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Background: Cognitive decline and decline in physical performance are 

common after stroke. Concurrent impairments in the two domains are 

reported to give increased risk of dementia and functional decline. The 

concept of dual impairment of physical performance and cognition after 

stroke is poorly investigated. Clinically accessible imaging markers of stroke 

and pre-existing brain pathology might help identify patients at risk.

Objective: The primary aim of this study was to investigate to which extent pre-

stroke cerebral pathology was associated with dual impairment in cognition 

and physical performance at time of stroke. Secondary aims were to examine 

whether white matter hyperintensities, medial temporal lobe atrophy, and 

stroke lesion volume and location were associated with dual impairment.

Methods: Participants from the Norwegian Cognitive Impairment After Stroke 

(Nor-COAST) study with available MRI data at baseline were included in this 

cross-sectional study. Logistic regression analyses were conducted, with 

impairment status (no impairment, impaired cognition, impaired physical 

performance, and dual impairment) as the dependent variable and MRI 

markers as covariates. Pre-existing brain pathologies were classified into 

neurodegenerative, cerebrovascular, or mixed pathology. In addition, white 

matter hyperintensities and medial temporal lobe atrophy were included as 

independent covariates. Stroke volume and location were also ascertained 

from study-specific MRI scans.

Results: Participants’ (n = 348) mean (SD) age was 72.3 (11.3) years; 148 (42.5%) 

were women. Participants with dual impairment (n = 99) were significantly 

older, had experienced a more severe stroke, and had a higher comorbidity 

burden and poorer pre-stroke function. Stroke lesion volume (odds ratio 1.03, 

95%, confidence interval 1.00 to 1.05, p = 0.035), but not stroke location or  
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pre-existing brain pathology, was associated with dual impairment, after 

adjusting for age and sex.

Conclusion: In this large cohort of stroke survivors having suffered mainly 

mild to moderate stroke, stroke lesion volume—but not pre-existing brain 

pathology—was associated with dual impairment early after stroke, confirming 

the role of stroke severity in functional decline.
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stroke, cognition, physical performance, neuroimaging, MRI

Introduction

The emerging concept of “dual decliners” describes individuals 
with dual impairment of physical performance and cognition; 
these have been reported to be associated with a higher risk of 
progression to dementia and hospitalization in community-
dwelling older adults (Tian et al., 2020). This might be regarded as 
a continuation of the motoric cognitive risk syndrome (MCR), a 
predementia syndrome combining subjective cognitive complaints 
and slow gait speed (Verghese et al., 2013). MCR has shown to 
be associated with lower gray matter volume, which suggests a 
closer relationship with neurodegenerative dementias (Sekhon 
et al., 2019; Beauchet et al., 2020). However, MCR has also shown 
to be associated with cerebrovascular changes (Wang et al., 2016). 
This inconsistency in the literature indicates a need for 
further investigation.

In two different cohorts of older people characterized by a 
high prevalence of comorbidities, including cerebrovascular 
disease, it is shown that dual impairments were associated with 
pathological changes in brain areas like the thalamus, precuneus, 
and superior frontal gyrus (Tian et al., 2021) and increased risk of 
decline in instrumental activities of daily living (Jokinen et al., 
2021). The concept of dual impairment has been sparsely 
investigated in stroke survivor populations who are at an increased 
risk of dementia. However, a recent study reported a prevalence of 
20% of dual impairment in the study cohort 3 months after 
suffering a mild or moderate stroke (Einstad et  al., 2021). 
Knowledge about how different types of brain pathology are 
associated with impaired cognition, impaired physical 
performance, and dual impairment might shed light on potential 
brain mechanisms underlying functional decline after stroke.

The observed impairments in cognition and physical 
performance after a stroke may be a symptom of the focal signs 
from the stroke lesion itself as well as of pre-existing dispersed 
brain pathology (Zhang et al., 2017; Puy et al., 2018; Khan et al., 
2019). Processes related to both the stroke lesion and pre-existing 
cerebral abnormalities might contribute to lower brain resilience, 
placing individuals at risk for dual impairment (Poggesi et al., 
2014; Lee et al., 2017).

Existing findings in stroke patients have reported that other 
cerebral abnormalities are commonly present at the time of the 

stroke incident, including white matter hyperintensities (WMH), 
microbleeds, medial temporal lobe atrophy (MTA), and increased 
ventricular volume (Schellhorn et  al., 2021a). Schellhorn and 
colleagues classified patients into groups primarily characterized by 
pre-existing neurodegeneration, cerebrovascular disease, or mixed 
pathology. Patients in the cerebrovascular disease or mixed 
pathology groups were significantly more likely to have suffered 
from pre-stroke cognitive impairments (Schellhorn et al., 2021a). In 
addition, the volume, and the location of the stroke lesion itself have 
been reported as significant predictors of post-stroke functional 
outcome (Zaidi et al., 2012; Jones et al., 2016; Puy et al., 2018). More 
specifically, the thalamus and the middle frontal gyrus have been 
identified as strategic stroke locations for cognition, and the insula, 
the putamen, and the external capsule have been associated with 
changes in physical performance (Jones et al., 2016; Puy et al., 2018). 
It seems that the infarct volume is to a greater extent related to post-
stroke physical performance, while WMH (interpreted as an 
expression of cerebral small vessel disease) are associated with 
cognitive impairments (Auriat et al., 2019; Georgakis et al., 2019; 
Khan et al., 2019). Furthermore, findings from Hawe et al. revealed 
that a larger burden of WMH worsens the impact of stroke lesion 
volume, especially on cognition (Hawe et al., 2018).

These findings suggest an interplay between stroke lesion 
characteristics and pre-existing pathology that should be further 
explored. However, the association between pre-existing brain 
pathology and post-stroke dual impairment of cognition and 
physical performance is yet to be investigated. Despite conflicting 
evidence within the field of dual impairment, it is vital to increase 
our understanding of the associations between pre-existing and 
stroke-related brain pathology and the combination of cognitive 
and motor impairments, in order to make future progress within 
post-stroke neurorehabilitation.

The overall aim of the present study was to explore the 
relationship between pre-and post-stroke cerebral MRI markers 
obtained from MRI scans performed within the first week after 
stroke, and the separate and combined outcomes of cognition and 
physical performance impairments in the acute phase after stroke. 
The primary aim was to investigate the extent to which pre-stroke 
cerebral pathology (neurodegeneration, cerebrovascular disease, 
or mixed pathology) was associated with post-stroke dual 
impairments in cognition and physical function. The secondary 
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aims were to examine the associations between WMH, MTA, and 
stroke lesion characteristics (lesion volume and location) at time 
of stroke and post-stroke impairment groups.

Materials and methods

Study design and participants

The present study was a cross-sectional study with baseline 
data from the Norwegian Cognitive Impairment After Stroke 
(Nor-COAST) study, a multicenter prospective cohort study that 
includes participants recruited from three university hospitals and 
two local hospitals in Norway between May 2015 and March 2017 
(Thingstad et al., 2018). Inclusion criteria were: diagnosed with 
stroke according to the WHO criteria (WHO, 1988), symptom 
onset within 1 week before admission, being over 18 years old, 
fluency in a Scandinavian language, and living in the catchment 
area of the participating hospitals. Patients with less than 3 months 
of expected survival were excluded from the study. More details 
about the Nor-COAST protocol are given in Thingstad et al. (2018).

A subsample of the Nor-COAST participants was included in 
an MRI sub-study; for this sub-study, the inclusion criterion was 
the ability to cooperate during an MRI scan, and exclusion criteria 
were severe functional impairment (modified Rankin Scale 
score > 3), medical contraindications for MRI (e.g., claustrophobia 
or pacemaker), and/or refusal to participate in the MRI sub-study. 
In order to be included in the present study, participants needed 
to have available scores on the Montreal Cognitive Assessment 
(MoCA) and the Short Physical Performance Battery (SPPB) (see 
below) at baseline.

