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Background: White matter hyperintensity (WMH) and brain atrophy, as imaging
marker of cerebral small-vessel diseases (CSVD), have a high prevalence and
strong prognostic value in stroke. We aimed to explore the association between
lymphocyte count, a maker of inflammation, and WMH and brain atrophy in
patients with acute ischemic stroke (AIS).

Methods: A total of 727 AlS patients with lymphocyte count and brain magnetic
resonance imaging data were enrolled. Participants were divided into four
groups according to the quartiles of baseline lymphocyte counts. WMH is
frequently divided into periventricular hyperintensity (PVH) and deep white
matter hyperintensity (DWMH). WMH was defined as Fazekas scale score > 3;
PVH was defined as periventricular Fazekas scale >2; DWMH was defined as
deep Fazekas scale >2. Brain atrophy was defined as global cortical atrophy
score > 1. Multivariable logistic regression models were used to assess the
association between lymphocyte count and WMH and brain atrophy.

Results: Among 727 AlS, 517 (71.1%), 442 (60.8%), 459 (63.1%), 583 (80.2%) had
WMH, PVH, DWMH and brain atrophy, respectively. After adjustment for potential
covariates, the highest quartiles of lymphocyte counts were significantly
associated with lower risk of WMH (adjusted odds ratio [aOR] 0.57, 95%
confidence intervals [Cl] 0.32-0.99), PVH (aOR 0.52, 95% C| 0.31-0.87), DWMH
(@OR 0.53 95% CI 0.32-0.90) as well as brain atrophy (aOR 0.46, 95% Cl 0.23—
0.92) compared with the lowest quartiles of lymphocyte counts, respectively.
Furthermore, a notable inverse association was observed between continuous
lymphocyte counts and WMH, PVH, DWMH, and brain atrophy. Additionally,
we found that the inverse association between baseline lymphocyte count and
WMH was significant only in individuals with mild stroke.

Conclusion: In patients with AIS, there was an independent and inverse
association between the baseline lymphocyte count and both WMH and brain
atrophy.
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1 Introduction

Cerebral small vessel disease (CSVD) is the most common
pathological neurological process and can present as stroke, cognitive
decline, neurobehavioral symptoms, or functional impairment
(Wardlaw et al., 2019). Neuroimaging features of CSVD include recent
small subcortical infarcts, lacunes, white matter hyperintensities
(WMH), perivascular spaces, microbleeds, and brain atrophy (Wardlaw
et al,, 2013). WMH and brain atrophy, commonly found in stroke
patients, are associated with cognitive impairment, recurrence of stroke,
and worse outcomes after stroke and are considered to be the key
magnetic resonance imaging (MRI) makers of CSVD (Wardlaw et al.,
2013; Li etal., 2022; De-Guio et al., 2019; Georgakis et al., 2019; Kaginele
et al., 2021; Debette et al., 2019). However, the mechanism of CSVD is
still incompletely clarified and inflammation may play an important
role. Previous research has demonstrated a strong link between
peripheral blood markers and CSVD (Li et al., 2022; Kong et al., 2024;
Li et al,, 2024; Wan et al., 2023; Zhang et al., 2022; Evans et al., 2021).

Lymphocytes, a common marker in routine blood tests, play a
crucial role in inflammation and the immune response. Lymphocyte
depletion may indicate a chronic inflammatory condition (Nam et al.,
2022). Observational studies have shown that lymphopenia is
associated with an increased risk of cardiovascular disease (Nufiez
et al,, 2011; Rudiger et al., 2006), cancer (Ray-Coquard et al., 2009),
infectious disease (Warny et al., 2018), and systemic autoimmune
disease (Rivero et al., 1978). However, population-based evidence on
the relationship between baseline lymphocyte count and CSVD,
particularly, WMH and brain atrophy, has not been clearly established,
especially in the setting of ischemic stroke. The aim of the present
study was to explore the relationship between baseline lymphocyte
count and WMH and brain atrophy in patients with acute ischemic
stroke (AIS), thereby gaining insights into the mechanisms underlying
the pathophysiology of CSVD.

2 Materials and methods
2.1 Study participants

We consecutively enrolled patients with ischemic stroke at the
Second Affiliated Hospital of Soochow University from January 2019
to February 2022. The diagnosis of ischemic stroke was made
according to World Health Organization-defined criteria based on
patient history, clinical characteristics, and neuroimaging (brain MRI
or computed tomography [CT] scans). The exclusion criteria were as
follows: (i) lack of brain MRI data, largely due to severe neurological
deficits in AIS patients, which rendered them unable to cooperate with
the MRI examination; and (ii) lack of lymphocyte count. Finally, 727
ischemic stroke patients with available brain MRI and lymphocyte
count data were included in this analysis.

2.2 Data collection

Data on demographic characteristics, clinical features, medical
history, medication history, and imaging data were collected at the
time of enrollment. Current smoking status was defined as at least
smoking one cigarette per day for 1year or more. Alcohol
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consumption was defined as consuming at least one alcoholic drink
per day over the past year. Stroke severity was evaluated by qualified
neurologists using the National Institutes of Health Stroke Scale
(NIHSS) at admission (Brott et al., 1989). Trial of Org 1, 0172 in Acute
Stroke Treatment (TOAST) classification was used to classify the
subtypes of AIS (Pickering et al., 2005). Blood samples were collected
and tested within 24 h after hospital admission for all participating
patients. Lymphocyte counts, as a marker of routine blood tests were
measured by flow cytometry (XE-2100, SYSMES, Kobe, Japan).

