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Abstract
Background and Objectives
Despite notable advances in genetic understanding of stroke recovery, most studies focus only
on candidate genes. To date, only 2 genome-wide association studies (GWAS) have focused on
stroke outcomes, but they were limited to the modified Rankin Scale (mRS). The mRS maps
poorly to biological processes. Therefore, we performed a GWAS to discover single nucleotide
polymorphisms (SNPs) associated with motor recovery poststroke.

Methods
We used the Vitamin Intervention for Stroke Prevention (VISP) data set of 2,100 genotyped
participants with nondisabling stroke. We included only participants who had motor impair-
ment at randomization. Participants with a recurrent stroke during the trial were excluded.
Genotyped data underwent strict quality control and imputation. The GWAS used logistic
regression models with generalized estimating equations to leverage the repeated NIH Stroke
Scale motor score measurements spanning 6 time points over 24 months. The primary out-
come was a decrease in the motor drift score of ≥1 vs <1 at each time point. Our model
estimated the odds ratio (OR) of motor improvement for each SNP after adjusting for age,
sex, race, days from stroke to visit, initial motor score, VISP treatment arm, and principal
components.

Results
A total of 488 (64%) participants with a mean (SD) age of 66 ± 11 years were included in the
GWAS. Although no associations reached genome-wide significance (p < 5 × 10−8), our analysis
detected 115 suggestive associations (p < 5 × 10−6). Notably, we found multiple SNP clusters
near genes with plausible neuronal repair biology mechanisms. The CLDN23 gene had the
most convincing association with rs1268196-T as its most significant SNP (OR 0.32; 95% CI
0.21–0.48; p value 6.19 × 10−7). CLDN23 affects blood-brain barrier integrity, neuro-
development, and immune cell transmigration.

Discussion
We identified novel suggestive genetic associations with the first-ever motor-specific poststroke
recovery GWAS. The results seem to describe a distinct stroke recovery phenotype compared
with prior genetic stroke outcome studies that use outcome measures, such as the mRS.
Replication and further mechanistic investigation are warranted. In addition, this study dem-
onstrated a proof-of-principle approach to optimize statistical efficiency with longitudinal data
sets for genetic discovery.
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Introduction
A reckoning is coming to the field of stroke recovery and
genomics. The research, now merging at the intersection of
these fields, faces 3 major challenges. First, most studies on
stroke-related genes use a candidate gene approach,1 whereas
there are only 2 genome-wide association studies published to
date.2,3 Therefore, understanding stroke recovery genetics is
limited to an extremely small portion of the genome,
encompassing only 11 associated genes.1 However, the
complex and time-varying biology of stroke recovery will
likely involve a much greater proportion of the genome. This
suggests that study designs using genome-wide4 and epi-
genome-wide5 associations are well suited to discover novel
recovery-associated genes and their variations. The second
issue is that acute stroke treatment trials often collect blood
samples useful for subsequent genetic studies. However, they
tend to lack detailed measures of stroke recovery. Conversely,
stroke recovery trials frequently collect these detailed and
domain-specific outcomemeasures, but lack biospecimens for
subsequent genetic analyses. The third challenge entails the
issue that most studies on stroke recovery-related genes have
defined their recovery phenotypes using global outcome
measures that combine multiple domains of impairment (e.g.
the modified Rankin Scale or total NIH Stroke Scale [NIHSS]
score) rather than using domain-specific measures (e.g. the
Upper Extremity Fugl-Meyer for the motor domain).6

