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Serum Matrix Metalloproteinase-9 and Cognitive Impairment After

Acute Ischemic Stroke
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Background—The impact of serum matrix metalloproteinases-9 (MMP-9) on cognitive impairment after ischemic stroke is unclear.
We aimed to investigate the association between serum MMP-9 in the short-term acute phase of ischemic stroke and cognitive
impairment at 3 months.

Methods and Results—Our study was based on a subsample from the CATIS (China Antihypertensive Trial in Acute Ischemic
Stroke); a total of 558 patients with serum MMP-9 levels from 7 of 26 participating sites of the trial were included in this analysis.
Cognitive impairment severity was categorized as severe, mild, or none (Mini-Mental State Examination score, <23, 23-26, or >27,
respectively; Montreal Cognitive Assessment score, <20, 20-24, or >25, respectively). Cognitive impairment was defined as a
score of <27 for Mini-Mental State Examination or <25 for Montreal Cognitive Assessment. According to Mini-Mental State
Examination score, 143 participants (25.6%) had mild cognitive impairment and 153 (27.4%) had severe cognitive impairment at
3 months. After adjustment for age, National Institutes of Health stroke score, education, and other covariates, the odds ratio for
the highest quartile of serum MMP-9 compared with the lowest quartile was 3.20 (95% confidence interval, 1.87-5.49) for
cognitive impairment. Multiple-adjusted spline regression model showed a linear association between MMP-9 levels and cognitive
impairment (P<0.001 for linearity). Sensitivity and subgroup analyses further confirmed these results. Similar significant findings
were observed when cognitive impairment was defined by Montreal Cognitive Assessment score.

Conclusions—Increased serum MMP-9 levels in the short-term phase of ischemic stroke were associated with 3-month cognitive
impairment, independently of established risk factors. (/ Am Heart Assoc. 2018;7:e007776. DOI: 10.1161/JAHA.117.007776.)
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C ognitive impairment and dementia are common after
stroke and can substantially affect patients’ quality of
life.! Approximately 1 in 4 patients with stroke has severe
cognitive impairment,>® and 1 in 3 has milder levels of
cognitive impairment.* Accurate identification of novel risk

factors to improve the prediction of cognitive function after an
ischemic stroke is highly desirable to rapidly optimize patient
care and management.

Matrix metalloproteinase-9 (MMP-9) is a key determinant
of extracellular matrix degradation and is the most widely

From the Department of Epidemiology, School of Public Health and Jiangsu Key Laboratory of Preventive and Translational Medicine for Geriatric Diseases, Medical
College of Soochow University, Suzhou, China (C.Z., X.B., T.X., Y.Z.); Department of Epidemiology, Tulane University School of Public Health and Tropical Medicine, New
Orleans, LA (C.Z., X.B., C.-S.C., J.C., J.H.); Department of Neurology, Siping Central Hospital, Jilin, China (L.G.); Department of Neurology, Jilin Central Hospital, Jilin,
China (X.W.); Department of Neurology, The 88th Hospital of PLA, Shandong, China (J.Z.); Department of Neurology, General Hospital of First Automobile Works, Jilin,
China (Y.C.); Department of Internal Medicine, Feicheng City People’s Hospital, Shandong, China (D.L.); Department of Neurology, Tongliao Municipal Hospital, Inner
Mongolia, China (J.Z.); Department of Neurology, Kerqin District First People’s Hospital of Tongliao City, Inner Mongolia, China (Z.J.); and Department of Medicine,
Tulane University School of Medicine, New Orleans, LA (J.C., J.H.).

Accompanying Tables S1 through S3 are available at http://jaha.ahajournals.org/content/7/1/e007776/DC1/embed/inline-supplementary-material-1.pdf
Correspondence to Yonghong Zhang, MD, PhD, Department of Epidemiology, School of Public Health and Jiangsu Key Laboratory of Preventive and Translational
Medicine for Geriatric Diseases, Medical College of Soochow University, 199 Renai Rd, Industrial Park District, Suzhou, Jiangsu Province 215123, China. E-mail:
yhzhang@suda.edu.cn or Jiang He, MD, PhD, Department of Epidemiology, Tulane University School of Public Health and Tropical Medicine, New Orleans, LA 70112.
E-mail: jhe@tulane.edu

Received October 4, 2017; accepted November 30, 2017.

© 2018 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

DOI: 10.1161/JAHA.117.007776 Journal of the American Heart Association 1


info:doi/10.1161/JAHA.117.007776
http://jaha.ahajournals.org/content/7/1/e007776/DC1/embed/inline-supplementary-material-1.pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

MMP-9 and Cognitive Impairment of Ischemic Stroke Zhong et al

Clinical Perspective

What Is New?

* Increased serum matrix metalloproteinase-9 levels in the
short-term phase of ischemic stroke were associated with
3-month cognitive impairment, independently of established
risk factors.

* Adding serum matrix metalloproteinase-9 to conventional
risk factors improved risk prediction for cognitive impair-
ment.

What Are the Clinical Implications?