2.3 WMH and brain atrophy scoring

All patients underwent head MRI with T1-weighted (T1WI),
T2-weighted (T2WI), and T2-weighted fluid-attenuated inversion
recovery (T2WI-FLAIR) sequences within the first 5 days after
admission. WMH of presumed vascular origin was defined as lesions
with hyperintensities on T2WT and FLAIR imaging and hypointensities
on T1WI, and they were distinguished as periventricular hyperintensity
(PVH) and deep white matter hyperintensity (DWMH) according to
the Fazekas scale (Wardlaw et al., 2013; Fazekas et al., 1987). WMH was
defined as Fazekas scale score > 3; PVH was defined as periventricular
Fazekas scale >2; DWMH was defined as deep Fazekas scale >2. Brain
atrophy was defined as a lower brain volume that is not related to a
specific macroscopic focal injury such as trauma or infarction
(Wardlaw et al., 2013). The evaluation of global cortical atrophy (GCA)
was based on axial T1 sequences and if not available on fluid-attenuated
inversion recovery sequences. Brain atrophy was defined as GCA
score > 1. Imaging data were independently read and assessed by two
experienced radiologists blinded to the clinical data. All disagreements
were resolved by consensus.

2.4 Statistical analysis

Patients in this study were divided into four groups according to
the quartiles of baseline lymphocyte count: Q1 < 1.2 x 10°/L, Q2:
1.2-1.6 x 10°/L, Q3: 1.6-2.1 x 10°/L, Q4: > 2.1 x 10°/L. Continuous
variables were expressed as mean + standard deviation (SD) or
median (interquartile range [IQR]) and were compared across the
four groups using the analysis of variance or Wilcoxon rank-sum test.
Categorical variables were expressed as frequency (%) and were
compared among the four groups using the chi-square test.

Multivariate logistic regression was used to estimate the risk of
WMH, PVH, DWMH and brain atrophy among quartiles of baseline
lymphocyte count. Odds ratios (ORs) and 95% confidence interval
(CIs) were calculated for each group with the lowest quartile (Q1) as
reference. Linear trends were assessed by treating categorical variables
as ordinal variables in the models. Potential confounders selected
from previous knowledge and the difference across the quartiles of
baseline lymphocyte count, such as sex, age (<69 vs. >69 years old,
median), current smoking and alcohol drinking, systolic blood
pressure (BP), fasting plasma glucose, medical history (hypertension,
diabetes mellitus, coronary heart disease, atrial fibrillation, ischemic
stroke, intracranial hemorrhage), antihypertension treatment,
antiglycemia treatment, fibrinogen, neutrophil count were included
in the multivariate model (Carmichael et al., 2019; Jiang et al., 2022;
You et al., 2018).
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To assess the robustness of the association between baseline
lymphocyte count and WMH, PVH, DWMH and brain atrophy,
we also performed additional analysis treating baseline lymphocyte
count as a continuous variable. To assess the generality of the
association between baseline lymphocyte count and WMH and brain
atrophy, subgroup analyses were conducted in multivariable-adjusted
models stratified by baseline NTHSS (<3 vs. >3, mild stroke criteria),
stroke subtype (Large-artery atherosclerosis [LAA] vs. Non-LAA).
Receiver operating characteristic analyses were used to assess the
predictive performance of baseline lymphocyte count on WMH,
PVH, DWMH and brain atrophy. All p values were two-tailed, and a
significance level of 0.05 was used. All analyses were conducted using
the SPSS software (version 16.0).

3 Results
3.1 Baseline characteristics

A total of 727 acute ischemic stroke patients with available data
(mean [SD] age, 66.8 [12.8] years; 467 [64.2%] male) were included.
Baseline characteristics of the patients according to lymphocyte count
quartiles were shown in Table 1. In comparison to participants with
lower lymphocyte count, those with higher lymphocyte count were
more likely to be younger; to have higher total cholesterol, low-density
lipoprotein cholesterol and lower baseline NIHSS score. Patients with
higher lymphocyte counts also exhibited a reduced prevalence of a
history of ischemic stroke and a decreased occurrence of WMH,
including PVH, DWMH, and brain atrophy compared to those with
lower lymphocyte counts.

3.2 Lymphocyte count with WMH, PVH and
DWMH

Among 727 AIS patients, there are 517 (71.1%), 442 (60.8%), 459
(63.1%) patients presented with WMH, PVH and DWMH,
respectively. The distribution of Fazekas scale score across the quartiles
of lymphocyte count are shown in Figure 1, patients with higher
lymphocyte count exhibit significantly lower Fazekas scale scores
(p < 0.001). In the unadjusted logistic regression model, the ORs of
WMH, PVH and DWMH were significantly lower among study
participants with admission lymphocyte count in the highest quartile
(Q4 >2.1¥10°/L) compared with those in the lowest quartile
(Q1 < 1.2% 10°/L) (Table 2). After adjusting for age, sex, systolic BP,
fasting plasma glucose, medical history, and other covariates,
compared with the lowest quartile, the ORs (95% ClIs) for the highest
quartile of lymphocyte counts were 0.57 (0.32-0.99) for WMH, 0.52
(0.31-0.87) for PVH, and 0.53 (0.32-0.90) for DWMH, respectively
(Table 2). Furthermore, a higher level of lymphocyte count was still
significantly associated with decreased odds of WMH (OR 0.75, 95%
CI 0.58-0.97), PVH (OR 0.76, 95% CI 0.59-0.97) and DWMH (OR
0.72, 95% CI 0.56-0.92), when considering lymphocyte counts as
continue variable (Table 2). The Area under the curve (AUCs) and
p-values for baseline lymphocyte count in predicting WMH, PVH and
DWMH were 0.591 (95% CI: 0.545-0.636, p < 0.001), 0.592 (95% CI:
0.550-0.634, p < 0.001), and 0.594 (95% CI, 0.551-0.636, p < 0.001)
(Supplementary Figure S1).
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3.3 Lymphocyte count with brain atrophy

