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Background and Purpose Gamma-glutamyl transferase (GGT) is reported to be associated
with stroke independently of the conventional risk factors. However, the underlying mecha-
nism remains to be identified. This study focused on atrial fibrillation (AF), which also report-
edly has a close association with GGT.

Methods Acute ischemic stroke patients who were admitted to the Seoul National University
Hospital within 7 days of stroke onset were analyzed. Multinomial logistic regression was per-
formed to assess the relationship between GGT and cardioembolic stroke. Mediation analysis
based on binary logistic regression was used to determine whether AF mediates the relation-
ship between GGT and cardioembolic stroke.

Results AF was found in 132 (15.0%) of 880 eligible patients with acute ischemic stroke, and
270 (30.7%) patients were categorized as cardioembolic stroke. High GGT levels in acute isch-
emic stroke patients was associated with cardioembolic stroke [odds ratio (OR)=3.42, 95%
CI=1.59-7.37], but not with large-artery atherosclerosis stroke (OR=1.10, 95% CI=0.54-2.23).
Approximately half (53.9%) of the total effect of GGT levels on cardioembolic stroke was medi-
ated by AE

Conclusions The GGT level was significantly associated with cardioembolic stroke via AE The
results obtained in the present study may explain why GGT is associated with stroke.

Key Words stroke, gamma-glutamyl transferase, biomarkers, atrial fibrillation,
cardioembolic stroke.

INTRODUCTION

Gamma-glutamyl transferase (GGT), which is best known as a marker of liver disease, has
recently attracted attention as a biomarker of various vascular diseases. Serial studies of the
association between GGT and stroke have also highlighted the potential of GGT as a novel
biomarker for predicting stroke."” Nevertheless, it remains unclear why GGT is associat-
ed with stroke. The proper use GGT as a biomarker of stroke requires clarification of the
mechanism via which GGT is associated with stroke. In a recent study we found that GGT
may be more consistently associated with ischemic stroke than with hemorrhagic stroke.®
That study raised the question of which subtype of ischemic stroke is most closely associ-
ated with GGT. Several studies have recently found an independent relationship between
GGT and atrial fibrillation (AF).”*> Considering that AF is one of the most important causes
of ischemic stroke, we hypothesized that AF mediates the association between GGT and
ischemic stroke.

@'This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Com-
mercial License (https://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial
use, distribution, and reproduction in any medium, provided the original work is properly cited.
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METHODS

Study population

We reviewed acute ischemic stroke patients who were admit-
ted to Seoul National University Hospital and had their GGT
measured within 7 days of onset between October 2002 and
May 2017. Among 1,102 identified patients, those with miss-
ing laboratory data (n=144) were excluded. Seventy-eight pa-
tients were categorized as “other determined” using the Trial
of ORG 10172 in Acute Stroke Treatment (TOAST) classifica-
tion, and roughly half of them were cancer patients (Supple-
mentary Table 1 in the online-only Data Supplement). The
cancer patients, especially those with tumors involving the
hepatobiliary tract or pancreas, tended to have very high GGT
levels (Supplementary Table 2 in the online-only Data Sup-
plement), possibly due to an association between GGT lev-
els and liver disease or the cancer itself."*'* Considering the
effect that this might have on the outcome, we excluded all of
the “other determined” patients. This study was approved by
the Institutional Review Board at the Seoul National Univer-
sity Hospital (IRB No. H-1706-081-859). The need to obtain
informed consent was waived.

Data collection

Data were collected at admission on sex, age, height, weight,
initial systolic blood pressure, fasting blood glucose, total
cholesterol, aspartate aminotransferase (AST), alanine ami-
notransferase (ALT), GGT, and the histories of previous
stroke, hypertension, diabetes, hyperlipidemia, liver disease
(e.g., hepatitis or fatty liver disease), and smoking (current
or past). Body mass index (BMI) was calculated from the
height and weight. The presence of AF was determined based
on the results of electrocardiography, echocardiography, or
Holter monitoring during admission. Baseline neurologic
deficits were evaluated by at least two experienced neurolo-
gists using the National Institutes of Health Stroke Scale score
at admission. The subtype was assessed using the TOAST
classification after the stroke evaluation.

