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We aimed to evaluate the association between systemic sclerosis (SSc) and major cerebrovascular/
cardiovascular risks through a systematic approach. Databases were systematically searched from
their inception to October 10, 2023 for studies comparing cerebrovascular/cardiovascular event
rates between patients with SSc and controls. The primary outcome was the stroke risk in patients
with SSc. Secondary outcomes included risk of myocardial infarction (MI), cardiovascular disease
(CVD), peripheral vascular disease (PVD), and venous thromboembolism (VTE). Seventeen studies
with 6,642,297 participants were included. SSc was associated with a significantly increased risk of
stroke (HR, 1.64; 95% confidence interval [CI], 1.35-2.01), CVD (HR, 2.12; 95% Cl, 1.36-3.3), MI (HR,
2.15; 95% Cl, 1.23-3.77), VTE (HR, 2.75; 95% Cl, 1.77-4.28), and PVD (HR, 5.23; 95% Cl, 4.25-6.45).
Subgroup analysis revealed a significantly increased stroke risk in the non-Asian group (HR, 1.55;
95% Cl, 1.26-1.9), while the Asian group displayed a higher but not statistically significant risk (HR,
1.86; 95% Cl, 0.97-3.55). The study found that SSc is associated with a significantly increased risk of
cerebrovascular/cardiovascular events. These findings highlight the importance of vasculopathy in
SSc and suggest the need for enhanced clinical monitoring and preventive measures in this high-risk
population.
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Systemic sclerosis (SSc), also known as scleroderma, is an autoimmune disorder characterized by inflammation,
vasculopathy, and excessive collagen deposition'?. Although the thickened, hardened skin is the hallmark of
SSc, the disease also frequently affects other organs, including the gastrointestinal tract and lungs®-. A previous
meta-analysis has reported a pooled prevalence of SSc of 17.6 per 100,000 and a pooled incidence rate of 1.4
per 100,000 person-years, with noticeable regional disparities; notably, studies from North America reported
substantially higher estimates than those of other regions®. The disease predominantly affects females, with both
pooled incidence and prevalence in females being fivefold higher than those in males®. While skin involvement
frequently marks the clinical onset of SSc, vascular system dysfunction including vascular injury, vascular remod-
eling, and endothelial dysfunction represent hallmark pathological changes”®. Systemic vasculopathy can result
in various microvascular and macrovascular diseases, thereby leading to multi-organ disorders. Microvascular
disease leads to Raynaud’s phenomenon, cutaneous telangiectasia, pulmonary arterial hypertension, scleroderma
renal crisis, and gastrointestinal involvement’~?. Conversely, macrovascular disease also appears prevalent, with
emerging evidence alluding to an increased risk of atherosclerotic events, including stroke, myocardial infarction
(MI), and peripheral vascular disease (PVD) in patients with SSc*'.

The risk of cerebrovascular and cardiovascular complications attributed to SSc remains debated'>!*. Proposed
explanations center around accelerated atherosclerosis triggered by chronic inflammation, endothelial dysfunc-
tion, and imbalance between vasoconstrictive and vasodilatory mediators'>'*. Furthermore, SSc vasculopathy
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could independently precipitate vascular occlusive events'*'. Extensive nationwide cohort studies have dem-
onstrated that SSc is independently linked to an increased likelihood of experiencing an ischemic stroke or
cardiovascular disease (CVD)!®-18, Consistently, several meta-analyses have reported the associations of SSc
with cerebrovascular and cardiovascular complications'®!*?°. However, the shortcomings of the earlier evidence
stemmed from the inclusion of a restricted number of studies for investigating the associations'®**. Further-
more, these studies did not investigate the source of heterogeneity'®**. Recently, several studies have delved
into the relationship between SSc and cerebrovascular/CVDs'®2!-2%, These recent studies could provide more
solid evidence. In this context, our meta-analysis aimed to synthesize the existing literature on the association
between SSc and major cerebrovascular and cardiovascular outcomes. The relationship between SSc and risk of
stroke was the primary outcome, whereas the associations of SSc with CVD (e.g., MI), venous thromboembolism
(VTE), and other cardiac-related complications (e.g., heart failure) were the secondary outcomes. Elucidating
the relationship between SSc and cerebrovascular/CVDs has significant implications for prognosis, screening,
prevention, and management. Our findings will help guide clinicians caring for patients with SSc and highlight
areas warranting further research.

Methods
This review was conducted and documented following the MOOSE guidelines, with details of the protocol
registration available in PROSPERO (Number: CRD42023471039).