There are 583 (80.2%) of 727 AIS patients have brain atrophy.
Figure 2 illustrates the distribution of GCA scores across lymphocyte
count quartiles. Patients with higher lymphocyte counts demonstrate
significantly lower GCA scores (p < 0.001). In the unadjusted
logistic regression model, the ORs of brain atrophy were significantly
lower among study participants with admission lymphocyte count
in the highest quartile (Q4 > 2.1¥109/L) compared with those in the
lowest quartile (Q1 < 1.2* 109/L) (OR 0.39, 95% CI 0.23-0.68)
(Table 3). In adjusted model, compared with the lowest quartile, the
ORs (95% ClIs) for the highest quartile of lymphocyte counts were
0.46 (0.23-0.92) for brain atrophy (Table 3). Additionally, when
considering lymphocyte count as a continuous variable, a higher
level of lymphocyte count was still significantly associated with
decreased odds of brain atrophy (OR 0.68, 95% CI 0.49-0.93)
(Table 3). The AUC and p-value for baseline lymphocyte count in
predicting brain atrophy was 0.615 (95% CI: 0.565-0.666, p < 0.001)
(Supplementary Figure S1).

3.4 Subgroup analysis

We found similar inverse associations between baseline
lymphocyte count and brain atrophy by baseline NITHSS (<3 vs. >3)
and stroke subtype (LAA vs. Non-LAA), inverse associations between
baseline lymphocyte count and WMH by stroke subtype
(Supplementary Table S1). No significant interactions between
baseline lymphocyte count and subgroup variables were detected
(P-interaction >0.170 for all). There was a significant interaction
between baseline lymphocyte count and baseline NIHSS for the
WMH (p =0.003 for interaction). The association between higher
baseline lymphocyte count and lower odds of WMH was significant
only in those with mild stroke (NIHSS <3) (P for trend = 0.001)
(Supplementary Table S1).

4 Discussion

In this study, we found that a higher lymphocyte count was
associated with decreased risk of WMH and brain atrophy in patients
with AIS. Compared with the lowest quartile, patients with the highest
quartile of lymphocyte count were associated with a 14.2-19.7% odds
of WMH, PVH, DWMH, and brain atrophy in AIS patients. Our
finding provided new evidence that lymphocyte might play an
important role in the development of WMH and brain atrophy in
patients with stroke. We also found that the inverse relationship
between baseline lymphocyte count and WMH was significant only
in patients with mild stroke severity (NIHSS <3).

CSVD, a prevalent condition in the aging brain, poses a substantial
risk factor for cognitive impairment, dementia, and stroke. However, the
etiological bases of CSVD remain controversial. Inflammation plays a
crucial role in the development of CSVD (Li et al.,, 2022; Kong et al., 2024;
Li et al., 2024; Wan et al,, 2023; Zhang et al., 2022; Evans et al., 2021).
Systemic inflammation processes are thought to be closely associated
with endothelial dysfunction, blood-brain barrier permeability, and
cerebral blood flow autoregulation, which may thus influence the
development of CSVD (Wardlaw et al., 2019; Evans et al., 2021). Previous
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TABLE 1 Baseline characteristics of 727 acute ischemic stroke patients according to plasma lymphocyte count quartiles.

Lymphocyte count, 10°/L

Characteristics @ Q1 Q2 p-value
<12 1.2-1.6
Number of subjects 174 173 190 190
Demographics
Age,y 69.4+12.0 69.2+11.8 652+12.5 64.0 £13.8 <0.001
Male sex 117 (67.2) 118 (68.2) 108 (56.8) 124 (65.3) 0.090
Current cigarette smoking status 53(30.5) 69 (39.9) 71(37.4) 74 (38.9) 0.249
Current alcohol consumption 41 (23.6) 54 (31.2) 50 (26.3) 47 (24.7) 0.383
Clinical features
Time from onset to hospital, h 12.0 (7.0-23.0) 12.0 (7.0-48.0) 12.0 (7.0-48.0) 12.0 (7.0-48.0) 0.714
Baseline systolic B>, mm Hg 149.3 £26.2 151.1 £21.9 152.4 +24.6 151.4 +£23.3 0.673
Baseline diastolic B>, mm Hg 832+ 14.6 82.7+£12.9 84.7 +13.7 84.3+14.0 0.450
Neutrophil count, 10°*/puL 4.6 (3.7-7.2) 4.4 (3.4-5.5) 4.6 (3.5-5.8) 4.7 (3.8-6.1) 0.288
TC, mmol/L 4.2 (3.8-5.0) 4.4 (4.0-5.0) 4.8 (3.9-5.3) 4.7 (4.1-5.3) <0.001
LDL-C, mmol/L 2.5(1.9-3.1) 2.6 (2.1-3.2) 3.0 (2.1-3.6) 2.9(2.4-34) <0.001
HDL-C, mmol/L 1.1 (0.9-1.3) 1.1 (0.9-1.4) 1.0 (0.9-1.3) 1.0 (0.9-1.3) 0.242
FIB 3.2(2.6-3.8) 3.1(2.6-3.6) 3.2(2.6-3.6) 3.1(2.6-3.6) 0.810
FPG, mmol/L 5.6 (5.0-6.8) 5.4 (5.0-6.6) 5.7 (5.0-7.3) 5.6 (5.1-6.9) 0.321
Baseline NTHSS score 3.0 (1.0-7.0) 2.0 (1.0-5.0) 2.0 (1.0-4.0) 2.0 (1.0-3.0) <0.001
Medical history
History of hypertension 139 (79.9) 136 (78.6) 140 (73.7) 142 (74.7) 0.439
History of diabetes mellitus 59 (33.9) 58 (33.5) 65 (34.2) 66 (34.7) 0.996
History of coronary heart disease 6(3.4) 9(5.2) 6(3.2) 4(2.1) 0.452
History of atrial fibrillation 30(17.2) 15(8.7) 23 (12.1) 20 (10.5) 0.083
History of ischemic stroke 55(31.6) 47 (27.2) 47 (24.7) 34(17.9) 0.023
History of ICH 6(3.4) 3(1.7) 1(0.5) 3(1.6) 0.212
Medication history
Antihypertensive therapy 103 (59.2) 105 (60.7) 107 (56.3) 103 (54.2) 0.598
Antiplatelet therapy 35(20.1) 29 (16.8) 23 (12.1) 22 (11.6) 0.072
Statin therapy 20 (11.5) 24 (13.9) 17 (8.9) 16 (8.4) 0.307
Antiglycemia treatment 34(19.5) 39 (22.5) 41 (21.6) 42 (22.1) 0.908
TOAST classification 0.111
Large-artery atherosclerosis 106 (60.9) 105 (60.7) 124 (65.3) 116 (61.1)
Cardioembolism 31(17.8) 16 (9.2) 24 (12.6) 22 (11.6)
Small-vessel occlusion 25 (14.4) 41 (23.7) 33(17.4) 43 (22.6)
Stroke of other determined etiology 12 (6.9) 7 (4.0) 7(3.7) 7(3.7)
Stroke of undetermined etiology 0(0.0) 4(2.3) 2(1.1) 2(1.1)
WMH 137 (78.7) 129 (74.6) 132 (69.5) 119 (62.6) 0.005
PVH 122 (70.1) 116 (67.1) 107 (56.3) 97 (51.1) <0.001
DWMH 125 (71.8) 113 (65.3) 122 (64.2) 99 (52.1) 0.001
Brain atrophy 152 (87.4) 150 (86.7) 142 (74.7) 139 (73.2) <0.001

