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Abstract

Women, especially following menopause, are known to have worse outcomes following acute ischemic stroke. One
primary postulated biological mechanism for worse outcomes in older women is a reduction in the vasculoprotective
effects of estrogen. Using the INTERRseCT cohort, a multicentre international observational cohort studying recana-
lization in acute ischemic stroke, we explored the effects of sex, and modifying effects of age, on neuroradiological
predictors of recanalization including robustness of leptomeningeal collaterals, thrombus burden and thrombus perme-
ability. Ordinal regression analyses were used to examine the relationship between sex and each of the neuroradiological
markers. Further, we explored both multiplicative and additive interactions between age and sex. All patients (n =575)
from INTERRseCT were included. Mean age was 70.2 years (SD: 13.1) and 48.5% were women. In the unadjusted model,
female sex was associated with better collaterals (OR 1.37, 95% Cls: 1.01-1.85), however this relationship was not
significant after adjusting for age and relevant comorbidities. There were no significant interactions between age and sex.
In a large prospective international cohort, we found no association between sex and radiological predictors of recan-
alization including leptomeningeal collaterals, thrombus permeability and thrombus burden.
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Background

Multiple prospective studies have shown an association
between sex and ischemic stroke severity, with females
having worse outcomes than males.' Stroke risk also
increases markedly with age in women, doubling within
the 10 years following menopause.* The shift in risk
profile and prognosis after stroke in post-menopausal
women is thought to be due in part to the loss of the
vasculoprotective effects of sex steroid hormones, par-
ticularly estrogen. Estrogen interacts with cerebral
endothelium and thus may have an effect on collateral
circulation. Additionally, estrogen suppresses endothe-
lial plasminogen activator inhibitor and influences the
levels of several clotting factors.” Thus, there may be
differences in clot burden and thrombus composition
that may also affect likelihood of recanalization in pre-
menopausal versus post-menopausal women.

In INTERRseCT, a multicentre international obser-
vational study studying recanalization in ischemic
stroke, clot burden score and thrombus permeability
were both independently associated with recanalization
in both patients treated with thrombolysis and those
treated conservatively.® Robust collateral circulation
is known to predict more favorable outcomes after
stroke.® In the interest of exploring potential biological
factors impacting disparities in stroke outcome
between men and women, we explored the effects of
sex, and modifying effects of age, on these predictors
of recanalization and more favourable outcome.

Methods

Study design

The details of the INTERRSeCT protocol were pub-
lished previously.® The experimental protocol was
approved by the Conjoint Health Research Ethics
Board at the University of Calgary and conformed to
the Declaration of Helsinki. All participants provided
written informed consent for the study. Briefly, the
study enrolled patients with acute ischemic stroke and
intracranial occlusion on baseline CT angiogram
(CTA).°® Eligibility criteria included patients presenting
to an emergency department within 12hours of last
known well and older than 40 years. Patients with ver-
tebrobasilar artery occlusion were excluded. The study
included patients that did and did not receive intrave-
nous (IV) thrombolysis.

Demographic data, including relevant past medical
history, smoking status, medication use on admission,
including exogenous hormones, were recorded.
Patients underwent a baseline head and neck CTA.
An imaging expert blinded to all clinical information
read all images using OsiriX version 3.5. Extent of

intracranial thrombus burden was measured with the
clot burden score. A complete occlusion of the ipsilat-
eral anterior circulation vessels has a clot burden score
of 0; no occlusion has a score of 10.%” Thrombus per-
meability was assessed using residual flow grades as
follows: grade 0, no contrast permeation of thrombus;
grade 1, contrast permeating diffusely through throm-
bus; grade 2, tiny hairline lumen or streak of well-
defined contrast within the thrombus extending either
through its entire length or part of thrombus.®
Collaterals (anterior cerebral-middle cerebral artery
and posterior cerebral artery-middle cerebral artery)
were scored from 0-10 using a previously published
methodology, where a higher score indicates better col-
lateral flow.°

