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Abstract

Background:

Metabolic dysfunction-associated steatotic liver disease (MASLD) is defined by hepatic steatosis and at
least one of five cardiometabolic risk factors (CMRFs); however, whether individual CMRFs carry
equivalent prognostic information for cardiovascular outcomes remains unclear.

Methods:

We retrospectively analyzed 2,962 patients with MASLD who underwent abdominal ultrasonography
between 2006 and 2015. Patients were randomly assigned to derivation (n =2,073) and validation (n =
889) cohorts. Associations of five MASLD-qualifying CMRFs with major adverse cardiac and
cerebrovascular events (MACCE) were evaluated using multivariable Cox regression. Patients were
subsequently classified according to CMRFs independently associated with MACCE.

Results:

During follow-up of up to 10 years, 183 MACCE occurred in the derivation cohort. After adjustment for
age, sex, and all five CMRFs, diabetes mellitus (DM) (hazard ratio [HR], 1.42; 95% confidence interval [Cl],
1.06-1.90) and low high-density lipoprotein cholesterol (HDL-C) (HR, 1.43; 95% Cl, 1.05-1.95) were
independently associated with MACCE, whereas body mass index = 23 kg/m?, hypertension, and
hypertriglyceridemia were not. Patients were classified as having neither factor, DM alone, low HDL-C
alone, or both factors. MACCE risk differed significantly among the four groups in both the derivation
and validation cohorts (log-rank P < 0.001 and P = 0.019, respectively). In the validation cohort, the 5-year
time-dependent area under the curve was 0.757 for age and sex, 0.763 after incorporating CMRF count,
and 0.777 after incorporating the DM/low HDL-C classification.

Conclusions:

Among patients with MASLD, individual CMRFs were not equally associated with cardiovascular and
cerebrovascular outcomes. The type and combination of CMRFs, particularly DM and low HDL-C, may
provide useful prognostic information beyond CMRF count alone.

Retrospectively registered: The study was approved by the ethics committee of Ogaki Municipal
Hospital (approval number: 20230928-11).

1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) is increasingly recognized as a
systemic cardiometabolic disorder rather than an isolated liver disease[1-4]. Cardiovascular disease
represents a major determinant of long-term prognosis in patients with MASLD, with affected individuals
experiencing an increased risk of cardiovascular events and mortality[3, 5, 6]. Accordingly, identification
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of patients with MASLD who are at increased risk of major adverse cardiac and cerebrovascular events
(MACCE) is clinically important. Although hepatic fibrosis and disease severity have been associated
with cardiovascular outcomes, cardiovascular risk in MASLD is also closely linked to the accompanying
cardiometabolic abnormalities[5-7].

MASLD is defined by the presence of hepatic steatosis together with at least one of five cardiometabolic
risk factors (CMRFs) : overweight or obesity, impaired glucose regulation or diabetes mellitus (DM),
hypertension, hypertriglyceridemia, and low high-density lipoprotein cholesterol (HDL-C).[1] Although
these CMRFs are treated equivalently for the diagnosis of MASLD, they represent distinct metabolic
abnormalities and may not contribute equally to subsequent cardiovascular risk. In our previous study of
patients with MASLD, the accumulation of CMRFs, together with age, enabled stratification of the risk of
major adverse cardiac events, suggesting that the cardiometabolic burden is relevant to cardiovascular
prognosis|[8]. This finding highlighted the importance of overall cardiometabolic burden; however, a
simple count of CMRFs does not account for differences in the prognostic significance of individual
components. Indeed, emerging studies suggest that cardiovascular and mortality risks may differ
according to the type and combination of CMRFs[9-11]. Whether specific CMRFs carry greater
prognostic information than others among patients with MASLD therefore remains incompletely
understood.

Therefore, the present study aimed to investigate the associations of each of the five MASLD-qualifying
CMRFs with long-term cardiovascular and cerebrovascular outcomes. Using derivation and validation
cohorts, we further evaluated whether classification based on CMRFs independently associated with
MACCE could stratify subsequent risk and compared its prognostic discrimination with that based on
the number of CMRFs.