It remains unclear whether the phenotype-genotype associa-
tions observed using multidomain measures differ from those
observed using domain-specific measures of stroke recovery.
For example, variants of the brain-derived neurotrophic factor
(BDNF) gene have been shown to predict poor stroke out-
comes defined as the 90-day modified Rankin Scale (mRS)
score ≤1 for ischemic stroke or Glasgow Outcome Scale score
≤3 for hemorrhagic stroke.7 However, Cramer et al.8 recently
showed that BDNF variants were not associated with a
domain-specific measure of arm motor function. This sug-
gests that change in a multidomain outcome measure may
represent a different phenotype-genotype relationship than a
change in a domain-specific measure. The distinction is not
trivial. As noted in the Stroke Recovery and Rehabilitation
Roundtable9 guidelines, “brain repair maps best onto fine-
grained movement quality measures that are sensitive and
specific.” In other words, using domain-specific measures of
stroke recovery is better suited for studies that aim to discover
genetic mechanisms of brain plasticity. Thus, genetic studies
of stroke recovery using domain-specific measures are ur-
gently needed.

In an effort to address this need, Braun et al.10 argued that
changes in NIHSS subscores, which measure impairment in
distinct neurologic domains, can be considered as an efficient
and clinically feasible means to obtain domain-specific mea-
sures of stroke recovery. They noted that the NIHSS motor
impairment subscores are comparable with the Fugl-Meyer
regarding arm and leg motor function. They also have good
inter-rater reliability (kappa 0.77–0.78). This study is the first
effort to define a phenotype-genotype association specific to
poststroke motor recovery using the change in NIHSS
subscores.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
This retrospective analysis uses the clinical and genetic data
obtained from the Vitamin Intervention for Stroke Prevention
(VISP) clinical trial (NCT00004734 at ClinicalTrials.gov).11

The VISP trial received approval from the Institutional Re-
view Boards of Wake Forest University School of Medicine
and the University of North Carolina at Chapel Hill School of
Medicine. Furthermore, all participants provided informed
consent, and all enrollment sites were in accordance with the
Declaration of Helsinki. This retrospective analysis falls
within the informed consent of the participants in the VISP
trial.

Discovery Cohort
The VISP trial investigated the effect of vitamin supplemen-
tation dosage on the risk of recurrent stroke with a random-
ized double-blinded design. The study enrolled participants
with a nondisabling ischemic stroke (mRS ≤3) greater than or
equal to 72 hours before enrollment. Participants were ran-
domized to a high-dose or low-dose vitamin supplementation
arm if they were at least 75% compliant with taking a low-dose
supplementation packet for 1 month prior. All participants
were reassessed every 3 months until a recurrent stroke event,
but not longer than 2 years.11 The trial successfully enrolled a
total of 3,680 randomized participants. However, 10 sites
were not approved for genetic studies, resulting in a subset of
2,100 genotyped participants.

Quality Control
The Center for Inherited Disease Research at Johns Hopkins
University performed genotyping on the Illumina Human-
Omni1-Quad-v1 array (Illumina, Inc.). The genotyped data
underwent strict quality control measures that filtered out
SNPs as follows: (1) missing call rate >2%, (2) Mendelian

Glossary
BDNF = brain-derived neurotrophic factor; GEE = generalized estimating equations; GWAS = genome-wide association
studies; IQR = interquartile range; mRS = modified Rankin Scale; NIHSS = NIH Stroke Scale; PTP = protein tyrosine
phosphate; SNP = single nucleotide polymorphism; VISP = Vitamin Intervention for Stroke Prevention.
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errors in control trios, (3) deviation from Hardy-Weinburg
equilibrium in controls, (4) discordant calls in duplicate
samples, (5) sex differences in allele frequency or heterozy-
gosity, and (6) minor allele frequency <0.05 in line with
previously published recommendations.12 We increased the
number of SNP with genetic imputation using the TOPMed
Imputation server,13,14 which implements the Minimac Im-
putation procedure.15 The TOPMed study13 has a large co-
hort of 97,256 individuals with diverse backgrounds, which
was preferred because of the sizeable proportion of non-
European ancestry participants in the VISP genotyped cohort.
After filtering out imputed SNPs with poor imputation quality
(r2 < 0.80) and MAFs < 0.05, the final count of SNPs came to
6,588,085.

