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Background/objectives: We evaluated the role of the presence of non-alcoholic fatty liver disease (NAFLD) at base-
line in the transition from metabolically healthy to metabolically unhealthy obesity (MHO to MUO) ten years
later.
Methods: A prospective cohort study (ATTICA study, Greece) was performed between 2002 and 2012 studying a
sample from the greater metropolitan Athens area. In total, 1514 (49-8%) men and 1528 (50.2%) women (aged
>18 years old) free-of-CVD were included. Healthy metabolic status was defined as absence of all NCEP ATP III
(2005) metabolic syndrome components. NAFLD was defined according to validated liver steatosis indices.
Follow-up CVD assessment (2011-2012) was achieved in n = 2020 participants (n = 317 cases).
Results: NAFLD prevalence among MHO participants ranged from 29% to 39% according to the specific NAFLD
score used. MHO participants who developed metabolically unhealthy status had about two times higher odds
to have NAFLD at baseline compared with their metabolically healthy normal weight counterparts whereas sta-
ble MHO was not associated significantly with NAFLD. Moreover, MHO status accompanied by NAFLD was asso-
ciated with increased CVD risk (Hazard Ratio = 2.90 95% Confidence Interval (1.35, 5.40)) in comparison to their
non-NAFLD MHO counterparts. Further analysis revealed that in the obese, NAFLD indices and not simply visceral
adiposity increased significantly the ability of metabolic status (using standard definition) to predict long-term
CVD incidence.
Conclusions: Considering NAFLD, even when assessed using validated indices only, in the clinical assessment of
apparently healthy obese individuals predicts who is to develop MUO and contributes independently and
more accurately to defining future cardiometabolic risk.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Obesity confers a considerable burden on global health [1]. However,
a substantial percentage among the obese is considered to have a rela-
tively favorable metabolic profile referred to as metabolically healthy
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mass index; CVD, Cardiovascular disease; GGT, Gamma-Glutamyl transferase; FLI, Fatty
liver index; HR, Hazard ratio; HSI, Hepatic steatosis index; HOMA-IR, Homeostasis
model assessment of insulin resistance; MHN, Metabolically healthy non-obese; MHO,
Metabolically healthy obese; MetS, Metabolic syndrome; MUN, Metabolically unhealthy
non-obese; MUO, Metabolically unhealthy obese; NAFLD, Non-alcoholic fatty liver
disease; NAFLD-FLS, Non-alcoholic fatty liver disease fatty liver score; OR, Odds Ratio;
95% Cl, 95% Confidence Interval.
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obese (MHO) status on the basis of the absence of any abnormal levels
of established CVD risk factors [2,3]. The stability of MHO status over
time and its significance in defining future cardiometabolic risk remains
to be fully elucidated and both have recently been the subjects of in-
tense debate [4-7]. Thus, any exposures at baseline that may eventually
lead to an unhealthy status later in life have not yet been fully clarified
[8-10].

Non-alcoholic fatty liver disease (NAFLD) is a metabolic condition
that has been suggested to be linked with all other components of the
metabolic syndrome but has not yet been part of the formal definition
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of metabolic syndrome (MetS) and/or used to make the distinction be-
tween MUO and MHO status [11-13]. Since it has been suggested that
the MHO status may be related with an increased likelihood for liver
steatosis at baseline [14-17] and since NAFLD, obesity and MetS share
common underlying mechanistic pathways, we hypothesized that fat
deposition in the liver - which remains mostly undiagnosed and thus
undetected to date - and, subsequently, liver steatosis, may underlie
the development of metabolically unhealthy obese (MUO) status over-
time, and thus may play an important role in the transition from MHO to
MUO and in predicting future CVD risk.

The aim of the present work was to evaluate a. the prevalence of
NAFLD in MHO vs. MUO subjects at baseline, b. any role of NAFLD on
influencing the transition from MHO to MUO status over a 10-year pe-
riod and c. whether the presence of NAFLD could alter the risk of MHO
individuals to develop fatal/non-fatal cardiovascular disease (CVD) 10-
years later. We posed three a priori research hypotheses: A. the pres-
ence of excess liver fat (NAFLD), which is currently not part of the clin-
ically applicable criteria to differentiate between MHO vs. MUO, is
commonly present in MHO; B. the presence of liver fat (NAFLD) is re-
lated with increased risk to transition from the MHO phenotype to un-
healthy metabolic status over time, independently of other established
predictors; C. the presence vs. absence of NAFLD at baseline alters the
incidence of CVD among subjects originally classified as MHO over a
ten year period of observation.