Mediation analysis

The following three paths should be analyzed when evalu-
ating the mediation effect of the mediator variable (AF) on
the relationship between the independent variable (GGT)
and the dependent variable (cardioembolic stroke): 1) the
association between the independent variable and the me-
diator, 2) the association between the mediator and the de-
pendent variable, and 3) the association between the inde-
pendent variable and the dependent variable. Mediation
cannot be established if one of these associations is not sig-
nificant. If there are significant associations between paths
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a through c, the next step is to assess the association between
the independent variable and the dependent variable while
controlling for the mediator (path ¢} a direct effect). The me-
diator exerts a full mediation effect if the independent vari-
able is no longer significant when controlling the mediator,
and a partial mediation effect if the independent variable re-
mains significant but with a decreased strength.

In the present study, paths a through ¢ were tested with
binary logistic regression to assess whether the association
between GGT and cardioembolic stroke (compared with
other stroke subtypes) is mediated by AF. The coefficients
needed to first be standardized in order to allow compari-
sons of those derived from different logistic regression mod-
els for each path. Multiplying each coefficient by the SD of
the predictor per SD of outcome resulted in the calculation
of comparable coefficients. The percentage of the effect me-
diated by the mediator was determined by dividing the com-
parable coefficient of the indirect effect by the total effect.
The Sobel test was applied to confirm the significance of the

mediation effect.!>1°

Statistical methods
Patients were divided into sex-specific GGT quartiles (males:
<20, 21-29, 30-53, and =54 IU/L; females: <14, 15-21,
22-34, and =35 IU/L). Baseline clinical data across GGT
quartiles were analyzed using the chi-square test or Kruskal-
Wallis test. Multinomial logistic regression was performed
to determine whether the relationship between GGT and
ischemic stroke is affected by the subtype. Adjustments were
first made for age and sex, and then for the following covari-
ates: BMI, systolic blood pressure, fasting blood glucose, to-
tal cholesterol, AST, ALT, previous stroke, hypertension, di-
abetes, hyperlipidemia, liver disease, and smoking. Additional
adjustment for AF was made when analyzing the relationship
between GGT and cardioembolic stroke. The presence of mul-
ticollinearity among the variables was determined by calcu-
lating the generalized variance-inflation factor (GVIF). In
order to standardize GVIF values for different dimensions
and allow them to be compared, we took the 1/(2xdf) power
of the GVIE, where df is the degrees of freedom. A GVIF/**4
value of above 2 means that multicollinearity may be pres-
ent in the model.”” The p value for the trend across the GGT
quartiles was calculated using the Wald test, and the GGT
quartiles were regarded as continuous when testing for trends.
The results are presented as odds ratios with their 95%
CIs. Two-sided probability values of <0.05 were considered
statistically significant. All of the statistical analyses were per-
formed using R statistical software (version 3.4.3, R Founda-
tion for Statistical Computing, Vienna, Austria).
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RESULTS

This study included 880 eligible acute ischemic stroke pa-
tients. Those with higher GGT levels were more likely to be
obese and have higher glucose, AST, and ALT levels. The 880
patients included 132 (15.0%) with AF and 270 (30.7%) clas-
sified as cardioembolic according to the TOAST criteria (Ta-
ble 1). AF was present in 116 (43.0%) of the 270 patients with
cardioembolic stroke.

The median GGT level was higher in patients with cardio-
embolic stroke than in those with other stroke subtypes (Sup-
plementary Table 3 in the online-only Data Supplement).
Higher GGT levels were significantly associated with car-
dioembolic stroke after adjusting for age and sex (model 1),
for vascular diseases and laboratory data (model 2), and ad-
ditionally for AE. However, GGT was not associated with large-
artery atherosclerosis (LAA) stroke (Table 2). No multicol-
linearity was found among the variables (Supplementary
Table 4 in the online-only Data Supplement).