2. Materials and methods

2.1. Study population, data collection, and definitions

We retrospectively identified 13,368 consecutive patients with ultrasonographic hepatic steatosis who
underwent abdominal ultrasonography between January 2006 and December 2015 (Fig. 1).
Ultrasonography was performed either as part of routine health examinations or for the evaluation of
clinical symptoms. All ultrasonographic images were independently reviewed by at least two
experienced physicians who were blinded to the patients’ clinical information. Hepatic steatosis was
assessed using a previously reported ultrasonographic fatty liver scoring system (Supplementary
Table 1).

Demographic characteristics, medical history, and laboratory data obtained within 3 months of the
ultrasonographic examination were extracted from the electronic medical records. Clinical follow-up was
performed using hospital medical records and, when necessary, systematic telephone interviews.
Follow-up was censored at the date of the last hospital visit or the last confirmed telephone contact.
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This retrospective observational study was conducted in accordance with the Declaration of Helsinki and
approved by the Ethics Committee of Ogaki Municipal Hospital (approval No. 20230928-11). The
requirement for written informed consent was waived, and an opt-out approach was adopted through the
hospital website.

2.2. Definition of MASLD

MASLD was defined according to the international multi-society consensus statement as the presence
of hepatic steatosis together with at least one cardiometabolic risk factor (CMRF)[1]. The following five
CMRFs were evaluated: body mass index (BMI) = 23 kg/m?, diabetes mellitus (DM), hypertension,
hypertriglyceridemia, and low high-density lipoprotein cholesterol (HDL-C). BMI = 23 kg/m? was used
according to the consensus criteria for Asian populations. Impaired glucose regulation or DM was
defined as fasting plasma glucose = 100 mg/dL, HbA1c = 5.7%, a previous diagnosis of DM, or the use of
antidiabetic medication. Hypertension was defined as systolic blood pressure = 130 mmHg, diastolic
blood pressure = 85 mmHg, or the use of antihypertensive medication. Hypertriglyceridemia was defined
as triglycerides = 150 mg/dL or lipid-lowering therapy. Low HDL-C was defined as < 40 mg/dL in men and
< 50 mg/dL in women or lipid-lowering therapy. MASLD was diagnosed in patients with hepatic steatosis
and at least one of these five CMRFs.

2.3. Outcomes and study endpoint

The primary outcome was major adverse cardiac and cerebrovascular events (MACCE), defined as a
composite of cardiac death, nonfatal myocardial infarction, coronary revascularization, neurological
death, and stroke. Clinical outcomes were identified through review of hospital medical records and
systematic follow-up. Time-to-event analyses were censored at 10 years; patients without an event were
censored at the date of the last confirmed follow-up or at 10 years, whichever occurred first. Patients
without an event were censored at the date of the last confirmed follow-up.

2.4. Statistical analysis

Patients were randomly assigned to a derivation cohort (70%) and a validation cohort (30%) using simple
random sampling[12, 13]. Continuous variables are presented as mean * standard deviation or median
(interquartile range), as appropriate, and categorical variables as number (percentage). Group
comparisons were performed using the Student’s t test or Mann—Whitney U test for continuous variables
and the chi-square test or Fisher’s exact test for categorical variables, as appropriate. In the derivation
cohort, multivariable Cox proportional hazards regression analysis was performed to evaluate the
independent associations between the five cardiometabolic risk factors defining MASLD and the primary
outcome after adjustment for age and sex. Based on the results of the multivariable analysis, a
simplified risk classification was developed using the independently associated factors. Kaplan—Meier
analysis with the log-rank test was used to compare cumulative event rates among the risk groups in
both the derivation and validation cohorts. The 5-year time-dependent area under the curve (AUC) was
calculated for models incorporating age and sex, the number of MASLD-qualifying CMRFs, and the
derived risk classification.[14] A two-sided P value < 0.05 was considered statistically significant. All
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statistical analyses were performed using EZR (Saitama Medical Center, Jichi Medical University,
Saitama, Japan), a graphical user interface for R (The R Foundation for Statistical Computing, Vienna,
Austria).