2. Methods
2.1. Study sample

The ATTICA study is a population based, prospective, observational
cohort investigation which was initiated in 2001 [18]. At baseline
(2001-2002), n = 3042 apparently healthy (i.e. free of CVD) volunteers
residing in the greater metropolitan Athens area, Greece, agreed to par-
ticipate (75% participation rate). A CVD event was defined as the devel-
opment of: acute myocardial infarction, or unstable angina, or other
identified forms of ischemia (WHO-ICD coding 410-414.9, 427.2,
427.6), or heart failure of different types and chronic arrhythmias
(WHO-ICD coding 400.0-404.9, 427.0-427.5, 427.9-) or stroke (WHO-
ICD coding 430-438). Of the enrolled participants, n = 1514 (49.8%)
were men (46 + 13 years) and n = 1528 (50.2%) were women (45 +
14 years). For our primary research hypothesis (i.e. the association be-
tween NAFLD and the combined metabolic and obesity status), we ex-
cluded n = 225 participants (i.e. 150 participants who were classified
as MHN at the recruitment phase, yet they transitioned to other body
mass index (BMI) or metabolic categories or with incomplete informa-
tion on their metabolic status within the decade and n = 75 participants
initially classified as MHO who changed BMI category within the 5-year
follow-up period or with incomplete information on their metabolic
status within the 10-year follow-up period), for a final sample size of
n = 2817. Exclusion of this subsample (i.e. 7% of the initially recruited
study sample), as per methodology previously suggested [9], was
needed so as to achieve a. a stable reference group (i.e. MHN) - avoiding
internal transitions to other BMI or metabolic categories within the de-
cade - and b. inclusion of participants with complete metabolic status
related information in the follow up periods. Additionally, this did not
alter the general profile of the final sample used for our analyses
compared with the initial study sample in terms of baseline
sociodemographic, clinical, lifestyle and biochemical features including
the scoring in NAFLD indices as it can be seen in the Supplementary
Table 1. For our secondary research hypothesis (i.e. the interaction be-
tween NAFLD, the combined metabolic and obesity status in relation
to the 10-year CVD incidence) we initially used the n = 2020 partici-
pants with complete CVD evaluation in the follow-up assessment, ex-
cluding n = 100 participants who were classified as MHN at the
recruitment phase, yet they transitioned to other BMI or metabolic cat-
egories within the decade, as well as n = 30 participants initially
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classified as MHO who changed BMI category within the 5-year fol-
low-up period, for a final sample size of n = 1890.

2.2. Bioethics

The ATTICA study was approved by the Institutional Ethics (#017/
1.5.2001) committee and all participants were informed about the
aims and procedures and agreed to participate providing written con-
sent. The study was carried out in accordance with the Declaration of
Helsinki (1989) of the World Medical Association. All participants
were informed about the study aims and procedures and provided writ-
ten informed consent.

2.3. Obesity and metabolic status at baseline

Obesity and metabolic status was examined in all participants.
Weight status was defined using the BMI cut off points recommended
by the World Health Organization. BMI was calculated as weight (in ki-
lograms) divided by height (in meters squared). Normal weight was de-
fined as BMI between 18.5 and 25 kg/m?, overweight as BMI between
25 and 29.9 kg/m? and obesity as BMI > 30 kg/m?. Underweight was de-
fined as BMI < 18.5 kg/m?. Waist circumference was measured in the
middle between the lowest rib and the iliac crest, using an inelastic
measuring tape to the nearest 0.5 cm. Abnormal waist circumference
was defined as 2102 cm for men and >88 cm for women.

Metabolic status was defined using the criteria first discussed by
Ortega and colleagues [19] and recommended by Lavie and colleagues
[20] in JACC Health Promotion Series for healthy weight and obesity
prevention. In particular, healthy metabolic status was defined as ab-
sence of hypertension, dyslipidemia and glycemic abnormalities. Hy-
pertension was defined as systolic blood pressure > 130 mm Hg and/
or diastolic blood pressure > 85 mm Hg. Dyslipidemia was defined as tri-
glyceride levels > 150 mg/dL and/or high density lipoprotein levels < 40
mg/dL in men and <50 mg/dL in women. Glycemic abnormalities were
defined as fasting glucose > 100 mg/dL. Drug treatments for the afore-
mentioned conditions were set as alternative indicators of metabolic
abnormalities. For the scope of the present work participants were di-
vided in four groups as follows; a. MHN defined as BMI < 30 kg/m?
and healthy metabolic status; b. MHO defined as BMI > 30 kg/m? and
healthy metabolic status; c. MUN defined as BMI < 30 kg/m? and un-
healthy metabolic status; d. MUO defined as BMI > 30 kg/m? and un-
healthy metabolic status.

2.4. NAFLD definition

Liver steatosis was evaluated using the following three indices [21]:

* Hepatic steatosis index (HSI)
* Fatty liver index (FLI)
» NAFLD-fatty liver steatosis (FLS)

NAFLD was defined either according to each separate index setting
already defined cut-off values either if participant met the criteria of
at least one of the aforementioned indices. This is per case clarified in
the Results section.

Further details regarding the methods and measurements applied
herein have been previously described [18].

2.5. Other baseline measurements

The sociodemographic and lifestyle characteristics assessed included
age, gender, educational level attained, level of adherence to the Medi-
terranean diet, physical activity status, and smoking habits. Adherence
to Mediterranean diet was assessed through MedDietScore (range 0-
55), where low adherence to Mediterranean diet was defined as
MedDietScore below the median value (i.e. MedDietScore < 27).
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Regarding biochemical measurements, CRP (mg/L) was measured and
used to define low grade inflammation. Insulin resistance was assessed
by calculation of a HOMA-IR approach (glucose (mmol/L) x insulin (LU/
mL)/22.5).

2.6. Endpoint and follow-up evaluation

Ten-year follow-up was performed in 2012. The combined endpoint
assessed herein was the development of a fatal or non-fatal CVD event.
A CVD event was defined as the development of: acute myocardial in-
farction, or unstable angina, or other identified forms of ischemia
(WHO-ICD coding 410-414.9, 427.2, 427.6), or heart failure of different
types and chronic arrhythmias (WHO-ICD coding 400.0-404.9, 427.0-
427.5,427.9-) or stroke (WHO-ICD coding 430-438).