*Continuous variables are expressed as mean + standard deviation or as median (interquartile range). Categorical variables are expressed as frequency (percent).
BP, blood pressure; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; FPG, fasting plasma glucose; NIHSS, National Institutes of
Health Stroke Scale; WMH, white matter hyperintensities; PVH, periventricular hyperintensity; DWMH, deep white matter hyperintensity; Q, quartile.
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Associations of lymphocyte count with severity of WMH.
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TABLE 2 Associations of lymphocyte count with WMH, PVH and DWMH.

Lymphocyte count, 10°/L

Continuous of lymphocyte

Q2:1.2-16 Q3:16-21 Q4:>21 p trend
Median 0.9 13 18 24
WMH
Events, n (%) 137 (78.7) 129 (74.6) 132 (69.5) 119 (62.6)
Model 1 1.00 0.79 (0.48-1.30) | 0.62(0.38-0.99)  0.45(0.28-0.72) <0.001 0.66 (0.53-0.81)
Model 2 1.00 0.79 (0.46-1.34) | 0.70 (0.42-1.16)  0.52 (0.32-0.86) 0.009 0.71 (0.56-0.89)
Model 3 1.00 0.80 (0.44-147) | 0.81 (0.45-1.44)  0.57 (0.32-0.99) 0.052 0.75 (0.58-0.97)
PVH
Events, n (%) 122 (70.1) 116 (67.1) 107 (56.3) 97 (51.1)
Model 1 1.00 0.87 (0.55-1.37) | 0.55(0.36-0.85)  0.45 (0.29-0.68) <0.001 0.67 (0.55-0.82)
Model 2 1.00 0.87 (0.53-142) | 0.64 (0.40-1.03)  0.52(0.33-0.83) 0.003 0.74 (0.60-0.93)
Model 3 1.00 0.82(0.48-1.42) | 0.65(0.38-1.10)  0.52(0.31-0.87) 0.008 0.76 (0.59-0.97)
DWMH
Events, n (%) 125 (71.8) 113 (65.3) 122 (64.2) 99 (52.1)
Model 1 1.00 0.74(0.47-1.16) | 0.70 (0.45-1.10) | 0.43 (0.28-0.66) <0.001 0.63 (0.51-0.78)
Model 2 1.00 0.73 (0.45-1.17) | 0.81(0.50-1.29)  0.48 (0.31-0.77) 0.004 0.68 (0.54-0.84)
Model 3 1.00 0.80 (0.46-1.38) | 0.93 (0.54-1.58)  0.53 (0.32-0.90) 0.028 0.72 (0.56-0.92)

WMH, white matter hyperintensities; PVH, periventricular hyperintensity; DWMH, deep white matter hyperintensity.

Model 1: unadjusted model.

Model 2: adjusted for age (<69 vs. > 69 years old), sex, current smoking and alcohol drinking.

Model 3: adjusted for sex, age (<69 vs. > 69 years old), current smoking and alcohol drinking, systolic BP, fasting plasma glucose, medical history (hypertension, diabetes mellitus, coronary
heart disease, atrial fibrillation, ischemic stroke, intracranial hemorrhage), antihypertension treatment, antiglycemia treatment, fibrinogen, neutrophil count.
WMH defined as Fazekas scale score > 3; PVH, defined as periventricular hyperintensity score based on Fazekas scale > 2; DWMH defined as deep white matter hyperintensity based on

Fazekas scale > 2.

studies have demonstrated that markers of systemic inflammation and
vascular inflammation/endothelial dysfunction may be associated with
the prevalence, severity, and progression of CSVD (Wan et al.,, 2023;
Zhang et al., 2022). These findings suggest that inflammatory states may
contribute to the processes of CSVD and plasma inflammatory markers
may offer valuable predictive indicators for CSVD.

