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Abstract

Background: Hepatic steatosis (HS) is associated with an increased risk of major adverse
cardiovascular events (MACE). However, the underlying mechanisms linking HS to MACE
remain incompletely understood. This study aimed to investigate the role of the leukopoietic-
arterial axis in mediating the relationship between imaging markers of HS and MACE.
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Methods and materials: This longitudinal retrospective cohort study included 445 individuals
without active cancer, liver disease or alcohol abuse, or baseline cardiovascular disease who
underwent clinical 28F-FDG-PET/CT imaging. Hepatic glucose uptake (HGU), uptake in the bone
marrow (BM) and spleen (as a marker of leukopoiesis), and activity in the aorta (as a measure

of arterial inflammation, Artl) were evaluated. Hepatic and splenic attenuations were analyzed to
assess hepatic attenuation index (HAI) and determine nonalcoholic fatty liver disease (NAFLD)
status. Metabolic Dysfunction Associated Steatotic Liver disease (MASLD) was defined based on
NAFLD status and other metabolic criteria. MACE was adjudicated.

Results: In fully adjusted models, HGU associated with heightened BM (standardized p [95

% confidence interval]: 0.353 [0.276, 0.430], p < 0.001) and spleen activities (0.548 [0.475,
0.621], p<0.001) as well as Artl (0.529 [0.453, 0.605], p < 0.001). Similar associations were
observed for HAI and MASLD or NAFLD status. Notably, these associations remained significant
after adjusting for other confounders and among individuals without MASLD/NAFLD. A total

of 28 individuals developed MACE over 4 years median follow-up. Furthermore, the leukopoietic-
arterial activity mediated the link between imaging markers of HS (i.e., HGU, HAI, MASLD) and
MACE, (p< 0.05).

Conclusion: Our study suggests an important role for the leukopoietic-arterial axis in HS and
MACE. These findings may inform therapeutic avenues for reducing the cardiovascular risk
associated with HS.

Structured abstract: This study examines the connection between hepatic steatosis (HS) and
major adverse cardiovascular events (MACE) through the leukopoietic-arterial axis. Among 445
patients without history of liver disease or alcohol abuse, imaging markers of hepatic steatosis

(i.e., hepatic glucose uptake (HGU)), and metabolic dysfunction associated steatotic liver disease
(MASLD), associated with increased activity in bone marrow and spleen, and atherosclerotic
plaques. These associations persisted irrespective of MASLD status and after adjusting for relevant
confounders. Heightened uptake in leukopoietic tissues and the arteries mediated the relationship
between HS markers (i.e., HGU, MASLD) and MACE development. These findings shed light

on novel mechanistic pathways and potential targets for interventions to reduce the burden of
HS-related CVD.

Keywords

Hepatic steatosis; Non-alcoholic fatty liver disease; Major adverse cardiovascular events; Arterial
inflammation; Leukopoietic-arterial axis; Mediation; Metabolic dysfunction associated steatotic
liver disease

1. Introduction

Hepatic steatosis (HS), an increasingly common condition manifested by hepatic lipid
deposition, represents the earliest stage of disease that can ultimately develop into metabolic
dysfunction associated steatotic liver disease (MASLD) as well as a more advanced form of
disease that leads to hepatic inflammation (i.e., nonalcoholic steatohepatitis, NASH) [1-5].
HS, and its severe form NASH, are independently associated with a substantial risk of
cardiovascular disease (CVD) [1,2]. While a subset of patients with HS may progress to
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severe liver disease, CVD remains the primary cause of mortality in individuals with HS
[1,2,6]. Nevertheless, the precise mechanisms linking HS to CVD are not fully understood.

Prior research has proposed several mechanisms that underlie the connection between

HS and CVD. HS is associated with greater visceral adiposity, atherogenic dyslipidemia,
oxidative stress, endothelial dysfunction, and insulin resistance [6-8]. However, the
diagnosis of HS confers a greater CVD risk than these factors alone can fully explain [6].
Therefore, uncovering additional pathobiological mechanisms has the potential to provide
opportunities to mitigate the burden of CVD associated with HS.

Key physiological functions of the liver, including glucose and lipid metabolism,

are disturbed in HS and may contribute to heightened systemic inflammation. This
inflammatory milieu arises in part by liver-secreted pro-inflammatory cytokines and
molecules [7,9]. The resulting hepatic inflammation can have detrimental effects on the
vasculature, leading to vascular damage and disruptions in the coagulation system [8].
Furthermore, prolonged exposure to these inflammatory signals exerts adverse effects on
the leukopoietic system, including increased cell proliferation and DNA damage [10].
Notably, recent prospective studies have shown bone marrow (BM) activation in response to
the metabolic syndrome [11], but the specific impact of HS on leukopoiesis and arterial
inflammation, both of which have been linked to major adverse cardiovascular events
(MACE) [11-16], remains unknown.