Search strategy and data sources
An exhaustive and systematic literature search was performed across multiple electronic databases, including
Medline, Embase, Cochrane Library, and Google Scholar, spanning from their inception to October 10, 2023. The
search strategy was meticulously designed to combine terms specifically associated with SSc (e.g., “scleroderma”
and “systemic sclerosis”) with terms indicative of cerebrovascular or CVD (e.g., “coronary artery disease” or
“stroke” or “ischemic heart disease” or “myocardial infarction” or “peripheral vascular disease” or “venous throm-
boembolism”). Adjunctively, to ensure a comprehensive capture of all applicable studies, the reference lists of the
articles selected for inclusion, as well as relevant review articles, were manually screened. The search strategy for
Medline is summarized in Supplemental Table 1. A similar search strategy was also applied for other databases.
Two independent authors initially screened all identified records from the literature search, first assessing
titles and abstracts against predefined criteria. Potentially relevant studies were subsequently subjected to a full-
text review. Each author made independent decisions on study inclusion, and any discrepancies were discussed
in an attempt to reach consensus. If disagreements persisted, a third expert was consulted. During the selection
process, no limitations were placed on the publication year or sample size.

Inclusion and exclusion criteria

Eligibility for study inclusion was defined as follows: (1) peer-reviewed articles that explicitly reported cerebro-
vascular/cardiovascular risks (e.g., stroke or MI) among patients diagnosed with SSc and compared these findings
to either a control group or the wider general population; and (2) studies that provided hazard ratios (HRs) with
95% confidence intervals (CIs). The following were the exclusion criteria: (1) case reports, case series, review
articles, opinion letters, and editorials; (2) any study that lacked a comparative control group or devoid of the
necessary quantitative data for analysis; (3) full texts not available; and (4) case-control or cross-sectional studies
were not included as they only reported the cumulative risk of cerebrovascular/cardiovascular events (e.g., they
provided risk ratios or odds ratios) and not the occurrence of events over time (i.e., HRs).

Data collection

A pair of independent reviewers, well-versed in the study topic, performed data extraction from the selected
studies, employing a standardized and pre-approved data collection template. In instances of disagreements or
discrepancies between them, a consensus was sought either through discussion or, if required, mediation by a
third senior reviewer. Essential data points extracted encompassed details, including the first author’s name, pub-
lication year, total sample size, characteristics of the study population, specific cardiovascular outcomes evaluated
(e.g., MI or stroke), and the presented risk estimates with their respective 95% ClIs. For studies that provided both
unadjusted and adjusted data, we only collected adjusted data for analysis. We gathered the data from the period
with the longest follow-up when studies presented identical data across various follow-up periods.

Outcomes and definitions

The stroke risk in patients with SSc was the primary outcome for this meta-analysis. This outcome was defined as
the occurrence of cerebrovascular accidents, including ischemic stroke, transient ischemic attack, or hemorrhage
stroke. Moreover, several secondary outcomes were assessed, including the risk of MI, CVD, PVD, VTE, and
cardiac-related complications (e.g., heart failure, atrial fibrillation, and pacemaker implantation). The specific
definition and criteria for these events were based on the individual definitions provided by each study included
in the meta-analysis. As definitions may vary slightly across studies, we took care to ensure consistency in our
interpretation and reporting of results.

Quality assessment of included studies

A rigorous assessment of each study’s methodological quality was performed using the Newcastle-Ottawa Scale
(NOS). This assessment critiqued studies across the following three broad domains: the selection process of study
groups, the comparability of groups, and the accuracy in ascertaining exposure or outcome data. A maximum
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score of 9 points denoted the pinnacle of study quality, whereas studies scoring below 6 points were categorized
as being of lower methodological quality.

Statistical analyses

To generate pooled risk estimates (e.g., HRs) with 95% Cls, a random-effects model was employed, anticipating
potential heterogeneity across the included studies. A random-effects model was used that weighed studies based
on both within-study and between-study variance, not just on sample size. This approach ensures that study
weights are not solely proportional to sample sizes, with between-study variance playing a significant role in the
weighting process. The degree of heterogeneity was quantified using the I statistic, with values exceeding 50%
signaling significant heterogeneity. To delve deeper into sources of variability, subgroup analysis on the primary
outcome (e.g., stroke risk) was performed on the basis of ethnicity (e.g., non-Asian vs. Asian). In addition, to
avoid potential patient duplication across studies, a subgroup analysis was performed, including only the single
largest cohort study from each country. This subgroup analysis eliminates scenarios in which the same patient
can be counted multiple times across different hospitals or insurance datasets within a country. The possibility
of publication bias was assessed using funnel plots for outcomes encompassing more than 10 studies. To evaluate
the robustness of the results, sensitivity analysis was performed. All statistical analyses were performed using
the RevMan software. A p-value of <0.05 was considered statistically significant.