Table 1. Baseline characteristics according to GGT quartiles

Mediation analysis

Binary logistic regression was used for the mediation analy-
sis (Table 3, Supplementary Table 5 in the online-only Data
Supplement). Significant relationships were confirmed be-
tween GGT and AF (path a: coeflicient =0.24, 95% CI=0.07-
0.42, p=0.005), between AF and cardioembolic stroke (path
b: coeflicient f=3.33, 95% CI=2.78-3.88, p<0.001), and be-
tween GGT and cardioembolic stroke (path c: coefficient p=
0.25,95% CI=0.11-0.38, p<0.001). GGT had a significant but
weaker effect on cardioembolic stroke when AF was con-
trolled for (path ¢’: coeficient $=0.20, 95% CI= 0.05-0.36, p=
0.01). These results indicated that AF exerted a partial me-
diation effect on the association between GGT and cardio-
embolic stroke.

Comparable coeflicients for each path are shown in Fig. 1.
The total effect of GGT on cardioembolic stroke had a strength
of 0.147, while that for the indirect effect via AF was 0.079. In
other words, 53.9% of the total effect of GGT on cardioem-
bolic stroke was mediated by AE The Sobel test indicated that
the mediation effect was statistically significant (Z=2.70,
$=0.007).

GGT quartile Q1 (n=195) Q2 (n=237) Q3 (n=224) Q4 (n=224) p

Sex 0.41

Male 123 (63.1) 132 (55.7) 138 (61.6) 132 (58.9)

Female 72 (36.9) 105 (44.3) 86 (38.4) 92 (41.1)
Age, years 72.0 [64.0-78.0] 71.0 [61.0-77.0] 68.0 [60.0-75.0] 67.0 [59.0-75.0] 0.001
BMI, kg/m? 22.6[20.7-24.5] 23.1[21.2-253] 23.8 [22.0-26.0] 23.7 [21.7-26.1] <0.001
Initial systolic blood pressure, mm Hg ~ 157.0 [133.0-179.5] 153.0 [138.0-174.0] 150.0 [130.5-171.0] 150.0 [130.0-175.0] 0.33
Fasting blood glucose, mg/dL 98.0 [85.0-117.0] 98.0 [88.0-122.0] 100.0 [88.0-124.5] 107.0 [90.5-132.0] 0.002
Total cholesterol, mg/dL 170.0 [141.5-200.5] 171.0 [147.0-198.0] 175.0 [146.0-198.5] 176.0 [147.0-205.0] 0.52
AST, IU/L 19.0 [15.5-23.0] 21.0[18.0-27.0] 24.0 [19.0-31.0] 30.0 [22.0-43.5] <0.001
ALT, IU/L 14.0 [10.0-18.0] 16.0 [13.0-23.0] 20.0 [15.0-30.0] 27.5[17.0-45.5] <0.001
GGT, IU/L 13.0 [11.0-17.0] 21.0[17.0-24.0] 32.0[29.0-37.5] 68.0 [52.5-99.5] <0.001
Previous stroke 34(17.4) 58 (24.5) 45 (20.1) 36(16.1) 0.12
Hypertension 126 (64.6) 168 (70.9) 161 (71.9) 151 (67.4) 0.35
Diabetes 67 (34.4) 79 (33.3) 74 (33.0) 85(37.9) 0.68
Hyperlipidemia 56 (28.7) 71 (30.0) 86 (38.4) 79 (35.3) on
Liver disease 17 (8.7) 35(14.8) 33(14.7) 53 (23.7) <0.001
Smoking history 65 (33.3) 85 (35.9) 86 (38.4) 89 (39.7) 0.54
AF 19(9.7) 34 (14.3) 35(15.6) 44 (19.6) 0.04
NIHSS score at admission 4[2-8] 4[2-10] 4[2-9] 5[2-11] 0.17
TOAST classification 0.01

LAA 78 (40.0) 82 (34.6) 88 (39.3) 68 (30.4)

SVO 34(17.4) 42 (17.7) 27 (12.1) 27 (12.1)

CE 40 (20.5) 74 (31.2) 71(31.7) 85(37.9)

ub 43 (22.1) 39 (16.5) 38(17.0) 44 (19.6)

Data are n (%) or median [interquartile range] values.