To bridge this knowledge gap, we leveraged multi-system 18F-fluorodeoxyglucose positron
emission tomography/computed tomography (18F-FDG-PET/CT) imaging. This approach
utilizes 18F-FDG, a radioactive glucose analogue, to visualize inflammation and metabolic
activity in various tissues simultaneously. 18F-FDG-PET/CT allows the assessment of
hepatic glucose uptake (HGU), an imaging measure that associates with liver inflammation
and has previously been shown to be higher in males than females [3,4,17-20]. In
addition, this technique allows quantification of the 18F-FDG signal intensity within the
BM and spleen, which is impacted by enhanced leukopoietic function, as well as within
the arterial wall, a measure of arterial inflammation (Artl) [12-15]. Complementing the
PET component, CT imaging enables the quantitative evaluation of hepatic and splenic
attenuation, thereby facilitating an assessment of HS [21]. Thus, this imaging technique
offers a unique opportunity to study the multi-system pathway linking HS to CVD.

Accordingly, in this retrospective study we sought to test the following hypotheses: 1)
imaging markers of HS independently associate with elevated leukopoietic tissue activity

in the bone marrow and spleen, 2) imaging markers of HS independently associate with
heightened Artl, and 3) the activated leukopoietic-arterial axis mediates the link between
imaging markers of HS and MACE. Additionally, in a secondary analysis we will examine
whether these associations persist after excluding individuals meeting diagnostic criteria for
MASLD. Further, in an exploratory analysis, we will evaluate the sex differences in the
association between HGU and MACE.
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2. Methods
2.1. Study design and cohort

The study design included a longitudinal retrospective cohort of 445 individuals who
underwent full body 18F-FDG-PET/CT imaging for clinical purposes (mainly cancer
screening or surveillance) at Massachusetts General Hospital (Boston, MA) between 2005
and 2008 (Fig. 1). The cohort included all consecutive individuals with 18F-FDG-PET/CT
imaging that included the liver who did not have a history of clinical CVD, alcohol abuse,
liver disease, or evidence of active oncologic or inflammatory diseases at the time of
imaging (or during follow-up). Additional inclusion criteria included the availability of at
least three clinical visit notes (covering =1 year) after the time of index imaging to facilitate
adequate clinical follow-up. Detailed inclusion/exclusion criteria were previously published
and are included in the Supplemental Methods. The study protocol was approved by the
Mass General Brigham Institutional Review Board. Due to the retrospective study design
and use of de-identified medical records, the requirement for individual written informed
consent was waived.

2.2. Assessment of hepatic steatosis and hepatic glycolytic activity

A trained radiologist who was blinded to all clinical data performed image analysis.

Hepatic and splenic attenuations were analyzed using validated methods [21,22]. Hepatic
attenuations were measured on non-contrast CT images by manually drawing a standard
region of interest (ROI; minimum 2 cm?) in the axial view at three different levels in the
hepatic parenchyma while avoiding hepatic vasculature and biliary structures. The mean
Hounsfield unit (HU) value of the three measurements was quantified. Splenic attenuation
was measured by manually drawing a standard ROI of a minimum of 2 cm? in the axial view
at three different levels in the splenic parenchyma, and a mean HU value was derived from
the three measurements. Hepatic attenuation index (HAI) was derived from the difference
between mean hepatic and splenic attenuations [21,22]. Using previously validated methods,
HAI was employed as a diagnostic parameter for non-alcoholic fatty liver disease (NAFLD),
characterized by an HAI value less than 1 HU [21,22]. Additionally, MASLD was assessed
based on NAFLD status and other metabolic criteria [23,24]. Specifically, the MASLD
criteria are based on evidence of hepatic steatosis (imaging or biopsy, and in the absence

of excessive alcohol consumption, chronic viral hepatitis, or other competing causes of
hepatic steatosis), and meeting any of the cardiometabolic criteria in adults (Supplemental
Methods) [23,24]. While individuals diagnosed with NAFLD and no liver disease who do
not meet the MASLD criteria are termed ‘cryptogenic steatotic liver disease [SLD] [23,24].
HGU was determined by recording the liver 18F-FDG uptake values for each standard

ROI drawn manually as previous described [17,25]. For each individual, the maximum
derived standardized uptake values (SUVSs) per slice were averaged and then adjusted for
mean background venous blood activity from the superior vena cava (SVC) to calculate the
target-to-background ratio (TBR). Details about the 18F-FDG-PET/CT imaging protocol are
provided in the supplement.
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2.3. Measurement of leukopoietic activity and arterial inflammation

Avrterial inflammation and BM/splenic (i.e., leukopoietic) activities were measured using
previously validated methods by an investigator blinded to clinical data [16]. Briefly, Artl
was assessed by measuring the 18F-FDG signal within the wall of the ascending aorta from
1 cm above the aortic annulus in the axial plane and every 3 mm to the aortic arch. The
maximum derived SUVs per slice were averaged and then adjusted for mean background
venous blood activity from the SVC to calculate the TBR. Similarly, BM activity is assessed
by quantifying the average of the maximum SUVs from ROIs in the vertebral bodies (T1-
L5), and splenic activity was assessed by deriving the average of the maximum SUVs from
five ROIs in the spleen. BM and splenic activities were corrected for mean SVC activity to
yield TBRs.

