PheCode).

Among the reported ﬁndings, epilepsy and disorders of ﬂuid,
electrolyte, and acid-base balance are underappreciated for
their association with MS severity, though consistent with
anecdotal clinical observation. Building on the known prevalence of epilepsy among MS (2%),26 our ﬁnding of epilepsy
in association with MS severity is consistent with a prior
study27 and may be due to irritation from MS lesions. Disorders of ﬂuid, electrolyte, and acid-base as a category of
comorbid metabolic disturbance also commonly occur in
patients with heart diseases or renal failure and may also reﬂect poor diet, ﬂuid intake, or swallowing diﬃculties in severe
MS.28 Indeed, another reported ﬁnding is nausea and vomiting,
which could contribute to metabolic disturbance. Finally,
Neurology.org/NN

abnormal movement was a reported ﬁnding that warrants
targeted investigation, particularly given report of increased
frequency of movement disorder even early in MS.29
Although we set out to investigate the comorbidity burden
associated with MS severity, we found an interesting inverse
association between MS severity and certain cancers, including benign neoplasm of the skin. Prior studies reported a
lower incidence of all-cause cancers among people with MS
relative to matched general population.30,31 Diagnostic neglect, particularly in those with more severe disability, could
be contributory.30 As an alternative explanation, less sun exposure and lower serum vitamin D level early in the disease
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Figure 3 Manhattan plots of the mapped coexisting medical conditions associated with higher MS severity scores

Conditions that met the requirement of minimum cases and respective –log (p values): findings from independent analysis in the discovery cohort (A) and
extension cohort (B). Refer to table e-1 and table e-2 (links.lww.com/NXI/A294) for details of each condition. The red line indicates the threshold of significance
after Bonferroni correction and covariate adjustment; the blue line represents p = 0.05.
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Figure 4 Plot of estimated OR and cohort prevalence for mapped coexisting medical conditions associated with higher MS
severity scores (MSSS)

Findings from independent analysis
in the discovery cohort (A) and extension cohort (B). Results below
the dotted lines are inverse associations. ORs represent per unit increase of the MSSS (on the decile
scale).

course may contribute to greater MS relapse risk and greater
disease worsening in some patients with MS.32
We made several other interesting observations with respect to
the comorbidity burden in MS. First, we found comorbid
psychiatric conditions with MS severity in the 2 cohorts, although the relationships are inconsistent. Of interest, a prior
study reported that the presence of psychiatric conditions increased the severity of subsequent neurologic disability.33 We
could not rule out the possibility that (1) population
Neurology.org/NN

diﬀerences in the prevalence and management of mental health
conditions within each cohort contributed to these diﬀerences,
(2) validation could be achieved with less stringent criteria, or
(3) disease severity as measured by the MSSS may not consistently correlate with psychiatric comorbidities. Second, osteoporosis reached the signiﬁcance threshold in the discovery
analysis only, whereas related conditions (e.g., several types of
fractures) were signiﬁcant in the extension analysis. Together,
these ﬁndings suggest a higher risk of osteoporosis and related
complications in those with a greater MS severity, which may
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be associated with vitamin D deﬁciency early in the disease and
reduced mobility in more disabled individuals and is consistent
with the report of higher prevalence of osteoporosis in MS than
controls.34 Third, several notable vascular conditions such as
cerebrovascular and peripheral vascular disease, diabetes, hyperlipidemia, and hypertension did not meet the stringent
predeﬁned reporting criteria in our study. Vascular diseases
were previously reported to be associated with MS
severity.35–38 Finally, some comorbidities expected in severe
MS, such as physical impairment (e.g., hemiplegia and paralytic
syndromes) and chronic ulcers (e.g., decubitus ulcers), were
found only in the extension analysis but not in the discovery
analysis. Some of the inconsistencies with prior reports could
reﬂect diﬀerences in the study design, study population, and the
method with which comorbidities were identiﬁed, whereas
diﬀerences in reaching the stringent reporting criteria between
the 2 cohorts could be attributable to diﬀerences in billing
practices between the 2 distinct health care systems, the greater
ability to systematically capture all ICD codes in the extension
cohort (Canada) than the discovery cohort (United States),
and longer follow-up duration in the extension cohort than the
discovery cohort. Although the application of stringent
reporting criteria is a strength of our study, those medical
conditions identiﬁed only in a single cohort warrant further
investigation.
Our study had several limitations. First, the ICD system
captures a broad spectrum of diagnoses, but studies based on
ICD data inevitably encounter potential incompleteness and
misclassiﬁcation. We took steps to mitigate these issues by
systematically capturing all available ICD codes, consolidating
ICD codes related to a single medical condition, and establishing minimum case requirement for each medical condition. Second, a related limitation pertinent to the discovery
cohort was that not all patients had primary care providers in
the same health care system as the source EHRs data. Primary
care providers are more likely to record all available ICD codes
in the EHRs than subspecialty physicians. In a multipayer
health care system such as the United States, incomplete
capture of ICD codes is more common for patients whose
primary care providers are not in the same hospital system
because the EHRs of one hospital system may not capture
codes for care received at outside facilities. To mitigate this
issue in the discovery analysis, we included the presence of
primary care providers within the same hospital system as the
EHRs data as a covariate. Despite these diﬀerences between
the 2 cohorts and the use of stringent reporting criteria, our
study found 16 coexisting comorbidities, which point to the
robustness of the PheWAS approach. Finally, our crosssectional association study does not draw causal conclusions,
and the PheWAS approach may not suﬃciently distinguish
the direction of eﬀect or the direct consequence between MS
severity and comorbidities. Indeed, we calculated the MSSS to
obtain a stable cross-sectional measure of severity based on up
to the 3 most recent EDSS scores and associated disease
durations. If we were to require the EDSS to precede (or
follow) the occurrence of an ICD code, there would be
10

insuﬃcient number of events (ICD-9 codes) to permit adequately powered analyses, and the analyses may have mismeasurement of the timing of the ﬁrst occurrence of an ICD-9
code due to incomplete records. Our present study paves the
way for future prospective investigations, which will be critical
to establish temporal relationships between disability assessment and coexisting condition occurrence and account for all
potentially important confounders.
In summary, our novel application of the phenome-wide approach systematically identiﬁed the comorbidity burden and
informed clinically relevant and lesser appreciated comorbidities
associated with disease severity in a chronic neurologic disease,
MS. Future prospective investigation of the comorbidity burden
in relation to worsening disability may help realize individualized
monitoring and management of patients with severe MS.
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