AF: atrial fibrillation, ALT: alanine aminotransferase, AST: aspartate aminotransferase, BMI: body mass index, CE: cardioembolism, GGT: gamma-glutamyl
transferase, LAA: large-artery atherosclerosis, NIHSS: National Institutes of Health Stroke Scale, SVO: small-vessel occlusion, TOAST: Trial of ORG 10172

in Acute Stroke Treatment, UD: undetermined.
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Table 2. ORs and 95% Cls for the subtypes of ischemic stroke according to GGT based on multinomial logistic regression

GGT quartile Q1 Q2 Q3 Q4 p for trend

CE (reference=SVO0)

Unadjusted 1 1.50 (0.83-2.71) 2.24(1.18-4.23) 2.68 (1.43-5.02) 0.001

Model 1* 1 1.50 (0.82-2.73) 243 (1.27-4.62) 3.00 (1.58-5.70) <0.001

Model 2* 1 1.61 (0.84-3.06) 2.79 (1.37-5.70) 3.42 (1.59-7.37) <0.001

Model 2+AF 1 1.52 (0.75-3.08) 2.37 (1.10-5.10) 2.60 (1.14-5.96) 0.01
LAA (reference=SVO0)

Unadjusted 1 0.85 (0.49-1.47) 1.42 (0.79-2.56) 1.10 (0.60-2.00) 0.38

Model 1 1 0.87 (0.50-1.51) 1.47 (0.81-2.66) 1.16 (0.63-2.13) 0.29

Model 2 1 0.81(0.46-1.43) 1.36 (0.72-2.58) 1.10 (0.54-2.23) 0.45
UD (reference=SV0)

Unadjusted 1 0.73 (0.39-1.37) 1.1 (0.57-2.17) 1.29 (0.67-2.49) 0.26

Model 1 1 0.74 (0.39-1.38) 1.10 (0.56-2.15) 1.27 (0.65-2.46) 0.29

Model 2 1 0.73 (0.38-1.42) 1.10 (0.53-2.29) 1.25 (0.57-2.75) 0.39

Data are OR (95% Cl) values.

*Adjusted for sex and age, *Adjusted for sex, age, body mass index, systolic blood pressure, fasting blood glucose, total cholesterol, aspartate amino-
transferase, alanine aminotransferase, previous stroke, hypertension, diabetes, hyperlipidemia, liver disease, and smoking.
AF: atrial fibrillation, CE: cardioembolism, GGT: gamma-glutamyl transferase, LAA: large-artery atherosclerosis, OR: odds ratio, SVO: small-vessel oc-

clusion, UD: undetermined.

Table 3. ORs and 95% Cls for atrial fibrillation according to GGT in ischemic stroke patients

GGT quartile Q1 Q2 Q3 Q4 p for trend
Unadjusted 1 1.55 (0.85-2.82) 1.72 (0.95-3.11) 2.26 (1.27-4.03) 0.005
Model 1* 1 1.60 (0.87-2.95) 2.06 (1.12-3.80) 2.83 (1.56-5.15) <0.001
Model 2 1 1.76 (0.94-3.32) 247 (1.29-4.73) 3.31(1.70-6.46) <0.001

Data are OR (95% Cl) values.

*Adjusted for sex and age, *Adjusted for sex, age, body mass index, systolic blood pressure, fasting blood glucose, total cholesterol, aspartate amino-
transferase, alanine aminotransferase, previous stroke, hypertension, diabetes, hyperlipidemia, liver disease, and smoking.

GGT: gamma-glutamyl transferase, OR: odds ratio.

DISCUSSION

The present study found that acute ischemic stroke patients
with higher GGT levels are likely to have an increased risk
of cardioembolic stroke. Around half of the association be-
tween GGT and cardioembolic stroke was mediated by AF
However, there was no significant relationship between GGT
and LAA stroke in the population analyzed in this study.
The previous studies that found a relationship between
GGT and stroke did not adequately explain the underlying
mechanism. Answering this question requires the associa-
tion between GGT and stroke to be evaluated according to
the subtype given the heterogeneous nature of stroke. A few
studies separated ischemic stroke and hemorrhagic stroke
when analyzing the association, but these studies produced
arbitrary and inconclusive results.”” We recently reported
an independent association between GGT and stroke in an
analysis of 456,100 representative Koreans.® That study found
that ischemic stroke was more consistently associated with
GGT than was hemorrhagic stroke. We suggested that AF or
atherosclerosis could explain the relationship between GGT

and stroke; however, we could not provide evidence because
the database we used did not contain information about the
subtype of ischemic stroke.