2.4. Adjudication of clinical outcomes

Clinical outcomes were defined in accordance with those of the Framingham Heart Study
and were adjudicated from clinical records by two cardiologists blinded to imaging data
[26]. MACE was defined as a composite of non-fatal myocardial infarction, unstable angina,
coronary or peripheral revascularization, or cerebrovascular accident within five years of
index imaging. Participants were censored upon their first MACE event or last available
clinical note. Patients were followed up from index imaging until 2013 to evaluate 5-year
MACE risk (primary analysis) and until 2018 for 10-year MACE risk (secondary analysis).
Additional details on events adjudication are provided (Supplemental Methods).

2.5. Clinical data and covariables

An electronic medical record review was performed to derive clinical and demographic
data. Body mass index (BMI) (kg/m?) was calculated (using height and weight at the

time of PET imaging), and traditional CVD risk factors (i.e., age, sex, hypertension,
smoking status, dyslipidemia, and diabetes), statin use, history of cancer or chemotherapy/
radiation were gathered. Baseline prediabetes status and antidiabetic medications (i.e. oral
hypoglycemic/insulin treatment) were also collected from medical records. On baseline
attenuation correction CT images, visceral adipose tissue (VAT) was measured as the
volume of adipose tissue with HU from —195 to —45 using the abdominal, inter-costal, and
paraspinal musculature as boundaries on a single 3 mm slice at the level of the umbilicus
[27]. Subcutaneous adipose tissue (SAT) was measured as a tissue of the same radiographic
density within the subcutaneous space. VAT/SAT ratio, a known correlate of metabolic
disease, was quantified [28]. Blood lipids including total cholesterol, low density lipoprotein
(LDL), high density lipoprotein (HDL), and triglycerides, were collected from medical
records at imaging index and were available for 218 subjects.

2.6. Statistical analysis

Continuous variables are provided as mean and standard deviation or when skewed as
median and interquartile range (IQR). Normality of continuous variables was assessed
using the Shapiro-Wilk test. Independent £tests, Mann-Whitney U'test, and Chi-square
were used, as appropriate, to assess the difference in baseline characteristics between
MASLD versus Non-MASLD groups. Imaging markers of HS, leukopoietic and arterial
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inflammation parameters were standardized around the mean and presented as z-scores.
The associations with BM and splenic activities and Artl were tested using univariable

and multivariable linear regression models yielding a p coefficient with 95 % confidence
intervals (Cls). Multivariable models were specified a priori. The primary model included
traditional CVD risk factors (i.e., age, sex, hypertension, smoking, dyslipidemia, and
diabetes), BMI, and statin use. Other models included age, sex, VAT/SAT ratio, blood
lipids, history of malignancy and chemotherapy or radiation. MASLD status was used for
primary analyses, and a sensitivity analysis for NAFLD was conducted. Cox regression

and Kaplan-Meier curve survival analysis were used to test the relationship between HGU
and MACE (at 5 and 10 years) and provide hazard ratios (HRs). Assumptions for Cox
regression were verified using the Schoenfeld residuals test. Because males have higher
HGU than females [20], an exploratory analysis was conducted to evaluate the sex effect
modification on the relationship between HGU and MACE. Mediation analyses were used
to test the hypothesized mechanistic path: imaging markers of HS—18F-FDG uptake in
leukopoietic tissues— Artl—MACE in age and sex adjusted models [29]. Additional details
about mediation analyses are described in the Supplemental Methods. For missing data,
complete-case analyses were performed. Statistical analyses were performed using SPSS
(version 29, IBM Corporation, Armonk, NY), all tests were two-tailed, and a p-value <0.05
indicated statistical significance.

2.7. Validation cohort

To further assess our findings, we performed a validation analysis within a subset of
participants from the primary cohort who underwent a second clinical 18F-FDG-PET/CT
scan within one year of the index imaging. Similarly, these repeat scans were performed for
cancer screening or surveillance purposes, with no evidence of active malignancy at baseline
or during the follow-up scan. A total of 26 subjects met these criteria and were included in
this supplemental analysis.

For these individuals, HGU, BM and splenic activities, and Artl were re-measured at the
follow-up scan using the same protocols applied to the index scan. Associations between
HGU and leukopoietic/arterial activity at follow-up were tested using both univariable

and multivariable linear regression models. The primary multivariable model adjusted for
traditional cardiovascular disease risk factors (age, sex, smoking, diabetes, hyperlipidemia,
hypertension), BMI, statin use, and baseline HGU (to account for regression to the mean
and individual-level differences at the index imaging). All continuous variables were
standardized around the mean and presented as z-scores.

2.7.1. Patient and public involvement: Patients and/or the public were not involved
in the design, conduct, reporting, or dissemination plans of this research.

3. Results

3.1. Baseline characteristics

A total of 445 individuals were included with a median age (IQR) of 55 (44—-66) years,
and 43.6 % were male. Among the participants, 70 individuals met CT-based criteria for
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NAFLD (67 met criteria for MASLD and 3 for cryptogenic SLD), MASLD was associated
with a higher prevalence of several CVD risk factors compared to those without MASLD
(Table 1). Additionally, individuals with MASLD exhibited higher BMI, VAT, SAT, and
HGU compared to those without MASLD.