* Our findings suggested serum matrix metalloproteinase-9
could provide important predictive information for cognitive
impairment after acute ischemic stroke.

investigated enzyme of the MMP family in acute ischemic
stroke.>® MMP-9 participates in several normal biological
processes, including nerve growth, bone remodeling, wound
healing, and angiogenesis.””® Accumulating evidence suggests
that elevated MMP-9 is involved in the neuropathological
processes, such as inflammation, blood-brain barrier damage,
and neuronal cell death, which may lead to cognitive
impairment.’'" It is reported that the brain tissues and
cerebrospinal fluid of patients with vascular cognitive impair-
ment have increased levels of MMP-9.'%13 However, little is
known about the relationship between serum MMP-9 level
and subsequent cognitive impairment after acute ischemic
stroke.

In this study, we aimed to assess the association between
serum MMP-9 in the short-term phase of ischemic stroke and
cognitive impairment at 3 months, using data derived from
the CATIS (China Antihypertensive Trial in Acute Ischemic
Stroke).

Methods
Study Design and Participants

The data and study materials will not be made available to
other researchers for purposes of reproducing the results or
replicating the procedure. This prospective observational
study was based on a preplanned ancillary study, which was
designed to examine the effect of early blood pressure (BP)
reduction on cognitive function at 3 months after randomiza-
tion among a subsample of CATIS. The methods and main
results for both studies have been described previously.'*'®
The CATIS was a multicenter, single-blind, blinded end points
randomized clinical trial conducted among 407 1 patients with
ischemic stroke to test whether moderate lowering of BP
within the first 48 hours after the onset of an acute ischemic

stroke would reduce death and major disability at 14 days or
hospital discharge.'* Eligible participants were those aged
>22 years who had ischemic stroke, confirmed by computed
tomography or magnetic resonance imaging within 48 hours
of symptom onset, and who had an elevated systolic BP
between 140 and <220 mm Hg. Participants of the pre-
planned ancillary study were selected before randomization
from 7 participating hospitals.'® Each of the 7 participating
hospitals recruited 80 to 100 patients consecutively. From
August 2009 to November 2012, 660 participants were
recruited for cognitive function assessment at 3-month follow-
up after stroke. At the 3-month visit, 15 patients were
unavailable for follow-up and 7 patients were deceased. A
total of 638 participants completed the cognitive function
tests. Of these participants, some did not offer blood samples
and some collected samples were hemolysed in storage or
transport; 558 patients were finally included in the present
analysis (Figure 1).

This study was approved by the institutional review boards
at Soochow University in China and Tulane University in the
United States, as well as ethical committees at the partici-
pating hospitals. Written consent was obtained from all study
participants or their immediate family members.

Assessment of Serum MMP-9 and Potential
Covariates

Blood samples were collected after at least 8 hours of fasting
within 24 hours of hospital admission. Serum samples were
separated and frozen at —80°C in the Central Laboratory of
the School of Public Health at Soochow University until
testing. Serum MMP-9 concentrations were measured using a

4071 patients from CATIS trial

660 patients pre-planned to receive
3-month cognitive function tests

15 patients lost to follow-up at 3 months
7 patients died during 3 months

638 patients completed cognitive
function tests at 3 months

80 patients refused to offer blood samples
or samples hemolyzed

558 patients eligible for analysis

Figure 1. Flow chart of participants’ selection. CATIS indicates
China Antihypertensive Trial in Acute Ischemic Stroke.
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Table 1. Characteristics of Participants According to Serum MMP-9 Quartiles

MMP-9, ng/mL P Value
Characteristics* Total <330.1 330.1-567.6 567.6-893.3 >893.3 for Trend
No. of subjects 558 138 141 139 140
Age, y 60.7+10.3 62.4+10.0 61.4+10.1 59.1+10.5 59.9+10.6 0.01
Male sex 385 (69.0) 83 (60.1) 99 (70.2) 101 (72.7) 102 (72.9) 0.02
Education, y 6.9+3.6 7.2+3.6 6.7+£3.7 7.1+3.5 6.6+3.6 0.28
Current cigarette smoking 209 (37.5) 39 (28.3) 45 (31.9) 61 (43.9) 64 (45.7) 0.001
Current alcohol drinking 190 (34.1) 32 (23.2) 46 (32.6) 54 (38.9) 58 (41.4) 0.001
Time from onset to randomization, h 10.3 (5.0-24.0) 12.0 (5.0-24.0) 12.0 (5.0-24.0) 10.0 (5.0-24.0) 8.0 (4.0-23.0) 0.01
Baseline systolic BP, mm Hg 167.3+16.6 167.4+15.0 166.8+16.8 166.0+15.7 169.0+18.6 0.52
Baseline diastolic BP, mm Hg 98.1+9.9 96.2+9.6 98.4+10.1 98.4+9.9 99.5+10.1 0.01
Body mass index, kg/m? 24.8+3.1 24.8+3.2 24.6+3.1 249429 25.04+3.0 0.50
Baseline NIHSS score 4.0 (3.0-7.0) 4.0 (2.0-7.0) 4.0 (3.0-7.0) 4.0 (3.0-7.0) 4.0 (3.0-7.0) 0.06
History of hypertension 434 (77.8) 111 (80.4) 115 (81.7) 106 (76.3) 102 (72.9) 0.08
History of hyperlipidemia 40 (7.2) 13 (9.4) 9 (6.4) 6 (4.3 12 (8.6) 0.64
History of diabetes mellitus 96 (17.2) 25 (18.1) 30 (21.3) 26 (18.7) 15 (10.7) 0.08
History of coronary heart disease 61 (10.9) 20 (14.5) 12 (8.5) 11 (7.9) 18 (12.9) 0.65
Family history of stroke 92 (16.5) 24 (17.4) 19 (13.7) 21 (14.9) 28 (20.0) 0.52
Use of antihypertensive drugs 251 (45.0) 66 (47.8) 67 (47.5) 65 (46.8) 53 (37.9) 0.10
Use of lipid-lowering drugs 20 (3.6) 5 (3.6) 5 (3.6) 4 (2.9 6 (4.3 0.85
Ischemic stroke subtype 0.017