MRI acquisition

Participants underwent a study-specific MRI protocol at one 
of the five participating hospitals 2–7 days after onset of stroke. 
The study protocol included a 3D T1-weighted sequence, axial T2, 
3D Fluid attenuated inversion recovery (FLAIR), diffusion 
weighted imaging (DWI), and susceptibility weighted imaging 
(SWI). Further details about the MRI study protocol are described 
in Schellhorn et al. (2021a) In addition, 63 participants who were 
not included in the MRI sub-study had available clinical MRIs that 
were suitable for visual rating, and these participants were 
included in the analyses. The clinical MRI sequences were 
acquired with different sequence parameters than the study-
specific MRIs but were suitable for visual rating.

Image analysis

Visually rated variables: Pre-stroke
Pre-existing pathology markers were visually scored according 

to established criteria. Standards for reporting Vascular Changes 

on Neuroimaging (STRIVE) recommendations were applied to 
rate small vessel disease features (Wardlaw et  al., 2013); for 
neurodegenerative disease, validated visual rating scales were used 
(Ferreira et al., 2015). WMH of presumed vascular origin were 
classified using the widely used Fazekas scale (Fazekas et al., 1987) 
and categorized as normal or pathological by combining score and 
age. The presence of lacunes of presumed vascular origin assessed 
on the 3D FLAIR was always regarded as pathological (Donnan 
and Norrving, 2008). Microbleeds were classified as present when 
≥2 hypointense lesions were found on SWI (Cordonnier et al., 
2009; Poels et al., 2011), and old infarcts were classified as present 
when there was parenchymal defect with significant loss of volume 
without corresponding diffusion restriction. MTA was assessed 
according to the established MTA scale (Scheltens et al., 1992) and 
was scored as normal or pathological according to reference values 
adjusted for age (Ferreira et  al., 2015). Posterior atrophy was 
assessed with the posterior atrophy scale (Koedam et al., 2011), 
and a value of ≥2 was considered pathological in participants 
older than 95 years (Ferreira et al., 2015). Ventricular enlargement, 
which is considered an expression of global atrophy, was measured 
by the Evans Index (Evans, 1942) and was classified as normal or 
pathological according to sex-and age-dependent reference values 
(Brix et al., 2017).

Participants were sorted into four groups: (1) No pathological 
scores in visually rated brain MRI; (2) neurodegeneration 
(pathological markers of MTA, posterior atrophy, or ventricular 
enlargement, and no pathological markers of cerebrovascular 
disease); (3) cerebrovascular disease (pathological scoring of 
WMH, lacunes, or microbleeds, and no pathological markers 
of  neurodegeneration); and (4) mixed pathology (presence 
of  pathological scores of both neurodegeneration and 
cerebrovascular disease).

Stroke lesion volume and location:  
Post-stroke

Stroke volume lesion masks were created for participants with 
visible diffusion restrictions on DWI. Stroke lesion volume was 
specified as equivalent to the ischemic core, which represents the 
amount of irreversibly destroyed brain parenchyma, identified as 
diffusion restriction on the DWI sequence. The ITK “Insight 
Segmentation and Registration Toolkit-Snap” (ITK-Snap) snake 
tool (v. 3.8.0) (Yushkevich et  al., 2006) was used to semi-
automatically label acute infarcts in order to create lesion masks, 
which were created for all participants who had visible diffusion 
restriction on DWI. The masked stroke volume in mm3 was 
automatically measured by ITK-Snap and converted to milliliters 
(ml) after being exported to a comma-separated values (csv) file. 
Further details on stroke volume extraction in this sample are 
described in Aamodt et al. (2021).

The location of the acute stroke was identified using the 
coordinates of the stroke lesion masks to find the corresponding 
anatomical structure at the gyrus level in the Talairach brain 
atlases (Lancaster et al., 2000). Gyri, thalami, and nuclei were 
classified as gray matter, and sub-gyral and extra-nuclear spaces 

https://doi.org/10.3389/fnagi.2022.1037936
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Einstad et al. 10.3389/fnagi.2022.1037936

Frontiers in Aging Neuroscience 04 frontiersin.org

were classified as white matter; cerebellar structures were classified 
as cerebellum. In participants with multiple lesions in more than 
one region, we defined gray matter was set as the location if at least 
one lesion had this location, and white matter as the location if all 
lesions were situated in white matter.

Participants’ characteristics

Baseline characteristics were retrieved from participants, 
proxies, and medical records during their hospital stay. Clinical 
assessments were performed by trained health care personnel 
according to a standardized manual before discharge or within a 
week after admission. TOAST (Trial of Org 10,172 in Acute Stroke 
Treatment) classification which categorizes ischemic stroke by 
etiology, was carried out by experienced stroke physicians (Adams 
et  al., 1993). The National Institutes of Health Stroke Scale 
(NIHSS) (Brott et  al., 1989) score at admission was used to 
measure stroke severity; the possible score range was 0–42, with 
higher scores indicating more severe stroke. Functional 
dependency was measured with the Modified Rankin Scale (mRS) 
(van Swieten et  al., 1988), a scale (0–6) where a higher score 
indicates more dependency, and a score of 6 denotes death. 
Pre-stroke mRS score was assessed retrospectively while post-
stroke mRS was assessed either at discharge or day 7 after 
symptom onset. Pre-stroke conditions—such as hypertension, 
diabetes mellitus, previous stroke, and atrial fibrillation—were 
evaluated as present based on medication prescribed before 
admission, in-hospital assessments, and medical records. A 
Charlson Comorbidity Index score was calculated based on 
participant information and medical records and was used as a 
descriptive measure to quantify comorbidity (Charlson et  al., 
1987). The index is based on 19 medical conditions weighted 
according to severity, and is categorize into three grades: mild, 
with scores of 1–2; moderate, with scores of 3–4; and severe, with 
scores ≥5. Frailty was measured by the Fried Frailty Index, a three-
category ordinal scale defining participants as robust, pre-frail or 
frail based on the criteria weight loss, exhaustion, physical activity, 
gait speed and grip strength (Fried et al., 2001).

Clinical assessments: Post-stroke

We assessed physical performance with the Short Physical 
Performance Battery (SPPB), a measure that consists of three 
tasks: four-meter preferred gait speed, balance, and five times 
sit-to-stand from chair. It uses four-point scales for each task for 
a sum score ranging from 0 to 12, with higher scores indicating 
better function (Guralnik et al., 1994, 1995). Global cognition was 
assessed with the Montreal Cognitive Assessment (MoCA), a 
10-item test covering eight cognitive domains: short-term 
memory recall, visuospatial abilities, executive function, attention, 
concentration, working memory, language, and orientation. 
Possible scores range from 0 to 30, with higher scores indicating 

better cognition (Nasreddine et  al., 2005). A cut-off for 
impairment was set at <10 points for the SPPB (Guralnik et al., 
1995) and < 24 points for the MoCA (Borland et  al., 2017). 
Participants were classified as having: (1) no impairments, (2) 
impaired cognition, (3) impaired physical performance, or (4) 
dual impairment.

Ethical considerations

The present study was carried out according to the Declaration 
of Helsinki. Participation was voluntary and based on written 
informed consent from the participant or, in cases where 
participants were not able to give consent, by their proxy. The 
study was approved by the Regional Committee for Medical and 
Health Research Ethics (REC Central 194265) and registered at 
ClinicalTrials.gov (NCT02650531).

Statistics

MRI scans were carried out within a week after admission to 
hospital, patient interviews and clinical assessments were done 
before discharge or at the latest 1 week after admission. 
Demographic and clinical characteristics were summarized using 
means and standard deviations (SD) for continuous and ordinal 
variables and frequencies and percentages for dichotomous 
variables. Mean imputation was carried out in cases with single 
items missing on the MoCA and NIHSS. Cases with more than 
50% missing items were excluded from analyses (n = 1 for 
MoCA). Missing scores on the SPPB were not imputed, due to 
too few variables being part of the total score. Baseline 
characteristics were compared across impairment groups using 
the Pearson chi-square test for dichotomous and nominal 
categorical variables and the Kruskal–Wallis test for ordinal and 
continuous variables.

