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Purpose: Clinical studies on dysbiosis and stroke outcomes has been insufficient to establish clear evidence. This study aimed to
investigate the effects of pre-antibiotic use before a stroke event on secondary outcomes using a longitudinal population-level
database.

Patients and Methods: This retrospective cohort study included adults aged 55 years or older diagnosed with acute ischemic stroke
(AIS) and acute hemorrhagic stroke (AHS) between 2004 and 2007. Patients were followed-up until the end of 2019, and the target
outcomes were secondary AIS, AHS, and all-cause mortality. Multivariable Cox regression analyses were applied, and we adjusted
covariates such as age, sex, socioeconomic status, hypertension, diabetes, and dyslipidemia. Pre-antibiotic use was identified from 7
days to 1 year before the acute stroke event.

Results: We included 159,181 patients with AIS (AIS group) and 49,077 patients with AHS (AHS group). Pre-antibiotic use
significantly increased the risk of secondary AIS in the AIS group (adjusted hazard ratio [aHR], 1.03; 95% confidence interval
[CI], 1.01-1.05; p = 0.009) and secondary AHS in the AHS group (aHR, 1.08; 95% CI, 1.03—1.12; p <0.001). Furthermore, pre-
antibiotic use in the AIS group was associated with a lower risk of mortality (aHR, 0.95; 95% CI, 0.94-0.96; p <0.001).
Conclusion: Our population-based longitudinal study revealed that pre-antibiotic use was associated with a higher risk of secondary
stroke and a lower risk of mortality in the AIS and AHS groups. Further studies are needed to understand the relationship between
dysbiosis and stroke outcomes.
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Introduction
The gut houses trillions of microorganisms, collectively known as the gut microbiome.! Dysbiosis, also known as
antibiotic scars, occurs when antibiotic overuse leads to the destruction of beneficial bacteria in the gut.” Beneficial
bacteria help to regulate the immune system, digest food, and produce essential vitamins and nutrients. When antibiotics
are administered, they can disrupt the balance of the gut microbiome, leading to the overgrowth of harmful bacteria and
the reduction of beneficial bacteria.®> Dysbiosis represents wide-ranging and varied symptoms depending on the severity
of the damage to the gut microbiome, and it can lead to health problems such as inflammatory autoimmune diseases,
allergies, cancer, cardiovascular diseases, and stroke.*?

The gut-brain axis is a bidirectional communication system that allows the gut and brain to influence each other’s
functions.® Several different pathways, including the nervous, immune, and endocrine systems, mediate the gut-brain
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axis.” Studies have revealed that the occurrence and severity of acute ischemic stroke (AIS) and acute hemorrhagic stroke
(AHS) could affect dysbiosis in patients and rodents.® Inflammation is a key factor in the development of AIS,>'? and the
gut microbiome regulates inflammation in the body.'' Previous studies have shown that individuals with a diverse and
balanced gut microbiome have lower levels of inflammation than those with an imbalance in gut bacteria.'” High blood
pressure is another major risk factor for AIS and AHS. The gut microbiome plays a role in regulating blood pressure,'?
and studies have shown that certain types of gut bacteria can produce compounds that can help lower blood pressure.'*
Cholesterol levels are also linked to the gut microbiome; studies have reported that individuals with higher levels of
certain types of gut bacteria had lower cholesterol levels, which could help reduce the risk of AIS.'>'® Overall, the gut
microbiome plays a vital role in the development and prognosis of primary and secondary acute stroke.

However, more research is needed to fully understand the relationship between the gut microbiome and stroke and to
develop strategies for using the gut microbiome to prevent and treat stroke in various directions. Most studies on the gut
microbiome and stroke are experimental; therefore, more clinical studies are needed to establish causality and the best
way to manipulate the gut microbiome for stroke prevention and better outcomes. Furthermore, studies demonstrating the
relationship between antibiotic use and stroke secondary outcomes using longitudinal data are rare.