3. Results

Study population and baseline characteristics

A total of 2,962 patients with MASLD were included in the present study and randomly assigned to the
derivation (n = 2,073) and validation (n = 889) cohorts (Fig. 1). Baseline characteristics were generally
comparable between the two cohorts (Supplementary Table S2). During follow-up, MACCE occurred in
183 patients in the derivation cohort. Baseline characteristics according to the occurrence of MACCE are
shown in Table 1. Patients who experienced MACCE were older, more frequently male, and had a higher
prevalence of DM and low HDL-C than those without MACCE. In contrast, the prevalence of BMI > 23
kg/m?, hypertension, and hypertriglyceridemia did not differ significantly between the groups. The
distribution of the number of MASLD-qualifying CMRFs also differed significantly according to the
occurrence of MACCE (P = 0.001).
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Table 1

Baseline characteristics according to the occurrence of major adverse cardiac and cerebrovascular

events in the derivation cohort

Characteristics

Demographics and history

Age, years
Male sex
Body mass index, kg/m?

Systolic blood pressure, mmHg

Diastolic blood pressure, mmHg
Hypertension

Diabetes mellitus

Current smoking

Laboratory findings

Aspartate aminotransferase, U/L
Alanine aminotransferase, U/L
y-glutamyl transferase, U/L
Platelet count

Albumin, g/dL

Estimated glomerular filtration rate,
mL/min/1.73 m2

Hemoglobin Alc, %

Triglycerides, mg/dL

HDL cholesterol, mg/dL
LDL cholesterol, mg/dL

MACCE (-)
(n=1,890)

61.0 (52.0-69.0)
976 (51.6%)
25.2 (23.4-27.6)

147.0 (133.0-
163.0)

78.0 (68.0-87.0)
1,572 (83.2%)
673 (35.6%)

485 (26.6%)

24.0 (19.0-34.0)
27.0 (18.0-46.0)
34.0 (22.0-56.0)
24.5 (20.8-29.5)
4.4 (4.2-4.6)

79.4 (68.3-92.8)

5.7 (5.2-7.1)

133.0 (95.0-
191.0)

47.0 (40.0-56.0)

125.0 (104.0-
148.0)

MACCE (+)
(n=183)

67.0 (61.0-74.0)
125 (68.3%)
24.9 (23.3-27.1)

160.0 (145.0-
178.0)

75.0 (66.0-84.0)
160 (87.4%)

91 (49.7%)

56 (30.9%)

23.0 (18.0-33.0)
24.0 (17.0-36.0)
32.0 (21.0-50.0)
22.7 (18.9-28.4)
4.3 (4.1-4.5)

72.6 (60.3-84.2)

6.1 (5.5-7.8)

144.0 (102.0-
193.0)

42.0 (35.0-51.0)

110.0 (89.0-
140.0)

Data are presented as median (interquartile range) or number (percentage).

P value

<0.001
<0.001
0.36

<0.001

0.009
0.27
<0.001
0.28

0.24
0.004
0.37
0.002
<0.001
<0.001

<0.001
0.24

<0.001
<0.001

HDL, high-density lipoprotein; LDL, low-density lipoprotein; MACCE, major adverse cardiac and

cerebrovascular events; MASLD, metabolic dysfunction-associated steatotic liver disease.
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Characteristics MACCE (-) MACCE (+) P value
(n=1,890) (n=183)

Demographics and history

MASLD qualifying cardiometabolic risk

factors

BMI = 23 kg/m? 1,510 (79.9%) 144 (78.7%) 0.80

Triglycerides = 150 mg/dL 798 (42.2%) 87 (47.5%) 0.21

Low HDL cholesterol 796 (42.1%) 95 (51.9%) 0.013

Number of MASLD qualifying factors 0.001

1 214 (11.3%) 13 (7.1%)

2 543 (28.7%) 37 (20.2%)

3 628 (33.2%) 60 (32.8%)

4 360 (19.0%) 55 (30.1%)

5 145 (7.7%) 18 (9.8%)

Data are presented as median (interquartile range) or number (percentage).

HDL, high-density lipoprotein; LDL, low-density lipoprotein; MACCE, major adverse cardiac and

cerebrovascular events; MASLD, metabolic dysfunction-associated steatotic liver disease.