Phenotyping
As suggested,10 we used the motor drift subscores of the
NIHSS as a measurement of motor weakness. The NIHSS
subscores 5A/5B and 6A/6B defined the degree of limb
weakness for the upper and lower extremities, also known as
drift. The subscores rate limb weakness or drift on an ordinal
scale from 0 to 5: 0 shows no drift, 1 drift is present, 2
observed some effort against gravity, 3 shows no effort against
gravity, 4 there is no movement, and 5 the limb is amputated.
We assumed that the enrolling stroke caused all motor drift
scores between 1 and 4 of the contralateral limb to the stroke
lesion. The VISP data set does not have imaging data for
retrospective validation. A limb was not phenotyped if it had a
motor drift score of 5 (amputation) at study randomization.
Motor improvement is defined as the decrease in the initial
motor drift subscore of the weakest limb from randomization
to each follow-up period. We chose the upper limb if partic-
ipants had equally affected upper and lower limbs. To

maximize statistical power and model stability, we di-
chotomized motor improvement as a decrease in initial motor
drift by ≥1 vs <1 for each follow-up period.

Data Analysis Plan
We implemented a logistic regression model with generalized
estimating equations (GEE) with the “gee” R package.16 The
GEE model allows the incorporation of repeated measure-
ments of the motor drift subscore over 2 years,17 which
provides notable statistical power gains compared with the
traditional case/control GWAS study design. A priori we
planned to adjust for age, sex, initial motor drift score, treat-
ment arm, and population stratification through principle
components. We calculated the top 10 principal components
using KING software18 to account for population stratifica-
tion in our cohort with genotyped SNPs after pruning. To
determine which principle components to include in the
GWAS model, we used a backward selection procedure op-
timizing the AIC with the “stepAIC” function from the MASS
R package.19

In addition to the a priori covariates, time since stroke onset is
an important covariate when modeling stroke recovery be-
cause of changing rates of recovery based on well-defined time
epochs (i.e. acute, early and late subacute, and chronic).20

These epochs are tied to biological processes of inflammation
and scarring early on into recovery with a transition to mainly
endogenous plasticity in later stages. To account for this effect
in the model, we added the covariate of time from stroke onset
to time of motor drift measurement in days for each follow-up
period. Furthermore, we investigated the nonlinear relation-
ship of the probability of poststroke motor improvement and
time since stroke onset. Figure 1 shows the mean estimated

Figure 1 Nonlinear Probability of Motor Improvement Over Time

The nonlinear relationship of the mean proba-
bility of motor improvement for each follow-up
time point since study randomization. The green
and orange line segments highlight the notable
change in slope from 1- to 6-month visits to 6- to
24-month visits after randomization. The non-
linear relationship of motor improvement time is
well known from chronic stroke rehab trials of the
upper extremity.
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probability of motor drift improvement over time since ran-
domization. We used a spline of time from onset to mea-
surement with 1 knot at 250 days to better model the
nonlinear relationship and maintain the clinical. Finally, we
considered possible loss to follow-up effects. We investigated
which baseline characteristics predict missing motor drift
scores. Any associated baseline characteristics would be added
to the final GEE model with an exchangeable correlation
structure as covariates.

Sensitivity Analysis
We performed 2 sensitivity analyses. First, we evaluated the
interaction of time of stroke onset to follow-up period spline
with each SNP that reached a p value threshold of p < 5 × 10−6.
We suspected that the effect of the SNP may change
depending on the stroke recovery phase. Second, we observed
a wide spread of time from stroke onset to VISP randomi-
zation (median 72 days; interquartile range [IQR] 45.75–102
days). We generated an early vs late poststroke randomization
variable defined as < the median (72 days) being early and ≥
the median as late randomization and then estimated its in-
teraction with each.