We hypothesized that the use of systemic antibiotics before stroke would affect the gut microbiota and, consequently,
secondary events or mortality after stroke. This study aimed to investigate the effects of pre-antibiotic use before stroke
occurrence on secondary outcomes and mortality using a longitudinal population-level database. Furthermore, using the
Korean National Health Insurance Service (NHIS) database, we elucidated the effect of dysbiosis before the stroke event
on long-term outcomes.

Materials and Methods
Study Design and Data Source

This retrospective cohort study used data from the Korean NHIS database and shared the same assigned cohort number with
a previous relevant publication by authors (REQ202204012-005)."” The study included adults aged 55 years or older who
were diagnosed with AIS and AHS from 2004 to 2007. Overall, 303,596 participants were included in this study. We
excluded patients with underlying hemorrhagic or thrombotic conditions (Supplementary Table 1) and those who did not

meet the diagnostic definition of acute stroke, as described in the next section. Among the 214,048 patients in the initial
cohort, we further excluded individuals with previous cerebrovascular diseases during the washout period (2002-2003) and
cases with missed sociodemographic data. The final sample size of participants included in the study was 208,258
(Figure 1). The study was reviewed and approved by the Institutional Review Board of the NHIS Ilsan Hospital (approval
number: 2020-09-014) and conducted in accordance with the principles of the Declaration of Helsinki. The requirement for
informed consent was waived by the Institutional Review Board of the NHIS Ilsan Hospital because of the study’s
retrospective design. This study was also conducted following the principles of the Declaration of Helsinki.

Stroke Definition and Outcomes

Acute stroke was defined using the International Classification of Disease-10 codes.'® We defined AIS as hospitalization
with an 163 code as the primary diagnosis (AIS group). Similarly, we defined AHS as hospitalization with 160162 codes
as the primary diagnosis (AHS group). Simultaneously, we confirmed claim codes for brain computed tomography or
magnetic resonance imaging within 7 days of hospitalization for both AIS and AHS. Secondary stroke events and all-
cause mortality were defined as outcomes. The patients were followed up until December 31, 2019, and the first event
after an acute stroke was the target outcome.

Covariates

The study identified age, sex, and socioeconomic status of the participants as demographic variables. We attempted to
adjust for variables consistently available in our database among the confounding factors related to stroke prognosis
identified in previous studies.'®*? Socioeconomic status was defined as the level of household income divided into three
groups based on the health insurance premium quartiles (Level 1: Ist—7th quartiles; Level 2: 8th—14th quartiles; and
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Figure | Flowchart of patient inclusion in this study.
Abbreviations: AlS, acute ischemic stroke; AHS, acute hemorrhagic stroke.

Level 3: 15th-20th quartiles). Comorbidities, such as hypertension, diabetes, and dyslipidemia, were identified using
medication claims and health screening data. Detailed definitions of hypertension, diabetes, and dyslipidemia in this
study are provided in Supplementary Table 2.

Antibiotics

We identified the use of antibiotics before the acute stroke event using the claims data. We classified antibiotics into
seven classes based on their target mechanisms: (1) cell wall (such as penicillin, cephalosporin, vancomycin, carbape-
nems, monobactam, polymyxin, and bacitracin); (2) ribosome 30S (such as aminoglycoside and tetracycline); (3)
ribosome 50S (such as macrolide, chloramphenicol, lincosamide, linezolid, and streptogramin); (4) deoxyribonucleic
acid synthesis (such as fluoroquinolones and metronidazole); (5) ribonucleic acid synthesis (such as rifampin); (6)
mycolic acid synthesis (such as isoniazid); and (7) folic acid synthesis (such as sulfonamides and pyrimethamine). Pre-
antibiotic use was identified 7 days to 1 year before acute stroke occurrence using claims data from the Health Insurance
Review and Assessment Service. We did not consider the duration of antibiotic use because it may reflect a patient’s
overall health rather than changes in the gut flora. Instead, antibiotics were analyzed according to whether they were used
during the designated period. Only oral and intravenous forms of antibiotics were included, and topical antibiotics such
as ointments or eye drops were excluded.