3.2. Associations between imaging markers of HS and leukopoietic activity

In a primary model adjusted for CVD risk factors, BMI, and statin use, HGU significantly
associated with heightened BM (standardized p [95 % CI]: 0.353 [0.276, 0.430], p<
0.001) and splenic activities (0.548 [0.475, 0.621], p< 0.001; Fig. 2). Similarly, both
MASLD status and absolute HAI were significantly associated with increased BM (0.349
[0.076, 0.623], p=0.012 and —-0.186 [-0.271, —0.101], p < 0.001); respectively) and
splenic activities (0.491 [0.210, 0.772], p < 0.001 and -0.204 [-0.294, —-0.114], p < 0.001);
respectively) in multivariable models including fully adjusted model.

These associations remained significant for NAFLD status, after adjusting for additional
relevant confounders (Table 2), and after excluding individuals with MASLD or NAFLD
(Supplemental Table 1, Supplemental Fig. 2).

3.3. Associations between imaging markers of HS and arterial inflammation

In a primary model adjusted for CVD risk factors, BMI, and statin use, heightened Artl
was significantly associated with HGU, HAI, and MASLD (standardized  [95 % CI]:
0.529 [0.453, 0.605], p< 0.001; -0.116 [-0.207, —0.025], p = 0.012; and 0.291 [0.026,
0.556], p=0.031, respectively; Fig. 3, Table 2). Importantly, heightened Artl remained
significantly associated with HGU, HAI, and MASLD (standardized B [95 % CI]: 0.563
[0.441, 0.685], p < 0.001; —0.180 [-0.349, -0.011], p=0.037; and 0.507 [0.062, 0.953],
p=0.026, respectively) after adjustment for age, sex, VAT/SAT ratio, and blood lipids
(i.e., total cholesterol, LDL, HDL, and triglycerides). Similar associations were observed
with NAFLD and after adjusting for additional covariables including fully adjusted model
(Table 2). Importantly, these associations persisted after excluding subjects with MASLD or
NAFLD (Supplementary Table 1, Supplemental Fig. 2).

3.4. Validation cohort

Among the 26 individuals with repeat 18F-FDG-PET/CT imaging within one year of
baseline, the median (IQR) age was 57 (46-69) years, and 34.6 % were male. In this
subset, HGU at follow-up remained significantly associated with leukopoietic and arterial
tissue activities. In univariable models, higher HGU was associated with greater Artl
(standardized p = 0.529, 95 % CI: 0.179-0.879, p= 0.005), BM activity (B = 0.502, 95
% CI: 0.059-0.945, p=0.029), and splenic activity (f = 0.666, 95 % CI: 0.288-1.045, p
= 0.002). Importantly, these associations persisted in the multivariable model adjusted for
cardiovascular risk factors, BMI, statin use, and baseline HGU (Supplemental Table 2).

3.5. Association between HGU and incident MACE

A total of 28 individuals experienced MACE during a median follow-up of 4.0 years, while
64 individuals experienced MACE over median 10 years follow up. After adjusting for
CVD risk factors, BMI, and statin use, HGU was associated with higher 5-year MACE risk
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(standardized HR (95 % CI): 1.516 [1.101, 2.086], p=0.011) as well as 10-year MACE
risk (1.370 [1.065, 1.761], p= 0.014; Fig. 4A-B). Similar associations were observed after
adjusting for additional confounders, including fully adjusted model (Fig. 4A). Importantly,
the association between HGU and MACE remained significant after excluding individuals
with MASLD or NALFD (5-year MACE: 1.634 [1.115, 2.398], p= 0.012; 10-year MACE:
1.496 [1.106, 2.025], p= 0.009). Notably, the association between HGU and MACE was
also stronger (~4 times) among males (standardized HR (95 % CI): 2.135 [1.254, 3.365],
p=0.005) compared to females (1.233 [0.762, 1.994], p = 0.393); p-interaction = 0.001)

in a model adjusted for CVD risk factors, BMI, and statin use. Consistent with previous
evidence [11-16], leukopoietic activity in the BM and spleen associated with Artl, and both
independently associated with incident MACE (Supplemental Table 3).

3.6. The leukopoietic-arterial axis mediates the link between imaging markers of HS and

MACE

Given the observed associations between HGU and leukopoietic-arterial activity as well as
their relationships with MACE (Table 2, Figs. 2 & 3, Supplemental Table 3), we conducted
a mediation analysis to investigate the mediating role of activities of leukopoietic organs and
the arterial wall in linking HGU to MACE. This mediation analysis, adjusted for age and
sex, revealed a significant mediating effect of the hypothesized pathway [HGU—18F-FDG
uptake in the BM —18F-FDG uptake in the spleen— Artl—MACE] (p < 0.05) (Fig. 5).
Additionally, similar mediation models demonstrated a mediating role of the [BM —Spleen
—Artl] axis in connecting MASLD/NAFLD and HAI to MACE (Supplemental Fig. 3). The
mediating effect of the [BM —Spleen —Aurtl] axis in linking HGU and HAI to MACE
persisted even after excluding individuals with MASLD/NAFLD (Supplemental Fig. 4).