Lymphocyte depletion may be a chronic inflammatory. Existing
epidemiologic studies have shown that the lymphocyte count was
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associated with major cardiovascular risk factors and an increased risk
of various cardiovascular diseases (Nunez et al., 2011; Rudiger et al.,
2006). However, studies on the relationship between lymphocytes and
CSVD were fewer. A cohort study of 139 patients with AIS showed that
the lymphocyte counts were negatively correlated with the NIHSS score
and positively correlated with the Glasgow Outcome Scale score,
suggesting that the lymphocyte counts were a useful biomarker for
predicting the severity and 30-day poor outcomes after AIS (Zhang et al.,
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Associations of lymphocyte count with severity of brain atrophy.
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TABLE 3 Associations of lymphocyte count with brain atrophy.

Lymphocyte count, 10°/L

Continuous of lymphocyte

Q2:1.2-16 Q3:16-21
Median 0.9 1.3 1.8 2.4
Brain atrophy
Events, n (%) 152 (87.4) 150 (86.7) 142 (74.7) 139 (73.2)
Model 1 1.00 0.94 (0.50-1.77) | 0.43(0.25-0.75) | 0.39 (0.23-0.68) <0.001 1.00 (0.96-1.03)
Model 2 1.00 0.91 (0.46-1.83) | 0.52(0.28-0.96)  0.49 (0.26-0.90) 0.006 0.97 (0.92-1.01)
Model 3 1.00 1.05(0.47-2.33) | 0.55(0.27-1.13)  0.46 (0.23-0.92) 0.007 0.68 (0.49-0.93)

Model 1: unadjusted model.
Model 2: adjusted for age (<69 vs. > 69 years old), sex, current smoking and alcohol drinking.

Model 3: adjusted for sex, age (<69 vs. > 69 years old), current smoking and alcohol drinking, systolic BP, fasting plasma glucose, medical history (hypertension, diabetes mellitus, coronary

heart disease, atrial fibrillation, ischemic stroke, intracranial hemorrhage), antihypertension treatment, antiglycemia treatment, fibrinogen, neutrophil count.

2019). Another study of 151 patients with ischemic stroke (NIHSS <3 at
admission) found that lymphocyte counts correlated with the severity of
white matter injury and lymphocyte counts were an independent
protective factor for cognitive function in patients with cerebrovascular
(Li et al., 2022). Our study indicated an inverse correlation between
lymphocyte counts and the incidence and severity of WMH, PVH, and
DWMH in AIS patients. Moreover, the inverse relationship between
baseline lymphocyte count and WMH was significant only in patients
with mild stroke severity (NIHSS <3), which was in line with previous
findings (Li et al., 2022). We speculate that this may be because patients
with severe stroke (NIHSS >3) tend to have lower lymphocyte counts,
which could counteract the association between lymphocytes and
WMH. Additionally, the small number of patients with severe stroke in
our study may have contributed to this finding.

The exact mechanisms underlying the association between the
lymphocyte count and WMH remain unclear. However, given the role
of lymphocytes as chronic inflammatory markers and components of
adaptive immunity, we propose several plausible hypotheses. First,
chronic subclinical inflammation resulting in endothelial dysfunction
and blood-brain barrier disruption (Nam et al., 2022; Nam et al., 2017;
Jian et al., 2020). Various toxic metabolites into the periventricular
spaces, damaging the surrounding neural tissue, and eventually result
in white matter lesions (Wardlaw, 2010; Fu and Yan, 2018). Second,

Frontiers in Aging Neuroscience

chronic hypoperfusion may be involved. We know that chronic systemic
inflammation is a well-known mechanism leading to atherosclerosis
(Ross, 1999; Imtiaz et al., 2012), which may lead to hypoperfusion and
worsening WMH volume progression (Nam et al., 2017). Third,
lymphocytes are the key players in adaptive immunity, and promote
white matter repair through the secretion of substances such as
interleukin-10 (Li et al., 2022; Nam et al., 2017; Rosenberg, 2017).
Lymphocyte numbers may decrease (lymphocyte apoptosis) in many
chronic stressful situations (Li et al., 2022; Nam et al., 2022; Chuang
etal., 2023). Thus, a low lymphocyte count may indicate a high burden
of vascular risk factors, and these diseases may in turn exacerbate WMH.

Brain atrophy is a key MRI marker in CSVD and is associated
with cognitive performances in CSVD patients (De-Guio et al,,
2019). Previous studies have demonstrated that inflammation may
be involved in brain atrophy in the elderly population (Satizabal
et al, 2012). No study focuses on the association between
lymphocyte and brain atrophy. Our study showed that the incidence
and severity of brain atrophy were reduced in AIS patients with high
lymphocyte counts. The mechanisms underlying the association
between lymphocyte count and brain atrophy may involve
inflammation-mediated neurodegeneration and immune damage.
Neuroinflammatory response can trigger cellular necrosis,
apoptosis, and synapse loss (Satizabal et al., 2012). Moreover,
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brain oxidative stress, further
exacerbating cellular death (Jin et al., 2010; Kamat et al., 2014).
Previous research has indicated that synaptic loss and neural cell

neuroinflammation induces

death are important biological mechanisms linking brain atrophy to
cognitive decline (Cherbuin et al., 2019). Interleukin-10 secreted by
lymphocytes is a critical neuroprotective cytokine regulating
neuroinflammation (Westman et al., 2012; Bodhankar et al., 2013).
Based on the findings of the study, lymphocytes may be an
independent protective factor for brain atrophy.