2.7. Statistical analysis

Categorical variables are presented as absolute (n) and relative fre-
quencies (%). Continuous variables are presented as mean values +
standard deviation. Associations between normally distributed vari-
ables and the combined obesity and metabolic status were evaluated
through one-way analysis of variance or Student's t-test for indepen-
dent samples. Whether these variables were normally distributed was
tested through P-P plot and equality of variances through Levene's
test. For non-normally distributed variables, Kruskal-Wallis and
Mann-Whitney tests were used. Associations between categorical vari-
ables and the combined obesity and metabolic status were tested with
the chi-squared test.

ORs and their corresponding 95% Cls were evaluated through multi-
variable logistic-regression analysis. Collinearity between the indepen-
dent variables was tested using the variance inflation factor. HRs and
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their corresponding 95% CIs were evaluated through multivariable
Cox-regression analysis and proportional hazards' assumption was
graphically tested. Variables inserted in these models were chosen
based on the literature regarding the conventional and non-conven-
tional, modifiable and non-modifiable cardiometabolic risk factors that
could have a confounding effect on the examined association. The con-
cordance statistics i.e. C-statistics was used to evaluate the predictive
accuracy of models adjusted for metabolic status, and waist circumfer-
ence, and/or NAFLD against 10-year CVD event. C-indices and the corre-
sponding 95% Cls were equal to the areas under the curve obtained from
the ROC analysis. Curves were constructed by plotting sensitivity
against (1-specifity). The value of C-index ranges between 0.5 and 1; a
value of 0.5 indicates that the model has no ability to discriminate be-
tween low and high risk subjects, whereas a value of 1 indicates that
the model can perfectly discriminate between these two groups. Signif-
icance of the changes in C-index was tested by differences in 2 log like-
lihood of regression models with and without anthropometric
measurements. STATA software, version 14 (StataCorp LLC 4905
Lakeway Drive College Station, Texas 77845-4512 USA) was used for
all statistical analyses.

3. Results

Baseline characteristics of the ATTICA study participants according
to their combined obesity and metabolic status are presented in Table 1.

Logistic regression models to evaluate the association of the com-
bined obesity and metabolic status on the presence of NAFLD are pre-
sented in Table 2. MUO participants had about twice as high likelihood
for liver steatosis, yet significance was lost in the fully adjusted model,
with waist circumference, MedDietScore and HOMA-IR having the
strongest moderating effect. In MHO participants, no significant

Table 1

Sociodemographic, lifestyle, clinical and biochemical factors of apparently healthy participants at baseline, presented according to combined obesity and metabolic status (n = 2817).
Baseline factors Combined obesity and metabolic status classification p-Value

MHN MHO MUN MUO
n = 1085 n = 146 n = 1069 n=>517

Age, years #*39 (12) 44 (12)+++ w51 (13)H4L w53 (12) 4L <0.001
Men, % 40 50 54 58 <0.001
Years of school 12 (3) 10 (3) 13(3) 11 (4) <0.001
Body mass index, kg/m? **422.6 (3.06) 33.9 (3.89)+++ **425.7 (2.67)*+ 34,5 (3.17)+++ <0.001
Waist circumference, cm ***81.3 (12.0) 103.1 (15.1)*++ %912 (12.3)*+ *#109.3 (12.0)**+ <0.001
Current smoking, % 45 36 41 39 0.024
Physical activity, % 46 25 41 28 <0.001
MedDietScore (range 0-55) *27.2 (6.6) 21.9 (6.2)+* *25.1 (5.7)+++ *24.8 (4.4)+ <0.001
Systolic blood pressure, mm Hg 110 (11) 118 (10) 126 (18)*++ 134 (18)++ <0.001
Low density lipoprotein, mg/dL 95 (21) 103 (17) **#138 (33)1++ ***137 (34)H+ <0.001
High density lipoprotein, mg/dL **51 (12) 54 (13)* **42 (16) 45 (11)*+++ <0.001
Triglycerides, mg/dL ***80 (31) 121 (29)*+ 134 (104)*++ **159 (90)*++ <0.001
Fasting glucose, mg/dL 85 (11) 86 (13) **95 (25)+++ **103 (34)++ <0.001
HOMA-IR 2.48 (0.59) 2.99 (1.57) 325 (1.96)*++ 3 86 (3.22)1-L <0.001
C-reactive protein, mg/L 1,52 (2.24) 2.81(2.77)*++ 1,83 (1.98)*+ 3.20 (3.18)*++ <0.001
Alanine transaminase, U/L #1861 (11.53) 28.01 (14.67)*+ *20.04 (11.23) 2334 (14.29)* <0.001
Aspartate transaminase, U/L **23.67 (11.08) 31.63 (16.37)++ *24.90 (11.35) *24.69 (10.89) 0.02
Gamma-glutamyl transferase, U/L *18.73 (11.46) 24.29 (11.35)* 21.56 (15.17) 23.93 (12.68)*+ 0.01
Alkaline phosphatase, U/L *66.03 (24.21) 77.33 (26.32)* 73.48 (28.51) 87.28 (87.03)++ 0.003
Creatine kinase, U/L *105.85 (91.39) 156.16 (85.42)* *101.85 (52.76) 105.80 (54.14) 0.06
Hepatic steatosis index *30.1 (10.4) 349 (5.8)* *32.9 (5.0) 35.2 (5.6)* 0.03
Fatty liver index *34.4 (28.3) 40.1 (26.2)* *35.0 (28.1) 431 (28.7)* 0.002
NAFLD-FLS **_0.68 (1.02) —0.39 (1.15)* **_0.58 (1.13) *—0.16 (1.21)*+ 0.09