4. Discussion

The present study leveraged multi-system 18F-FDG-PET/CT imaging to investigate the link
between hepatic steatosis and major adverse cardiovascular events. The findings shed light
on novel underlying mechanisms by identifying associations between imaging markers of
HS, including HGU and HAI, and key factors associated with CVD, such as heightened
18F_FDG uptake, a marker of leukopoietic activity, in the bone marrow and spleen as well
as increased 18F-FDG uptake in the arterial wall, a marker of atherosclerotic inflammation.
These associations remained after accounting for important confounders and persisted even
among individuals who did not meet radiographic criteria for MASLD/NAFLD. Moreover,
our results suggest a mediating role of the leukopoietic-arterial axis in linking HS to
MACE, and irrespective of MASLD/NAFLD status. These findings highlight important
pathobiological mechanisms underlying HS-related CVD.

4.1. Imaging phenotypes of HS as a marker of CVD risk

NAFLD, a distinct form of HS, is frequently evaluated using HAI [21,22]. Both MASLD,
NAFLD (and its continuous counterpart, HAI), are strongly associated with heightened
cardiometabolic and CVD risks [1,2,5,30,31]. The magnitude of that risk parallels the
underlying disease severity, such that patients with NASH, a progressive form of NAFLD
associated with histological inflammation and cell injury, have greater risk of atherosclerotic
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CVD [30,32]. Therefore, 18F-FDG-PET imaging has emerged as a technique that provides
an assessment that associates with hepatic inflammation through the measurement of HGU
[17,33-39]. While other factors can impact the uptake of 18F-FDG in the liver, activated
inflammatory cells have an increased affinity for 18F-FDG and contribute to increased
radiotracer uptake in the liver with the magnitude of uptake serving as an indicator of
inflammation severity [3,17,36,38]. In addition, prior research and the current findings
(Supplemental Fig. 5) have identified increased hepatic 18F-FDG uptake in association
with both MASLD and NAFLD [3,39,40]. Notably, this heightened uptake correlates with
other hepatic inflammation and injury markers, including triglyceride and gamma-glutamyl
transferase levels, independent of the presence of NAFLD [3,38-41]. Our findings that HGU
associates with imaging measures related to CVD risk (i.e., leukopoietic-arterial activity)
even in the absence of MASLD/NAFLD diagnosis, reinforce the notion that HGU holds
potential as a clinically meaningful marker of hepatic inflammation.

4.2. Independent association between HGU and MACE

While the association between MASLD/NAFLD and MACE is established [1,2], there

is scant evidence connecting HGU to MACE. A previous study suggested a connection
between HGU and MACE only in the presence of both NAFLD and elevated HGU, failing
to establish an independent association [32,34,35]. Limitations in sample size, suboptimal
imaging techniques, and limited event rates to allow adjustment for key confounders have
precluded conclusive results [32,34,35]. In contrast, our current study is the first to identify
a direct link between HGU and increased MACE risk, even after controlling for known
CVD risk factors, measures of adiposity, malignancy, and related treatment. Importantly,
this association persisted even among individuals without MASLD/NAFLD or any clinical
liver disease, underscoring the prognostic utility of HGU in predicting CVD irrespective of
MASLD/NAFLD status.

Prior studies have indicated higher HGU levels in males than females [20]. This finding
prompted us to study the sex influence on the association between HGU and MACE.
Intriguingly, we found notable sex differences wherein males experienced almost four-fold
higher risk of MACE associated with HGU compared to females. This finding underscores
the need to further explore sex-specific factors influencing the liver-heart axis in future
research.

4.3. Mechanistic insights

HS has been linked to vascular dysfunction including carotid intima thickness and
subclinical atherosclerosis [42], but limited data exist on its connection to arterial 18F-FDG
uptake as a marker of Artl. A small study of 151 individuals explored the relationship
between NAFLD and Artl; however, this association was attenuated after adjusting for body
fat and low density lipoprotein cholesterol, likely due to the study’s limited sample size [31].
In the larger current investigation, we link it for first time to the newly defined MASLD

and establish that this association is indeed independent of body fat and cholesterol levels.
Furthermore, our findings suggest a multi-tissue mechanism linking HS to CVD, through
enhanced uptake of 18F-FDG in leukopoietic tissues and the arteries that has similarly been
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implicated in several other pathologies that associate with heightened CVD risk (Graphical
Abstract) [43-46].