Statistical Analyses

Continuous variables are expressed as means and standard deviations and compared using a one-way analysis of covariance.
Categorical variables are expressed as frequencies (proportions) and analyzed using the chi-square test. The cumulative
probability of recurrent events and mortality were analyzed using Kaplan—Meier estimation. Multivariable Cox regression
analysis was used to examine the risk of secondary stroke and mortality according to pre-antibiotic use, with adjustments for
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predetermined covariates, such as age, sex, socioeconomic status, hypertension, diabetes, and dyslipidemia. Our Cox
proportional hazards models accounted for competing risks between the major cardio-cerebrovascular events (AIS, AHS,
and acute myocardial infarction) and death using the Fine and Gray models.*® The partial effect model assessed the variable
importance for each antibiotics class, using the proportion of the y* values. The level of statistical significance was set at
p <0.05. All statistical analyses were performed using the SAS Enterprise Guide 7.15 (SAS Institute, Cary, NC, USA).
R software version 4.0.5 (R Foundation for Statistical Computing, Vienna, Austria) was used to create Kaplan—Meier curves.

Results

Basic Characteristics and Outcome Events

The basic patient characteristics are summarized in Table 1. Finally, we included 159,181 patients with AIS and 49,077
patients with AHS. The participants’ mean age in the AIS group was 68.5 + 11.5 years, which was significantly older
than that in the AHS group (67.6 + 11.2 years old) (p <0.001). The AIS group had a significantly lower proportion of
women (49.1% vs 53.0%; p <0.001). Hypertension, diabetes, and dyslipidemia were significantly higher in the AIS group
than in the AHS group (p <0.001 for all comparisons). The rate of pre-antibiotic use was significantly higher in the AIS
group than in the AHS group (47.5% vs 43.0%; p <0.001). Moreover, the rate of pre-antibiotic use in the AIS group was
significantly higher in all antibiotic classes except class 6, and no patient in this study’s cohort took class 5 antibiotics.

Table | Baseline Characteristics of Patients with Primary AIS and AHS

Variables AIS Group AHS Group p-value®
(n =159,181) (n = 49,077)

Age, years 685+ 115 67.6 £ 11.2 <0.001

Women, n (%) 78,134 (49.1) 26,013 (53.0) <0.001

Socioeconomic status, n (%) <0.001

Level | 53,184 (33.4) 15,442 (31.5)

Level 2 47,244 (29.7) 15,665 (31.9)

Level 3 58,753 (36.9) 17,970 (36.6)
Hypertension, n (%) 149,622 (94.0) 41,557 (84.7) <0.001
Diabetes, n (%) 46,152 (29.0) 7547 (15.4) <0.001
Dyslipidemia, n (%) 76,647 (48.2) 13,177 (26.8) <0.001
Prior antibiotics use, n (%) 75,605 (47.5) 21,125 (43.0) <0.001
Antibiotics classes, n (%)

Class | 41,705 (26.2) 11,788 (24.0) <0.001

Class 2 20,569 (12.9) 5633 (11.5) <0.001

Class 3 5819 (3.7) 1670 (3.4) 0.008

Class 4 43,044 (27.0) 11,522 (23.5) <0.001

Class 5° None None

Class 6 650 (0.4) 182 (0.4) 0.27

Class 7 2829 (1.8) 724 (1.5) <0.001

Notes: *no one in this study’s cohort took Class 5 antibiotics. ®independent t-test for continuous
variables and Chi-square (trend) test for categorical variables.
Abbreviations: AHS, acute hemorrhagic stroke; AlS, acute ischemic stroke.
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Furthermore, 33,491 cases of secondary AIS (21.0%) and 73,300 deaths (46.1%) were observed during the time at
risk. In the AHS group, 8574 secondary AHS cases (17.4%) and 24,990 deaths (50.9%) were observed. The death rate
was higher in the AHS group, and the survival rate without major cardio-cerebrovascular events during the time at risk
was higher in the AIS group (p <0.001) (Table 2).