Data are presented as mean (standard deviation) for normally distributed variables or median (interquartile range) for not normally distributed variables. P-values were obtained using
One-way analysis of variance for the normally distributed variables (age, MedDietScore, body mass index), Kruskal-Wallis test for the rest quantitate variables (years of school, waist cir-
cumference, systolic blood pressure, fasting glucose, triglycerides, high density lipoprotein, low density lipoprotein, C-reactive protein, Homeostatic Model Assessment of Insulin Resis-
tance (HOMA-IR), alanine transaminase, aspartate transaminase, Gamma-glutamyl transferase, alkaline phosphatase, creatine kinase, hepatic steatosis index, fatty liver index, non-
alcoholic fatty liver disease fatty liver score (NAFLD-FLS)), and chi-squared test for categorical variables. Metabolically healthy non-obese (MHN): BMI < 30 kg/m? with metabolically
health status; metabolically healthy obese (MHO): BMI > 30 kg/m? without metabolically healthy status; metabolically unhealthy non-obese (MUN): BMI < 30 kg/m? without metabol-
ically health status; metabolically unhealthy obese (MUO): BMI > 30 kg/m? without metabolically healthy status. Metabolically healthy status was defined as the absence of 4 metabolic
syndrome components i.e. elevated triglycerides, reduced high density lipoprotein, elevated blood pressure and elevated fasting glucose including the drug treatment for all these condi-
tions. For continuous variables, post hoc analysis was performed based on Bonferroni rule with MHN status as reference group: *p < 0.05; **p < 0.01; ***p < 0.001. For continuous var-
iables, post hoc analysis was performed based on Bonferroni rule with MHO status as reference group: *p < 0.05; **p < 0.01; ***p < 0.001.
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Table 2
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Logistic regression analysis models to evaluate the presence of NAFLD at baseline in groups of subjects classified according to their combined obesity and metabolic status (n = 2817).

NAFLD-FLS defined steatosis, yes/no Crude model Age- and Multi-adjusted models
isz;clljusmd Model 1 (adjusted for Model 2 (adjusted Model 3 (adjusted for ~ Model 4 (fully
waist circumference) for MedDietScore) insulin resistance) adjusted model)
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
Group classified per combined N

obesity and metabolic status

MHN 1085 (ref) (ref) (ref) (ref) (ref) (ref)

MHO 146  1.27(0.62,2.59) 1.23 (0.60,2.52) 0.99 (0.45,2.14) 0.99 (0.45, 2.14) 1.01 (0.51,2.17) 1.07 (0.53, 3.54)
MHO throughout® 71 1.25(0.58,2.50) 1.19(0.51,2.42) 1.05(0.39, 2.09) 1.07 (0.40, 2.11) 1.05 (0.38, 2.10) 1.05 (0.38, 2.10)
MHO to MUQ" 75 217 (1.52,3.19) 2.10(1.48,3.14) 1.80 (1.05,2.67) 1.95 (1.29, 2.80) 1.81 (1.07, 2.69) 1.90 (1.20, 2.68)

MUN 1069 1.02 (0.66,1.57) 0.91 (0.56,1.46) 0.82 (0.50, 1.34) 0.81 (0.49, 1.30) 0.82 (0.50, 1.34) 0.78 (0.38,1.58)

MUO 517 2.16(1.25,3.62) 1.95(1.13,3.39) 1.49(0.80, 2.85) 1.47 (0.77,2.79) 1.51 (0.82,2.94) 1.77 (0.98, 3.25)

p = 0.01 p = 0.02 p=0.15 p =020 p=0.17 p =022
HSI defined steatosis, yes/no Crude model Age- and Multi-adjusted models
;?;‘(’;‘l”“md Model 1 (adjusted for ~ Model 2 (adjusted ~ Model 3 (adjusted for Model 4 (fully
waist circumference) for MedDietScore) insulin resistance) adjusted model)
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
Group classified per combined N

obesity and metabolic status

MHN 1085 (ref) (ref) (ref) (ref) (ref) (ref)

MHO 146  1.23(0.62,2.44) 1.16 (0.58,2.30) 1.52(0.70,3.31) 1.49 (0.68, 3.29) 1.50 (0.69, 3.28) 1.67 (0.65, 4.26)
MHO throughout 71 1.22 (0.64,2.41) 1.15(0.57,2.31) 1.50 (0.69, 3.30) 1.44 (0.60, 3.21) 1.48 (0.65, 3.21) 1.65 (0.59, 4.20)
MHO to MUO 75 220 (1.53,3.30) 2.19(1.52,3.30) 1.95 (1.21, 2.59) 2.12 (1.40, 3.02) 1.94 (1.20, 2.55) 2.05 (1.33, 3.00)