Statistical analysis

This was a post-hoc analysis. As data on menopausal
status was not collected, we used age of 50 years as a
proxy for menopausal status. We selected age 50 years
as a proxy based on the population-level Canadian
Longitudinal Study on Aging, in which the median
self-reported age of natural menopause was 51 (IQR
49-54).® and a global meta-analysis citing the mean
age of natural menopause as 48.8 (95% CI 48.3—
49.2).%3% We performed sensitivity analyses using addi-
tional cutoff values (55 years and 60 years) as proxies
for menopause. Cut-points lower than age 50 were not
explored due to the small number of female partici-
pants under age 50.

We used univariable and multivariable ordinal logis-
tic regression to examine the relationship between
sex and each of collateral status, thrombus permeabil-
ity and clot burden scores, and looked for multiplica-
tive and additive interactions between age and sex. Age
was explored both as a continuous variable and with
dichotomous age cut-points (<50, <55 and <60), serv-
ing as proxies for menopausal status. Variables were
included in the multivariable model if they met a
threshold of p<0.1 in univariate analysis, or were
forced into multivariable modeling if considered clini-
cally relevant. We repeated our ordinal regression anal-
yses, restricted to female patients, to examine
relationships between dichotomous age cut-points and
each of collateral status, thrombus permeability and
clot burden. We further explored the effect of age
and sex on our dependent variables in our logistic
regression model by examining for multiplicative inter-
actions with an age*sex term, and by using an additive
interaction model. To explore additive interaction we
created dummy variables for age (<50, 50-59, >60
years) and sex (female and male). We compared clinical
outcomes, specifically modified Rankin scale (mRS)
and NIH Stroke Scale (NIHSS) scores at 90 days,
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using the Mann-Whitney U test. All data analyses were
conducted in SPSS Statistics (version 26.0, IBM Corp.,
Armonk, NY). Significance was set at p < 0.05. Given
the hypothesis-generating nature of our study, no cor-
rections were made for multiple comparisons.

Results

Our analyses included all patients (n=575) from
INTERRseCT. Women comprised nearly half (48.5%)
of the cohort. Mean age was 70.2 years (SD: 13.1).
Distribution of age by sex is summarized in Figure 1.
Proportion of participants aged <50, <55 and <60
years were 8.0% (8.6% of female patients), 15.0%
(14.3% of females) and 21.2% (18.3% of females),
respectively.

Overall, women were 6 years older than men
(» <0.001), with a higher proportion of hypertension
(8% difference, p=0.035), less coronary artery disease
(7% difference, p =0.034), less dyslipidemia (12% dif-
ference, p=0.003), and fewer with a smoking history
(25% difference, p < 0.001) compared to men (Table 1).
Three women were taking an oral contraceptive agent
at the time of their event, five were taking hormone

estrogen receptor modulator (raloxifene). There was
no difference in baseline antiplatelet or anticoagulant
use between sexes. Baseline clinical characteristics are
summarized in Table 1.

In unadjusted analysis, female sex was associated
with better collaterals (OR 1.37, 95% ClIs: 1.01-1.85,
p=0.04). However, this relationship was not signifi-
cant after adjusting for age and relevant comorbidities.
We found no association between sex and clot burden
score, or thrombus permeability (Table 2). Our results
did not change when exploring different age cut-points
for female participants (Table 3).

There were no significant multiplicative or additive
interactions between age and sex when we used dummy
variables for age (i.e. <50, 50-59, >60 years). In our
multiplicative model, there were no significant age*sex
interaction for collaterals (OR 0.88 [95% CI: 0.53—
1.45]), thrombus permeability (OR 0.86 [95% CI:
0.44-1.65]) or clot burden (OR 0.93 [95% CI: 0.56—
1.54]). The additive interactions from this model also
did not find any significant effects of sex on the rela-
tionship between age and collaterals (OR 0.97 [95% CI:
0.24-3.85]), age and thrombus permeability (OR 0.56
[95% CI: 0.09-3.45]) or age and clot burden (OR 0.85

replacement therapy, and one was taking a selective [95% CI: 0.21-3.45]). Similarly, there were no
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Figure |. Distribution of age by sex in the INTERRseCT cohort.