Look-Up Analysis
We investigated if the reported SNPs from the GISCOME
GWAS study2 on stroke functional recovery replicate with
our poststroke motor recovery associated SNPs. The GIS-
COME study is the largest poststroke recovery GWAS by
combined sample size (n = 6,021) from 12 studies.
Söderholm et al. defined good recovery as a mRS of ≤2 and a
mRS of ≥3 signified poor recovery. We planned to compare
our GWAS results with all SNPs with a p value <5 × 10−6

from the GISCOME study. The p values of the look-up
analysis will receive a multiple comparison adjustment at an
FDR of 10%.

Data Availability
The clinical VISP data are available at the NIHND Archived
Clinical Research Datasets website (ninds.nih.gov/current-
research/research-funded-ninds/clinical-research/archived-
clinical-research-datasets). Raw genotype data for VISP are
available in dbGaP (Accession phs000343.v4.p1). The genetic
association results generated by this study can be found in the
Cerebrovascular Disease Knowledge Portal.

Results
Demographics
We included participants with weakness of an arm or leg
defined as a greater than zero on the motor drift time from the
NIH stroke scale at randomization. We excluded participants
who had an incident recurrent stroke during the trial. This
resulted in 488 participants in this GWAS, who provided
2,095 individual observations over the entire VISP study 2-year
period from randomization to months 1, 6, 12, 18, and 24.

Participants had a median (IQR) 5 (4–5) number of motor
drift assessments with a minimum of 1 to a maximum of 5.
Table 1 presents the demographics of this cohort. Further-
more, 170 (34.8%) left and 145 (29.7%) right upper limbs
were phenotyped, while 81 (16.6%) left and 92 (18.8%) right
lower limbs were phenotyped. Most of the participants had
worse armweakness (67%) than leg weakness likely because of
the VISP inclusion criteria of nondisability strokes defined by a

Table 1 Vitamin Intervention for Stroke Prevention (VISP)
Trial Demographics at the Time of
Randomization

VISP cohort (n = 488)

Treatment Arm, n (%)

High Dose 225 (47)

Low Dose 251 (53)

Age, y

Mean (SD) 66 (±11)

Sex, n (%)

Male 310 (64)

Weakest LIMB, n (%)

Arm 333 (67)

Stroke onset to randomization

Days 72.5 (±31.2)

Body mass index (BMI)

N-Miss 7

Mean (SD) 28.54 (6.47)

Hypertension, n (%)

N-Miss 1

No 114 (23)

Yes 383 (77)

Ever smoker, n (%)

N-Miss 1

No 173 (36)

Yes 314 (64)

Diabetes mellitus type II, n (%)

No 331 (68)

Yes 157 (32)

Ancestry, n (%)

European 347 (73)

African 92 (19)

Other 37 (8)

Information is presented as counts (%) or means (SD).

Neurology.org/N Neurology | Volume 101, Number 21 | November 21, 2023 e2117

Copyright © 2023 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

https://www.ninds.nih.gov/current-research/research-funded-ninds/clinical-research/archived-clinical-research-datasets
https://www.ninds.nih.gov/current-research/research-funded-ninds/clinical-research/archived-clinical-research-datasets
https://www.ninds.nih.gov/current-research/research-funded-ninds/clinical-research/archived-clinical-research-datasets
http://neurology.org/n


mRS ≤3. Once we phenotyped the limb of interest as motor
“weakness present” (motor drift >0) vs “no weakness,” we
observed a steady increase in the percentage of participants
with “no weakness” over the 2 years. By 24 months after
randomization, 73.89% of participants had no motor weak-
ness (motor drift = 0) (see Table 2). It is well known that the
higher mRS scores are biased toward lower extremity

weakness and inability to walk compared with upper ex-
tremity weakness. Of note, the distribution of patient ancestry
generally reflects the national US population. By 24 months,
26.6% of participants were lost to follow-up. We found sex
and self-identified race were associated with loss to follow-up.
Male participants made up 76% who were lost to follow-up vs
female participants at 59% (p < 0.001). Participants who self-
identified as Black were more likely to be lost to follow-up
than those who self-identified as White (odds ratio [OR]
2.10; 95% CI 1.59–2.75; p < 0.001). Similarly, participants of
non-European or African ancestry (collapsed into a classifi-
cation “other”, due to small sample sizes) were 1.76 (OR)
more likely to be lost to follow-up than White participants
(95% CI 1.17–2.60; p value 0.005).