Thrombotic 348 (62.4) 88 (63.9) 93 (66.0) 93 (66.9) 74 (52.9)

Embolic 21 (3.8) 1(0.7) 3(2.1) 5 (3.6) 12 (8.6)

Lacunar 189 (33.9) 49 (35.5) 45 (31.9) 41 (29.5) 54 (38.6)

Receiving immediate BP reduction 271 (48.6) 72 (52.2) 72 (51.1) 58 (41.7) 69 (49.3) 0.34

BP indicates blood pressure; MMP-9, matrix metalloproteinase-9; and NIHSS, National Institutes of Health Stroke Scale.
*Continuous variables are expressed as mean+SD or as median (interquartile range). Categorical variables are expressed as frequency (percentage).

P value for overall variation.

commercially available ELISA kit (R&D Systems, Minneapolis,
MN). Intra-assay and interassay coefficients of variation were
2.0% and 6.9%, respectively. MMP-9 determinations were
performed by laboratory technicians blinded to the clinical
characteristics and outcomes.

Data on demographic characteristics, lifestyle risk factors,
and medical history were collected at enrollment. Stroke
severity was assessed using the National Institutes of Health
Stroke Scale (NIHSS) by trained neurologists at admission.'®
Three BP measurements were obtained at baseline by trained
nurses, according to a common protocol adapted from proce-
dures recommended by the American Heart Association.'”

Assessment of Outcomes

The study outcome was cognitive impairment at 3 months,
assessed by trained neurologists using the Mini-Mental State

Examination (MMSE) and the Montreal Cognitive Assessment
(MoCA)."®'? The MMSE contains 20 items that test cognitive
performance in domains including orientation, registration,
attention and calculation, recall, language, and visual con-
struction.’® The MoCA is a 30-item test that evaluates the
following 7 cognitive domains: visuospatial /executive func-
tions, naming, memory, attention, language, abstraction, and
orientation.'® Previous studies found that people with
12 years of education or less tended to have worse perfor-
mance on the MoCA; to correct for education effects, 1 point
was added for participants with education <12 years on their
total MoCA score (if <30)."” Both MMSE and MoCA have been
translated into Chinese and validated as a screening tool for
cognitive impairment and dementia in the Chinese population;
the maximum score is 30 for these 2 measurements.
According to the recommended cutoffs, cognitive function
was categorized as follows: O to 22 (severe cognitive
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Figure 2. Serum matrix metalloproteinase-9 (MMP-9) and cognitive impairment severity. Adjusted odds
ratio of ordinal logistic regression analysis for highest vs lowest quartile of serum MMP-9: 2.55 (95%
confidence interval, 1.58-4.12; P=0.002 for trend) for Mini-Mental State Examination (MMSE) (A); and 2.08
(95% confidence interval, 1.30-3.33; P=0.007 for trend) for Montreal Cognitive Assessment (MoCA).

impairment), 23 to 26 (mild cognitive impairment), and 27 to
30 (no cognitive impairment) for MMSE scores; 0 to 19
(severe cognitive impairment), 20 to 24 (mild cognitive
impairment), and 25 to 30 (no cognitive impairment) for
MoCA scores.?%?" In this analysis, a score of <27 on the
MMSEZ®%2 and <25 on the MoCA?"?* indicated cognitive
impairment.

Statistical Analysis

All participants were divided into 4 subgroups according to
quartiles of serum MMP-9. Linear regression analyses were
performed to evaluate the relationships of serum MMP-9
levels with MMSE and MoCA scores. Logistic regression
analysis was used to estimate the risk of cognitive
impairment by calculating odds ratios (ORs) and 95%

confidence intervals (Cls). The effect of serum MMP-9 on
cognitive impairment severity was analyzed using ordinal
logistic regression models. We performed 3 multiple-
adjusted logistic regression models. Model 1 adjusted for
age, sex, and education level. Model 2 included the factors
in model 1 as well as time from onset to randomization,
diastolic BP, admission NIHSS score, body mass index,
current smoking, alcohol drinking, and hemiparesis. Model 3
included the factors in model 2 as well as medical history
(hypertension, diabetes mellitus, hyperlipidemia, and coro-
nary heart disease), family history of stroke, use of
antihypertensive medications, and ischemic stroke subtype.
Potential covariates for cognitive impairment were selected
on the basis of prior knowledge. Multiple imputation for
missing data was performed using the Markov chain Monte
Carlo method. Serum MMP-9 was modeled in terms of OR