Results

Selection process and characteristics of studies

From an initial pool of 463 articles identified for the meta-analysis, 56 duplicates were removed, leaving 407
unique articles (Fig. 1). These were preliminarily screened on the basis of titles and abstracts, thereby narrow-
ing the selection to 28 articles for a detailed full-text review. Upon rigorous assessment against specific inclu-
sion and exclusion criteria, 11 articles were excluded for various reasons, resulting in a final set of 17 articles,
encompassing a vast participant pool of 6,642,297 individuals, which were deemed suitable and included in the
meta-analysis!®-1821-34,

The characteristics of studies are summarized in Table 1. We thoroughly examined 17 studies spanning diverse
geographic regions, including Canada, Denmark, Taiwan, Belgium, Switzerland, the USA, and Copenhagen. The
studies collectively encapsulated a broad participant pool, with the number of patients with SSc ranging from as
few as 78 in the study by Kurmann et al.* to as much as 8947 in the study by Thormann et al.**. The mean age
of participants in these studies varied, with mean ages ranging from 35 years in the study by Thormann et al.**.
to 60.9 years in the study by Ying et al.'>. A noteworthy observation across these studies was the prominence
of female participants, with percentages frequently exceeding 70%, such as the 91% reported in the study by
Kurmann et al.*. Additionally, the follow-up duration varied across the studies, with the shortest being 1 year
in the study by Thormann et al.*, and the longest extending up to 14 years in the study by Avifia-Zubieta et al.?>.

[ Identification of studies via datab and regi: }
—
5 Records identified from:
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c
] [
5 v Reports not retrieved (n = 0)
(7]
Reports assessed for eligibility
(n=33)
Reports excluded:
® Review articles (n = 5)
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® Letter (n=2)
3
5 Studies included in review
) (n=17)
£

Figure 1. Study selection on the association between systemic sclerosis (SSc) and risk of cerebrovascular and
cardiovascular disease (CVD).
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Study name Study period Mean age (years) | Female (%) n (SSc) n (non-SSc) Outcome Follow-up (year) | Country NOS
ovia-Zubieta | 19962010 56 vs. 56 83vs.83 1239 12,433 abc 14 Canada 9
Butt 2019 1995-2015 55vs. 55 76 vs. 76 2778 13,520 a,b,cdfgh 8.9 Denmark 9
Chiang 2013 1997-2006 49.4vs.49.4 76 vs 76 1238 12,380 c 4.7 Taiwan 8
Chu 2013 1997-2006 50.6 vs. 50.6 76 vs. 76 1344 13,440 a 4.3vs. 4.8 Taiwan 8
Chung 2014 1998-2010 50.3 vs. 49.9 75vs. 75 1895 7580 d 53vs.6.1 Taiwan 9
Conrad 2022 2000-2017 47.2vs.47.6 61 vs. 61 2159 10,310 b 6.2 Belgium 9
Hesselvig 2018 1997-2011 49.2 vs. 40.2 80 vs. 51 1962 5,428,380 b na Denmark 5
Huang 2021 2004-2016 52.8vs. 43.9 72 vs. 50 1507 1,000,000 c 51vs.5.7 Taiwan 7
Kurmann 2020 1980-2016 56.1 vs. 56 91vs.91 78 156 a,b,cef 9.8vs.9.2 Switzerland 8
Man 2013 1986-2011 58.7 vs. 58.7 86 vs. 86 865 8643 a,b,ce 5.2vs.6 USA 8
Michel 2020 2000-2012 na na 1314 19,992 c 6.5vs. 7.2 Switzerland 5
Schoenfeld 2016 | 1996-2010 56.5vs. 56.5 83 vs. 83 1245 12,670 d 5 USA 7
Sun 2022 1996-2018 55vs. 55 80.4 1569 6276 a,¢dfgh 7.3 Copenhagen 6
Thormann 2016 1997-2012 35 66 vs. 66 8947 44,735 a, b, c 1 Denmark 9
Tseng 2015 1997-2010 37.1vs.37.1 78 vs. 78 1174 4696 c >5 Taiwan 7
Yen 2023 1997-2013 53.1vs.53.2 71vs. 71 1379 2758 b 5.2vs.6.2 Taiwan 7
Ying 2020 1999-2014 60.9 vs. 61 17 vs. 17 4545 9090 [ 5.1vs.52 USA 7

Study or Subgroup
Aviha-Zubieta 2016

Butt 2019
Chiang 2013
Huang 2021
Kurmann 2020
Man 2013

Michel 2020
Sun 2022
Thormann 2016
Tseng 2015
Ying 2020

Total (95% ClI)

Table 1. Characteristics of studies (n=17) involving 6,642,297 participants. na not available, SSc
systemic sclerosis, Outcome a—myocardial infarction; b—cardiovascular disease; c—stroke; d—venous
thromboembolism; e—peripheral vascular disease; f—heart failure; g—atrial fibrillation; h—pacemaker
implementation, NOS Newcastle-Ottawa Scale

Quality of studies

Table 1 summarize the quality of studies by using the NOS. Approximately 53% (9 of 17) of the studies showcased
high-quality research methodologies, as indicated by scores ranging from 8 to 9. On the other hand, approxi-
mately 41% (7 of 17) of the studies were of moderate quality, with NOS scores between 6 and 7. A small portion,
approximately 12% (2 of 17) of the studies, namely Hesselvig 2018 and Michel 2020%**!, were identified as having
low quality, with scores below 6. This lower score was attributed to potential limitations in participant selection,
comparability of groups, or outcome measurement, thereby introducing a greater risk of bias.