Effect of Prior Antibiotics Uses on Recurrence and Mortality After Acute Stroke
Table 3 presents the Cox proportional hazards models for secondary stroke and mortality according to prior use of antibiotics
in each group. In the AIS group, pre-antibiotic use was associated with a significantly higher risk of secondary AIS (adjusted
hazard ratio [aHR], 1.03; 95% confidence interval [CI], 1.01-1.05; p = 0.009). However, no difference in the risk of secondary
AIS was observed among those with prior antibiotic use in the AHS group (p = 0.49). In contrast, pre-antibiotic use in the AHS
group was associated with a significantly higher risk of secondary AHS (aHR, 1.08; 95% CI, 1.03-1.12; p <0.001). No
association was found between pre-antibiotic use and secondary AHS in the AIS group (p = 0.09). Regarding mortality, pre-
antibiotic use in the AIS group was associated with a significantly lower risk of death (aHR, 0.95; 95% CI, 0.94-0.96;
p <0.001). No significant association was found between pre-antibiotic use and mortality risk in the AHS group (p = 0.18).

Kaplan—Meier curves of the cumulative probability according to pre-antibiotic use for the significant cases of our Cox
regression analyses are provided in Figure 2. Pre-antibiotic use significantly increased the cumulative probability of
secondary AIS and AHS in the AIS and AHS groups, respectively. In contrast, pre-antibiotic use in the AIS group
significantly decreased the cumulative probability of death.

Table 2 Secondary Outcomes in Each Group

Secondary Events AIS Group AHS Group p-value®
(n =159,181) (n = 49,077)

Secondary AlS, n (%) 33,491 (21.0) 3676 (7.5) <0.001

Secondary Ml, n (%) 2746 (1.7) 411 (0.9)

Secondary AHS, n (%) 3886 (2.4) 8547 (17.4)

Death, n (%) 73,300 (46.1) 24,990 (50.9)

No event, n (%) 45,758 (28.8) 11,453 (23.3)

Note: *Chi-square trend test.

Abbreviations: AHS, acute hemorrhagic stroke; AlS, acute ischemic stroke; MI, myocar-

dial infarction.

Table 3 Cox-Proportional Hazards Models for Secondary AIS, AHS, and Death According

to Pre-Antibiotics Use

Variable aHR?* 95% CI p-value | Secondary Events
AIS group with pre-antibiotics use 1.03 1.01-1.05 0.009 AlS

AHS group with pre-antibiotics use 0.98 0.92-1.04 0.49

AlS group with pre-antibiotics use 0.95 0.89-1.01 0.09 AHS

AHS group with pre-antibiotics use 1.08 1.03-1.12 <0.001

AlIS group with pre-antibiotics use 0.95 0.94-0.96 <0.001 Death

AHS group with pre-antibiotics use 0.96 0.96-1.01 0.18

Note: *adjusted for age, sex, hypertension, diabetes, dyslipidemia, and socioeconomic status.

Abbreviations: AHS, acute hemorrhagic stroke; AIS, acute ischemic stroke; aHR, adjusted hazard ratio; 'CI,

confidence interval.
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Figure 2 Kaplan—Meier curves for the cumulative probability according to pre-antibiotic use. P-values derived from the Log rank test are reported. (A) Pre-antibiotic use
significantly increases the cumulative probability of secondary AlS in the AIS group and (B) secondary AHS in the AHS group. In contrast, (C) pre-antibiotic use in the AlIS
group significantly decreases the cumulative probability of death.

Abbreviations: AlS, acute ischemic stroke; AHS, acute hemorrhagic stroke.