MUN 1069 0.75(0.50, 1.14) 0.60 (0.38,0.95) 0.72 (0.47,1.12) 0.57 (0.33, 0.99) 0.72 (0.48,1.13) 0.52 (0.26.1.03)

MUO 517 2.34(1.81,3.22) 2.10(1.64,2.89) 1.41(0.72,2.73) 1.41(0.72,2.73) 1.40 (0.72,2.71) 1.20 (0.51, 2.80)

p=0.03 p =004 p=0.12 p = 0.05 p=0.12 p =0.03
FLI defined steatosis, yes/no Crude model Age- and Multi-adjusted models
sex-adjusted Model 1 (adjusted for Model 2 (adjusted Model 3 (adjusted for ~ Model 4 (fully
model . . . . . .
waist circumference) for MedDietScore) insulin resistance) adjusted model)
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
Group classified per combined N

obesity and metabolic status

MHN 1085 (ref) (ref) (ref) (ref) (ref) (ref)

MHO 146 0.79 (0.32,1.92) 0.71(0.28,1.75) 0.74 (0.28,1.93) 0.88 (0.30, 3.25) 0.75 (0.25,1.92) 0.76 (0.29, 3.18)
MHO throughout 71 0.81 (0.35,2.01) 0.78 (0.30,1.90) 0.72 (0.21, 1.89) 0.75 (0.24, 3.20) 0.73 (0.22, 1.90) 0.73 (0.21, 3.08)
MHO to MUO 75 1.87 (1.15,2.81) 1.85(1.14,2.78) 1.62 (1.08,2.12) 1.79 (1.08, 2.20) 1.62 (1.08, 2.11) 1.72 (1.10, 2.21)

MUN 1069 1.09 (0.67,1.76) 0.78 (0.46,1.33) 0.77 (0.44,1.32) 0.79 (0.39, 1.70) 0.74 (041, 1.32) 0.70 (0.30, 1.64)

MUO 517 2.74(1.91,3.98) 2.31(1.71,3.40) 1.33(0.65,2.73) 1.87 (0.64, 3.99) 1.30 (0.63, 2.70) 1.42 (0.53,3.81)

p=0.01 p = 0.05 p=1030 p=0.26 p=0.28 p=0.39

ORs and their 95% CIs were obtained though logistic regression analysis. Model 1 was adjusted for age, sex, and waist circumference. Model 2 was adjusted for age, sex, and MedDietScore.
Model 3 adjusted for age, sex, and Homeostatic Model Assessment of Insulin Resistance. Model 4 was adjusted for age, sex, waist circumference, MedDietScore, Homeostatic Model As-
sessment of Insulin Resistance, educational status, physical activity, current smoking, low density lipoprotein levels and C-reactive protein and. Bold indicates estimates that are signifi-
cantly different from the reference group at p < 0.05. Abbreviations: metabolically healthy non-obese (MHN); metabolically healthy obese (MHO); metabolically unhealthy non-obese
(MUN); metabolically unhealthy obese (MUO); fatty liver index (FLI); hepatic steatosis index (HSI); non-alcoholic fatty liver disease (NAFLD); non-alcoholic fatty liver disease fatty

liver score (NAFLD-FLS); odds ratio (OR); 95% confidence interval (95% CI).

2 MHO throughout was defined as the subgroup of MHO individuals that retained their metabolically healthy status within the decade.
> MHO to MUO was defined as the subgroup of MHO individuals that lost their metabolically healthy status within the decade and became MUO.

associations were found. We then focused on obese subjects who
transitioned from metabolically healthy to metabolically unhealthy sta-
tus. About 51% of MHO participants transitioned to MUO status within
the decade. Unadjusted analysis revealed that the MHO subgroup that
eventually transitioned to MUO had about two times higher odds to suf-
fer from NAFLD at baseline compared with their MHN counterparts;
obese participants with unhealthy metabolic status (MUO) even during
the recruitment phase had similar odds to suffer from NAFLD with those
who had no other metabolic abnormality but only NAFLD at baseline.
The aforementioned associations were attenuated, yet remained signif-
icant, even after adjusting for various factors. When sensitivity analysis
excluding overweight subjects was performed all the above associations
were sustained (data not shown).

The associations between NAFLD and risk to develop unhealthy met-
abolic status within the decade are summarized in Table 3, using the
subgroup with metabolically healthy status at baseline (n = 1231) as
reference sample. Irrespective to NAFLD score used, unadjusted analysis
revealed a 2.1 to 2.4 higher odds to develop unhealthy metabolic status

within the decade of observation in the presence of NAFLD compared
with no presence of NAFLD at baseline. This association remained signif-
icant after adjusting for various lifestyle factors yet was attenuated or
even lost its significance when adjusting for anthropometric factors
(obesity and central obesity) and biomarkers related to central obesity.

Multivariable analysis to evaluate the interaction between NAFLD
and the combined obesity and metabolic status defined category on
10-year risk to develop CVD was performed and results are pre-
sented in Table 4 in the sample with complete CVD and metabolic
outcomes at follow-up (n = 1890). MHO participants had 2.66
times higher CVD event rate compared with their non-obese coun-
terparts i.e. MHN (p < 0.001) (data are presented elsewhere [8]). In-
teraction analysis revealed a significant interacting effect of NAFLD
on this association (p for interaction = 0.002). MHO with NAFLD
had about 1.5 times higher risk to develop CVD compared with
their non-NAFLD MHO counterparts. Subgroup analysis revealed an
independent aggravating effect of MHO status on CVD incidence
only when NAFLD was present; MHO participants with NAFLD had
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Table 3
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Logistic-regression analysis models to evaluate the association of NAFLD with 10-year transition to metabolically unhealthy status in the subset of metabolically healthy participants at

baseline (n = 1231).

