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ABSTRACT

Background: Hepatocyte growth factor (HGF) is a cytokine linked to
incident heart failure (HF), particularly HF with preserved ejection
fraction (HFpEF). Increases in left ventricular (LV) mass and concentric
remodelling defined by increasing mass-to-volume (M:V) ratios are
imaging risk markers for HFpEF. We aimed to determine if HGF is
associated with adverse LV remodelling.

Methods: We studied 4907 participants in the Multi-Ethnic Study of
Atherosclerosis (MESA), free of cardiovascular disease and HF at
baseline, who had HGF measured and cardiac magnetic resonance
imaging (CMR) performed at baseline. Of these, 2921 completed a
second CMR at 10 years. We examined the cross-sectional and lon-

Among chronic diseases, heart failure (HF) is a major and
growing threat to the healthcare system."” Although signifi-
cant advances in HF treatment have been made over the
years,”" therapeutic developments have not kept pace with
the growing incidence of new HF cases. Two subtypes
dominate current diagnoses and dictate subsequent
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RESUME

Contexte : Le facteur de croissance des hépatocytes (hepatocyte
growth factor; HGF) est une cytokine associée a I'insuffisance cardia-
que (IC), particulierement I'IC avec fraction d’éjection préservée
(ICFEP). Une augmentation de la masse du ventricule gauche (VG) et
un remodelage concentrique du VG, défini par une augmentation du
ratio masse/volume (M:V), sont des marqueurs de risque d’ICFEP a
I'examen d’'imagerie. Nous souhaitions déterminer si le taux de HGF
est associé a un remodelage préjudiciable du VG.

Méthodologie : Nous avons étudié 4 907 participants a I'étude mul-
tiethnique sur I'athérosclérose (Multi-Ethnic Study of Atherosclerosis;
MESA) qui, au départ, ne présentaient pas de maladie cardiovasculaire

treatment—HF with reduced ejection fraction (HFrEF),
which is generally determined by a left ventricular (LV)
ejection fraction < 50%, and HF with preserved ejection
fraction (HFpEF), as determined by the presence of HF
symptoms along with an ejection fraction > 50%."
Acknowledgement should be given to the fact that recent
HF guidelines have further subtyped a third HF group for
those with a mildly reduced ejection fraction of 40%-49% as
an important clinical entity (HFmrEF), thus recategorizing
HFrEF as being an ejection fraction < 40%, and HFpEF
being an ejection fraction > 50%.>° Nomenclature aside,
HF:EF and HFpEF are derived from very different patho-
physiologic mechanisms, despite the fact that they often lead
to similar sets of symptoms consistent with clinical HF (ie,
dyspnea, orthopnea, lower-extremity edema).

Hepatocyte growth factor (HGF) is a mesenchymal cyto-
kine essential to the embryonic development of epithelial and
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gitudinal associations of HGF and LV structural parameters using
multivariable-adjusted linear mixed-effect models, adjusting for car-
diovascular disease risk factors and N-terminal pro B-type natriuretic
peptide.

Results: The mean (SD) for age was 62 (10) years; 52% were female.
Median (interquartile range) for HGF level was 890 pg/mL (745-1070).
At baseline, the highest HGF tertile, compared to the lowest, was
associated with a greater M:V ratio (relative difference 1.94 [95%
confidence interval [CI]: 0.72, 3.17]) and lower LV end-diastolic volume
(—2.07 mL [95% CI: —3.72, —0.42)]. In longitudinal analysis, the
highest HGF tertile was associated with increasing M:V ratio (10-year
difference: 4.68 [95% Cl: 2.64, 6.72]) and decreasing LV end-
diastolic volume (—4.74 [95% Cl: —6.87, —2.62]).

Conclusions: In a community-based cohort, higher HGF levels were
independently associated with a concentric LV remodelling pattern of
increasing M:V ratio and decreasing LV end-diastolic volume by CMR
over 10 years. These associations may reflect an intermediate
phenotype explaining the association of HGF with HFpEF risk.

endothelial cell lines.” HGF is thought to have many poten-
tially favorable attributes, such as being anti-apoptotic,
angiogenic, and antifibrotic.” Despite these favorable proper-
ties, in epidemiologic studies, circulating HGF levels have
been associated with incident cardiovascular disease (CVD),
includingf{ coronary heart disease,” stroke,'” peripheral artery
disease,'" and HF."? This finding suggests that release of HGF
into circulation may reflect compensatory mechanisms that
occur in response to vascular injury and ultimately have failed
in disease states such as HF. Recent work from our group has
shown that HGF level is significantly associated with incident
HF overall, and when adjudicated for HF subtype, HGF
levels were found to be associated with incident HFpEF but
not HFrEFE.'” Given these findings, changes in cardiac
structure and function may be an intermediary step linking
HGF and the pathogenesis of HF, although this possibility
has not been well studied.