To the best of our knowledge, this is the first report to investigate
lymphocyte count and the link to WMH, PVH, DWMH, and brain
atrophy in patients with ischemic stroke. In the present study, rigid
quality control procedures were used in data collection. Additionally,
important confounders were also collected and controlled in the
multivariable adjusted models, so our study could provide a more
valid assessment of the effect of lymphocyte count on WMH, PVH,
DWMH, and brain atrophy. Our findings suggest an important role
for lymphocyte count in the pathogenesis of white matter lesions and
brain atrophy.

The present study has some limitations. First, this is a cross-sectional
study, and cannot be used to reveal causal relationships. Thus, further
prospective studies are needed to confirm our findings. Second,
we collected only the lymphocyte counts on the first visit after admission,
and the process of WMH and brain atrophy was slow and chronic. As
such, we were unable to study the association between lymphocyte count
changes and WMH and brain atrophy in the setting of ischemic stroke.
Third, the present study enrolled patients with ischemic stroke, so the
generalizability of our findings might be a concern.

5 Conclusion

Our present study showed that lymphocyte count was
independently and negatively associated with WMH, PVH, DWMH
and brain atrophy, in patients with ischemic stroke. Moreover, the
association between a higher baseline lymphocyte count and lower
WMH was significant exclusively in patients with mild stroke. Our
findings suggest lymphocyte count may be considered as a biomarker
to identify WMH and brain atrophy. Further studies are needed to
confirm our findings in patients with acute ischemic stroke and
other populations.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of the Second Affiliated Hospital of Soochow University.
The studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their written
informed consent to participate in this study. Written informed
consent was obtained from the individual(s) for the publication of any
potentially identifiable images or data included in this article.

Frontiers in Aging Neuroscience

10.3389/fnagi.2024.1492078

Author contributions

CL: Conceptualization, Formal analysis, Writing - original draft.
DS: Data curation, Investigation, Methodology, Writing - review &
editing. XN: Data curation, Supervision, Writing — original draft. SY:
Data curation, Writing - original draft, Validation, Methodology. XW:
Data curation, Methodology, Validation, Writing - original draft. SZ:
Data curation, Methodology, Validation, Writing - original draft. WC:
Resources, Supervision, Writing — review & editing. LX: Writing -
review & editing, Conceptualization, Validation.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the Project of State Key Laboratory of Radiation
Medicine and Protection, Soochow University (GZK12024025,
GZK12023051), Suzhou Clinical Key Disease Diagnosis and
Treatment Technology Special Project (LCZX202309), “National
Tutor System” Training Program for Health Youth Key Talents in
Suzhou (Qngg2021006), Gusu Talent Program (GSWS2021025),
Suzhou Municipal Science and Technology Development
Project (SKY2022049, SKY2023169), “Technological Innovation”
Project of CNNC Medical Industry Co. Ltd. (ZHYLYB2021006),
and the Pre-research Foundation of the Second Affiliated
Hospital of Soochow University (SDFEYBS2216, SDFEYJC2335,
SDFEY]C2236).

Acknowledgments

The authors would like to thank all participants who were enrolled
in this study.

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.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnagi.2024.1492078/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1492078
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1492078/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1492078/full#supplementary-material

Liu et al.

References

Bodhankar, S., Chen, Y., Vandenbark, A. A., Murphy, S. J., and Offner, H. (2013).
IL-10-producing B-cells limit CNS inflammation and infarct volume in experimental
stroke. Metab. Brain Dis. 28, 375-386. doi: 10.1007/s11011-013-9413-3

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

Carmichael, O., Stuchlik, P, Pillai, S., Biessels, G. J., Dhullipudi, R., Madden-Rusnak, A.,
et al. (2019). High-normal adolescent fasting plasma glucose is associated with poorer
midlife brain health: Bogalusa heart study. J. Clin. Endocrinol. Metab. 104, 4492-4500.
doi: 10.1210/j¢c.2018-02750

Cherbuin, N., Walsh, E., Baune, B. T, and Anstey, K. J. (2019). Oxidative stress,
inflammation and risk of neurodegeneration in a population sample. Eur. J. Neurol. 26,
1347-1354. doi: 10.1111/ene.13985

Chuang, S. Y., Hsu, Y. C., Chou, K. W,, Chang, K. S., Wong, C. H., Hsu, Y. H,, et al.
(2023). Neutrophil-lymphocyte ratio as a predictor of cerebral small vessel disease in a
geriatric community: the I-Lan longitudinal aging study. Brain Sci. 13:1087. doi:
10.3390/brainscil3071087

Debette, S., Schilling, S., Duperron, M. G., Larsson, S. C., and Markus, H. S. (2019).
Clinical significance of magnetic resonance imaging markers of vascular brain injury: a
systematic review and Meta-analysis. JAMA Neurol. 76, 81-94. doi: 10.1001/
jamaneurol.2018.3122

De-Guio, E, Duering, M., Fazekas, E, De-Leeuw, E E., Greenberg, S. M., Pantoni, L.,
et al. (2019). Brain atrophy in cerebral small vessel diseases: extent, consequences,
technical limitations and perspectives: the HARNESS initiative. J. Cereb. Blood Flow
Metab. 40, 231-245. doi: 10.1177/0271678X19888967

Evans, L. E,, Taylor, J. L., Smith, C. J., Pritchard, H. A. T., Greenstein, A. S., and
Allan, S. M. (2021). Cardiovascular comorbidities, inflammation, and cerebral small
vessel disease. Cardiovasc. Res. 117, 2575-2588. doi: 10.1093/cvr/cvab284

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. AJR Am. J.
Roentgenol. 149, 351-356. doi: 10.2214/ajr.149.2.351

Fu, Y., and Yan, Y. (2018). Emerging role of immunity in cerebral small vessel disease.
Front. Immunol. 9:67. doi: 10.3389/fimmu.2018.00067