Model adjusted for Crude model Model 1 Model 2

Model 3 Model 4 Model 5

- Age, sex, years  Model 1 plus MedDietScore, physical

Model 1 plus obesity, waist Model 1 plus Fully adjusted

of school activity, current smoking circumference HOMA-IR, CRP, LDL-C  model

OR (95% CI)  OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Model for NAFLD-FLS defined 2.12 2.02 1.98 1.68 1.79 1.69
steatosis, yes/no (1.45,4.50) (1.22,4.19) (1.10, 3.69) (0.78, 2.99) (0.85, 3.08) (0.70, 2.99)

Model for HSI defined 234 1.81 1.80 1.65 1.74 1.62
steatosis, yes/no (1.74,341) (1.31,3.08) (1.39, 2.65) (0.91,2.93) (0.97,2.10) (0.97,2.10)

Model for FLI defined 244 1.97 1.65 0.85 1.20 0.80
steatosis, yes/no (1.72,390) (1.28,3.35) (1.20, 3.15) (0.20, 2.95) (0.55,3.30) (0.21,3.04)

Abbreviations: fatty liver index (FLI); hepatic steatosis index (HSI); non-alcoholic fatty liver disease (NAFLD); non-alcoholic fatty liver disease fatty liver score (NAFLD-FLS); odds ratio

(OR); 95% confidence interval (95% CI).
Bold indicates significant values i.e. p-value<0.05.

about 3 times higher CVD risk compared with their MHN counter-
parts even in multi-adjusted models.

The discriminatory ability of several epidemiological models
adjusted for the standard definition of metabolic status - used
here - was evaluated in the total sample as well as separately for
obese participants and results are presented in Table 5. As base
model we considered a model adjusted for conventional CVD risk
factors. Overall, NAFLD significantly increased the discriminative
ability of the standard definition of metabolic status (p for C-index
change = 0.002). In the total sample, including obese and no-
obese subjects its contribution to the model seemed to be similar
with the common metric of central obesity i.e. waist circumference
(Cnarp = 0.711 vs. Cy,c = 0.710). However, in the fully adjusted
model, the discriminative ability was significantly higher
compared with all previous separate adjustments (CyarLp+we =
0.718). On the other side, when the analysis was restricted to the
subset of obese subjects, the discriminative ability of the model
adjusted for NAFLD was significantly higher compared the model
adjusted for waist circumference (Cyapp = 0.719 vs. Cyye = 0.702).

Table 4

Sensitivity analysis including the categories we excluded in our pri-
mary analysis - as presented in Section 2.1 - did not alter our results.

4. Discussion

We report, using a well validated cohort with strictly defined MHO
participants per standard criteria, that obese individuals have almost
twice as high likelihood of having NAFLD at baseline, even in the case
of persons meeting the “metabolically healthy” phenotype [19,20]. In
addition, we report for the first time that the presence of NAFLD at base-
line leads disproportionally more people originally classified as meta-
bolically healthy (on the basis of currently established criteria) to the
metabolically unhealthy status, and, over time, to increased cardiomet-
abolic risk. In particular, MHO participants with NAFLD at baseline had
about two times higher chance to develop, over a period of ten years,
a metabolically unhealthy status which subsequently increased their
CVD risk to levels comparable in magnitude to those classified at base-
line as MUO participants; thus, MHO with NAFLD had the same conse-
quences with MUO. In addition to this, it is noteworthy that NAFLD -

Cox regression analysis models to evaluate the association of combined obesity and metabolic status with 10-year cardiovascular disease onset according to presence or absence of NAFLD
at baseline, using the sample with complete CVD and metabolic status outcomes in the follow-up (n = 1890).

NAFLD N/cases CVD incidence, % Crude model Age- and sex-adjusted model Multi-adjusted model
Model 1 Model 2
HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)
Group classified per combined obesity and metabolic status
MHN 148 4 (ref) (ref) (ref) (ref)
MHO 19 20 3.11 (1.65, 5.86) 3.02 (1.50, 5.79) 3.02 (1.50, 5.79) 2.90 (1.35, 5.40)
MUN 155 23 3.55(0.72,5.30) 3.30 (0.61, 5.05) 3.30 (0.61, 5.05) 2.95 (0.40, 4.90)
MUO 138 24 4.32(2.02, 6.23) 4.25 (1.90, 6.13) 4.25 (1.90, 6.13) 4.22 (1.85,6.10)
p =0.01 p=0.01 p=0.04 p=0.04
Non-NAFLD N/cases CVD incidence, % Crude model Age- and sex-adjusted model Multi-adjusted model
Model 1 Model 2
HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)
Group classified per combined obesity and metabolic status
MHN 538 5 (ref) (ref) (ref) (ref)
MHO 88 13 2.87 (0.93, 6.88) 2.80 (0.85, 6.75) 2.80 (0.85, 6.75) 2.60 (0.55, 6.65)
MUN 517 17 3.03 (1.81, 5.08) 2.95 (1.70, 4.99) 2.95 (1.70, 4.99) 2.51 (1.64, 4.84)
MUO 287 18 4.01 (1.90, 6.46) 3.90 (1.85, 6.40) 3.90 (1.85, 6.40) 3.47 (1.55, 6.30)