Results of meta-analysis

Primary outcome

Among the 17 studies included in our meta-analysis, 11 reported data on the association between SSc and
stroke risk!6-1821:23:252630.31,33.34 ' Collectively, these studies encompassed 1,157,175 participants. The pooled HR
for stroke in patients with SSc compared with the general population was 1.64 (95% CI, 1.35-2.01; p <0.00001;
I*=82%) (Fig. 2), suggesting a significant association between SSc and an increased stroke risk. Subgroup analysis
indicated a significant increase in risk within the non-Asian subgroup (HR, 1.55; 95% CI, 1.26-1.9; p <0.0001;
1=77%). In contrast, while individuals from the Asian subgroup (all from Taiwan)!'7*2427283¢ demonstrated a

SSc  Control Hazard Ratio Hazard Ratio
log[Hazard Ratio] SE__Total Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1909 0.21 1239 12433 8.8% 3.29[2.18, 4.97]
0.1222 0.1161 2778 13520 11.8% 1.13[0.90, 1.42] A
0.4187 0.1379 1238 12380 11.1% 1.52[1.16, 1.99] -
0.1044 0.18 1507 1000000 9.7% 1.11[0.78, 1.58] -
0.6523 0.5221 78 156 3.0% 1.92[0.69, 5.34]
0.9594 0.2692 865 8643 71% 2.61[1.54,4.42] -
0.4121 0.5247 1314 19992 3.0% 1.51[0.54, 4.22]
0.4511 0.1457 1569 6276 10.8% 1.57 [1.18, 2.09] -
0.2469 0.0502 8947 44735 13.4% 1.28 [1.16, 1.41] -
1.3863 0.2257 1174 4696 8.3% 4.00 [2.57, 6.23] -
0.1906 0.0724 4545 9090 13.0% 1.21[1.05, 1.39] -
25254 1131921 100.0% 1.64 [1.35, 2.01] <
v 2 = . 2 = = -2 = 0, T T T T
Heterogeneity: Tau? = 0.08; Chi? = 56.38, df = 10 (P < 0.00001); I* = 82% 02 05 1 2 5

Test for overall effect: Z = 4.86 (P < 0.00001)

Favours [SSc] Favours [Control]

Figure 2. Forest plot showing the association between systemic sclerosis (SSc) and stroke risk. CI confidence
interval, IV inverse variance, SE standard error.
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Study or Subgroup
1.7.1 Non-Asian
Aviha-Zubieta 2016

Butt 2019 0.1222 0.1161 11.8% 1.13[0.90, 1.42]
Kurmann 2020 0.6523 0.5221 3.0% 1.92[0.69, 5.34]
Man 2013 0.9594 0.2692 7.1% 2.61[1.54,4.42]
Michel 2020 0.4121 0.5247  3.0% 1.561[0.54, 4.22]
Sun 2022 0.4511 0.1457 10.8% 1.57 [1.18, 2.09]
Thormann 2016 0.2469 0.0502 13.4% 1.28 [1.16, 1.41]
Ying 2020 0.1906 0.0724 13.0% 1.21[1.05, 1.39]
Subtotal (95% Cl) 70.9% 1.55[1.26, 1.90]

Heterogeneity: Tau? = 0.05; Chi? = 30.94, df =7 (P < 0.0001); I> = 77%
Test for overall effect: Z = 4.20 (P < 0.0001)
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trend toward an increased stroke risk, this trend was not statistically significant (HR, 1.86; 95% CI, 0.97-3.55;
p=0.06; >=90%) (Fig. 3).

To evaluate the stability of the outcome, a subgroup analysis was conducted using only the largest cohort
study from each country. Therefore, six studies'®*"?*?>31:3 with the largest sample sizes from distinct regions were
analyzed for the primary outcome. The combined HR for stroke in patients with SSc compared to the general
population was found to be 1.46 (95% CI, 1.18-1.81; p=0.0005; I>*=78%) (Fig. 4), indicating a consistent result.