The Impact of Each Antibiotic Class on Recurrence and Mortality After Acute Stroke
The results of further Cox proportional hazards models used to elucidate the importance of each antibiotic class are
summarized in Table 4 and Figure 3. In the AIS group, pre-antibiotic use of class 2 (aHR, 1.07; 95% CI, 1.03-1.10;
p <0.001) and class 4 (aHR 1.05; 95% CI, 1.03—1.08; p <0.001) significantly increased the risk of secondary AIS. In the
AHS group, pre-antibiotic use of class 1 (aHR 1.06; 95% CI, 1.01-1.11; p = 0.01), class 4 (aHR, 1.06; 95% CI, 1.01-
1.11; p = 0.02), and class 7 (aHR, 1.19; 95% CI, 1.02—1.39; p = 0.03) significantly increased the risk of secondary AHS.
In the AIS group, pre-antibiotic use of class 3 (aHR 1.05; 95% CI, 1.01-1.09; p = 0.02) and class 6 (aHR, 1.27; 95% CI,
1.15-1.40; p <0.001) was significantly associated with a higher risk of mortality. In contrast, the pre-antibiotic use of
class 1 (aHR 0.96; 95% CI, 0.95-0.98; p <0.001) and class 4 (aHR 0.98; 95% CI, 0.96-0.99; p = 0.004) significantly
decreased the risk of mortality in the AIS group.

Discussion

We investigated the effect of pre-antibiotic use during a specific period before first stroke incidence on the long-term
outcomes of secondary stroke and mortality. Our results showed that pre-antibiotic use significantly increased the risk of
secondary AIS in the AIS group and secondary AHS in the AHS group. Regarding mortality, pre-antibiotic use in the
AIS group was associated with a lower risk of mortality; however, no significant association was found between pre-
antibiotic use and mortality risk in the AHS group. This study is the first to analyze the effects of dysbiosis caused by
pre-antibiotic use before an acute stroke event on recurrence and mortality using a population-level database. Since

Table 4 Cox-Proportional Hazards Models According to Pre-Antibiotics Class

Antibiotics | Secondary AIS in the AIS Group® | Secondary AHS in the AHS Group® Death in the AIS Group?®
Classes aHR® (95% CI) p-value aHRP® (95% CI) p-value aHRP (95% CI) p-value

Class | 1.00 (0.98-1.03) 0.91 1.06 (1.01-1.11) 0.0l | 0.96 (0.95-0.98) <0.001
Class 2 1.07 (1.03-1.10) <0.001 1.03 (0.97-1.10) 0.33 | 0.99 (0.97-1.01) 0.21
Class 3 0.96 (0.91-1.02) 0.17 1.03 (0.93-1.15) 0.55 | 1.05 (1.01-1.09) 0.02
Class 4 1.05 (1.03-1.08) <0.001 1.06 (1.01-1.11) 0.02 | 0.98 (0.96-0.99) 0.004
Class 6 1.05 (0.89-1.24) 0.55 0.86 (0.58-1.27) 0.44 | 1.27 (1.15-1.40) <0.001
Class 7 0.96 (0.88—1.04) 0.31 1.19 (1.02-1.39) 0.03 | 1.00 (0.95-1.05) 0.96

Notes: “events showed significance in previous cox-regression analyses (in Table 3). “adjusted for age, sex, hypertension, diabetes, dyslipidemia, and

socioeconomic status.
Abbreviations: AHS, acute hemorrhagic stroke; AlS, acute ischemic stroke; |aHR, adjusted hazard ratio; Cl, confidence interval.
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Figure 3 The feature importance of each antibiotic class is derived from the multivariable Cox regression analyses. Each antibiotics class’s importance is calculated using the
proportion of the * values. (A) Pre-antibiotic use of class 2 and class 4 was relatively important among all classes for the secondary AlS in the AIS group. (B) In the AHS
group, pre-antibiotic use of class |, class 4, and class 7 were relatively important for the risk of secondary AHS. Finally, (C) pre-antibiotic use of class |, class 6, and class 4
were relatively important for decreased mortality in the AIS group.

Abbreviations: AlS, acute ischemic stroke; AHS, acute hemorrhagic stroke.

previous large clinical studies on the relationship between dysbiosis and stroke have not been sufficient, our study using
the NHIS database has a distinctive advantage. Moreover, our study provided outcome data for relatively longer periods
than those in previous studies.