Association of individual cardiometabolic risk factors with MACCE

In the multivariable Cox proportional hazards analysis including age, sex, and all five MASLD-qualifying
CMRFs, DM and low HDL-C were independently associated with MACCE in the derivation cohort

(Table 2). The adjusted HRs were 1.42 (95% Cl, 1.06—1.90; P =0.019) for DM and 1.43 (95% CI, 1.05-
1.95; P =0.022) for low HDL-C. In contrast, BMI = 23 kg/m?, hypertension, and hypertriglyceridemia were
not independently associated with MACCE. Older age and male sex were also independently associated
with MACCE.
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Table 2
Multivariable Cox proportional hazards analysis for MACCE in the derivation and validation cohorts

Variable Derivation HR (95% P value Validation HR (95% P value
cl) cl)

Age, per 1-year increase 1.05(1.03-1.06) <0.001 1.06 (1.03-1.08) <0.001
Male sex 2.28 (1.66-3.13) <0.001 4.18 (2.51-6.97) <0.001
Diabetes mellitus 1.42 (1.06-1.90) 0.018 1.35(0.89-2.05) 0.16
Low HDL cholesterol 1.43 (1.05-1.95) 0.02 1.68 (1.09-2.59) 0.02
Hypertension 1.26 (0.81-1.95) 0.31 1.96 (0.98-3.91) 0.056
Hypertriglyceridemia 1.10 (0.81-1.49) 0.56 0.91 (0.59-1.40) 0.66
Body mass index = 23 kg/m?2 1.10 (0.77-1.56) 0.62 0.85(0.53-1.38) 0.52

Hazard ratios were estimated using a multivariable Cox proportional hazards model including age,
sex, ?(iabetes mellitus, low HDL cholesterol, hypertension, hypertriglyceridemia, and body mass index
>23 kg/m?2.

BMI, body mass index; Cl, confidence interval; HDL, high-density lipoprotein; HR, hazard ratio; MACCE,
major adverse cardiac and cerebrovascular events.

Based on these findings, patients were classified into four groups according to the presence or absence
of DM and low HDL-C: neither factor, DM alone, low HDL-C alone, and both factors. Kaplan—Meier
analysis demonstrated significant differences in event-free survival among the four groups in both the
derivation and validation cohorts (log-rank P < 0.001 and P =0.019, respectively; Fig. 2A and B). In the
derivation cohort, compared with patients with neither factor, the age- and sex-adjusted HRs for MACCE
were 1.42 (95% Cl, 0.93-2.16; P =0.100) for DM alone, 1.47 (95% Cl, 0.98-2.22; P = 0.063) for low HDL-C
alone, and 2.12 (95% Cl, 1.42-3.16; P < 0.001) for both factors (Table 3).
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Table 3

Association of the diabetes mellitus and low HDL cholesterol classification with MACCE in the derivation
and validation cohorts

Group Derivation HR (95% CI) P value Validation HR (95% Cl) P value
Neither DM nor low Reference Reference

HDL

DM only 1.42 (0.93-2.16) 0.10 2.02 (1.09-3.73) 0.025
Low HDL only 1.47 (0.98-2.22) 0.063 2.34(1.29-4.23) 0.005
Both DM and low HDL  2.12 (1.42-3.16) <0.001 2.19 (1.19-4.03) 0.012

Hazard ratios were adjusted for age and sex. The reference group comprised patients with neither
diabetes mellitus nor low HDL cholesterol.

Cl, confidence interval; DM, diabetes mellitus; HDL, high-density lipoprotein; HR, hazard ratio; MACCE,
major adverse cardiac and cerebrovascular events.

Similar findings were observed in the validation cohort. Compared with patients with neither factor, the
adjusted HRs for MACCE were 2.02 (95% CI, 1.09-3.73; P = 0.025) for DM alone, 2.34 (95% Cl, 1.29-
4.23; P =0.005) for low HDL-C alone, and 2.19 (95% CI, 1.19-4.03; P = 0.012) for both factors (Table 3).

Predictive performance

Model discrimination for 5-year MACCE was assessed in the validation cohort (Supplementary Table
S4). The 5-year time-dependent AUC was 0.757 for the model including age and sex, 0.763 for the model
including age, sex, and the number of MASLD-qualifying CMRFs, and 0.777 for the model including age,
sex, and the DM/low HDL-C classification.