DOI: 10.1161/JAHA.117.007776

Journal of the American Heart Association 4

HDOYVIASHY TVYNIDIYO



MMP-9 and Cognitive Impairment of Ischemic Stroke

Table 2. ORs and 95% Cls for the Risk of Cognitive Impairment According to MMP-9 Quartiles*

Zhong et al

L el P Value Each SD (0.32 ng/mL)

Variable <330.1 330.1-567.6 567.6-893.3 >893.3 for Trend Increase in Logarithm MMP-9
Median 219.0 4521 681.5 1176.8
MMSE score

Events, n (%) 56 (40.6) 74 (53.2) 77 (54.6) 89 (63.6) 296 (53.1)

Model 1 1.00 1.87 (1.14-3.08) 2.21 (1.34-3.66) 3.25 (1.94-5.45) <0.001 1.44 (1.20-1.72)

Model 2 1.00 1.85 (1.12-3.06) 2.19 (1.32-3.65) 3.21 (1.89-5.45) <0.001 1.44 (1.19-1.73)

Model 3 1.00 1.78 (1.07-2.98) 2.14 (1.27-3.60) 3.20 (1.87-5.49) <0.001 1.44 (1.19-1.74)
MoCA score

Events, n (%) 73 (52.9) 94 (67.6) 89 (63.1) 98 (70.0) 354 (63.4)

Model 1 1.00 2.15 (1.29-3.57) 1.92 (1.16-3.17) 2.65 (1.57-4.47) 0.002 1.37 (1.14-1.65)

Model 2 1.00 2.09 (1.25-3.50) 1.82 (1.09-3.03) 2.49 (1.46-4.24) 0.004 1.35 (1.12-1.62)

Model 3 1.00 2.04 (1.21-3.44) 1.77 (1.05-2.97) 2.56 (1.48-4.41) 0.003 1.36 (1.12-1.64)

Model 1, adjusted for age, sex, and education level; model 2, adjusted for model 1 and further adjusted for time from onset to randomization, diastolic blood pressure, baseline National
Institutes of Health Stroke Scale scores, body mass index, current smoking, and alcohol drinking; model 3, adjusted for model 2 and further adjusted for medical history (hypertension,
diabetes mellitus, hyperlipidemia, and coronary heart disease), family history of stroke, use of antihypertensive medications, and ischemic stroke subtype. Cl indicates confidence interval;
MMP-9, matrix metalloproteinase-9; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; and OR, odds ratio.

*MMSE score of <27 or MoCA score of <25 indicates cognitive impairment.

per 1-SD increment of logarithm-transformed MMP-9 [evel
and also across discrete categories. Tests for linear trends in
ORs across MMP-9 quartiles were conducted using the
median within each quartile as the predictor. In addition, net
reclassification index and integrated discrimination improve-
ment were calculated to evaluate the predictive value of
adding MMP-9 to conventional risk factors model.?*

Spline regression models were used to provide more
precise estimates and explore the shape of association
between serum MMP-9 and cognitive impairment, fitting a
restricted cubic spline function with 4 knots (at the 5th, 35th,
65th, and 95th percentiles).?® In stratified analysis, we
explored the potential effect modification by age, sex,
education, body mass index, admission NIHSS score, smoking
status, alcohol consumption, history of hypertension, and
receiving immediate BP reduction. The interaction between
MMP-9 and interested factors was tested by the likelihood
ratio test of models with interaction terms. Several sensitivity
analyses were conducted to test the robustness of our
findings. Randomized treatment was first included in the
multivariable models to control the effect of immediate BP
reduction during hospitalization. We repeated our aforemen-
tioned analysis by excluding patients using antihypertensive
medications or lipid-lowering drugs before stroke onset to
eliminate the potential effects of these drugs on MMP-9
levels. A receiver operating characteristic curve was config-
ured to establish cutoff points of serum MMP-9 that optimally
predicted cognitive impairment. All P values were 2 tailed, and
a significance level of 0.05 was used. Statistical analysis was

conducted using SAS statistical software, version 9.2 (SAS
Institute Inc, Cary, NC).

Results

Baseline Characteristics

Most baseline characteristics of enrolled and excluded
patients in this analysis were well balanced (Table S1).
Among 558 patients (173 women and 385 men; mean age,
60.7+10.3 years) in our study, the median serum MMP-9
concentration was 574.3 ng/mL (interquartile range, 330.6—
895.2 ng/mL). Compared with study participants with lower
serum MMP-9 levels, those with a higher MMP-9 level were
more likely to be younger, men, cigarette smokers, and
alcohol drinkers; have higher baseline diastolic BP and
proportion of thrombotic and embolic infarcts; and have
lower time from onset to randomization (Table 1). Baseline
characteristics of participants according to randomized treat-
ment were presented in Table S2, and all baseline character-
istics were comparable between intervention group and
control group, except for significant difference of education.