Hepatic lipid deposition leads to subacute hepatic inflammation, accompanied by
accumulation of inflammatory leukocytes and increased hepatic and extrahepatic cytokine/
chemokines production (in particular TNF-a, IL-6, IL-1, CRP) [47,48]. Activation of
inflammatory pathways, such as the NF-kB pathway and the NLRP3 inflammasome,
triggers the release of inflammatory mediators, promoting the transcription of pro-
inflammatory genes and driving systemic, low-grade inflammation [49,50]. The persistence
of these inflammatory signals adversely affects leukopoiesis, leading to increased cell
proliferation and DNA damage [10,51-53]. Our subgroup analyses further indicate

that these inflammatory and leukopoietic effects extend even to individuals without
MASLD/NAFLD, suggesting that subclinical hepatic metabolic alterations may activate
systemic inflammatory pathways, supporting a broader hepatic—-metabolic-inflammatory
axis. In addition, NAFLD-related metabolic dysregulation may impair the bone marrow
microenvironment and bone remodeling, potentially linking hepatic steatosis to reduced
bone mineralization, as suggested in prior work [54]. Animal studies have further
highlighted the association between obesity and abnormal cholesterol levels to heightened
proliferation and activity of leukopoietic cells in These BM [51,52,55,56]. These conditions
are linked to increased neutrophilia and monocytosis, exacerbating inflammation and
promoting the development of atherosclerosis [51,52,55,56]. Supporting this, recent research
has demonstrated heightened BM activity in association with other components of the
metabolic syndrome without specifically including NAFLD in their analysis or definition of
the metabolic syndrome. That study further demonstrated a significant association between
BM activity and higher arterial metabolic activity, a marker of inflammatory atherosclerosis
[11].

Although our primary analysis was cross-sectional in nature, we sought to validate these
findings in a subset of individuals from our cohort who underwent repeat 18F-FDG-PET/CT
imaging within one year. Among 26 participants without evidence of active malignancy,
HGU at the follow-up scan remained consistently associated with Artl, BM, and splenic
activity, even after adjustment for traditional risk factors, and baseline HGU. These
reproducible associations across two imaging time points, albeit in a small subset, support
the robustness of our main observations and suggest that HGU is not merely a transient
finding but rather reflects a measure related to hepatic steatosis that consistently associates
with leukopoietic activation and arterial inflammation. Prospective studies with serial
imaging at standardized intervals, and detailed inflammatory biomarker assessments will
be critical to further substantiate and define these multi-tissue pathways.

4.4, Study limitations

Several limitations of our work should be acknowledged. First, the retrospective study
design may have introduced potential biases; however, the use of comprehensive medical
records and validated imaging techniques help to overcome these limitations. Because 18F-
FDG-PET/CT imaging was originally performed for oncologic screening or surveillance,
selection bias is possible despite our exclusion of individuals with active cancer or
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inflammatory conditions. Accordingly, validation in prospective, population-based cohorts
remains important to confirm generalizability. While efforts were made to adjust for
confounding factors, residual confounding cannot be completely ruled out. Given the liver’s
critical role in glucose metabolism and storage, hepatic 18F-FDG uptake may not be solely
due to inflammation. Nevertheless, the measure remained independently associated with
arterial inflammation and an increased risk of CVD, suggesting that it remains a useful
marker of CVD risk. In addition, although we lacked an external validation cohort, a small
subset of participants with repeat imaging showed consistent findings, providing internal
support for our results. Furthermore, the study did not fully elucidate the specific molecular
pathways involved, highlighting the need for further investigation using cellular, molecular,
and genetic analyses. We also lacked uniform data on liver fibrosis (e.g., FIB-4, NFS,
elastography), limiting our ability to assess its independent contribution to cardiovascular
risk; future studies should address this. Lastly, the absence of liver biopsy may have
introduced misclassification or underestimation of hepatic steatosis prevalence and severity,
but the imaging measures utilized in this study have been validated and are widely used in
clinical practice. Future research should incorporate prospective studies of large and diverse
populations to enhance the robustness and generalizability of the findings.

4.5. Future directions and clinical implications

Future studies should be designed to further clarify the mechanisms linking HS to MACE
and evaluate the impact of therapies on this relationship. Prospective studies would

be needed to confirm these findings. A key opportunity involves the identification of

novel therapeutic targets that act on the intermediaries linking HS to MACE. Potential
approaches targeting this pathway include pharmaceutical agents that directly affect arterial
inflammation and leukopoiesis, such as statins or anti-inflammatory drugs [57,58]. A recent
prospective study showed a reduction in BM and splenic 18F-FDG uptake in response

to atorvastatin among people with type 2 diabetes [58]. Further, animal studies have

shown that exercise and healthy sleep duration attenuate BM leukopoietic activity and
atherosclerosis, implying that lifestyle modifications may attenuate CVD risk associated
with HS by influencing the leukopoietic-arterial axis [43,44]. Understanding the specific
molecular mechanisms underlying these pathways is crucial for designing precise and
effective therapies. Additionally, the impact of targeted interventions to reduce HS on these
mechanisms should be explored.