GWAS

Primary Results
None of the SNPs reached genome-wide significance (p < 5 ×
10−8). However, 115 SNPs reached suggestive associations
with motor improvement (p < 5 × 10−6). Figure 2 shows the
p values of the OR of motor improvement for each SNP. The
GWAS’s calculated genomic control factor is 1.01, which
suggests no genomic inflation. The suggestive SNPs found
themselves in chromosomes 1 (n = 3), 6 (n = 1), 8 (n = 92), 9
(n = 6), 12 (n = 6), 14 (n = 1), 16 (n = 1), and 18 (n = 5). The
top 2 SNPs, rs12681936 and rs12680789, in chromosome 8
had the smallest p values (5.96 × 10−8), which were just shy of

Figure 2 Genome-wide Association Study Manhattan Plot of Poststroke Motor Recovery

This Manhattan plot shows each SNP and its -log10 (p value) associated with poststroke motor improvement. None of the SNPs reached genome-wide
significance (above the red line). However, 115 SNPs had suggestive associations (above the blue line), with 2 right under the red line. The most convincing
genetic locus is the large spike in chromosome 8, near the Claudin 23 gene. This gene affects the blood-brain barrier and immune cell transmigration. Red
dotted line marks the Bonferoni threshold of -log10 (5e-8). Blue dotted line marks the suggestive threshold of -log10 (5e-6). SNP = single nucleotide
polymorphism.

Table 2 Number (%) of Participants With a Motor Drift
Score Greater Than 0 on Their Phenotyped Limb
at Each Study Time Point Since Randomization

Motor weakness

Study visit Present, n (%) Absent, n (%)

Randomization 488 (100) 0 (0)

1 mo 312 (65.14) 167 (34.86)

6 mo 194 (43.21) 255 (56.79)

12 m 133 (31.59) 288 (68.41)

18 m 115 (29.04) 281 (70.96)

24 mo 94 (26.11) 266 (73.89)

Most study participants were in their chronic phase of poststroke recovery
since theywere randomized on average (SD) of 72.5 (±31.2) days from stroke
onset.
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genome-wide significance (p < 5 × 10−8). See eTable 1 (links.
lww.com/WNL/D159) for a full list of all suggestive SNP
associations with annotations from Ensembl.org’s variant ef-
fect predictor software.21 Figure 2 shows a strong signal on
chromosome 8. This locus is better visualized by the locus
zoom plot in Figure 3A. This locus is within <0.1 megabases
of the CLDN23 gene.

Sensitivity Analysis
Sensitivity analysis of the interaction between the spline of
stroke onset to motor drift measurement revealed that 2 SNPs

had significant interactions at an FDR of 10%. They were
rs113693489 in chromosome 6 and rs2967308 in chromo-
some 16. eTable 2 (links.lww.com/WNL/D160) contains
all the interaction estimates and their q values. In general,
SNP interactions with the first part of the spline (days from
stroke onset to measurement <250) had a mean (±SD) OR
of 0.967 (±1.33). The interactions with the second part of
the spline (≥250 days) had a mean (±SD) OR of 0.806
(±1.33). Highlighting the chromosome 8 locus, Figure 4
shows the OR point estimate and their 95% confidence
intervals.

Figure 3 Suggestive Genetic Loci of Interest and Their Linkage Disequilibrium

Panel plot of Locus Zoom figures (A–D) corresponding to genetic loci of interest. The colors refer to the correlation of each SNP to the top SNP in each panel,
with red having an r2 ≥ 0.80. (A) Genetic locus near the CLDN23 gene on chromosome 8. (B) Genetic locus within the PTPRD gene on chromosome 9. (C) Genetic
locus within the RIMBP2 gene on chromosome 12. (D) Genetic locus between the RTTN and SOCS6 genes on chromosome 18. SNP = single nucleotide
polymorphism.
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The second sensitivity analysis focused on the interaction of
the suggestive SNPs based on early vs later randomization
into the VISP trial from stroke onset. The SNPs’ p values

underwent an FDR adjustment of 10%. In contrast to the
interaction analysis, all early and late randomization q values
were significant; (eTable 3) (links.lww.com/WNL/D161).