Secondary outcomes
Seven studies provided data on CVD risk in patients with SSc. Involving a total of 5,524,044 participants, the
combined HR for CVD was 2.12 (95% CI, 1.36-3.3; p=0.0009; I* = 98%)'82%24252%:3033 This suggests that patients
with SSc have a significant increased risk of CVD compared with those without the condition (Fig. 5). Consist-
ently, data from seven studies that included 116,023 participants showed a pooled HR of 2.15 (95% CI, 1.23-3.77;
p=0.008; 12=96%) for MI in patients with SSc, indicating a significant association between SSc and an elevated
MI risk (Fig. 6)!82325-27:30.33 Additionally, patients with SSc were observed to have a heightened VTE risk (HR,
2.75;95% CI, 1.77-4.28; p <0.00001; I*=77%; 47,533 participants) (Fig. 7)*?532_ A significantly increased PVD
risk was identified among the SSc cohort (HR, 5.23; 95% CI, 4.25-6.45; p <0.00001; I2=0%; 26,040 participants)
(Fig. 8)18:2630,

Regarding other cardiac-related events (Fig. 9)2*?%%, heart failure was more prevalent among patients
with SSc, with a HR of 2.68 (95% CI: 2.28 to 3.15, p<0.00001, I>=14%, 24,377 participants). Atrial fibrillation
(AF) occurrence was also higher in the SSc group (HR: 1.62 95% CI: 1.4 to 1.89, p<0.00001, I=0%, 24,143

Hazard Ratio
1V, Random, 95% CI

Hazard Ratio

log[Hazard Ratio] SE_Weight IV, Random, 95% ClI

PR

1.1909 0.21 8.8% 3.29[2.18, 4.97]

-
—_—
—_—
-
-
—_—
{

1.7.2 Asian

Chiang 2013 0.4187 0.1379 11.1% 1.52[1.16, 1.99]

Huang 2021 0.1044 0.18 9.7% 1.11[0.78, 1.58] ]

Tseng 2015 1.3863 0.2257 8.3% 4.00 [2.57, 6.23] -
Subtotal (95% CI) 29.1% 1.86 [0.97, 3.55] ‘
Heterogeneity: Tau? = 0.29; Chi? = 20.59, df = 2 (P < 0.0001); I = 90%

Test for overall effect: Z = 1.88 (P = 0.06)

Total (95% CI) 100.0% 1.64 [1.35, 2.01] ’
Heterogeneity: Tau? = 0.08; Chi? = 56.38, df = 10 (P < 0.00001); I2 = 82% 0 > 0?5 j 2 5

Test for overall effect: Z = 4.86 (P < 0.00001)

Favours [SSc] Favours [Control]

Test for subgroup differences: Chi? = 0.28, df = 1 (P = 0.60), 1> = 0%

Study or Subgroup
Avina-Zubieta 2016

Huang 2021
Michel 2020
Sun 2022
Thormann 2016
Ying 2020

Total (95% Cl)

Figure 3. Subgroup analysis on stroke risk based on ethnicity (e.g., non-Asian vs. Asian). CI confidence
interval, IV inverse variance, SE standard error.

Hazard Ratio Hazard Ratio

log[Hazard Ratio] SE_Weight IV, Random, 95% CI IV, Random, 95% Cl
11909 021 13.4% 3.29[2.18, 4.97] -
0.1044 0.18 15.5% 1.11[0.78, 1.58] I
0.4121 0.5247 3.7% 1.51[0.54, 4.22]
0.4511 0.1457 18.1% 1.57 [1.18, 2.09] "
0.2469 0.0502 25.3% 1.28 [1.16, 1.41] -
0.1906 0.0724 23.9% 1.21 [1.05, 1.39] -
100.0% 1.46 [1.18, 1.81] <>
it 2 = . i2 = = = - 12 = 789 t t } t
Heterogeneity: Tau? = 0.04; Chi? = 23.11, df = 5 (P = 0.0003); 12 = 78% 02 05 1 2 5

Test for overall effect: Z = 3.49 (P = 0.0005)

Favours [SSc] Favours [Control]

Figure 4. Subgroup analysis of stroke risk in patients with systemic sclerosis (SSc) versus general population
using largest cohort studies from each country. CI confidence interval, IV inverse variance, SE standard error.
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SSc  Control Hazard Ratio Hazard Ratio
Study or Subgroup  log[Hazard Ratio] SE_Total Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
Aviha-Zubieta 2016 1.3863 0.1383 1239 12433 14.6% 4.00 [3.05, 5.25] -
Conrad 2022 1.2782 0.125 2159 10310 14.7% 3.59[2.81, 4.59] -
Hesselvig 2018 0.7975 0.0558 1962 5428380 15.3% 2.22[1.99, 2.48] -
Kurmann 2020 0.9783 0.3311 78 156  11.6% 2.66 [1.39, 5.09] -
Man 2013 0.7701 0.1895 865 8643 13.9% 2.16 [1.49, 3.13] -
Thormann 2016 0.077 0.0292 8947 44735 15.4% 1.08 [1.02, 1.14] -
Yen 2023 0.0392 0.1534 1379 2758 14.4% 1.04 [0.77, 1.40] -
Total (95% CI) 16629 5507415 100.0% 2.12 [1.36, 3.30] ’
Heterogeneity: Tau? = 0.33; Chi? = 273.60, df = 6 (P < 0.00001); I = 98% sz ofs : 2 5