5. Conclusion

Imaging markers of hepatic steatosis, namely HGU and HA\I, are associated with factors
implicated in cardiovascular pathology including heightened leukopoietic activity in the
bone marrow and spleen and increased arterial inflammation. These associations remained
robust even among individuals who did not meet metabolic and imaging criteria for
MASLD/NAFLD, reinforcing their clinical relevance beyond traditional diagnostic criteria.
Our findings suggest an important role for the leukopoietic-arterial axis in linking HS

to MACE and provide a foundation for future investigations and potential therapeutic
interventions.
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Fig. 1.
Subject selection. Abbreviations: CT-computed tomography, CVD-cardiovascular

disease, 18F-FDG-fluorodeoxyglucose, MACE-major adverse cardiovascular event, MGH-
Massachusetts General Hospital, PET-positron emission tomography, NAFLD-nonalcoholic
fatty liver disease, MASLD-metabolic dysfunction associated steatotic liver disease.
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Fig. 2.

Association between imaging markers of hepatic steatosis and BM activity among the

entire cohort. * Adjusted for primary model (CVD risk factors, BMI, and statin use).

All continuous variables were standardized around the mean and presented as a Z-

score. Abbreviations: HGU-hepatic glucose uptake, HAI-hepatic attenuation index, NAFLD-
nonalcoholic fatty liver disease, MASLD-metabolic dysfunction associated steatotic liver
disease, BM-bone marrow, Cl-confidence interval. Grey shading of the blue fit line
represents the 95 % confidence interval. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

Metabolism. Author manuscript; available in PMC 2026 April 03.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Abohashem et al.

Page 19

A)

Arterial Inflammation (zScore)

5.09

o
o

o
)

259

p <0.001
Pag =0.008"

25 0.0

25

C)

Arterial Inflammation (zScore)

p <0.001
Pag =0.034

Yes

Arterial Inflammation (zScore)

259

0.04

2.5

-4 2

HAI (zScore)

Arterial Inflammation (zScore)

HGU (zScore) NAFLD
B) soq . D)
p <0.001 4 p <0.001
Pag =0.012* Pag; =0.031*

MASLD

Fig. 3.

Association between imaging markers of hepatic steatosis and arterial inflammation

among the entire cohort. * Adjusted for primary model (CVD risk factors, body mass

index, and statin use). All continuous variables were standardized around the mean

and presented as a Z-score. Abbreviations: HGU-hepatic glucose uptake, HAI-hepatic

attenuation index, NAFLD-nonalcoholic fatty liver disease, MASLD-metabolic dysfunction
associated steatotic liver disease, Cl-confidence interval. Grey shading of the blue fit line

represents the 95 % confidence interval. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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(95% Cl) P (95% Cl) p s —~
" 1.491 0.015 1.436 01002 E 90
(1.082, 2.054) : (1.146, 1.800) : 2
1.516 1.370 ® g5
£ (1.101, 2.086) o.011 (1.065, 1.761) 0-014 :
Hepatic
1.503 1.460 ]
(fj':f;(s: ¢ (1.014,2.206) | 0042 (1.107, 1.925) 0.007 < 80
o 1577 0.006 1.357 — Log rank p-value =0.002
(1.142,2.178) : (1.072, 1.716) : 75
P
1.518 1.430 : T T T T T )
E (071,245 | ©018 (1.080, 1.892) 0.012 0 2 4 6 8 10 12
Number at risk Time to Event, years
Model A: univariable :
[ HGU<Median 225 216 208 199 188 151 54

Model B (primary): adjusted for CVD risk factors (i.e., age, sex, current smoking,
diabetes mellitus, hyperlipidemia, hypertension), BMI, and statin use. Bl HGU=Median 224 208 202 199 187 146 P
Model C: age, sex, and VAT/SAT ratio.
Model D: age, sex, and history of malignancy and chemotherapy/radiation.
Model E: age, sex, current smoking, diabetes mellitus, hyperlipidemia, hypertension,
VAT/SAT ratio, statin use and history of malignancy history or
chemotherapy/radiation.
Abbreviations: MACE- major adverse cardiovascular events, HR-hazard ratio, Cl-
confidence interval. Continuous variables were standardized.

Fig. 4.

Aéqsociations between hepatic glucose uptake and MACE in the overall study cohort. A:
Results of multivariable Cox regression models to assess 5-year and 10-year MACE risk,

B: Kaplan Meier Survival Curve for individuals with (= vs. < population median) of HGU.
The log-rank p-value is shown. Model A: univariable. Model B (primary): adjusted for CVD
risk factors (i.e., age, sex, current smoking, diabetes mellitus, hyperlipidemia, hypertension),
body mass index, and statin use. Model C: age, sex, and VAT/SAT ratio. Model D: age,

sex, and malignancy history and treatment. Model E: age, sex, current smoking, diabetes
mellitus, hyperlipidemia, hypertension, VAT/SAT ratio, statin use and history of malignancy
history or chemotherapy/radiation. All continuous variables were standardized around the
mean and presented as a Z-score. Abbreviations: HGU-hepatic glucose uptake; VAT/SAT-
visceral adipose tissue/subcutaneous adipose tissue; MACE-major adverse cardiovascular
events; HR-hazard ratio, Cl-confidence interval.

Metabolism. Author manuscript; available in PMC 2026 April 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Abohashem et al.