Previous studies have mainly focused on stroke-related dysbiosis; a vicious cycle in which the stroke itself induces
dysbiosis associated with worse outcomes.>*** This vicious cycle can be attributed to some factors such as changes in the gut
microbiota composition, which could exacerbate systemic inflammation.'>*® In addition, dysbiosis after stroke has been
linked to the regulation of body temperature, blood glucose, blood pressure, and hydration, ultimately affecting prognosis.®?’
In a clinical study with two cohorts of 152 patients with AIS by Xu et al,*® it was observed that gut dysbiosis developed and
recovered after a stroke event, suggesting that acute-stage dysbiosis was an independent risk factor for poor early recovery
after stroke. Xia et al*’ presented a scale that represented the overall dysbiosis pattern, called the stroke dysbiosis index, and
revealed that it was related to patient outcomes. The immunomodulatory functions of the gut microbiota modulates risk
factors involved in secondary cardiovascular events in patients with primary stroke, and metabolites associated with the gut
microbiota are involved in promoting atherosclerosis and thrombosis.***' In addition, increased antibiotic use was reported
to be associated with higher mortality in patients with hemorrhagic stroke.>

As mentioned above, our study differs from previous studies in that we analyzed whether pre-stroke dysbiosis affects
secondary stroke occurrence or post-stroke mortality. The infection itself is not only the risk factor for stroke but the widespread
use of antibiotics can also induce dysbiosis. Previous studies have shown that dysbiosis could affect stroke occurrence and long-
term outcomes after stroke;?*>* however, more clinical-based evidence is still needed. We attempted to establish evidence using
a population-level database and confirmed that antibiotic use prior to stroke was an independent risk factor for secondary stroke.

Moreover, studies on major vascular outcomes based on antibiotic type revealed that azithromycin and levofloxacin
were associated with cardiovascular events and death.***> On the other hand, a study reported that macrolide showed
a favorable immune-modulatory effect in stroke.*® In summary, the outcomes based on the types of antibiotics used were
discordant among the studies. In our study, class 4 was significantly associated with secondary stroke. However, it was
difficult to observe the consistency in mortality, as it was associated with a rather low risk of death after AIS. Class 1 also
increased the risk of secondary AHS in the AHS group; however, this class also lowered the mortality risk in the AIS
group. Moreover, classes 3 and 6, which increased mortality risk in the AIS group, had no significant association with the
occurrence of secondary stroke in both the AIS and AHS groups. Furthermore, we confirmed that discordance according
to the type of antibiotic still existed in our population-level analysis.

This study had some limitations. As this was a retrospective study using claims data from the NHIS, we could not
consider various clinical confounders related to secondary stroke and mortality. In addition, we did not consider the use
of antibiotics after stroke occurrence; therefore, the direct effect of stroke-related dysbiosis could not be analyzed, and
antibiotic use after a primary stroke can be an indicator of stroke severity, such as aspiration pneumonia and urinary tract
infection; only pre-antibiotic use was analyzed. Although we utilized a large population database to robust our findings,
the limitation of this study design was the absence of sufficient control groups. Therefore, we could not represent
causality between pre-antibiotic usage and the secondary outcomes. In this context, several considerations for future
study are needed—a larger sample size from multi-center and multi-ethnic for inferring causalities with control group and
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generalizability. Moreover, our longitudinal, observational study did not reveal a biological causality between antibiotic
use and stroke secondary outcomes; therefore, novel methods such as Mendelian randomization analysis should be
employed in future studies. Finally, stroke-related deaths could not be distinguished because we tracked all-cause
mortality.

Conclusion

This study elucidated the effect of pre-antibiotic use during a specific period before the first incidence of stroke on long-term
secondary outcomes. As a longitudinal, observational study using a population-level database, our study confirmed that pre-
antibiotic use was significantly associated with the risk of secondary stroke. We also confirmed that pre-antibiotic use in the
AIS group was associated with lower mortality risk. However, it is necessary to further establish evidence between dysbiosis
and stroke outcomes by utilizing a sufficiently large and well-organized database in the future.
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