We used multinominal logistic regression models, with post-
stroke impairment group (no impairment, impaired cognition, 
impaired physical function, and dual impairment) as the 
dependent variable and type of pre-stroke brain pathology 
(neurodegeneration, cerebrovascular disease, or mixed pathology, 
with normal as reference category), stroke volume, stroke 
location (right hemisphere and white matter as reference 
variables), WMH, and MTA as covariates. As few participants 
(n = 12) were classified with cerebellar lesion, participants with 
this location were not included in the regression analyses 
including stroke location as covariate. WMH and MTA were used 
as ordinal variables in the analyses. Analyses were carried out 
with and without adjustment for age and sex. Level of statistical 
significance was set at two-tailed p < 0.05  in the regression 
analyses; in the comparisons between clinical characteristics, 
value of ps between 0.01 and 0.05 should be  interpreted with 
caution, due to multiple hypotheses. Data were analyzed using 
Stata/MP 17.
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Results

Participant characteristics

Of the 815 participants included in Nor-COAST, 410 
participants had MRIs available for visual scoring; of these, 348 
had available clinical assessments and were included in the present 
study (Figure 1). Those who were excluded from the study sample 
of 348 participants were significantly older (mean (SD) age 74.4 
(12.0) years versus 72.3 (11.3) years, p = 0.012), had poorer 
pre-stroke function (mean (SD) mRS score 1.1 (1.3) versus 0.8 
(1.0), p < 0.001), and had suffered from more severe strokes (mean 
(SD) NIHSS score 5.4 (6.9) versus 3.6 (4.5), p < 0.001).

Of the included participants, 235 (43.2%) were women; 324 
(93.9%) had suffered from an infarction, while 21 (6.1%) had 
suffered from cerebral hemorrhage. The mean (SD) MoCA score 
was 24.1 (4.9) points, and the mean (SD) SPPB score was 7.9 (3.7). 
One or more pathological pre-stroke imaging markers were found 

in 234 (67.2%) of the participants, and 82 (23.6%) had mixed 
pathology (Table 1).

Post-stroke impairment groups

Of the included participants, 117 (33.6%) had normal 
scores on both the MoCA and SPPB; 27 (7.8%) and 105 
(30.2%) had reduced scores on only the MoCA or SPPB, 
respectively; and 99 (28.4%) had dual impairment, with 
reduced scores on both the MoCA and SPPB. Participants with 
dual impairment were significantly older, had fewer years of 
education, had more severe strokes (according to NIHSS 
scores), had more comorbidity, had a higher prevalence of 
hypertension and cardiovascular disease, and had higher 
pre-stroke mRS scores (Table  2). The distribution of 
impairments within the neuropathology groups are displayed 
in Figure 2.

FIGURE 1

Flow chart on inclusion. MoCA-Montreal Cognitive Assessment; MRI-magnetic resonance imaging; Nor-COAST, Norwegian Cognitive Impairment 
After Stroke; SPPB-Short Physical Performance Battery.
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Results from regression analyses

Unadjusted binominal logistic regression analysis with MRI 
pathology group as a categorical variable showed that 
cerebrovascular pathology and mixed pathology were associated 
with dual impairment, with OR 2.39 (95% CI 1.17 to 4.89), 
p = 0.017, and OR 2.18 (95% CI 1.05 to 4.53) p = 0.036, respectively 
(Table  3). However, as displayed in Table  4, the associations 
declined and became nonsignificant after adjusting for age 
and sex.

Analyses showed that WMH and MTA were associated with 
dual impairment—with OR 2.28 (95%CI 1.65 to 3.15), p < 0.001, 
and OR 1.72 (95%CI 1.19 to 2.48), p = 0.004, respectively—in the 
unadjusted analyses (Table 3), but not in the adjusted analyses 
(Table  4). In contrast, there were no significant associations 
between the stroke-related variables (lesion location and volume) 
and impairment group in the unadjusted analysis (Table  3). 
However, stroke lesion volume became significantly associated 
with dual impairment after adjusting for age and sex, with OR 1.03 
(95% CI 1.00 to 1.05), p = 0.035 (Table 4).

Discussion

In this cross-sectional multicenter cohort study of stroke 
patients assessed with performance-based tests and MRIs during 
their initial hospital stay, we  found no association between 
pre-stroke brain pathology and early post-stroke cognitive 
function or physical performance after adjusting for age and sex. 

However, among the stroke-specific variables (lesion location in 
right or left hemisphere/gray or white matter, and volume), a 
larger stroke lesion volume was associated with dual impairment 
early after stroke.

The participants with dual impairment were older, had 
more comorbidities, and had on average suffered a more severe 
stroke than participants with only one or no impaired domains. 
These findings share an important contribution with the body 
of knowledge about the underlying mechanisms of 
impairments in cognitive and physical function seen 
after stroke.

Overall, we found a high prevalence of any brain pathology 
within the whole population (as previously reported in the same 
study sample) (Schellhorn et  al., 2021a), indicating that a 
considerable proportion of the included participants had 
substantial brain pathology even before the stroke incident. 
However, in all four groups of brain pathology, we  found 
heterogeneous presentations of impairments. Almost 40% of 
participants with no pre-existing brain pathology (normal MRI) 
had impaired physical performance after their stroke, while 
between 16 and 22% of participants in the three groups with 
pathology had no physical or cognitive impairments, indicating 
no clear pattern between pre-stroke brain pathology and post-
stroke impairments. This was confirmed by the adjusted 
regression analysis.

Even though the findings in the adjusted model were not 
significant, the cerebrovascular and mixed pathologies had 
increased odds of 1.58 and 1.44, respectively, for dual impairment, 
compared to participants with a normal MRI. The association 

TABLE 1 Neuroimaging characteristics.

Total sample No impairment Impaired 
cognition

Impaired physical 
performance

Dual 
impairment

Prestroke characteristics

Normal, n (%) 114 (32.8) 45 (38.5) 6 (22.2) 40 (38.1) 23 (23.2)

Vascular pathology, n (%) 100 (28.7) 27 (23.1) 9 (33.3) 31 (29.5) 33 (33.3)

Neurodegeneration, n (%) 52 (14.9) 19 (16.2) 7 (25.9) 12 (11.4) 14 (14.1)

Mixed pathology, n (%) 82 (23.6) 26 (22.2) 5 (18.5) 22 (21.0) 29 (29.3)

MTA, mean (SD) 1.2 (0.8) 1.1 (0.7) 1.4 (0.7) 1.1 (0.7) 1.4 (0.8)

MTA, median (IQR) 1 (0.5) 1 (0.5) 1.5 (0.5) 1 (0.5) 1.5 (0.5)

WMH, mean (SD) 1.8 (0.9) 1.5 (0.9) 1.9 (0.9) 1.8 (0.9) 2.2 (0.9)

WMH, median (IQR) 2.0 (1.0) 1.0 (1.0) 2.0 (1.0) 2.0 (1.0) 3.0 (1.0)

Stroke-related characteristics

Stroke lesion volume (ml), mean (SD)a 6.9 (16.0) 4.7 (10.5) 4.6 (8.7) 6.4 (15.6) 10.1 (21.3)

Locationb n (%)

Gray matter 107 (46.5) 36 (48.7) 11 (68.8) 26 (34.2) 34 (53.1)

White matter 111 (48.3) 33 (44.6) 5 (31.3) 45 (59.2) 28 (43.8)

Cerebellum 12 (5.2) 5 (6.8) 0 (0.0) 5 (6.6) 2 (3.1)

Left hemisphere, n (%) 101 (44.5) 29 (41.4) 8 (50.0) 34 (45.3) 30 (45.5)