Figure 4 CLDN23 Associations Have Larger Effect Sizes Within 6 Months of Enrollment vs Later

Shows the estimates and 95% confidence intervals
of the interaction of the study time points 1–6
months vs 6–24 months with each suggestive SNP
found in chromosome 8. Interestingly, the in-
teraction estimates of many SNPs seem to strad-
dle one, with SNP estimates at 1–6 months having
greater odds of motor recovery. In comparison,
SNP estimates at 6–24 months have less odds
of motor recovery. SNP = single nucleotide
polymorphism
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Early randomization interactions had a mean (±SD) OR of
0.419 (±1.68). Late randomization interaction had a similar
mean (±SD) OR of 0.397 (±1.70). Figure 5 shows the

estimates for each suggestive SNP interaction with early vs
late randomization in the chromosome 8 locus. Although our
sensitivity analysis models show that each SNP interaction is

Figure 5 CLDN23 Associations Are Robust to Time From Stroke to Study Enrollment

Odds ratios and 95% confidence intervals of mo-
tor drift score improvement from the interaction
early vs late poststroke randomization by SNP
in chromosome 8. The odds ratios estimates
for early vs late do not have a discernible pat-
tern or consistency. SNP = single nucleotide
polymorphism.
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an independent predictor of motor improvement, the 95%
confidence intervals have large overlaps. The overlaps suggest
that ORs for each SNP interaction do not differ from early vs
late randomization in the VISP trial from stroke onset.

Look-up Analysis
Of the 500 reported SNPs (p < 5 × 10−6) from the GISCOME
study,2 only 414 were present in our analysis results. After
applying an FDR of 10%, none of the look-up SNPs from the
GISCOME study reached significance.

Discussion
This study aimed to discover novel genetic associations of
motor recovery in individuals with mildly disabling stroke,
using a cohort of participants in the chronic phase of recovery.
Most study participants experienced their stroke at least 30
days before study randomization. Our findings reveal that the
results are more pertinent to chronic motor recovery rather
than acute. Although our GWAS of poststroke motor re-
covery failed to show genome-wide significant associations,
we found 115 novel suggestive SNPs linked to the odds of
motor recovery over 2 years. These suggestive SNPs mapped
to genomic loci connected with genes that are previously
unknown as either candidate genes or ones from prior GWAS
studies.2,3 These findings are biologically relevant and suggest
that genetic factors may play a role in chronic phases of re-
covery for participants with mildly disabling stroke.

The chromosome 8 locus’s apex, as seen in Figure 3A, is <0.1
megabases from the CLDN23 gene. CLDN23 (Claudin 23) is
a protein-encoding gene part of the Claudin gene family,
which are integral membrane proteins and components to
tight junction strands.22 CLDN23 has related pathways af-
fecting the blood-brain barrier and immune cell trans-
migration according to genecards.org’s pathway unification
database.23

In addition, CLDN23 variants are associated with blood
cholesterol, triglyceride, and lipid measurements.24-26 In our
study, rs62494916 located in an enhancer region near
CLDN23 has an estimated OR of 0.33 (beta −1.11; standard
deviation 0.23; p value 1.8 × 10−6). For each allele copy of
rs62494917 (G), the odds of improving motor weakness
decreased by a factor of 0.33. It is possible that certain SNPs
that affect CLDN23 gene expression may also influence the
dynamic stability of the blood-brain barrier resulting in a less
hospitable environment for neuroplasticity and recovery to
occur poststroke. Unlike the chromosome 8 locus, the chro-
mosome 9 locus is within the PTPRD gene, part of the protein
tyrosine phosphate (PTP) family. The PTPRD gene has a
protein-to-protein interaction at the neuronal synapse located
at the presynaptic terminal surface. It has related pathways of
cell growth, differentiation, mitotic cycle, and oncogenic
transformation.27,28 Interestingly, PTPRD has an association
with glioblastoma.29 Figure 3C shows the chromosome 12