Association Between Serum MMP-9 and
Cognitive Impairment

Median (interquartile range) scores of MMSE and MoCA were
26 (22-29) and 22 (18-26), respectively. After adjustment for
age, sex, education level, admission NIHSS score, and other
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Figure 3. Association of serum matrix metalloproteinase-9
(MMP-9) with risk of cognitive impairment after acute ischemic
stroke. Odds ratios and 95% confidence intervals derived from
restricted cubic spline regression, with knots placed at the 5th,
35th, 65th, and 95th percentiles of the distribution of serum
MMP-9. The reference point for serum MMP-9 is the midpoint
(219.0 ng/mL) of the reference group from categorical analysis.
Odds ratios were adjusted for the same variables as model 3 in
Table 2. A, Mini-Mental State Examination (MMSE) score of <27.
B, Montreal Cognitive Assessment (MoCA) score of <25.

covariates in model 3, the linear regression models found
serum MMP-9 levels were associated with both MMSE and
MoCA scores (P<0.001 for MMSE, and P=0.002 for MoCA).
According to MMSE categories, 143 participants (25.6%) had
mild cognitive impairment and 153 (27.4%) had severe
cognitive impairment; the ordinal analysis showed a signifi-
cant association between serum MMP-9 and impairment
severity (OR, 2.55; 95% Cl, 1.58-4.12; P=0.001 for trend,
when 2 extreme quartiles were compared; Figure 2). The
adjusted OR (95% Cl) for the highest quartile of MMP-9 was
3.20 (1.87-5.49) for cognitive impairment compared with the
lowest quartile (Table 2). Per 1-SD increase of logarithm
MMP-9 was associated with a 44% (95% Cl, 19%—74%)
increased odds of cognitive impairment. Multiple-adjusted
spline regression model further confirmed the dose-response
relationships between MMP-9 levels and 3-month cognitive
impairment (P<0.001 for linearity; Figure 3). Adding MMP-9 to

a model containing conventional risk factors significantly
improved risk reclassification for cognitive impairment (cat-
egory-free net reclassification index, 0.277 [95% Cl, 0.113—
0.442] [P=0.001]; integrated discrimination improvement,
0.024 [95% Cl, 0.011-0.037] [P<0.001]) (Table 3).

The association of serum MMP-9 with risk of cognitive
impairment was similar across subgroups stratified according
to age, sex, education, body mass index, admission NIHSS
score, smoking status, alcohol consumption, history of
hypertension, and receiving immediate BP reduction (P>0.05
for interaction for all; Figure 4). In the sensitivity analyses,
further adjustment for randomized treatment or exclusion of
patients using antihypertensive medications or lipid-lowering
drugs before stroke onset did not change the association
between MMP-9 and cognitive impairment (Table 4). An
optimal MMP-9 cut point (462.6 ng/mL) was obtained from
the receiver operating characteristic curve; after adjustment
for several covariates, high MMP-9 levels were significantly
associated with cognitive impairment (OR, 2.15; 95% ClI,
1.47-3.15; P<0.001). The MMSE scores of most cognitive
subdomains were lower in patients with higher serum MMP-9
(>462.6 ng/mL) (Table S3). Similarly, significant findings
were observed when cognitive function was measured by
MoCA score.

Discussion

To our knowledge, this is the first study to investigate the
prospective association of serum MMP-9 with cognitive
impairment after acute ischemic stroke. Our study docu-
mented a significantly increased risk of cognitive impairment
after stroke in patients with high MMP-9, even after
adjustment for several potential confounders. The findings
were consistent across different subgroups. Furthermore,
adding serum MMP-9 to conventional risk factors improved
risk prediction for cognitive impairment. These findings
suggested serum MMP-9 could provide important predictive
information for cognitive impairment after acute ischemic
stroke.

Experimental studies showed that the expression of
circulating MMP-9 is rapidly upregulated after cerebral
ischemia,” and our previous study found higher serum
MMP-9 levels in the short-term phase of ischemic stroke
were associated with increased risk of mortality and major
disability.? However, limited studies have investigated the
relationship between serum MMP-9 and cognitive impairment,
especially in patients with acute ischemic stroke.'®'3?” A
case-control study of 15 patients with vascular dementia and
8 neurologically normal controls showed that MMP-9 levels
were significantly elevated in the cerebrospinal fluid in the
cases compared with controls.'? Similarly, in an analysis
based on Religious Orders Study, the MMP-9 activity of brain
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Table 3. Reclassification Statistics (95% Cl) for Cognitive Impairment by Serum MMP-9 Among Patients With Acute Ischemic

Stroke*
NRI (Category Free) DI
Variable Estimate (95% CI) P Value Estimate (95% CI) P Value
MMSE score
Conventional model
Conventional model+MMP-9 (continuous) 0.277 (0.113-0.442) 0.001 0.024 (0.011-0.037) <0.001
Conventional model+MMP-9 (quartiles) 0.360 (0.196-0.523) <0.001 0.030 (0.016-0.044) <0.001
MoCA score
Conventional model
Conventional model+MMP-9 (continuous) 0.192 (0.021-0.363) 0.03 0.016 (0.006-0.028) 0.005
Conventional model+MMP-9 (quartiles) 0.214 (0.043-0.385) 0.02 0.015 (0.004-0.026) 0.001