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, €1298-€1308. doi: 10.1212/WNL.0000000000007142

Imtiaz, E, Shafique, K., Mirza, S. S., Ayoob, Z., Vart, P, and Rao, S. (2012). Neutrophil
lymphocyte ratio as a measure of systemic inflammation in prevalent chronic diseases
in Asian population. Int. Arch. Med. 5:2. doi: 10.1186/1755-7682-5-2

Jian, B., Hu, M., Cai, W,, Zhang, B., and Lu, Z. (2020). Update of immunosenescence
in cerebral small vessel disease. Front. Immunol. 11:585655. doi: 10.3389/
fimmu.2020.585655

Jiang, L., Cai, X., Yao, D,, Jing, J., Mei, L., Yang, Y., et al. (2022). Association of
inflammatory markers with cerebral small vessel disease in community-based
population. J. Neuroinflammation 19:106. doi: 10.1186/s12974-022-02468-0

Jin, R, Yang, G., and Li, G. (2010). Inflammatory mechanisms in ischemic stroke: role
of inflammatory cells. J. Leukoc. Biol. 87, 779-789. doi: 10.1189/jlb.1109766

Kaginele, P, Beer-Furlan, A., Joshi, K. C., Kadam, G., Achanaril, A, Levy, E,, et al.
(2021). Brain atrophy and leukoaraiosis correlate with futile stroke thrombectomy. J.
Stroke Cerebrovasc. Dis. 30:105871. doi: 10.1016/j.jstrokecerebrovasdis.2021.105871

Kamat, P. K., Rai, S., Swarnkar, S., Shukla, R., and Nath, C. (2014). Mechanism of
synapse redox stress in Okadaic acid (ICV) induced memory impairment: role of
NMDA receptor. Neurochem. Int. 76, 32-41. doi: 10.1016/j.neuint.2014.06.012

Kong, Q., Xie, X., Wang, Z., Zhang, Y., Zhou, X., Wu, L., et al. (2024). Correlations of
plasma biomarkers and imaging characteristics of cerebral small vessel disease. Brain
Sci. 14:269. doi: 10.3390/brainsci14030269

Li, B,, Dy, B, Gu, Z.,, Wu, C,, Tan, Y,, Song, C,, et al. (2022). Correlations among
peripheral blood markers, white matter hyperintensity, and cognitive function in
patients with non-disabling ischemic cerebrovascular events. Front. Aging Neurosci.
14:1023195. doi: 10.3389/fnagi.2022.1023195

Li, B, Gu, Z., Wang, W,, Dy, B.,, Wu, C,, Li, B,, et al. (2024). The associations between
peripheral inflammatory and lipid parameters, white matter hyperintensity, and
cognitive function in patients with non-disabling ischemic cerebrovascular events. BMC
Neurol. 24:86. doi: 10.1186/s12883-024-03591-6

Frontiers in Aging Neuroscience

08

10.3389/fnagi.2024.1492078

Nam, K. W,, Kwon, H. M,, Jeong, H. Y., Park, J. H., Kim, S. H., Jeong, S. M., et al.
(2017). High neutrophil to lymphocyte ratio is associated with white matter
hyperintensity in a healthy population. J. Neurol. Sci. 380, 128-131. doi: 10.1016/j.
jns.2017.07.024

Nam, K. W,, Kwon, H. M., Jeong, H. Y, Park, J. H., and Kwon, H. (2022). Systemic
immune-inflammation index is associated with white matter hyperintensity volume. Sci.
Rep. 12:7379. doi: 10.1038/s41598-022-11575-0

Nudez, J., Mifiana, G., Bodi, V., Nufiez, E., Sanchis, J., Husser, O., et al. (2011). Low
lymphocyte count and cardiovascular diseases. Curr. Med. Chem. 18, 3226-3233. doi:
10.2174/092986711796391633

Pickering, T. G., Hall, J. E., Appel, L. ], Falkner, B. E., Graves, J., Hill, M. N, et al.
(2005). Recommendations for blood pressure measurement in humans and experimental
animals: part 1: blood pressure measurement in humans: a statement for professionals
from the Subcommittee of Professional and Public Education of the American Heart
Association Council on high blood pressure research. Hypertension 45, 142-161. doi:
10.1161/01.HYP.0000150859.47929.8¢

Ray-Coquard, I., Cropet, C., Van-Glabbeke, M., Sebban, C., Le-Cesne, A., Judson, L.,
et al. (2009). Lymphopenia as a prognostic factor for overall survival in advanced
carcinomas, sarcomas, and lymphomas. Cancer Res. 69, 5383-5391. doi:
10.1158/0008-5472.CAN-08-3845

Rivero, S. J., Diaz-Jouanen, E., and Alarcén-Segovia, D. (1978). Lymphopenia in
systemic lupus erythematosus. Clinical, diagnostic, and prognostic significance. Arthritis
Rheum. 21, 295-305. doi: 10.1002/art.1780210302

Rosenberg, G. A. (2017). Extracellular matrix inflammation in vascular cognitive
impairment and dementia. Clin. Sci. 131, 425-437. doi: 10.1042/CS20160604

Ross, R. (1999). Atherosclerosis--an inflammatory disease. N. Engl. J. Med. 340,
115-126. doi: 10.1056/NEJM199901143400207

Rudiger, A., Burckhardt, O. A., Harpes, P, Miiller, S. A., and Follath, F. (2006). The
relative lymphocyte count on hospital admission is a risk factor for long-term mortality
in patients with acute heart failure. Am. J. Emerg. Med. 24, 451-454. doi: 10.1016/j.
ajem.2005.10.010