4. Discussion

In the present study, we investigated the prognostic significance of individual CMRFs used to define
MASLD for long-term cardiovascular and cerebrovascular outcomes. The main findings were as follows.
First, among the five MASLD-qualifying CMRFs, DM and low HDL-C were independently associated with
MACCE after adjustment for age, sex, and the other CMRFs, whereas BMI = 23 kg/m?, hypertension, and
hypertriglyceridemia were not. Second, a simple classification based on the presence or absence of DM
and low HDL-C stratified the risk of MACCE in the derivation cohort, with similar findings observed in the
validation cohort. Finally, model discrimination in the validation cohort showed modest numerical
improvement when the DM/low HDL-C classification was added to age and sex, compared with the
addition of the number of MASLD-qualifying CMRFs. These findings suggest that the individual
components used to define MASLD may not carry equivalent prognostic information for cardiovascular
and cerebrovascular outcomes and that the type and combination of CMRFs, rather than their number
alone, may be relevant for risk stratification.
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Previous studies have also suggested that the prognostic implications of individual CMRFs may differ
among patients with MASLD. Dukewich et al. reported that high blood pressure, glucose intolerance, and
low HDL-C were independently associated with all-cause mortality, whereas other CMRFs were not,
suggesting heterogeneity in the prognostic significance of individual metabolic abnormalities|[9].
Similarly, another study evaluating both the type and number of CMRFs identified elevated glucose and
hypertension as independent predictors of cardiac-specific mortality[15]. Although the specific CMRFs
associated with outcomes have differed across studies, these observations support the concept that the
composition of cardiometabolic abnormalities, rather than their mere presence or number, may be
relevant to risk stratification in MASLD. In the present study, DM and low HDL-C were independently
associated with MACCE. DM is a well-established cardiovascular risk factor and may represent a more
advanced stage of metabolic dysfunction characterized by insulin resistance and chronic
hyperglycemia[16]. These abnormalities promote oxidative stress, systemic inflammation, and
endothelial dysfunction, thereby accelerating atherosclerosis and increasing cardiovascular risk.[15, 17,
18] Low HDL-C may similarly identify an adverse metabolic phenotype rather than merely representing an
isolated lipid abnormality[19]. In the setting of insulin resistance, low HDL-C commonly clusters with
hypertriglyceridemia, triglyceride-rich lipoproteins, and small dense LDL particles, constituting an
atherogenic dyslipidemic phenotype.[6, 20, 21] Because insulin resistance is a central metabolic feature
of MASLD, DM and low HDL-C may therefore identify patients with a greater burden of systemic
metabolic dysfunction and a more atherogenic cardiovascular risk profile.

In contrast, BMI = 23 kg/m?, hypertension, and hypertriglyceridemia were not independently associated
with MACCE in the present study. Several factors may explain these findings. First, BMI may not
adequately capture metabolically adverse adiposity, particularly in Asian populations. Asian individuals
tend to accumulate visceral and ectopic fat and develop insulin resistance and other metabolic
abnormalities at lower BMI levels than Western populations, and lean MASLD is relatively common in
Japan[22, 23]. Furthermore, a recent meta-analysis showed that lean MASLD was associated with
cardiovascular outcomes despite a more favorable conventional cardiometabolic profile, including lower
prevalences of hypertension and dyslipidemia, suggesting that BMI alone may not fully reflect
cardiovascular risk in MASLD[24]. Thus, dichotomizing BMI at 23 kg/m? may have limited its ability to
discriminate cardiovascular risk in our Japanese cohort. Second, hypertension was not independently
associated with MACCE in our cohort, although previous studies have reported significant associations
between hypertension and cardiovascular outcomes in patients with MASLD or NAFLD[15, 25]. The
discrepancy may reflect differences in study populations, cardiovascular endpoints, and definitions of
hypertension. Notably, in the present study, systolic blood pressure was significantly higher among
patients who developed MACCE, whereas the prevalence of hypertension did not differ significantly
between those with and without MACCE. This finding suggests that categorizing hypertension simply as
present or absent may not fully capture the continuous cardiovascular risk associated with blood
pressure levels, severity, duration, and treatment status. Finally, hypertriglyceridemia and low HDL-C
frequently coexist as manifestations of insulin resistance and atherogenic dyslipidemia[6]. Because
hypertriglyceridemia and low HDL-C share underlying metabolic pathways [19, 26], their prognostic
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information may partly overlap when considered simultaneously. This potential overlap may have
attenuated the independent association of hypertriglyceridemia in our multivariable model. Nevertheless,
hypertriglyceridemia has been associated with cardiac-specific mortality in other MASLD
populations[15], and elevated triglycerides remain an established marker of cardiometabolic and
cardiovascular risk[27]. Therefore, the lack of independent associations for BMI, hypertension, and
hypertriglyceridemia in the present study should not be interpreted as evidence that these factors are
clinically unimportant, but rather as suggesting that their prognostic contributions may vary according to
population, phenotype, and the other cardiometabolic abnormalities considered simultaneously.