Conventional model included age, sex, education level, time from onset to randomization, diastolic blood pressure, baseline National Institutes of Health Stroke Scale scores, body mass
index, current smoking, alcohol drinking, medical history (hypertension, diabetes mellitus, hyperlipidemia, and coronary heart disease), family history of stroke, use of antihypertensive
medications, and ischemic stroke subtype. Cl indicates confidence interval; IDI, integrated discrimination index; MMP-9, matrix metalloproteinase-9; MoCA, Montreal Cognitive

Assessment; and NRI, net reclassification improvement.
*MMSE score of <27 or MoCA score of <25 indicates cognitive impairment.
fLogarithm transformed.

samples was significantly higher in patients with mild
cognitive impairment than those with normal cognitive
function, and inverse correlations between MMP-9 activity
with Global Cognitive Score and MMSE score were found.'®
However, another study conducted in 60 patients with
suspected vascular cognitive impairment failed to show a
significant increase of MMP-9 in patients with subcortical
ischemic vascular disease compared with the nonneurological
impairment controls.?” These studies were conducted with
small sample size and could not clarify the prospective
association of MMP-9 with cognitive impairment. On the basis
of a subset in the CATIS randomized clinical trial, we found
that serum MMP-9 in the highest quartile was associated with
~2.5-fold increased odds of subsequent cognitive impair-
ment, as measured by MMSE or MoCA score. Moreover, when
considering subdomains of cognitive function, the MMSE
scores of all subdomains were lower in patients with high
MMP-9 levels, except for registration.

The mechanisms by which serum MMP-9 affects cognitive
function after ischemic stroke are unclear, but several
potential pathophysiological pathways have been suggested.
The blood-brain barrier is likely to represent an important link
between these 2 conditions. Aberrant MMP-9 activity plays a
pivotal role in the proteolytic degradation of the blood-brain
barrier, and a blood-brain barrier dysfunction may cause
damage of the white matter and be related to a progression of
cognitive impairment.?®" Other possible pathways include
causing neuroinflammation, damaging endothelial cells,
increasing oxidative stress, activating glia cells, and deposit-
ing amyloid B or t protein.®>3* Previous studies indicated
that MMP-9 level is a strong predictor of brain hemorrhages

after human cardioembolic stroke or in the setting of tissue-
type plasminogen activator,®*¢ and brain hemorrhages have
been associated with cognitive decline or dementia.®” This
may be a potential pathway of the relationship between serum
MMP-9 and cognitive impairment. Further studies are needed
to clarify this potential mechanism.

Our study provided further evidence about the potential
role of serum MMP-9 on cognitive impairment, and had
important clinical implications for early prevention and
intervention. Given the higher incidence of cognitive impair-
ment after stroke and heavy economic burden, it is urgent for
us to identify novel and effective risk factors for cognitive
impairment. Higher serum MMP-9 at short-term phase was
significantly associated with subsequent cognitive impair-
ment. The addition of serum MMP-9 to a conventional risk
factors model would improve risk prediction for cognitive
impairment, suggesting that serum MMP-9 in the short-term
phase of an ischemic stroke could be a potential predictive
marker for cognitive impairment. Further studies with a larger
sample size and long-term follow-up are needed to verify our
findings. Prior evidence indicated that several inhibitors of
MMPs during short-term phases of stroke could improve
neurologic function.®®®? It is of clinical interest to see
whether MMP-9 reduction with specific inhibitors in the short-
term phase would reduce the risk of cognitive impairment. If
these hypotheses are confirmed, serum MMP-9 could be used
to identify patients with a higher future risk of cognitive
impairment.

This prospective study was from the CATIS randomized
clinical trial; standardized protocols and rigid quality control
procedures were used for data collection and outcome
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Cognitive impairment (MMSE score) Cognitive impairment (MoCA score)
Subgroup OR (95% CT) P-interaction OR (95% CI) P-interaction
Age vy 0.38 0.27
<65 1.57 (1.21-2.03) . = 1.4 (1.13-1.84) R
=65 1.21(0.89-167) it w— 1.19(0.85-1.67) —i=
Sex i 0.17 | 0.62
Men 1.62 (1.27-2.07) - 1.45 (1.14-1.84) | -
Women 119 (0.86-1.65) —-=— 125 (0.89-1.74)  —a—
Education, y ! 0.67 ! 0.97
=3 1.40 (1.07-1.82) —— 1.41 (1.08-1.83) ——
>8 1.58(1.19-2.10) | —a— 1.33 (0.99-1.78) I
Body mass index, kg/m? i 0.77 i 047
<24 132(0.94-185) 4= 1.46 (1.04-2.04) .
>24 152(120-1.94) | —m— 1.31 (1.03-1.66) | -—
Admission NIHSS score ! 0.66 ! 0.49
<4 1.57 (1.14-2.18) J—— 1.38 (1.01-1.89) S
>4 1.38 (1.09-1.76) P 1.40 (1.09-1.80) ——
Smoking status i 0.18 i 0.83
No 1.32 (1.03-1.69) e 1.40 (1.08-1.80) .
Yes 1.73 (1.25-2.41) R 1.27 (0.94-1.73) -
Alcohol consumption ! 0.43 ! 0.50
No 1.38 (1.09-1.74) - 1.26 (1.00-1.59) -
Yes 1.64 (1.13-2.37) R 1.52 (1.04-2.21) ' w
History of hypertension i 0.71 i 0.56
No 149(0.99-225) ' = 1.46 (0.96-2.22) L
Yes 1.42 (1.14-1.76) —— 1.32 (1.06-1.64) J——
Receiving immediate BP reduction i 0.83 i 0.86
No 1.55 (1.17-2.05) P 1.44 (1.09-1.90) .
Yes 1.39 (1.06-1.82) [ 1.24 (0.94-1.64) I -
1 1
0.5 1.0 2.0 4.0 0.5 1.0 2.0 4.0