1806 Journal of Cerebral Blood Flow & Metabolism 43(10)

Table 1. Baseline characteristics of male and female participants.

Baseline demographics Male (n=296) Female (n=279) Significance (p)
Mean age (median, IQR) 70 (61, 78) 76 (65, 82) <0.001*
Hypertension (n, %) 171 (58) 185 (66) 0.035*
Dyslipidemia (n, %) 114 (39) 75 (27) 0.003*
Ever Smoker (n, %) 168 (58) 65 (23) <0.001*
Diabetes type 2 (n, %) 50 (20) 26 (9) 0.18
Atrial fibrillation (n, %) 89 (30) 88 (32) 0.702
Coronary artery disease (n, %) 71 (24) 47 (17) 0.034%*
Congestive heart failure (n, %) 10 (3) 9 (3) 0919
Malignancy (n, %) Il (4) 14 (5) 0.444
Antiplatelet use (n, %) 112 (38) 89 (32) 0.136
Anticoagulant use (n, %) 35 (12) 40 (14) 0.371
Baseline NIHSS (median, IQR) 14 (8, 19) 15 (9, 19) 0.167

Asterisk (*) indicates significance at p < 0.05.
mRS: modified Rankin Scale; NIHSS: National Institutes of Health Stroke Scale.

Table 2. Unadjusted ordinal regression analysis exploring association between sex, age and comorbidities, and baseline radiological
predictors of recanalization (collaterals, thrombus permeability and clot burden score).

Improved collaterals Higher thrombus permeability Lower clot burden

Variable

OR (95% Cis)

OR (95% Cis)

OR (95% Cis)

Sex (female)

Age (continuous)
Age <50 years
Age <55 years
Age <60 years
Hypertension
Dyslipidemia
Atrial fibrillation
Diabetes
Smoking

Coronary Artery Disease
Congestive Heart Failure

Cancer
Antiplatelet use
Anticoagulant use

137 (1.01-1.85)*
1.00 (0.98-1.01)
1.08 (0.62-1.88)
1.06 (0.70-1.62)
1.10 (0.76-1.59)
0.88 (0.64-1.21)
0.78 (0.56-1.08)
0.59 (0.42-0.83)*

1.07 (0.67—1.70)
0.83 (0.61-1.14)
0.67 (0.45-0.98)*
0.48 (0.20-1.17)

0.94 (0.46-1.93)
0.72 (0.52-0.99)*
0.69 (0.44-1.01)

0.83 (0.56-1.27)
0.99 (0.97-1.00)
0.98 (0.46-2.08)
.14 (0.65-2.00)
.43 (0.89-2.30)
0.72 (0.48-1.09)
1.24 (0.81-1.90)
0.68 (0.42-1.08)
0.70 (0.37-1.31)
113 (1.00-1.67)
1.09 (0.66-1.79)
0.47 (0.11-2.08)
.85 (0.80—4.31)
0.69 (0.44-1.08)
1.02 (0.56—1.86)

1.03 (0.76-1.39)
1.00 (0.99-1.01)
120 (0.68-2.09)
1.09 (0.71-1.68)
0.95 (0.66—1.37)
1.25 (0.92-1.71)
1.25 (0.90-1.73)
0.80 (0.58-1.10)
| 44 (0.92-2.25)
0.83 (0.60—1.13)
0.86 (0.59-1.24)
0.64 (0.28-1.48)
0.90 (0.45-1.82)
0.79 (0.57-1.09)
0.85 (0.55-1.31)

For collaterals, OR indicate likelihood of improved collateral flow. For thrombus permeability, OR indicates likelihood of higher permeability. For clot

burden, OR indicates likelihood of lower clot burden. Asterisk (*) indicates significance at p < 0.05.