p = 0.02

p = 0.01

p =003

p =003

HRs and their 95% ClIs were obtained though Cox regression analysis. Participants were assigned to NAFLD subgroup in case they met the criteria of at least one of here following scores:
fatty liver index (FLI); hepatic steatosis index (HSI); non-alcoholic fatty liver disease fatty liver score (NAFLD-FLS). Model 1 was adjusted for age, sex, educational status, physical activity,
current smoking, MedDietScore, low density lipoprotein levels, family history of cardiovascular disease. Model 2 was adjusted for Model 1 plus waist circumference, C-reactive protein and
Homeostatic Model Assessment of Insulin Resistance. Bold indicates estimates that are significantly different from the reference group at p < 0.05. Abbreviations: hazard ratio (HR); met-
abolically healthy non-obese (MHN); metabolically healthy obese (MHO); metabolically unhealthy non-obese (MUN); metabolically unhealthy obese (MUO); non-alcoholic fatty liver
disease (NAFLD); 95% confidence interval (95% CI).

MHO throughout was defined as the subgroup of MHO individuals that retained their metabolically healthy status within the decade.

MHO to MUO was defined as the subgroup of MHO individuals that lost their metabolically healthy status within the decade and became MUO.

5
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Table 5
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C-index of multiadjusted models to evaluate the discriminative ability of a standard definition of metabolic status in combination with or without waist circumference and NAFLD? against

10-year cardiovascular disease event in participants of ATTICA study.

C-index (95% CI) p-Value C-index changes (95% CI) p-Value

Total sample (n = 1890)
Model 1: predictive model using the standard definition of metabolically healthy vs. unhealthy status  0.699 (0.659, 0.711) <0.001 - -

(i.e. defined as total absence all MetS components vs. presence of at least one of them)
Model 1 plus waist circumference 0.710 (0.679, 0.720) <0.001  0.011 (0.009, 0.020) 0.01
Model 1 plus NAFLD status only 0.711 (0.689, 0.734)  <0.001  0.012 (0.008, 0.018) 0.002
Model 1 plus joint evaluation of both waist circumference and NAFLD status 0.718 (0.681,0.723) <0.001 0.019 (0.012, 0.022) 0.002
Sample with obese participants (BMI > 30 kg/m?) (n = 874)
Model 1: predictive model using the standard definition of metabolically healthy vs. unhealthy status  0.690 (0.618,0.700) <0.001 -

(i.e. defined as total absence all MetS components vs. presence of at least one of them)
Model 1 plus waist circumference 0.702 (0.627,0.714) <0.001 0.012 (0.009, 0.014) 0.04
Model 1 plus NAFLD status only 0.719 (0.640,0.731)  <0.001  0.029 (0.022, 0.031) 0.003
Model 1 plus joint evaluation of both waist circumference and NAFLD status 0.719 (0.641,0.731) <0.001  0.029 (0.023,0.031) 0.003

All models were adjusted for traditional CVD risk factors i.e. age, sex, current smoking and family history of cardiovascular disease. C-index and the corresponding confidence interval were
evaluated through the area under the curve obtained from the Receiver operating Characteristics (ROC) analysis. ROC analysis was performed using the probabilities for 10-year first fatal/
non-fatal cardiovascular disease event, corresponding to each study participant calculated from Cox regression analysis using the multiadjusted models described. Significance of the
changes in C-index was tested by differences in 2 log likelihood of regression models with and without cardiometabolic measurements. Abbreviations: non-alcoholic fatty liver disease

(NAFLD); 95% confidence interval (95% CI).

@ Participants were assigned to NAFLD subgroup in case they met the criteria of at least one of here following scores: fatty liver index (FLI); hepatic steatosis index (HSI); non-alcoholic

fatty liver disease fatty liver score (NAFLD-FLS).

even indirectly assessed via validated indices — seemed to increase the
ability of metabolic status to predict CVD and this ability was higher
than simply measuring waist circumference. Provided that these data
are confirmed, the presence of NAFLD or not should be formally evalu-
ated as one of the factors that would be used in the future to classify
the obese into MHO vs. MUO.

The Metabolic Syndrome (MetS) is a cluster of metabolic abnormal-
ities that identifies people at risk for diabetes and CVD. NAFLD is defined
as a disorder with excess fat in the liver not associated with excessive al-
cohol use [22]. MHO implies lack of any MetS abnormalities, although,
as per current guidelines, no consideration is given to the liver status
of such subjects [2]. MetS and NAFLD prevalence increases with obesity.
Liver fat accumulation could be a silent determinant of metabolic abnor-
malities or an early sign that the presence of otherwise undetected ex-
cess body fat and/or central obesity would eventually lead to MetS
and relevant cardiometabolic implications [22]. It has been suggested
that the obese phenotype per se, regardless of metabolic abnormalities,
increases NAFLD prevalence and/or incidence [14,17]. Our work con-
firms these findings and further expands this knowledge through a cou-
ple of novel observations; first, the role of NAFLD on MHO stability was
examined and was found that it leads to the conversion of about one out
of two MHO individuals to MUO status. Second, the interaction of
NAFLD with the metabolic and obesity status was assessed in terms of
its predictive value for a major chronic disease i.e. CVD, and NAFLD
was found to be a significant predictor of 10 year CVD incidence; MHO
participants with NAFLD had 1.5 times higher CVD risk compared with
their non-NAFLD counterparts.