Figure 4. Subgroup analyses of the association between serum matrix metalloproteinase-9 (MMP-9) and cognitive impairment. Odds ratios
(ORs) were calculated for each SD (0.32 ng/mL) increase in logarithm MMP-9 after adjustment for the same variables as model 3 in Table 2,
except for the stratified variable. Mini-Mental State Examination (MMSE) score of <27 or Montreal Cognitive Assessment (MoCA) score of <25
indicate cognitive impairment. Cl indicates confidence interval; and NIHSS, National Institutes of Health Stroke Scale.

assessment. In addition, comprehensive information about
relevant covariates was controlled in the multivariable mod-
els. Furthermore, both MMSE and MoCA tests were used to
assess cognitive performance, and the consistent results
validated the significant relationship. Therefore, the present
study in method was appropriate and rigorous, providing a
more valid appraisal of the association between serum MMP-9
levels and subsequent cognitive impairment after acute
ischemic stroke. However, some limitations deserve to be
mentioned. First, the participants were from a random sample
of CATIS, and patients with BP >220/120 mm Hg at admis-
sion were excluded. Therefore, a selection bias might be a
concern. However, the proportion of patients with BP >220/
120 mm Hg is low in China, and baseline characteristics of
participants in this study were similar to those from the China
National Stroke Registry.*® Second, the CATIS excluded
patients with ischemic stroke treated with intravenous

thrombolytic therapy; this limited us to exploring the associ-
ation of serum MMP-9 with cognitive impairment after tissue-
type plasminogen activator. Third, we did not conduct serial
measurements of serum MMP-9 levels after stroke onset; the
association between MMP-9 changes and cognitive impair-
ment after acute ischemic stroke cannot be examined. Finally,
we did not collect the data of cognitive function before stroke
for the participants, so we could not control the potential
confounding of prestroke cognitive impairment.

Conclusions

Elevated serum MMP-9 levels in the short-term phase of
ischemic stroke were associated with cognitive impairment,
independently of established conventional risk factors. Fur-
ther prospective studies conducted among different popula-
tions are needed to verify our findings.
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Table 4. Association of Quartiles of MMP-9 With Cognitive Impairment: Sensitivity Analyses*

O el P Value Each SD (0.32 ng/mL)
Variable <330.1 330.1-567.6 567.6-893.3 >893.3 for Trend Increase in Logarithm MMP-9
Median 219.0 4521 681.5 1176.8
MMSE score
Model 1 1.00 1.78 (1.07-2.98) 2.14 (1.27-3.60) 3.20 (1.87-5.49) <0.001 1.44 (1.19-1.74)
Model 2 1.00 1.78 (1.07-2.98) 2.15 (1.28-3.62) 3.20 (1.87-5.49) <0.001 1.44 (1.19-1.74)
Model 3 1.00 2.06 (0.99-4.30) 2.50 (1.19-5.23) 4.19 (1.98-8.90) <0.001 1.53 (1.18-1.98)
Model 4 1.00 1.83 (1.08-3.09) 2.34 (1.37-3.99) 3.65 (2.09-6.37) <0.001 1.52 (1.25-1.85)
MoCA score
Model 1 1.00 2.04 (1.21-3.44) 1.77 (1.05-2.97) 2.56 (1.48-4.41) 0.002 1.36 (1.12-1.64)
Model 2 1.00 2.04 (1.21-3.44) 1.76 (1.05-2.97) 2.56 (1.48-4.41) 0.002 1.36 (1.12-1.64)
Model 3 1.00 2.29 (1.07-4.90) 1.79 (0.85-3.75) 3.28 (1.53-7.06) 0.007 1.42 (1.09-1.84)
Model 4 1.00 2.03 (1.20-3.46) 1.76 (1.04-2.99) 2.66 (1.52-4.64) 0.002 1.37 (1.13-1.66)

Data are given as odds ratio (95% confidence interval) unless otherwise indicated. Model 1, adjusted for age, sex, education level, time from onset to randomization, diastolic blood
pressure, baseline National Institutes of Health Stroke Scale scores, body mass index, current smoking, alcohol drinking, medical history (hypertension, diabetes mellitus, hyperlipidemia,
and coronary heart disease), family history of stroke, use of antihypertensive medications, and ischemic stroke subtype; model 2, adjusted for model 1 and further adjusted for randomized
treatment; model 3, adjusted for model 1 and further excluded patients using antihypertensive medications before stroke onset; model 4, adjusted for model 1 and further excluded
patients using lipid-lowering drugs before stroke onset. MMP-9 indicates matrix metalloproteinase-9; MMSE, Mini-Mental State Examination; and MoCA, Montreal Cognitive Assessment.