IQR, interquartile range; MTA, medial temporal lobe atrophy (0–4); SD, standard deviation WMH, white matter hyperintensities (0–3). 
Vascular pathology: Pathological WMH score or presence of old infarcts, lacunes or ≥ 2 microbleeds. 
Neurodegeneration: Pathological MTA, posterior atrophy, or ventricular enlargement. 
Mixed pathology: Presence of both vascular pathology and neurodegeneration. 
an = 288. bn = 230.
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between cerebrovascular pathology, of which WMH is a marker, 
and dual impairment was supported by the results with MTA and 
WMH as independent covariates, which showed 37% higher odds 
(OR 1.37) for dual impairment with a 1-point increase in the 
WMH burden on the Fazekas scale. The findings on mixed 
pathology are supported by recent results from a Finnish study 
showing that a model combining features of vascular pathology 
and neurodegeneration gave the best prediction of long-term 
cognitive and functional outcomes in a population with small 
vessel disease (Jokinen et  al., 2021). Moreover, Auriat and 
colleagues reported that both cognitive and physical outcomes 
persisting at least 6 months after stroke were associated with white 
matter changes (Auriat et  al., 2019). Our findings of dual 
impairment in more than one fourth of the study sample indicate 
that there is a need for targeted rehabilitation to regain and 
preserve physical performance after stroke. There is substantial 

evidence of effectiveness of rehabilitative measures for physical 
performance (Langhorne et al., 2011), while for cognition, the 
evidence is more diverging (Oberlin et al., 2017). The concurrency 
of impairments in cognition and physical performance that stroke 
patients might experience should be considered in rehabilitation 
settings as especially cognitive function has been found relevant 
for responsiveness to physical rehabilitation (Lingo VanGilder 
et al., 2020).

Several previous publications have reported that 
cerebrovascular pathology, and in particular WMH, is a strong 
predictor of post-stroke cognitive impairment (Molad et al., 2017; 
Georgakis et al., 2019; Khan et al., 2019). This was further explored 
in a subsample of the Nor-COAST population by Aamodt et al., 
who found that dementia onset within 3 months after stroke was 
linked to both neurodegenerative and vascular changes (with 
vascular changes being the most important factor), indicating a 

TABLE 2 Baseline characteristics.

Total sample No 
impairment

Impaired 
cognition

Impaired physical 
performance Dual impairment p-Value

Participants, n (%) 348 (100) 117 (33.6) 27 (7.8) 105 (30.2) 99 (28.4)

Age (8 years), mean (SD) 72.3 (11.3) 65.7 (11.0) 76.3 (8.1) 72.9 (9.9) 78.5 (9.7) <0.001

Women, n (%) 148 (42.5) 46 (39.3) 6 (22.2) 50 (47.6) 46.5 (46.5) 0.079

Education (years), mean (SD) 12.3 (3.8) 13.7 (3.5) 12.3 (3.8) 12.6 (4.0) 10.4 (3.1) <0.001

Stroke characteristics

Hemorrhage 21 (6.1) 10 (8.6) 1 (3.7) 3 (2.9) 7 (7.1)

TOASTa classification, n (%) N = 315 N = 102 N = 25 N = 99 N = 89 0.235

Large artery disease 34 (10.8) 10 (9.8) 1 (4.0) 10 (10.1) 13 (14.6)

Cardial emboli 71 (22.5) 20 (19.6) 6 (24.0) 17 (17.2) 28 (31.5)

Small vessel disease 82 (26.0) 28 (27.5) 6 (24.0) 31 (31.3) 17 (19.1)

Other etiology 6 (1.9) 1 (1.0) 0 (0.0) 4 (4.0) 1 (1.1)

Undetermined etiology 122 (38.7) 43 (42.2) 12 (48.0) 37 (37.4) 30 (33.7)

NIHSS (admittance), mean (SD) 3.6 (4.5) 2.4 (2.6) 4.7 (8.2) 3.4 (3.7) 5.0 (5.0) <0.001

Comorbidity

Previous stroke or TIA, n (%) 80 (23.0) 19 (16.2) 5 (18.5) 24 (22.9) 32 (32.3) 0.042

Hypertension, n (%) 189 (54.3) 53 (45.3) 12 (44.4) 58 (55.2) 66 (66.7) 0.012

Diabetes mellitus, n (%) 74 (21.3) 18 (15.4) 4 (14.8) 23 (21.9) 29 (29.3) 0.074

Hypercholesterolemia, n (%) 166 (47.7) 53 (45.3) 10 (37.0) 59 (56.2) 44 (44.4) 0.175

Current cigarette smoking, n (%) 68 (19.5) 18 (15.4) 7 (25.9) 28 (26.7) 15 (15.2) 0.086

Atrial fibrillation, n (%) 77 (22.1) 21 (18.0) 5 (18.5) 22 (21.0) 29 (29.3) 0.219

Coronary heart disease, n (%) 57 (16.4) 14 (12.0) 2 (7.4) 14 (13.3) 27 (27.3) 0.006

Charlson Comorbidity index, 

mean (SD)

3.9 (1.9) 3.0 (1.7) 4.0 (1.8) 4.0 (1.7) 4.9 (1.8) <0.001

Frail, prestroke, n (%) 45 (12.9) 1 (0.8) 15 (55.6) 17 (16.2) 27 (27.3) <0.001

Functional assessments

mRS, prestroke, mean (SD) 0.8 (1.0) 0.5 (0.7) 0.6 (0.8) 0.8 (0.9) 1.2 (1.2) <0.001

mRS at discharge, mean (SD) 2.1 (1.3) 1.3 (0.8) 1.6(1.1) 2.3 (1.3) 2.8 (1.2) <0.001

MoCA, mean (SD) 24.1 (4.9) 27.6 (1.8) 19.3 (3.9) 26.6 (1.7) 18.6 (3.8) <0.001

SPPB, mean (SD) 7.9 (3.7) 11.4 (0.8) 10.8 (0.9) 6.1 (2.8) 4.8 (3.1) <0.001

MoCA, Montreal Cognitive Assessment; mRS, modified Rankin Scale; NIHSS, National Institute of Health Stroke Scale; SD, standard deviation; SPPB, Short Physical Performance 
Battery; TIA, transient ischemic attack; TOAST, Trial of Org 10,172 in Acute Stroke Treatment 
Pearson chi square test for dichotomous and nominal categorical variables and Kruskal–Wallis test for ordinal and continuous variables. 
Frailty measured by Fried frailty index. 
an = 315, missing data from 33 participants.
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mixed etiology (Aamodt et al., 2021). Furthermore, WMH has 
been reported to be  associated with post-stroke physical 
performance (Sagnier et al., 2020; Dai et al., 2022), indicating an 
inconsistency in the literature and the need for further research 
on the importance of vascular pathology (Khan et al., 2019).

Among the stroke-specific variables, only stroke lesion volume 
was associated with dual impairment after adjustment for age and 
sex, with 3% greater odds for each milliliter increase in stroke 
lesion volume; this is in line with findings of infarct volume being 
the strongest predictor of motor and cognitive impairments after 
stroke (Zaidi et  al., 2012; Helenius and Henninger, 2015; 
Schellhorn et al., 2021b). With regard to physical performance, 
stroke lesion volume has been reported to be  associated with 
balance and gait recovery, and basal ganglia involvement seems to 
be a negative factor for gait speed at one-year post-stroke (Nadeau 
et al., 2016). This, together with the role of pre-existing pathology, 
is an argument for both focal and global brain pathology 
contributing to this clinical presentation.

Even though the finding was not significant, a lesion in the left 
hemisphere almost doubled the odds of cognitive impairment 
(OR 1.94) and increased the odds of dual impairment by 70% (OR 
1.7) compared to lesions in the right hemisphere, while lesions in 
the gray matter increased the risk for cognitive impairment by 
25% compared to white matter. In stroke-free individuals, specific 

areas of gray matter have been identified as playing critical roles 
in both cognition and physical performance; individuals with dual 
impairment had more atrophy in these regions than the general 
population (Tian et  al., 2021), which could be  a possible 
underlying explanation of our findings. With regard to 
hemisphere, previous findings are contradictory, as one study 
reported left hemispheric stroke as a risk factor of post-stroke 
cognitive impairment (Sagnier et al., 2019), while others have 
found no differences between hemispheres in either cognition 
(Puy et al., 2018) or physical performance (Nadeau et al., 2016). 
The lack of significant associations might be caused by lack of 
power due to the dichotomization of location into white or gray 
matter, as post-stroke cognitive impairment has been associated 
with various more-specific strategic locations (Weaver et  al., 
2021). Hence, future research is needed to confirm 
these associations.