Table 3. Unadjusted ordinal regression models, restricted to female patients, exploring associations between dichotomous age
cut-points and collaterals, thrombus permeability and clot burden score.

Age

<50 years
OR (95% Cls)

<55 years
OR (95% Cls)

<60 years
OR (95% Cls)

Collaterals 1.15 (0.53-2.46) 1.04 (0.57-1.90) 0.92 (0.53-1.58)
Thrombus Permeability 0.67 (0.19-2.36) 1.45 (0.64-3.26) 1.55 (0.75-3.20)
Clot Burden Score 1.36 (0.61-3.06) 1.05 (0.57-1.92) 0.86 (0.50-1.47)

For collaterals, ORs indicate likelihood of improved collateral flow; for thrombus permeability, ORs indicate likelihood of higher permeability; for clot
burden, ORs indicate likelihood of lower clot burden.
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significant additive effects of age on the relationship
between sex and collaterals (OR 1.03 [95% CI: 0.72—
1.46]), sex and thrombus permeability (OR 0.93 [95%
CI: 0.57-1.53]), or sex and clot burden (OR 1.01 [95%
CI: 0.70-1.45)).

In unadjusted models, testing for the proportional
odds assumption was satisfied (i.e. p > 0.05) for all vari-
ables except for hypertension and collaterals (p =0.018),
diabetes and collaterals (p < 0.001), and diabetes and clot
burden (p<0.001). In unadjusted ordinal regression
models restricted to female patients, testing for the pro-
portional odds assumption was satisfied (i.e. p > 0.05) for
all variables.

Workflow-related factors, such as onset-to-CT and
CT-to-thrombolysis did not significantly differ by sex.
However, females were observed to have a 12-minute
faster CT-to-groin-puncture time compared to males
(Table 4). There were no differences by sex with respect
to rates of either thrombolysis or endovascular
therapy.

At 90 days post-stroke there were no significant dif-
ferences between sexes for mRS or NIHSS outcomes.
Median (IQR) 90-day mRS for males was 2 (1-4) and
2 (1-4) for females, p=0.1. Median (IQR) 90-day
NIHSS for males was 2 (0-8) and 2 (0—13) for females,
p =0.69. There were no significant age*sex interactions
for either mRS or NIHSS outcomes.

Discussion

In an international cohort of acute ischemic stroke
patients, we found no association between sex and
radiographic prognostic markers of recanalization. In
our unadjusted model, female sex was marginally
associated with better collaterals, but this effect was
confounded as it disappeared after including relevant
co-variables in our adjusted model. We found no evi-
dence to support the hypothesis that cerebrovascular
collaterals or thrombus characteristics were modified
by the effect of pre- versus post-menopausal age and,
indirectly, found no suggestion that these factors may

contribute to sex differences in age-related post-stroke
outcomes.

We observed no difference in collaterals between
women of pre- and post-menopausal age with acute ische-
mic stroke. Based on evidence predominantly from
rodent models, estrogen is thought to be protective in
ischemic stroke via vasodilatory and anti-inflammatory
mechanisms.'®'* Additionally, in a small study in healthy
volunteers, premenopausal women demonstrated better
cerebrovascular reactivity compared to post-menopausal
women and age-matched men."> Nonetheless, our find-
ings are congruent with other clinical studies that have
failed to find an association between sex and collateral
status.'® "

In our cohort, sex did not meaningfully contribute
to radiographic variability in collaterals in ischemic
stroke patients. We have previously found in this
cohort that 45-53% of between-patient variability in
leptomeningeal collaterals is explained by patient dem-
ographics, comorbidities, clinical and laboratory vari-
ables.”® Genetic factors, including ApoE genotype,
were not explored and may also contribute to
between-patient variability in leptomeningeal collater-
als, and may interact with sex in cerebrovascular regu-
lation.?! Sex differences in gene expression provides a
hypothesized mechanism for sexual dimorphism in
microvascular function and responsive to ischemic
events.”? Rodent models of cerebral blood flow have
shown that sex differences in expression of mitochon-
drial proteins in both cerebral micro-vessels and large
vessels lead to differences in mitochondrial-mediated
dilation following ischemia.”>** We suspect that any
effect of sex on collaterals in our sample was attenuated
when other confounding factors affecting collateral
status were considered.