Recently it has been suggested that MHO status may be transient
in nature [8,9,23-25]. However, it remains unknown why some
obese people progress to impaired cardiometabolic health, yet
others do not. Previous work has suggested that higher conversion
to MUO was independently associated with visceral adiposity and
higher fasting insulin level [26]. Here, we report, prospectively, an
association between NAFLD and 10-year transition to unhealthy
metabolic status which is independent from sociodemiographic
and lifestyle factors. Similarly, in a very recently published paper
in a Korean population, NAFLD at baseline was independently asso-
ciated with future conversion from metabolically healthy to meta-
bolically unhealthy phenotype across all BMI categories. It is
interesting to note that as BMI and fat mass increased, the effect of
NAFLD on conversion rate gradually weakened, probably indicating
that more obese subjects had a full blown metabolic syndrome in
which case the presence vs not of NAFLD was overwhelmed by the
presence of so many other components of the MetS [27]. Our

observations are also in line with previous findings suggesting that
NAFLD is an independent risk factor for diabetes mellitus and MetS
[11,28].

Most prospective studies conducted to date define MHO status as a
condition of obesity which is not accompanied by MetS, as per standard
criteria. Hence, in many cases, obese subjects with even 2 metabolic ab-
normalities, not meeting MetS criteria, could be misclassified as being
“healthy” [9,29,30]. Another case is the strictest definition that has
been used herein as recently suggested [19,20]. Even when this
“strictest” definition is used, i.e. absence of all MetS criteria, the stability
of metabolically healthy status has been challenged. Here, we studied a
clearly defined subgroup of MHO, i.e. those who had NAFLD, but not
MetS components that would classify them as MUO, which over time
developed unhealthy metabolic status, and which, in turn, resulted in
higher incidence of cardiac events. This is in line with another recent
publication [31]. Most importantly, NAFLD increased the ability of met-
abolic status, defined per standard definition [19,20], to predict 10-year
CVD risk over time and it was in the subset of obese participants where
the added value of NAFLD was more evident and of even higher impor-
tance than that of measuring waist circumference. Such observations
imply that NAFLD - even indirectly defined via validated indices instead
of using highly expensive imaging or invasive biopsy methods - may be
an early predictor of metabolic dysfunction in populations currently
classified as having metabolically benign status, a fact which, in turn,
predicts the risk for major CVD events [32,33].

4.1. Limitations and strengths

Findings from cohort studies cannot prove causality despite the fact
that the observational study design employed herein was prospective
which incorporates the time sequence criterion for causality. Liver
steatosis/fibrosis was assessed through validated scores instead of
liver biopsy but their sensitivity and specificity, albeit imperfect, are
fairly good for large epidemiology studies like this one. Biopsy remains
the gold standard method yet it is not practically feasible in large epide-
miological population studies. Any misclassification due to using
indices, instead of biopsies or MRI elastography, would be random mis-
classification which could again have only resulted in suppression of ef-
fect estimates. In addition to this, we used three different indices to
minimize misclassification. Nevertheless, any misclassification that
might have occurred is random, due to the blinded assessments of expo-
sures and outcomes by the researchers and statisticians, and, thus, our
effect estimates would have only been attenuated; this could not have
altered the significance of the results shown herein. Finally, we used
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the combined fatal/non-fatal CVD events as a primary 10-year endpoint
considering the small number of fatal cases (i.e. <15% of the total cases).

These limitations are accompanied by several strengths. First, this is
the first study that, in the context of a strict definition regarding meta-
bolic status, focuses on the transition from MHO to MUO status in rela-
tion to the presence or not of NAFLD [19,20]. Second, this study validates
the above associations by examining their interaction in relation to the
hard outcome of CVD incidence. Last, this study provides evidence for
the need to include NAFLD in the definition of metabolic status and/or
MHO status to predict better the future CVD risk of obese individuals
[14-16].

4.2, Conclusion

The present work builds upon the need to better define MHO status
and we propose that considering liver health will improve its definition,
its predictive ability and eventually outcomes. We report first that
NAFLD determined the long-term stability of the metabolically benign
classification status, a fact which in turn affected long term cardiometa-
bolic health. Second, NAFLD increased the predictive ability of metabolic
status, defined as per current standard definition [19,20], towards long
term CVD incidence, and its predictive value was better than measuring
waist circumference, which is often employed in cases of BMI over 30
kg/m?. Hence, from an epidemiological perspective, the potential inclu-
sion of NAFLD in the definition of metabolic status or most importantly
MHO should be examined carefully by future studies; such inclusion
may have the potential to better capture the “over time” resilience of
MHO vs. the conversion of this condition to MUO as well as its associa-
tion with future cardiometabolic risk. From the clinical point of view,
the presence of NAFLD needs to be assessed at baseline even in appar-
ently metabolically healthy obese since its presence confers signifi-
cantly increased risk for conversion to metabolically unhealthy status
and importantly future risk for CVD.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2021.154893.
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