On average, the dual impairment group was older, had a 
higher burden of comorbidity, and had more functional 
dependency compared to the other impairment groups. This is in 
line with findings from previous publications that have looked at 
dual decline in cognition and physical performance over time 
(Beauchet et  al., 2020; Tian et  al., 2020). The reduction in 
cognition and physical performance might be an expression of 
reduced brain resilience that already existed before the stroke; 

FIGURE 2

Distribution of impairment status within pathology groups illustrated by percentages within each pathology group. No impairment = Short Physical 
Performance Battery (SPPB) ≥10p and Montreal Cognitive Assessment (MoCA) ≥24p; impaired cognition = SPPB ≥10p and MoCA <24p; impaired 
physical performance = SPPB <10p and MoCA ≥24p; dual impairment = SPPB <10p and MoCA <24p. Vascular pathology: Pathological white matter 
hyperintensities score or presence of old infarcts, lacunes or ≥ 2 microbleeds. Neurodegeneration: Pathological medial temporal lobe atrophy, 
posterior atrophy, or ventricular enlargement. Mixed pathology: Presence of both vascular pathology and neurodegeneration.
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additionally, dual impairment could be an expression of frailty, 
which has previously been shown to be associated with reduced 
quality of life after stroke (Wæhler et al., 2021).

MRIs during the acute stroke phase might contribute to early 
identification of stroke patients at risk of dual impairment in 
cognition and physical performance by combining information 
from pre-existing and stroke-specific brain pathology; this could, 
in turn, lead to actions preventing further functional decline. 
Further research should investigate the extent to which a model 
based on these variables predicts function at 3 or 18 months post-
stroke. Pre-stroke imaging characteristics did not reach significant 
associations with post-stroke impairment in our study, indicating 
that stroke lesion characteristics are more important than 
pre-stroke pathology for presence of post-stroke dual impairment.

Strengths and limitations

The present study has several strengths and some 
limitations that need to be addressed. The study is based on a 
uniquely large dataset that includes clinical assessments and 
study-specific MRI at the time of the indexed stroke. However, 
the pre-existing pathology was only assessed by visually rating, 
which is commonly done in clinical settings, and not 
quantitative measures which the stroke lesion characteristics 
were assessed with. Another strength is the use of the SPPB and 
MoCA, two thoroughly validated clinical assessments that are 
frequently applied in clinical and research settings. Although 
the cut-offs applied for the MoCA and SPPB are validated, they 
were not adjusted for age, sex, or education, which could have 
led to an overestimation of impairments in the oldest 

participants. Our method of classifying multiple strokes into 
white or gray matter lesions has not been validated. Even 
though this should be regarded as a weakness, it is unlikely that 
it has affected our results as few cases suffered from stroke both 
in gray and white matter. In addition, the small sample size, 
especially in the group with impaired cognition, inhibited us 
from adding more covariates (e.g., education) to the regression 
analyses. Further, the dichotomization of the SPPB and MoCA 
variables could possibly have led to loss of statistical power. 
Age but not sex was significantly associated with post-stroke 
impairment outcomes in the adjusted analyses. This is expected 
as both cerebral pathology and performance on cognitive and 
physical assessments worsens with age. Regarding cognitive 
status, we did not have information on amyloid burden, which 
would have been relevant for assessing etiology of cognitive 
impairment. And lastly, information about pre-stroke function 
as measured by mRS was collected retrospectively at time of 
stroke. More details about pre-stroke physical performance and 
cognitive function would also have been a strength, as the 
stroke in itself increases risk of cognitive and physical 
impairments even after adjusting for pre-stroke factors (Einstad 
et al., 2022).

Overall, the Nor-COAST population has shown to 
be comparable to the majority of the Norwegian stroke population 
suffering from mild to moderate strokes (Kuvås et al., 2020). From 
the original Nor-COAST cohort, 43% of the participants were 
available for inclusion in the present study; those lost to follow-up 
were significantly older and had suffered larger strokes. As a result, 
the results from this study can only be generalized to the healthier 
members of the stroke population (Kuvås et al., 2020). The cross-
sectional design limits us from drawing any conclusions on 

TABLE 3 Multinominal logistic regression, unadjusted.

Covariate
Impaired cognition Impaired physical performance Dual impairment

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value

Pathology groupsa

Neurodegeneration 2.76 0.82 to 9.31 0.101 0.71 0.31 to 1.64 0.425 1.44 0.61 to 3.39 0.401

Cerebrovascular pathology 2.50 0.80 to 7.80 0.114 1.29 0.66 to 2.52 0.453 2.39 1.17 to 4.89 0.017

Mixed pathology 1.44 0.40 to 5.19 0.575 0.95 0.47 to 1.94 0.892 2.18 1.05 to 4.53 0.036

Specific MRI markers

White matter hyperintensities 1.45 0.92 to 2.31 0.113 1.37 1.02 to 1.85 0.037 2.28 1.65 to 3.15 <0.001

Medial temporal lobe atrophy 1.78 1.01 to 3.14 0.047 1.10 0.77 to 1.57 0.605 1.72 1.19 to 2.48 0.004

Stroke lesion volumeb 1.00 0.95 to 1.04 0.955 1.01 0.99 to 1.04 0.381 1.02 1.00 to 1.05 0.054

Stroke lesion hemispherec 1.97 0.76 to 5.15 0.165 1.37 0.75 to 2.50 0.308 1.70 0.92 to 3.14 0.091

Stroke lesion locationd 2.01 0.63 to 6.42 0.235 0.53 0.27 to 1.04 0.065 1.11 0.56 to 2.21 0.760

CI, confidence interval; OR, odds ratio. 
Vascular pathology: Pathological white matter hyperintensities score or presence of old infarcts, lacunes or ≥ 2 microbleeds. 
Neurodegeneration: Pathological medial temporal lobe atrophy, posterior atrophy, or ventricular enlargement. 
Mixed pathology: Presence of both vascular pathology and neurodegeneration. 
aPathology groups were included in analyses as one categorical variable, with normal MRI as reference category.
bn = 230.
cn = 288, right hemisphere as reference category.
dn = 218, white matter as reference category.
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causality, and the dichotomization of clinical and imaging variables 
might have led to underestimation of statistical significance.

Conclusion

The overall findings from the present study include the lack of 
significant associations with pre-stroke brain pathology and the 
significant association between larger stroke volume and dual 
impairment of cognitive and physical performance early after 
stroke (after adjustment for age and sex). The study also indicated 
that WMH and stroke lesion location in the left hemisphere were 
associated with dual impairment, although these findings were not 
significant. This study also showed that dual impairment is a 
rather common problem after stroke; however, the etiology of this 
phenotype should be further investigated. Future studies should 
also include longitudinal designs exploring the changes over time 
in post-stroke physical performance and cognition in relation to 
brain pathology. Such knowledge will be  important when 
designing new and more individualized rehabilitation 
interventions after strokes.
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Neurodegeneration: Pathological medial temporal lobe atrophy, posterior atrophy, or ventricular enlargement. 
Mixed pathology: Presence of both vascular pathology and neurodegeneration. 
aPathology groups were included in analyses as one categorical variable, with normal MRI as reference category. 
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cn = 288, right hemisphere as reference category. 
dn = 218, white matter as reference category.

https://doi.org/10.3389/fnagi.2022.1037936
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
mailto:ingvild.saltvedt@ntnu.no


Einstad et al. 10.3389/fnagi.2022.1037936

Frontiers in Aging Neuroscience 11 frontiersin.org

the statistical analyses and ME performed them. ME and TA were 
the responsible for the writing of the present report. EA and TS 
did the data curation of MRI variables. TS and MB performed the 
visual analyses of images. All authors interpreted the results, read, 
and approved of the final manuscript.