*MMSE score of <27 or MoCA score of <25 indicates cognitive impairment.
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Table S1. Baseline characteristics of acute ischemic stroke patients.

Characteristics Excluded Enrolled P value
Number of patients 3513 558

Age,y 60.7+10.3 62.8+11.0 <0.001
Male sex 2219 (63.2) 385 (69.0) 0.008
Education, y 6.9+3.6 6.2+3.7 <0.001
Current cigarette smoking 1276 (36.3) 209 (37.5) 0.61
Current alcohol drinking 1063 (30.3) 190 (34.1) 0.07
Time from onset to randomization, h 10.3 (5.0-24.0) 10.0 (4.5-24.0) 0.92
Baseline systolic BP, mm Hg 167.3 +16.6 166.0 +16.9 0.08
Baseline diastolic BP, mm Hg 98.1+9.9 96.4+11.3 <0.001
Body mass index, kg/m? 25.0+32 24.8+3.1 0.30
Baseline NIHSS score 4.0 (3.0-7.0) 4.0 (2.0-8.0) 0.24
History of hypertension 2775 (79.0) 434 (77.8) 0.51
History of hyperlipidemia 237 (6.8) 40 (7.2) 0.71
History of diabetes mellitus 623 (17.7) 96 (17.2) 0.76
History of coronary heart disease 383 (10.9) 61(10.9) 0.98
Family history of stroke 661 (18.8) 92 (16.5) 0.19
Receiving immediate BP reduction 1767 (50.3) 271 (48.6) 0.45

Abbreviations: BP, blood pressure; NIHSS, National Institute of Health Stroke Scale.



Table S2. Characteristics of participants according to randomized treatment.

Antihypertensive

Characteristics Treatment Control P value
Number of patients 271 287

Age,y 61.0£9.9 60.4 £10.8 0.46
Male sex 193 (71.2) 192 (66.9) 0.27
Education, y 72+3.7 6.6+3.5 0.04
Current cigarette smoking 106 (39.1) 103 (35.9) 0.43
Current alcohol drinking 90 (33.2) 100 (34.8) 0.68
Time from onset to randomization, h 12.0 (4.5-24.0) 10.0 (5.0-24.0) 0.96
Baseline systolic BP, mm Hg 1682 +17.1 166.4 +16.1 0.21
Baseline diastolic BP, mm Hg 97.5+9.7 98.7 £10.1 0.15
Body mass index, kg/m? 249+32 24.8+3.0 0.52
Baseline NIHSS score 4.0 (3.0-7.0) 4.0 (3.0-7.0) 0.61
History of hypertension 207 (76.4) 227 (79.1) 0.44
History of hyperlipidemia 18 (6.6) 22 (7.7) 0.64
History of diabetes mellitus 50 (18.5) 46 (16.0) 0.45
History of coronary heart disease 27 (10.0) 34 (11.9) 0.48
Family history of stroke 45 (16.6) 47 (16.4) 0.94
Use of antihypertensive drugs 124 (45.8) 127 (44.3) 0.72
Use of lipid-lowering drugs 10 (3.7) 10 (3.5) 0.90

Serum MMP-9, ng/ml 524.0 (303.3-900.7)  588.5 (343.7-891.4) 0.35

MMSE score 26.0 (22.0-29.0) 26.0 (22.0-29.0) 0.29

MoCA score 22.0 (18.0-27.0) 23.0 (18.0-26.0) 0.53

Abbreviations: BP, blood pressure; NIHSS, National Institute of Health Stroke Scale; MMP-9,
matrix metalloproteinase-9; MMSE, Mini Mental State Examination, MoCA, Montreal Cognitive
Assessment.



Table S3. The domain-specific cognitive function according to serum MMP-9 levels.

High MMP-9" Low MMP-9 P value
Number of patients 340 (60.9) 218 (39.1)
MMSE assessment
Orientation 10 (8, 10) 10 (9, 10) 0.01
Registration 3(3,3) 3(3,3) 0.29
Attention and calculation 4(3,5) 5@3,5) 0.05
Recall 3(2,3) 3(2,3) 0.001
Language 7 (6, 8) 7 (6, 8) 0.02
Visuospatial 1(0,1) 1(1,1) 0.004
MoCA assessment
Visuospatial/executive 3(2,4.5) 4(2,5) 0.02
Naming 3(2,3) 3(2,3) 0.001
Memory 3(1,5) 4(2,5) 0.003
Attention 4(3,6) 4.5(3,6) 0.55
Language 1(0,2) 1(0,2) 0.46
Abstraction 2(1,2) 2(1,2) 0.68
Orientation 6 (5,06) 6 (5,06) 0.04

Abbreviations: MMP-9, matrix metalloproteinase-9; MMSE, Mini Mental State Examination;
MoCA, Montreal Cognitive Assessment.

*High serum MMP-9 was defined as >462.6 ng/ml (Optimal cut point obtained from the ROC

curve).