locus within the RIMS-binding protein (RIMBP2) gene. As
the name suggests, this gene produces a binding protein. The
function of this protein is predicted to involve neuromuscular
synaptic transmission. It is also highly expressed in brain tis-
sue. In 2021, Butola et al. reported that the role of RIM-BP2 is
to link voltage-gated Ca2+ channels and release the sites of
synaptic vesicles.30 They explain that RIMBP2 disruption
leads to alterations in Cav2.1 channel topography at active
zones. These active zones affect neurotransmitter release.
This locus’s top SNP (rs73156962) has a direct biological
interpretation (p = 0.034) in the nucleus accumbens located
in the basal ganglia, a highly dense interconnected neuronal
tissue.31

The chromosome 18 locus sits almost equally between 2
genes, RTTN and SOCS6, each within 0.1 megabases
(Figure 3D). RTTN (Rotatin) encodes a large protein with-
out a known specific function. However, knockout mice
models result in neural tube defects.32 In humans, RTTN
pathologic variants lead to microcephaly and polymicrogyria
with seizures.33,34 Although RTTN is linked to neurologic
structure and disorder in humans, there remains a notable lack
of published literature on this gene and its biological mech-
anisms. However, SOCS6 (suppressor of cytokine signaling 6)
is part of the suppressor cytokine signaling protein family,
which plays a key role in inflammation regulation and insulin
signaling in human brain tissue, especially brain tissue affected
by a neurodegenerative disease.35

Söderholm et al.2 performed the largest GWAS of stroke
functional recovery to date. Their analysis consisted of 12
studies which totaled 6,021 participants. They defined func-
tional stroke recovery as obtaining a mRS score ≤2 as “Good
Recovery” vs ≥3 as “Poor Recovery” in their case/control
approach. This study found only 1 SNP (rs1842681) signifi-
cant at the genome-wide level (p < 5 × 10−8) located in the
LOC105372028 gene. The LOC105372028 gene has no
known biological function. They also found 33 suggestive
SNPs among 12 different loci. When they used the mRS
scores as an ordinal response instead of a binary one, the
number of suggestive SNPs increased to 75 spread over 17
distinct loci without an increase in genome-wide significant
SNPs.

When comparing the study by Söderholm et al. with ours,
there are 2 notable distinctions. First, the set of associated
genes of each study is unique. None of our associated genes
replicated theirs. This fact is intriguing because each study’s
unique set of genes may be due to the functional recovery
measures used. Our GWAS analysis used the motor drift
scores from the NIHSS as a specific motor behavior marker of
the participants in our discovery cohort who had the greatest
weakness in the upper extremity instead of the lower, which
suggests that motor drift score changes may not correlate with
changes in the mRS. Unlike the motor drift score, the mRS
encompasses multiple phenotypic domains such as cognition,
motor strength, balance, and mortality. The mRS measure is
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likely to associate with genes that have general or systemic
biological effects and include genes expressed in other tissues
that interact with brain tissue such as cardiovascular and
lymphatic tissues.

The second distinction is the clear difference in the number of
participants in each study, ours n = 488 and Söderholm et al.
n = 6,201. We capitalized on the repeated motor drift score
measurements. The logistic regression model with GEE greatly
enhanced the statistical efficiency in finding SNPs of interest
associated with poststrokemotor recovery. In fact, this study had
about one-tenth of the minimum recommended sample size for
GWAS studies.36,37 Thus, our analysis is a proof-of-principle that
longitudinal observational studies can be a strong design for
future stroke recovery genomic studies.