We also found no relationship between thrombus
permeability or clot burden score and women of pre-
and post- menopausal age. Estrogen is known to influ-
ence the clotting cascade, and exogenous estrogen is
associated with increased risk of both venous and arte-
rial thromboembolic events.”> However, it is uncertain

Table 4. Workflow times and treatment strategy comparison between male and female participants.

Male (n=296) Female (n=279) Significance (p)

Workflow times

Onset-to-CT (minutes; median, IQR) 115 (72, 171) 114 (75, 196) 0.169

CT-to-thrombolysis (minutes; median, IQR) 24 (17, 32) 23 (18, 36) 0.383

CT-to-groin-puncture (minutes; median, IQR) 74 (52, 98) 62 (42, 80) 0.001*
Treatment

Thrombolysis alone (n, %) 137 (46) 138 (49) 0.46

Thrombolysis + EVT (n, %) 24 (8) 24 (9)

EVT alone (n, %) 100 (34) 95 (34)

Conservative (n, %) 35 (12) 22 (8)

Time is given in minutes. Asterisk (*) indicates significance at p < 0.05.
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as to whether estrogen would mediate differences in the
histopathology of an arterial thrombus, and whether
these differences, if present, would be reflected radio-
graphically. It is unclear whether our findings signify a
true absence of a relationship between pre- versus post-
menopausal age and these thrombus characteristics, or
whether our data are underpowered to detect a rela-
tionship. Whether endogenous estrogen levels are asso-
ciated with different thrombus characteristics warrants
further study, as this information could inform future
personalized strategies for reperfusion.

Previous studies in Canada and elsewhere have
described longer treatment times for women than men
with acute ischemic stroke, and lower rates of reperfu-
sion therapy being administered to women.?®?®
Contrary to these previously published data, in our
cohort, rates of reperfusion therapy (both tPA and/or
EVT) were similar between and sexes and there were no
workflow-related differences by sex apart from a faster
CT-to-groin puncture time in females. Further, despite
the older age of females in our cohort, the 90-day mRS
and NIHSS outcomes were similar to male patients, and
there was no significant interaction effect between sex
and age with regards to clinical outcomes at 90 days post
stroke. It is reassuring that in this study cohort the
workflow times, treatment cohorts and outcomes are
similar, suggesting that women appear to be getting
appropriate care for acute stroke and benefiting as
much as men. These findings may be reflective of local
patterns of practice at study sites, which were at academ-
ic hospitals. Alternatively, there could be biases inherent
to the INTERRSeCT cohort that attenuate sex differ-
ences that may be occurring in routine clinical practice,
though this is less likely in the context of consecutive
recruitment.

This study provides novel preliminary data explor-
ing the relationship between sex and radiographic pre-
dictors of recanalization, and the potential modifying
effects of age on this relationship. Our work was
intended to be hypothesis-generating, and has several
limitations. As expected, in keeping with the demo-
graphics of ischemic stroke we had a small number of
female participants of pre-menopausal age. Our neutral
results may therefore be due in part to Type II error.
Similarly, small numbers prevent us from examining
any potential mediating effect of exogenous hormone
or estrogen receptor agonist use. Another limitation is
the lack of primary data collected on menopausal status.
By using age as a proxy for menopausal status, we may
have misclassified pre- or post-menopausal women.
Future work examining stroke-related outcomes
should seek to prospectively collect data on menopausal
status.

Conclusions

In an international cohort of acute ischemic stroke
patients presenting with intracranial occlusions on
CTA we found no association between sex and radio-
logical predictors of thrombus recanalization. More
work is warranted to better elucidate genetic, biologic
and social contributions to sex and gender differences
in stroke risk and prognosis after stroke.
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