Test for overall effect: Z = 3.32 (P = 0.0009)

Favours [SSc] Favours [Control]

Figure 5. Forest plot showing the association between systemic sclerosis (SSc) and cardiovascular disease

(CVD) risk. CI confidence interval, IV inverse variance, SE standard error.

S§Sc Control Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE__Total Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Avina-Zubieta 2016 1.6487 0.1641 1239 12433 15.5% 5.20[3.77,7.17] -
Butt 2019 0.6471 0.1336 2778 13520 15.7% 1.91[1.47, 2.48] -
Chu 2013 0.8961 0.2174 1344 13440 14.9% 2.45[1.60, 3.75] -
Kurmann 2020 1.5851 0.7115 78 156 8.1% 4.88[1.21, 19.68] -
Man 2013 0.5878 0.2654 865 8643 14.3% 1.80[1.07, 3.03] T
Sun 2022 0.5068 0.1741 1569 6276 15.4% 1.66 [1.18, 2.34] -
Thormann 2016 -0.0943 0.0531 8947 44735 16.2% 0.91[0.82, 1.01] b
Total (95% Cl) 16820 99203 100.0% 2.15[1.23, 3.77] S
Heterogeneity: Tau? = 0.51; Chi? = 139.03, df = 6 (P < 0.00001); I> = 96% ’0_01 0f1 j 1’0 100‘

Test for overall effect: Z = 2.67 (P = 0.008)

Favours [SSc] Favours [Control]

Figure 6. Forest plot showing the association between systemic sclerosis (SSc) and myocardial infarction (MI)

risk. CI confidence interval, IV inverse variance, SE standard error.

SSc Control Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE_Total Total Weight IV, Random, 95% ClI 1V, Random, 95% CI
Butt 2019 0.6523 0.1328 2778 13520 32.2% 1.92[1.48, 2.49] -
Chung 2014 2.3514 0.5405 1895 7580 11.8%  10.50 [3.64, 30.29] -
Schoenfeld 2016 1.2442 0.2466 1245 12670 25.3% 3.47 [2.14, 5.63] -
Sun 2022 0.6881 0.158 1569 6276 30.8% 1.99 [1.46, 2.71] -
Total (95% Cl) 7487 40046 100.0%  2.75[1.77, 4.28] >
Heterogeneity: Tau? = 0.14; Chi? = 13.22, df = 3 (P = 0.004); 12 = 77% 0_65 sz I 5 2’0

Test for overall effect: Z = 4.49 (P < 0.00001)

Favours [SSc] Favours [Control]

Figure 7. Forest plot showing the association between systemic sclerosis (SS¢) and venous thromboembolism

(VTE) risk. CI confidence interval, IV inverse variance, SE standard error.

SSc Control Hazard Ratio Hazard Ratio
Study or Subgroup log[Hazard Ratio] SE_Total Total Weight V. Random, 95% CI 1V, Random, 95% CI
Butt 2019 1.712 0.121 2778 13520 77.7% 5.54 [4.37,7.02] .
Kurmann 2020 1.3137 0.7778 78 156  1.9% 3.72[0.81, 17.08] 7]
Man 2013 1.4702 0.2358 865 8643 20.5% 4.35[2.74, 6.91] -
Total (95% Cl) 3721 22319 100.0% 5.23 [4.25, 6.45] g
Heterogeneity: Tau? = 0.00; Chi? = 1.03, df = 2 (P = 0.60); I? = 0% ’0_ o1 0? ] I 1’0 ] 00’

Test for overall effect: Z = 15.52 (P < 0.00001)
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Figure 8. Forest plot showing the association between systemic sclerosis (SSc) and peripheral vascular disease

(PVD) risk. CI confidence interval, IV inverse variance, SE standard error.