Funding

The Nor-COAST study is funded by the Norwegian Health 
Association, and additional funding was provided by the Department 
of Neuromedicine and Movement Science, Faculty of Medicine and 
Health Science, NTNU-Norwegian University of Science and 
Technology. Open access publication fees were generously funded by 
the Norwegian University of Science and Technology.

Acknowledgments

We thank all participants and their families for their 
contributions, the Nor-COAST research group and the study staff 

at St. Olavs hospital, Haukeland University Hospital, Ålesund 
Hospital, Vestre Viken Hospital Trust; Bærum Hospital and Oslo 
University Hospital and Ullevål for their contribution in collecting 
and preparing data.

Conflict of interest

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

Publisher’s note

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

References
Aamodt, E. B., Schellhorn, T., Stage, E., Sanjay, A. B., Logan, P. E., Svaldi, D. O., 

et al. (2021). Predicting the emergence of major neurocognitive disorder within 
three months after a stroke. Front. Aging Neurosci. 13:705889. doi: 10.3389/
fnagi.2021.705889

Adams, H. P., Bendixen, B. H., Kappelle, L. J., Biller, J., Love, B. B., Gordon, D. L., 
et al. (1993). Classification of subtype of acute ischemic stroke. Definitions for use 
in a multicenter clinical trial. TOAST. Trial of org 10172 in acute stroke treatment. 
Stroke 24, 35–41. doi: 10.1161/01.STR.24.1.35

Auriat, A. M., Ferris, J. K., Peters, S., Ramirez, J., Black, S. E., Jacova, C., et al. 
(2019). The impact of covert lacunar infarcts and white matter Hyperintensities on 
cognitive and motor outcomes after stroke. J. Stroke Cerebrovasc. Dis. 28, 381–388. 
doi: 10.1016/j.jstrokecerebrovasdis.2018.10.009

Beauchet, O., Sekhon, H., Launay, C. P., Rolland, Y., Schott, A. M., and Allali, G. 
(2020). Motoric cognitive risk syndrome and incident dementia: results from a 
population-based prospective and observational cohort study. Eur. J. Neurol. 27, 
468–474. doi: 10.1111/ene.14093

Borland, E., Nägga, K., Nilsson, P. M., Minthon, L., Nilsson, E. D., and 
Palmqvist, S. (2017). The Montreal cognitive assessment: normative data from a 
large Swedish population-based cohort. J. Alzheimers Dis. 59, 893–901. doi: 10.3233/
jad-170203

Brix, M. K., Westman, E., Simmons, A., Ringstad, G. A., Eide, P. K., 
Wagner-Larsen, K., et al. (2017). The Evans' index revisited: new cut-off levels for 
use in radiological assessment of ventricular enlargement in the elderly. Eur. J. 
Radiol. 95, 28–32. doi: 10.1016/j.ejrad.2017.07.013

Brott, T., Adams, H. P. Jr., Olinger, C. P., Marler, J. R., Barsan, W. G., Biller, J., et al. 
(1989). Measurements of acute cerebral infarction: a clinical examination scale. 
Stroke 20, 864–870. doi: 10.1161/01.str.20.7.864

Charlson, M. E., Pompei, P., Ales, K. L., and MacKenzie, C. R. (1987). A new 
method of classifying prognostic comorbidity in longitudinal studies: development 
and validation. J. Chronic Dis. 40, 373–383. doi: 10.1016/0021-9681(87)90171-8

Cordonnier, C., Potter, G. M., Jackson, C. A., Doubal, F., Keir, S., Sudlow, C. L., 
et al. (2009). Improving interrater agreement about brain microbleeds: development 
of the brain observer MicroBleed scale (BOMBS). Stroke 40, 94–99. doi: 10.1161/
strokeaha.108.526996

Dai, S., Piscicelli, C., Lemaire, C., Christiaens, A., Schotten, M. T. D., Hommel, M., 
et al. (2022). Recovery of balance and gait after stroke is deteriorated by confluent 
white matter hyperintensities: cohort study. Ann. Phys. Rehabil. Med. 65:101488. doi: 
10.1016/j.rehab.2021.101488

Donnan, G. A., and Norrving, B. (2008). “Chapter 27 Lacunes and lacunar 
syndromes” in Handbook of Clinical Neurology. ed. M. Fishe (Amsterdam: Elsevier).

Einstad, M. S., Saltvedt, I., Lydersen, S., Ursin, M. H., Munthe-Kaas, R., 
Ihle-Hansen, H., et al. (2021). Associations between post-stroke motor and cognitive 
function: a cross-sectional study. BMC Geriatrics 21:103. doi: 10.1186/
s12877-021-02055-7

Einstad, M. S., Thingstad, P., Lydersen, S., Gunnes, M., Saltvedt, I., and Askim, T. 
(2022). Physical performance and cognition as predictors of instrumental activities 
of daily living after stroke: a prospective multicenter cohort study. Arch. Phys. Med. 
Rehabil. 103, 1320–1326. doi: 10.1016/j.apmr.2022.01.153

Evans, W. A. (1942). An encephalographic ratio for estimating the size of the 
cerebral ventricles. Am. J. Dis. Child. 64, 820–830. doi: 10.1001/archpedi.1942.02010 
110052006

Fazekas, F., Chawluk, J. B., Alavi, A., Hurtig, H. I., and Zimmerman, R. A. (1987). 
MR signal abnormalities at 1.5 T in Alzheimer's dementia and normal aging. Am. J. 
Roentgenol. 149, 351–356. doi: 10.2214/ajr.149.2.351

Ferreira, D., Cavallin, L., Larsson, E. M., Muehlboeck, J. S., Mecocci, P., Vellas, B., 
et al. (2015). Practical cut-offs for visual rating scales of medial temporal, frontal 
and posterior atrophy in Alzheimer's disease and mild cognitive impairment. J. 
Intern. Med. 278, 277–290. doi: 10.1111/joim.12358

Fried, L. P., Tangen, C. M., Walston, J., Newman, A. B., Hirsch, C., Gottdiener, J., 
et al. (2001). Frailty in older adults: evidence for a phenotype. J. Gerontol. Series A 
56, M146–M157. doi: 10.1093/gerona/56.3.M146

Georgakis, M. K., Duering, M., Wardlaw, J. M., and Dichgans, M. (2019). WMH 
and long-term outcomes in ischemic stroke: a systematic review and meta-analysis. 
Neurology 92, e1298–e1308. doi: 10.1212/WNL.0000000000007142

Guralnik, J. M., Ferrucci, L., Simonsick, E. M., Salive, M. E., and Wallace, R. B. 
(1995). Lower-extremity function in persons over the age of 70 years as a predictor 
of subsequent disability. N. Engl. J. Med. 332, 556–562. doi: 10.1056/
NEJM199503023320902

Guralnik, J. M., Simonsick, E. M., Ferrucci, L., Glynn, R. J., Berkman, L. F., 
Blazer, D. G., et al. (1994). A short physical performance battery assessing lower 
extremity function: association with self-reported disability and prediction of 
mortality and nursing home admission. J. Gerontol. 49, M85–M94. doi: 10.1093/
geronj/49.2.m85

Hawe, R. L., Findlater, S. E., Kenzie, J. M., Hill, M. D., Scott, S. H., and 
Dukelow, S. P. (2018). Differential impact of acute lesions versus white matter 
Hyperintensities on stroke recovery. J. Am. Heart Assoc. 7:e009360. doi: 10.1161/
jaha.118.009360