Limitations

Several limitations should be acknowledged. First, this was a retrospective, single-center observational
study, and therefore selection bias, unmeasured confounding, and residual confounding cannot be
excluded. Second, the study population was enrolled between 2006 and 2015. During and after this
period, the management of cardiometabolic risk factors, particularly diabetes and dyslipidemia, as well
as the treatment of coronary artery disease, including PCI, has substantially evolved. These temporal
changes may have influenced subsequent cardiovascular outcomes, and therefore, the associations
observed in this cohort may not fully reflect those in contemporary practice. Third, the five CMRFs were
assessed at baseline, and changes in metabolic status and medical treatment during follow-up were not
considered. Thus, our findings reflect the prognostic significance of the cardiometabolic phenotype at
baseline rather than the effects of persistent or time-varying metabolic abnormalities. Fourth, waist
circumference was not available in our database. Therefore, the overweight/obesity criterion for MASLD
was assessed using BMI alone, which may have resulted in misclassification of some patients with
central adiposity who did not meet the BMI threshold. Fifth, CMRFs were analyzed according to the
dichotomous thresholds used to define MASLD. Such categorization may not fully capture the severity or
continuous risk associated with individual factors, as illustrated by the higher systolic blood pressure
among patients who developed MACCE despite the absence of an independent association with
hypertension as a categorical variable. Sixth, hepatic steatosis was diagnosed by ultrasonography rather
than histological or more quantitative imaging assessment, and the severity of hepatic fibrosis was not
the primary focus of the present analysis. Finally, although the findings were reproduced in an
independent validation subset, both the derivation and validation cohorts were derived from the same
single-center population. External validation in contemporary, geographically and ethnically diverse
MASLD populations is therefore warranted.

Conclusion

Among patients with MASLD, the five CMRFs used to define MASLD were not equally associated with
long-term cardiovascular and cerebrovascular outcomes. DM and low HDL-C were independently
associated with MACCE, and their presence identified patients at higher risk in both the derivation and
validation cohorts. These findings suggest that the type and combination of CMRFs, in addition to their
number, may provide useful information for cardiovascular risk stratification in patients with MASLD.
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Patients with SLD by US

(n = 13,368)
between 2006.1 and 2015.12

Inclusion criteria

Absence of a significant alcohol drinking habit

Absence of other factors, including fatty changes in the liver

Absence of chronic liver disease with obvious etiology

Height and weight data available

At least two visits during follow-up period

No evidence of malignancies for at least one year from the start of the follow-up period

oahwN~

Exclusion criteria

1. Insufficient of image quality to evaluate fatty liver scoring system (n = 50)
2. Score of US fatty liver scoring system was zero (n = 467)

3. Incomplete five risk factors data (n = 1,041)

A4

Patients with SLD by US
with risk factors 0 to 5
(n =3,003)

p| Cryptogenic SLD group (risk factor 0) (n =41)

MASLD group
(risk factor 1 to 5)

(n=2,962)
Derivation group Validation group
(n=2,073, 70%) (n =889, 30%)

Figure 1

Flowchart of the patient selection process

MASLD, metabolic dysfunction-associated steatotic liver disease; SLD, Steatotic liver disease; US,
ultrasonography
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A. Derivation cohort
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Figure 2

Cumulative incidence of major adverse cardiac and cerebrovascular events according to diabetes
mellitus and low high-density lipoprotein cholesterol.

Kaplan—Meier curves showing the cumulative incidence of major adverse cardiac and cerebrovascular
events according to the presence or absence of diabetes mellitus and low high-density lipoprotein
cholesterol in the derivation cohort (A) and validation cohort (B).

DM, diabetes mellitus; HDL-C, high-density lipoprotein cholesterol; MACCE, major adverse cardiac and

cerebrovascular events.
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