participants). The risk for pacemaker implantation was elevated among patients with SSc when compared to

controls (HR: 1.83 95% CI: 1.32 to 2.53, p=0.0003, I’=6%, 24,143 participants).
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8Sc Control Hazard Ratio Hazard Ratio
Study or Subgroup _log[Hazard Ratio] SE_Total Total Weight V. Random. 95% CI IV, Random. 95% CI
1.6.1 Heart failure
Butt 2019 0.8879 0.0943 2778 13520 55.7% 2.43[2.02,2.92] 5
Kurmann 2020 1.2809 0.5042 78 156  2.7% 3.60[1.34,9.67]
Sun 2022 1.0953 0.1143 1569 6276 41.6% 2.99[2.39, 3.74] -
Subtotal (95% Cl) 4425 19952 100.0% 2.68 [2.28, 3.15] <
Heterogeneity: Tau? = 0.00; Chi? = 2.33, df =2 (P = 0.31); 2= 14%
Test for overall effect: Z = 11.91 (P < 0.00001)
1.6.2 Atrial fibrillation
Butt 2019 0.4511 0.0846 2778 13520 83.5% 1.57 [1.33, 1.85] .
Sun 2022 0.6575  0.19 1569 6276 16.5% 1.93[1.33, 2.80] -
Subtotal (95% CI) 4347 19796 100.0% 1.62 [1.40, 1.89] ‘
Heterogeneity: Tau? = 0.00; Chi? = 0.98, df = 1 (P = 0.32); 2= 0%
Test for overall effect: Z =6.28 (P < 0.00001)
1.6.3 Pacemaker
Butt 2019 04886 0.1915 2778 13520 67.6% 1.63 [1.12, 2.37] ——
Sun 2022 0.8416 0.2839 1569 6276 32.4% 2.32[1.33, 4.05] =
Subtotal (95% Cl) 4347 19796 100.0% 1.83 [1.32, 2.53] -
Heterogeneity: Tau? = 0.00; Chi? = 1.06, df = 1 (P = 0.30); I> = 6%
Test for overall effect: Z = 3.65 (P = 0.0003)
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Figure 9. Forest plot showing the association between systemic sclerosis (SSc) and the risks of other cardiac-
related complications. CI confidence interval, IV inverse variance, SE standard error.

Sensitivity analysis

Our sensitivity analysis, aimed at ensuring the robustness of our results, confirmed the consistency of all findings.
The omission of any single study from the analysis did not materially alter the overall results. This consistency
underscores the reliability of our conclusions and the absence of undue influence by any individual study.

Funnel plot results

For stroke risk, an evaluation of the funnel plot showcased an asymmetrical dispersion of the included studies,
hinting at the presence of significant publication bias (Fig. 10). As there are fewer than 10 studies, funnel plots
were not assessed for other outcomes.

Discussion

Cerebrovascular/CVDs (e.g., MI and stroke) remain dominant contributors to global morbidity and mortality™.
This systematic review and meta-analysis of 17 studies reported that patients with SSc were at a significantly
increased risk of stroke, with a pooled HR of 1.64 (95% CI, 1.35-2.01). Additionally, CVD and MI risks were
increased in patients with SSc. Regarding atherosclerotic complications, SSc conferred an added risk of VTE
(HR, 2.75) and PVD (HR, 5.23). Patients with SSc had more prevalence of other cardiac manifestations, including
heart failure, AF, and pacemaker implantation, than controls. Overall, this meta-analysis demonstrates that SSc
is associated with an increased cerebrovascular and CVD risk across a wide spectrum of vascular complications.
The elevated risk of both macrovascular events highlights systemic vasculopathy as a central feature of the SSc
pathophysiology. Our findings support increased clinical surveillance and consideration of preventative strate-
gies in this high-risk population.
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Figure 10. Funnel plots indicating a potential publication bias on the association between systemic sclerosis
(SSc) and stroke risk. CI confidence interval, IV inverse variance, SE standard error.
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Several meta-analyses have evaluated the association between SSc and stroke risk. Two previous meta-anal-
yses, published in 2016 and 2019, reported a significant association between SSc and stroke risk'®*. However,
these meta-analyses had limitations as they each reported their main findings on the basis of only four studies.
Additionally, these meta-analyses used the cumulative measure of risk (e.g., risk ratio or odds ratio) to examine
their association but did not consider the risk of the event over time. A recent meta-analysis assessed stroke
risk over time in patients with SSc by including five studies with a total of 67,085 participants®. However, only
five studies were available for the analysis of the association between SSc and stroke risk in that meta-analysis?,
which may have impaired the robustness of their findings. In contrast, our meta-analysis included eleven studies
with a total of 1,157,175 participants, demonstrating an HR of 1.64. Furthermore, several studies have uncovered
racial disparities in SSc presentation®**”. Accordingly, another advantage of our meta-analysis lies in the inclu-
sion of a more diverse range of studies, encompassing both Asian and non-Asian populations, which provides
more robust evidence.