Helenius, J., and Henninger, N. (2015). Leukoaraiosis burden significantly modulates 
the association between infarct volume and National Institutes of Health stroke scale 
in ischemic stroke. Stroke 46, 1857–1863. doi: 10.1161/strokeaha.115.009258

https://doi.org/10.3389/fnagi.2022.1037936
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fnagi.2021.705889
https://doi.org/10.3389/fnagi.2021.705889
https://doi.org/10.1161/01.STR.24.1.35
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.10.009
https://doi.org/10.1111/ene.14093
https://doi.org/10.3233/jad-170203
https://doi.org/10.3233/jad-170203
https://doi.org/10.1016/j.ejrad.2017.07.013
https://doi.org/10.1161/01.str.20.7.864
https://doi.org/10.1016/0021-9681(87)90171-8
https://doi.org/10.1161/strokeaha.108.526996
https://doi.org/10.1161/strokeaha.108.526996
https://doi.org/10.1016/j.rehab.2021.101488
https://doi.org/10.1186/s12877-021-02055-7
https://doi.org/10.1186/s12877-021-02055-7
https://doi.org/10.1016/j.apmr.2022.01.153
https://doi.org/10.1001/archpedi.1942.02010110052006
https://doi.org/10.1001/archpedi.1942.02010110052006
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.1111/joim.12358
https://doi.org/10.1093/gerona/56.3.M146
https://doi.org/10.1212/WNL.0000000000007142
https://doi.org/10.1056/NEJM199503023320902
https://doi.org/10.1056/NEJM199503023320902
https://doi.org/10.1093/geronj/49.2.m85
https://doi.org/10.1093/geronj/49.2.m85
https://doi.org/10.1161/jaha.118.009360
https://doi.org/10.1161/jaha.118.009360
https://doi.org/10.1161/strokeaha.115.009258


Einstad et al. 10.3389/fnagi.2022.1037936

Frontiers in Aging Neuroscience 12 frontiersin.org

Jokinen, H., Laakso, H., Ahlström, M., Arola, A., Lempiäinen, J., Pitkänen, J., et al. 
(2021). Synergistic associations of cognitive and motor impairments with functional 
outcome in covert cerebral small vessel disease. Eur. J. Neurol. 29, 158–167. doi: 
10.1111/ene.15108

Jones, P. S., Pomeroy, V. M., Wang, J., Schlaug, G., Tulasi Marrapu, S., Geva, S., 
et al. (2016). Does stroke location predict walk speed response to gait rehabilitation? 
Hum. Brain Mapp. 37, 689–703. doi: 10.1002/hbm.23059

Khan, M., Heiser, H., Bernicchi, N., Packard, L., Parker, J. L., Edwardson, M. A., 
et al. (2019). Leukoaraiosis predicts short-term cognitive but not motor recovery in 
ischemic stroke patients during rehabilitation. J. Stroke Cerebrovasc. Dis. 28, 
1597–1603. doi: 10.1016/j.jstrokecerebrovasdis.2019.02.037

Koedam, E. L., Lehmann, M., van der Flier, W. M., Scheltens, P., Pijnenburg, Y. A., 
Fox, N., et al. (2011). Visual assessment of posterior atrophy development of a MRI 
rating scale. Eur. Radiol. 21, 2618–2625. doi: 10.1007/s00330-011-2205-4

Kuvås, K. R., Saltvedt, I., Aam, S., Thingstad, P., Ellekjaer, H., and Askim, T. 
(2020). The risk of selection bias in a clinical multi-center cohort study. Results from 
the Norwegian cognitive impairment after stroke (nor-COAST) study. Clin. 
Epidemiol. 12, 1327–1336. doi: 10.2147/CLEP.S276631

Lancaster, J. L., Woldorff, M. G., Parsons, L. M., Liotti, M., Freitas, C. S., Rainey, L., 
et al. (2000). Automated Talairach atlas labels for functional brain mapping. Hum. 
Brain Mapp. 10, 120–131. doi: 10.1002/1097-0193(200007)10:3<120::aid-
hbm30>3.0.co;2-8

Langhorne, P., Bernhardt, J., and Kwakkel, G. (2011). Stroke rehabilitation. Lancet 
377, 1693–1702. doi: 10.1016/S0140-6736(11)60325-5

Lee, K. B., Kim, J. S., Hong, B. Y., Sul, B., Song, S., Sung, W. J., et al. (2017). Brain 
lesions affecting gait recovery in stroke patients. Brain Behav. 7:e00868. doi: 10.1002/
brb3.868

Lingo VanGilder, J., Hooyman, A., Peterson, D. S., and Schaefer, S. Y. (2020). Post-
stroke cognitive impairments and responsiveness to motor rehabilitation: a review. 
Curr. Phys. Med. Rehabil. Rep. 8, 461–468. doi: 10.1007/s40141-020-00283-3

Molad, J., Kliper, E., Korczyn, A. D., Ben Assayag, E., Ben Bashat, D., 
Shenhar-Tsarfaty, S., et al. (2017). Only white matter Hyperintensities predicts post-
stroke cognitive performances among cerebral small vessel disease markers: results 
from the TABASCO study. J. Alzheimers Dis. 56, 1293–1299. doi: 10.3233/
jad-160939

Nadeau, S. E., Dobkin, B., Wu, S. S., Pei, Q., Duncan, P. W., and Team, L. I. (2016). 
The effects of stroke type, locus, and extent on long-term outcome of gait 
rehabilitation: the LEAPS experience. Neurorehabil. Neural Repair 30, 615–625. doi: 
10.1177/1545968315613851

Nasreddine, Z. S., Phillips, N. A., Bedirian, V., Charbonneau, S., Whitehead, V., 
Collin, I., et al. (2005). The Montreal cognitive assessment, MoCA: a brief screening 
tool for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695–699. doi: 10.1111/j.
1532-5415.2005.53221.x

Oberlin, L. E., Waiwood, A. M., Cumming, T. B., Marsland, A. L., Bernhardt, J., 
and Erickson, K. I. (2017). Effects of physical activity on Poststroke cognitive 
function: a meta-analysis of randomized controlled trials. Stroke 48, 3093–3100. doi: 
10.1161/strokeaha.117.017319

Poels, M. M., Ikram, M. A., van der Lugt, A., Hofman, A., Krestin, G. P., 
Breteler, M. M., et al. (2011). Incidence of cerebral microbleeds in the general 
population: the Rotterdam scan study. Stroke 42, 656–661. doi: 10.1161/
strokeaha.110.607184

Poggesi, A., Gouw, A., van der Flier, W., Pracucci, G., Chabriat, H., Erkinjuntti, T., 
et al. (2014). Neurological abnormalities predict disability: the LADIS (Leukoaraiosis 
and DISability) study. J. Neurol. 261, 1160–1169. doi: 10.1007/s00415-014-7332-9

Puy, L., Barbay, M., Roussel, M., Canaple, S., Lamy, C., Arnoux, A., et al. (2018). 
Neuroimaging determinants of Poststroke cognitive performance. Stroke 49, 
2666–2673. doi: 10.1161/strokeaha.118.021981

Sagnier, S., Catheline, G., Dilharreguy, B., Linck, P. A., Coupé, P., Munsch, F., et al. 
(2020). Normal-appearing white matter integrity is a predictor of outcome after 
ischemic stroke. Stroke 51, 449–456. doi: 10.1161/strokeaha.119.026886

Sagnier, S., Munsch, F., Bigourdan, A., Debruxelles, S., Poli, M., Renou, P., et al. 
(2019). The influence of stroke location on cognitive and mood impairment. A 
voxel-based lesion-symptom mapping study. J. Stroke Cerebrovasc. Dis. 28, 
1236–1242. doi: 10.1016/j.jstrokecerebrovasdis.2019.01.010

Schellhorn, T., Aamodt, E. B., Lydersen, S., Aam, S., Wyller, T. B., Saltvedt, I., et al. 
(2021b). Clinically accessible neuroimaging predictors of post-stroke neurocognitive 
disorder: a prospective observational study. BMC Neurol. 21:89. doi: 10.1186/
s12883-021-02117-8

Schellhorn, T., Zucknick, M., Askim, T., Munthe-Kaas, R., Ihle-Hansen, H., 
Seljeseth, Y. M., et al. (2021a). Pre-stroke cognitive impairment is associated with 
vascular imaging pathology: a prospective observational study. BMC Geriatr. 21:362. 
doi: 10.1186/s12877-021-02327-2