Satizabal, C. L., Zhu, Y. C., Mazoyer, B., Dufouil, C., and Tzourio, C. (2012).
Circulating IL-6 and CRP are associated with MRI findings in the elderly. Neurology 78,
720-727. doi: 10.1212/WNL.0b013e318248e50f

Wan, S., Dandu, C., Han, G., Guo, Y, Ding, Y., Song, H., et al. (2023). Plasma
inflammatory biomarkers in cerebral small vessel disease: a review. CNS Neurosci. Ther.
29, 498-515. doi: 10.1111/cns.14047

‘Wardlaw, J. M. (2010). Blood-brain barrier and cerebral small vessel disease. J. Neurol.
Sci. 299, 66-71. doi: 10.1016/j.jns.2010.08.042

Wardlaw, J. M., Smith, E. E., Biessels, G. J., Cordonnier, C., Fazekas, E, 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/
$1474-4422(13)70124-8

Wardlaw, J. M., Smith, C., and Dichgans, M. (2019). Small vessel disease: mechanisms
and clinical implications. Lancet Neurol. 18, 684-696. doi: 10.1016/
S1474-4422(19)30079-1

Warny, M., Helby, J., Nordestgaard, B. G., Birgens, H., and Bojesen, S. E. (2018).
Lymphopenia and risk of infection and infection-related death in 98,344 individuals
from a prospective Danish population-based study. PLoS Med. 15:€1002685. doi:
10.1371/journal.pmed.1002685

Westman, E., Aguilar, C., Muehlboeck, J. S., and Simmons, A. (2012). Regional
magnetic resonance imaging measures for multivariate analysis in Alzheimer's disease
and mild cognitive impairment. Brain Topogr. 26, 9-23. doi: 10.1007/s10548-012-0246-x

You, C. J., Liu, D., Liu, L. L., Liu, Q. Q., and Li, G. Z. (2018). Correlation between
fibrinogen and white matter Hyperintensities among nondiabetic individuals with
noncardiogenic ischemic stroke. J. Stroke Cerebrovasc. Dis. 27, 2360-2366. doi: 10.1016/j.
jstrokecerebrovasdis.2018.04.025

Zhang, D. D., Cao, Y., Mu, J. Y, Liu, Y. M., Gao, E, Han, E, et al. (2022). Inflammatory
biomarkers and cerebral small vessel disease: a community-based cohort study. Stroke
Vasc Neurol. 7, 302-309. doi: 10.1136/svn-2021-001102

Zhang, Y., Jiang, L., Yang, P, and Zhang, Y. (2019). Comparison of lymphocyte count,
neutrophil to lymphocyte ratio and platelet to lymphocyte ratio in predicting the severity
and the clinical outcomes of acute cerebral infarction patients. Clin. Lab. 65:102. doi:
10.7754/Clin.Lab.2019.190102

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1492078
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1007/s11011-013-9413-3
https://doi.org/10.1161/01.str.20.7.864
https://doi.org/10.1210/jc.2018-02750
https://doi.org/10.1111/ene.13985
https://doi.org/10.3390/brainsci13071087
https://doi.org/10.1001/jamaneurol.2018.3122
https://doi.org/10.1001/jamaneurol.2018.3122
https://doi.org/10.1177/0271678X19888967
https://doi.org/10.1093/cvr/cvab284
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.3389/fimmu.2018.00067
https://doi.org/10.1212/WNL.0000000000007142
https://doi.org/10.1186/1755-7682-5-2
https://doi.org/10.3389/fimmu.2020.585655
https://doi.org/10.3389/fimmu.2020.585655
https://doi.org/10.1186/s12974-022-02468-0
https://doi.org/10.1189/jlb.1109766
https://doi.org/10.1016/j.jstrokecerebrovasdis.2021.105871
https://doi.org/10.1016/j.neuint.2014.06.012
https://doi.org/10.3390/brainsci14030269
https://doi.org/10.3389/fnagi.2022.1023195
https://doi.org/10.1186/s12883-024-03591-6
https://doi.org/10.1016/j.jns.2017.07.024
https://doi.org/10.1016/j.jns.2017.07.024
https://doi.org/10.1038/s41598-022-11575-0
https://doi.org/10.2174/092986711796391633
https://doi.org/10.1161/01.HYP.0000150859.47929.8e
https://doi.org/10.1158/0008-5472.CAN-08-3845
https://doi.org/10.1002/art.1780210302
https://doi.org/10.1042/CS20160604
https://doi.org/10.1056/NEJM199901143400207
https://doi.org/10.1016/j.ajem.2005.10.010
https://doi.org/10.1016/j.ajem.2005.10.010
https://doi.org/10.1212/WNL.0b013e318248e50f
https://doi.org/10.1111/cns.14047
https://doi.org/10.1016/j.jns.2010.08.042
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1016/S1474-4422(19)30079-1
https://doi.org/10.1016/S1474-4422(19)30079-1
https://doi.org/10.1371/journal.pmed.1002685
https://doi.org/10.1007/s10548-012-0246-x
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.04.025
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.04.025
https://doi.org/10.1136/svn-2021-001102
https://doi.org/10.7754/Clin.Lab.2019.190102

	Correlations among lymphocyte count, white matter hyperintensity and brain atrophy in patients with ischemic stroke
	1 Introduction
	2 Materials and methods
	2.1 Study participants
	2.2 Data collection
	2.3 WMH and brain atrophy scoring
	2.4 Statistical analysis

	3 Results
	3.1 Baseline characteristics
	3.2 Lymphocyte count with WMH, PVH and DWMH
	3.3 Lymphocyte count with brain atrophy
	3.4 Subgroup analysis

	4 Discussion
	5 Conclusion

	References