Our meta-analysis of seven studies with over 116,000 participants noted that patients with SSc had a signifi-
cantly increased MI risk compared with controls without SSc. The pooled HR was 2.15, indicating that patients
with SSc had more than double the risk of experiencing MI. Several mechanisms may explain the observed
association between SSc and MI. First, SSc is characterized by chronic inflammation, autoimmunity, and vas-
cular injury®?, which accelerate atherosclerosis and coronary artery disease. Second, endothelial dysfunction
and impaired vascular repair, the hallmarks of SSc, also promote atherosclerosis***. Third, the progression of
peripheral microvasculopathy, a key element in SSc pathogenesis, may further contribute to arterial stiffening
and myocardial damage over time*’. Our findings are consistent with a previous meta-analysis demonstrating
increased subclinical atherosclerosis, as measured by carotid intima-media thickness, in patients with SSc com-
pared with that in healthy controls*!. Moreover, clinical studies have reported higher angiographically confirmed
coronary artery disease prevalence in asymptomatic SSc*>**. The elevated MI risk in SSc remained significant
after adjusting for traditional cardiovascular risk factors in several included studies®>=?’, suggesting that disease-
related mechanisms mediate much of the increased MI risk.

VTE carries a significant risk of morbidity and mortality, with studies indicating a 30-day mortality rate
ranging from 11 to 30%*~*. Virchow’s triad is the three principal risk factors for venous thrombosis, including
venous stasis, heightened blood coagulability, and vascular wall damage?’. In patients with SSc, augmented dam-
age to the vascular wall may be observed, as implied by vasculopathy and vascular injury, which are hallmark
features of SSc'2. Consistently, our meta-analysis reported a significantly increased risk of VTE among patients
with SSc, with a pooled HR of 2.75 compared with individuals without SSc. Our finding is consistent with that of
a previous meta-analysis that reported a pooled risk ratio of VTE in patients with SSc being 2.51. The distinc-
tion between our study and the previous one*® is that we accounted for the potential occurrence of events over
time by utilizing the HR. While the mechanisms linking SSc and VTE require further studies, clinicians should
be cognizant of the heightened thrombotic risk in this population. Anticoagulation may be considered for VTE
prophylaxis in patients with SSc with additional risk factors. Moreover, patients should be educated on promptly
reporting VTE symptoms for timely diagnosis and treatment.

Our meta-analysis provides an updated and comprehensive synthesis of the relationship between SSc and
major cerebrovascular and cardiovascular outcomes. Involving 17 studies and over 6 million participants, this
represents the most extensive meta-analysis on this topic to date. This meta-analysis makes several notable
contributions to the literature. First, it provides a contemporary update, incorporating recent large-scale studies
published over the past 5 years. Second, it assesses a comprehensive range of clinically relevant cardiovascular
outcomes beyond just stroke risk. Third, the expansive dataset of over 6 million participants lends reliability and
helps minimize the influence of individual studies. Fourth, subgroup analyses by ethnicity offer initial insights
on geographic variations in SSc-related vascular risk. The focus on synthesizing hard clinical endpoints, which
represent tangible adverse outcomes in patients, rather than surrogate markers of subclinical vascular dysfunction
is the principal novel aspect of this study. Most of the previous literature centered on subtle changes in vascular
physiology. Our findings reaffirm vasculopathy as a central SSc feature that warrants greater clinical attention
by demonstrating consistent elevations across an array of overt clinical events.

This meta-analysis had several limitations that merit consideration. First, publication bias was a concern, as
suggested by the asymmetric funnel plot for the outcome of stroke. It was plausible that small studies demonstrat-
ing no significant associations may be underrepresented. Second, inherent to all meta-analyses, the robustness of
our conclusions depended on the methodological rigor of the original studies. As all studies were conducted in
a retrospective study design, the evidence may be impaired. Third, the reliability of our analyses was restricted
by the scarce availability of pertinent clinical details. Data on SSc disease duration, subtype, antibody profiles,
severity, and pharmacological treatments were largely unavailable. Without this granular information, elucidat-
ing the mechanisms underlying the association between SSc and cerebrovascular/CVD remains challenging.
Finally, the statistical power for analyzing some outcomes was limited, as exemplified by the wide confidence
intervals or significant heterogeneity. To enable robust conclusions, larger scale prospective studies with adequate
adjustment for confounders are needed.

Conclusion

This meta-analysis, encompassing 17 studies, underscores that patients with SSc face an augmented risk across
various vascular complications, including stroke, CVD, MI, VTE, and PVD. Furthermore, these patients exhib-
ited a higher prevalence of other cardiac-related manifestations, including heart failure, AF, and an increased
risk of pacemaker implantations. These findings emphasize systemic vasculopathy as a pivotal component of
the SSc pathophysiology. Considering these insights, future studies should delve deeper into the mechanistic
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underpinnings of these associations, explore potential interventions, and assess the efficacy of preventative
strategies tailored for this high-risk population.

Data availability
The original contributions presented in this study are included in this article/Supplementary material, further
inquiries can be directed to the corresponding authors.
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