Page 21

A)

B)

No MASLD
No MACE

Higher SUV

H G U Direct effect (B = .230, p=0.456) M A c E
Total effect
7 =.5298
Indirect Mediating Pathways

Predictor Mediators Outcome P . .
(log odds) Boot95%CI p value’

Artl 0.2044 (0.0295, 0.4990)

BM -> Artl 0.0777 (0.0108, 0.1885)
HGU MACE <0.05

Spleen -> Artl 0.1467 (0.0225, 0.3143)

BM -> Spleen -> Artl 0.0950 (0.0146, 0.2100)

Fig. 5.

A) Mediation analysis for the hypothesized pathways linking HGU and 5-year MACE in the
entire cohort. Beta coefficients represent log odds. Continuous variables were standardized
around the mean and are presented as a Z-score. *Models were adjusted for age and sex.
Bootstrapping was utilized to generate 95 % CI for the log odds of indirect pathways,
wherein statistical significance (p < 0.05) is indicated when 95 % CI not crossing zero. B)
Example images of tissue activities on 18F-FDG-PET/CT by MASLD status. Axial views of
the spleen and liver (middle) and coronal views of the bone marrow (top) and aorta (bottom)
are shown. Dotted white arrows refer to the activity in the respective tissue. Heightened
tissue 18F-FDG uptake is observed in an individual with MASLD and 5-year MACE (right)
versus an individual without MASLD and no 5-year MACE (left). Abbreviations: MACE-
major adverse cardiovascular event, MASLD-metabolic dysfunction associated steatotic
liver disease, HGU-hepatic glucose uptake, Artl-arterial inflammation, BM-bone marrow,
SUV-standardized uptake value, 18F-FDG-fluorodeoxyglucose, BootCl-confidence intervals
calculated using bootstrapping.
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Baseline characteristics:

Table 1

Characteristics Full cohort (n=445) MASLD (n=67) NoMASLD (n=378) p-Value
Age (years), median (IQR) 55 (44, 66) 57 (50, 68) 54.5 (44, 66) 0.041
Male, n (%) 194 (43.6) 36 (53.7) 158 (41.8) 0.047
Current smoker, n (%) 45 (10.2) 8(11.9) 37(9.9) 0.610
Diabetes mellitus (DM), n (%) 40 (9.0) 10 (14.9) 30 (8.0) 0.066
DM medications among diabetic individuals, n (%)

None 13 (32.5) 4 (40) 9 (30) 0.305

oral 21 (52.5) 6 (60) 15 (50)

Insulin 6 (15) - 6 (20)
Prediabetes, n (%) 119 (26.7) 22 (32.8) 97 (25.7) 0.221
Hyperlipidemia, n (%) 122 (27.5) 27 (40.3) 95 (25.2) 0.011
Hypertension, n (%) 150 (33.8) 32(47.8) 118 (31.3) 0.007
BMI [kg/m?], n (%)

<185 4(0.9) 0(0) 4(1.1) <0.001

18.5-25 164 (37.3) 5(7.6) 159 (42.5)

25-30 139 (31.6) 19 (28.8) 120 (32.1)

>30 133 (30.2) 42 (63.6) 91 (24.3)
Statin use, n (%) 87 (19.6) 13 (19.4) 74 (19.6) 0.559
VAT volume (cm3), median (IQR) 485 (29.5, 75.2) 94 (67.2, 126.5) 44.9 (26.3, 63.6) <0.001
SAT volume (cm3), median (IQR) 92.7 (65.1, 139) 124 (104,173.8)  86.6 (60.6, 131.5) <0.001
VAT/SAT Ratio, median (IQR) 0.52 (0.33, 0.75) 0.67 (0.53,0.93)  0.49(0.31,0.71) <0.001
Total Cholesterol [mg/dI], mean (SD)? 191 (44.1) 202 (44.2) 188.9 (43.9) 0.115
LDL [mg/dl], mean (SD)@ 110 (38.0) 117.5(33.7) 108.6 (38.6) 0.216
HDL [mg/dI], median (IQR)? 53 (43, 66) 45 (38, 57) 55.5 (44, 70) 0.011
Triglycerides [mg/dI], median (IQR)? 103 (74, 157) 163 (114.8,202.5) 95 (72.3, 141) <0.001
History of malignancy, n (%) 381 (85.6) 57 (85.1) 324 (85.7) 0.891
History of chemotherapy or radiation, n (%) 347 (78.0) 48 (71.6) 299 (79.1) 0.175
NAFLD, n (%) 70 (100) 67 (100) 3(0.8) <0.001

Page 22

Data presented as median (IQR), mean (SD), or N (%), as appropriate. Abbreviations: NAFLD-nonalcoholic fatty liver disease, MASLD-Metabolic
Dysfunction Associated Steatotic Liver disease, SD-standard deviation, IQR-interquartile range [25th, 75th], BMI-body mass index, VVAT-visceral

adipose tissue, SAT-subcutaneous adipose tissue, 18F-FDG-18F-FIuorodeoxygIucose, LDL-low density lipoprotein, HDL-high density lipoprotein.

Bold values indicate statistical significance (o< 0.05).

a . .
Data were available for only 218 subjects.
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