GGT is reportedly independently associated with AE. Con-
sistent with the results of previous studies, GGT was associ-
ated with AF in acute ischemic stroke patients in the present
study. A high GGT level was significantly associated with
cardioembolic stroke, and this relationship was substantial-
ly mediated by AFE. The results of this study suggest that AF
is a critical component in the link between GGT and stroke.
A recent study of 266,550 Korean patients without a history
of AF found that the participants with a higher baseline GGT
level had a higher incidence of AE" That result suggests that
GGT elevation is likely to precede the development of AF
rather than occur as a result of existing AF. Oxidative stress,
low-grade inflammation, and metabolic syndrome have been
suggested as possible explanations for the association be-
tween GGT and AE*! When excessive oxidative stress is
present, more antioxidants such as glutathione are necessary
for its resolution. In this situation, the need for GGT might
also be increased since it contributes to the reutilization of
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Path ab
(indirect effect)
p=0.079*

Path b
=0.543*

Path ¢
(total effect)
B=0.147*

— Cardioembolic
stroke

Path ¢’
(direct effect)
p=0.101*

Fig. 1. Mediating role of AF on the effect of GGT on cardioembolic
stroke. The effect of GGT on cardioembolic stroke was partially medi-
ated by AF. Path values are standardized regression coefficients.
*p<0.05. AF: atrial fibrillation, GGT: gamma-glutamyl transferase.

glutathione. However, there is no evidence of a direct role of
GGT in the development of AF, which suggests that an alter-
native explanation is needed. GGT is currently thought to
function as a biomarker of oxidative stress and cardiometa-
bolic risk factors inducing AF rather than as a direct effector
for AFE. This means that it is appropriate to use GGT as a di-
agnostic biomarker, while it is currently questionable as to
whether reducing GGT can exert a therapeutic effect. This
interpretation might change if additional evidence is found
in future studies.

In the present study, GGT was not significantly related to
LAA stroke, unlike cardioembolic stroke. This result might
be attributable to the point that the present study only includ-
ed ischemic stroke patients rather than a general population.
Since the relationship between GGT and LAA stroke itself
could not be determined in the present study, further evalu-
ations of this relationship in the general population are nec-
essary.

To our knowledge, this is the first study to show that the
association between GGT and ischemic stroke can be main-
ly explained by AF and resulting cardioembolic stroke. De-
spite considerable diagnostic efforts, there are still many cryp-
togenic stroke patients in whom a cause is not identified. Since
paroxysmal AF is expected to be one of the main causes, more
diligent diagnostic efforts to identify AF may be required for
cryptogenic stroke patients with higher GGT levels. Further
studies are needed to verify whether GGT can be used as an
adjunctive diagnostic tool to identify hidden AF among cryp-
togenic stroke patients, focusing on the relationships between
GGT, AE and cardioembolic stroke.

Several limitations of this study should be mentioned. First,
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we did not consider the effect of alcohol consumption, which
is an especially important factor contributing to GGT eleva-
tion. This limitation was due to the utilized database not pro-
viding adequate information regarding alcohol consump-
tion by patients. The large impact of alcohol consumption on
GGT elevation means that caution is required when inter-
preting the results of the present study. Second, there may
have been temporal changes in the stroke care, classification
of stroke mechanisms, and detection of AF during the study
period. Furthermore, AF and cardioembolic stroke may have
been underdetected early during the study period, and the
previous stroke care might not have been optimal. Third, the
current study included only a single center and Korean pa-
tients. Finally, information regarding the type of AF (i.e., par-
oxysmal, persistent, or permanent) was not included in the
analyses performed in the present study.

The results obtained in this study suggest that GGT is more
strongly associated with cardioembolic stroke among isch-
emic stroke patients, owing in large part to its relationship
with AE This may explain the association between the GGT
level and stroke. The present results further indicate the val-
ue of evaluating the potential of GGT as an adjunctive bio-
marker for determining subtypes in stroke patients, as well
as for the primary prevention of stroke. Thus, sustained in-
terest in GGT is necessary.
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