To note, the genetic loci of Söderholm et al. and ours did not
include well-published candidate stroke recovery genes of
APOE, BDNF, or COX-2.1,38-41 This has particular interest
because one would imagine that at least one of these genes
would present themselves in either our results or those of
Söderholm et al. Even more so in line with Söderholm et al.
because of the use of the mRS as a recovery measure like
previous candidate gene studies. One possible explanation is
that GWAS studies remain too underpowered to detect the
effect size of known candidate genes. The effect sizes of the
candidate genes may be smaller than anticipated. To address
the issue of being underpowered, the stroke recovery com-
munity needs more genetic data linked to specific stroke re-
covery phenotypes of interest or at least capitalize on
observational stroke outcome studies with longitudinal de-
signs overlaid on relevant recovery milestones.

Unfortunately, our study does not have a replication cohort,
despite searching internationally for other cohorts with NIHSS
subscores and genetic data. For example, the National Institute of
Neurological Disorders and Stroke archived that clinical research
database has 22 publicly available stroke study data sets, but none
of them have NIHSS subscores and genetic data. However, we
performed a look-up analysis based on the findings by Söderholm
et al. 2 as a reasonable surrogate replication cohort. Another
limitation of this study is related to the VISP enrollment criteria.
Participants enrolled in the VISP trial must have had a stroke due
to atheroembolic mechanisms. Potential participants were ex-
cluded if their stroke was the result of a cardioembolic source. It is
possible that our discovery cohort of participants had smaller
vessel strokes compared with large artery and other stroke types.
The biological mechanisms deployed and their effect on stroke
recovery may differ among these subtypes, especially because
large artery and cardioembolic strokes tend to have larger stroke
lesion volumes than small vessel strokes.

Small vessel stroke may relate more to chronic inflammatory
or hypertension exposures, whichmay explainCLDN23 as the
most promising finding. Unfortunately, the VISP trial did not
collect stroke subtype data such as the TOAST criteria.42 We
are unable to investigate how the genetic associations may

differ among stroke subtypes. Finally, it is important to note
that most VISP cohort already experienced their acute stroke
recovery which occurs within the first 30 days after stroke.
The study participants included in our analysis reflect stroke
survivors that have residual motor deficits and are mildly
disabled. Our genetic associations should be interpreted in the
context of chronic motor recovery and its relevant biological
mechanisms, but not in the context of hyperacute and acute
recovery phases. Although this limits the generalizability of
our results to other phases of poststroke motor recovery, our
findings may highlight important genetic mechanisms that
influence neuroplasticity changes over the long term.

We demonstrated the first-ever use of repeated measurements
and a domain-specific phenotype in a stroke recovery GWAS.
This resulted in the discovery of new gene associations. As a
proof-of-principle, this GWAS repurposed the NIHSS in a
rich stroke clinical trial data set in line with the recommen-
dations from Braun et al.10 and the Stroke Recovery and
Rehabilitation Roundtable.20 This study’s approach may
greatly affect future genetic stroke study design. The longi-
tudinal design allows one to investigate whether the SNP
effect is associated with changes over time, which we believe is
critical in stroke recovery genetics research.

As a next step, the CLDN23 gene represents a strong candi-
date for further research into its potential impact on stroke
recovery. We recognize that our most convincing finding, the
CLDN23 gene, was not replicated in an independent cohort;
however, the biological role of this gene is very relevant to stroke
outcomes through its expression in the blood-brain barrier and
role in the immune cell migration pathway. This pathway is
dynamic and a known important structure and interface in the
context of CNS diseases.43 Although the biological relevance is
high for poststroke recovery, it is important that these findings
are replicated in an independent cohort focused on chronic
motor recovery after stroke. Mendelian randomization ap-
proaches may be good intermediate steps to test causal rela-
tionships of blood-brain barrier dysfunction or disruption and
poststroke recovery before initiating animal models.
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