Scheltens, P., Leys, D., Barkhof, F., Huglo, D., Weinstein, H. C., Vermersch, P., et al. 
(1992). Atrophy of medial temporal lobes on MRI in "probable" Alzheimer's disease 
and normal ageing: diagnostic value and neuropsychological correlates. J. Neurol. 
Neurosurg. Psychiatry 55, 967–972. doi: 10.1136/jnnp.55.10.967

Sekhon, H., Allali, G., Launay, C. P., Barden, J., Szturm, T., Liu-Ambrose, T., et al. 
(2019). Motoric cognitive risk syndrome, incident cognitive impairment and 
morphological brain abnormalities: systematic review and meta-analysis. Maturitas 
123, 45–54. doi: 10.1016/j.maturitas.2019.02.006

Thingstad, P., Askim, T., Beyer, M. K., Brathen, G., Ellekjaer, H., Ihle-Hansen, H., 
et al. (2018). The Norwegian cognitive impairment after stroke study (nor-COAST): 
study protocol of a multicentre, prospective cohort study. BMC Neurol. 18:193. doi: 
10.1186/s12883-018-1198-x

Tian, Q., Resnick, S. M., Mielke, M. M., Yaffe, K., Launer, L. J., Jonsson, P. V., et al. 
(2020). Association of Dual Decline in memory and gait speed with risk for 
dementia among adults older than 60 years: a multicohort individual-level meta-
analysis. JAMA Netw. Open 3, –e1921636. doi: 10.1001/jamanetworkopen.2019.21636

Tian, Q., Studenski, S., Montero-Odasso, M., Davatzikos, C., Resnick, S., and 
Ferrucci, L. (2021). Cognitive and neuroimaging profiles of older adults with dual 
decline in memory and gait speed. Neurobiol. Aging 97, 49–55. doi: 10.1016/j.
neurobiolaging.2020.10.002

van Swieten, J. C., Koudstaal, P. J., Visser, M. C., Schouten, H. J., and van Gijn, J. 
(1988). Interobserver agreement for the assessment of handicap in stroke patients. 
Stroke 19, 604–607. doi: 10.1161/01.str.19.5.604

Verghese, J., Wang, C., Lipton, R. B., and Holtzer, R. (2013). Motoric cognitive risk 
syndrome and the risk of dementia. J. Gerontol. A Biol. Sci. Med. Sci. 68, 412–418. 
doi: 10.1093/gerona/gls191

Wæhler, I. S., Saltvedt, I., Lydersen, S., Fure, B., Askim, T., Einstad, M. S., et al. 
(2021). Association between in-hospital frailty and health-related quality of life after 
stroke: the nor-COAST study. BMC Neurol. 21:100. doi: 10.1186/s12883-021-02128-5

Wang, N., Allali, G., Kesavadas, C., Noone, M. L., Pradeep, V. G., Blumen, H. M., 
et al. (2016). Cerebral small vessel disease and motoric cognitive risk syndrome: 
results from the Kerala-Einstein study. J. Alzheimers Dis. 50, 699–707. doi: 10.3233/
jad-150523

Wardlaw, J. M., Smith, E. E., Biessels, G. J., Cordonnier, C., Fazekas, F., Frayne, R., 
et al. (2013). Neuroimaging standards for research into small vessel disease and its 
contribution to ageing and neurodegeneration. Lancet Neurol. 12, 822–838. doi: 
10.1016/s1474-4422(13)70124-8

Weaver, N., Kuijf, H., Aben, H., Abrigo, J., Bae, H.-J., Barbay, M., et al. (2021). 
Strategic infarct locations for post-stroke cognitive impairment: a pooled analysis 
of individual patient data from 12 acute ischaemic stroke cohorts. Lancet Neurol. 20, 
448–459. doi: 10.1016/S1474-4422(21)00060-0

WHO (1988). The World Health Organization MONICA project (monitoring 
trends and determinants in cardiovascular disease): a major international 
collaboration. WHO MONICA project principal investigators. J. Clin. Epidemiol. 
41, 105–114. doi: 10.1016/0895-4356(88)90084-4

Yushkevich, P. A., Piven, J., Hazlett, H. C., Smith, R. G., Ho, S., Gee, J. C., et al. 
(2006). User-guided 3D active contour segmentation of anatomical structures: 
significantly improved efficiency and reliability. NeuroImage 31, 1116–1128. doi: 
10.1016/j.neuroimage.2006.01.015

Zaidi, S. F., Aghaebrahim, A., Urra, X., Jumaa, M. A., Jankowitz, B., Hammer, M., 
et al. (2012). Final infarct volume is a stronger predictor of outcome than 
recanalization in patients with proximal middle cerebral artery occlusion treated 
with endovascular therapy. Stroke 43, 3238–3244. doi: 10.1161/strokeaha.112.671594

Zhang, Z., Ren, W., Shao, B., Xu, H., Cheng, J., Wang, Q., et al. (2017). 
Leukoaraiosis is associated with worse short-term functional and cognitive recovery 
after minor stroke. Neurol. Med. Chir. (Tokyo) 57, 136–143. doi: 10.2176/nmc.
oa.2016-0188

https://doi.org/10.3389/fnagi.2022.1037936
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1111/ene.15108
https://doi.org/10.1002/hbm.23059
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.02.037
https://doi.org/10.1007/s00330-011-2205-4
https://doi.org/10.2147/CLEP.S276631
https://doi.org/10.1002/1097-0193(200007)10:3<120::aid-hbm30>3.0.co;2-8
https://doi.org/10.1002/1097-0193(200007)10:3<120::aid-hbm30>3.0.co;2-8
https://doi.org/10.1016/S0140-6736(11)60325-5
https://doi.org/10.1002/brb3.868
https://doi.org/10.1002/brb3.868
https://doi.org/10.1007/s40141-020-00283-3
https://doi.org/10.3233/jad-160939
https://doi.org/10.3233/jad-160939
https://doi.org/10.1177/1545968315613851
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1161/strokeaha.117.017319
https://doi.org/10.1161/strokeaha.110.607184
https://doi.org/10.1161/strokeaha.110.607184
https://doi.org/10.1007/s00415-014-7332-9
https://doi.org/10.1161/strokeaha.118.021981
https://doi.org/10.1161/strokeaha.119.026886
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.01.010
https://doi.org/10.1186/s12883-021-02117-8
https://doi.org/10.1186/s12883-021-02117-8
https://doi.org/10.1186/s12877-021-02327-2
https://doi.org/10.1136/jnnp.55.10.967
https://doi.org/10.1016/j.maturitas.2019.02.006
https://doi.org/10.1186/s12883-018-1198-x
https://doi.org/10.1001/jamanetworkopen.2019.21636
https://doi.org/10.1016/j.neurobiolaging.2020.10.002
https://doi.org/10.1016/j.neurobiolaging.2020.10.002
https://doi.org/10.1161/01.str.19.5.604
https://doi.org/10.1093/gerona/gls191
https://doi.org/10.1186/s12883-021-02128-5
https://doi.org/10.3233/jad-150523
https://doi.org/10.3233/jad-150523
https://doi.org/10.1016/s1474-4422(13)70124-8
https://doi.org/10.1016/S1474-4422(21)00060-0
https://doi.org/10.1016/0895-4356(88)90084-4
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1161/strokeaha.112.671594
https://doi.org/10.2176/nmc.oa.2016-0188
https://doi.org/10.2176/nmc.oa.2016-0188

	Neuroimaging markers of dual impairment in cognition and physical performance following stroke: The Nor-COAST study
	Introduction
	Materials and methods
	Study design and participants
	MRI acquisition
	Image analysis
	Visually rated variables: Pre-stroke
	Stroke lesion volume and location: Post-stroke
	Participants’ characteristics
	Clinical assessments: Post-stroke
	Ethical considerations
	Statistics

	Results
	Participant characteristics
	Post-stroke impairment groups
	Results from regression analyses

	Discussion
	Strengths and limitations
	Conclusion

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