Cardiac magnetic resonance imaging (MRI) is an
important tool in the evaluation of cardiac size and func-
tion, allowing for precise measurement and differentiation of
HF and its various precursors, such as chamber dilation or
hypertrophy.'”'® Increased LV hypertrophy and concentric
remodelling  (increased mass-to-volume [M:V] ratio), for
example, are risk markers for incident HFpEF.W'W Given
the important physiologic differences in LV size and func-
tion that create a predisposition to the development of
HEEF vs HFpEF, further studies on LV remodelling in
association with HGF are warranted.

Our aim was to examine the association of HGF with
baseline and 10-year change in LV mass and volume, and
their ratio, via cardiac MRI with the goal of understanding
any potential pathophysiological impacts or associations of
this biomarker with cardiac structure and function.
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ni d'IC et pour qui le taux de HGF avait été mesuré et une imagerie
cardiaque par résonance magnétique (IRMc) avait été réalisée. Parmi
ces personnes, 2 921 ont subi une seconde IRMc a 10 ans. Nous avons
examiné les associations intersectionnelles et longitudinales entre le
taux de HGF et les parameétres structurels du VG a l'aide de modéles
linéaires a effets mixtes multivariés, ajustés pour les facteurs de
risque de maladie cardiovasculaire et les propeptides natriurétiques de
type B N-terminal.

Résultats : L’age moyen des participants était de 62 ans (écart type :
10), et 52 % étaient des femmes. Le taux de HGF médian était de 890
pg/ml (écart interquartile : 745 a 1070). Au départ, comparativement
au tertile inférieur du taux de HGF, le tertile supérieur était associé a
un ratio M:V plus important (différence relative : 1,94; intervalle de
confiance [IC]a 95 % : 0,72 a 3,17) et a un volume diastolique final du
VG plus faible (-2,07 ml; IC 3 95 % : -3,72 a -0,42). A I'analyse longi-
tudinale, le tertile supérieur du taux de HGF était associé a un ratio M:V
plus élevé (différence sur 10 ans : 4,68; IC 4 95 % : 2,64 4 6,72) et &
une réduction du volume diastolique final du VG (-4,74; IC a 95 % :
-6,87 a -2,62).

Conclusions : Dans une cohorte représentative de la population, un
taux de HGF plus élevé était associé de maniére indépendante a un
schéma de remodelage concentrique du VG présentant une augmen-
tation du ratio M:V et a une diminution du volume diastolique final du
VG a I'lRMc sur 10 ans. Ces associations pourraient étre représenta-
tives d’'un phénotype intermédiaire expliquant I'association entre le
taux de HGF et le risque d’ICFEP.

Material and Methods

Transparency and openness policy

The Multi-Ethnic Study of Atherosclerosis (MESA) data
are available through the National Heart, Lung, and Blood
Institute (NHLBI) Biologic Specimen and Data Repository
Coordinating Centre (BioLINCC). Requests for access to the
data can be made through their website at hteps://biolincc.
nhlbi.nih.gov/studies/mesa/. Via the methods described in
this article, our findings should be easily reproducible.

Study population

MESA is a prospective, multicentre study of 6814 partic-
ipants aged 45-84 years at baseline who represent 4 self-
reported racial or ethnic groups.”’ All participants were free
of clinical CVD and HF at exam 1 (2000-2002), and they
were followed up for a total of 6 exams. Institutional review
board agreement at each study site was required, and written
consent was obtained for all participants.

We included all MESA participants who had an HGF
measurement from exam 1 as well as a baseline cardiac MRI
assessment. Participants were excluded if they were missing
any of the following: LV parameters (n = 1797); HGF
measures (n = 306); or covariates in our primary model (n =
74). This process left a total sample size of 4907 for cross-
sectional analysis, and a sample size of 2921 who had a sec-
ond cardiac MRI at exam 5 that enabled longitudinal analysis
(Fig. 1).

HGF measurement

Fasting blood samples were obtained from all participants,
separated by centrifugation within 30 minutes of sample
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MESA participants at baseline
N=6,814

-Missing LV parameters, N=1,797
-Missing HGF, N=36
-Missing covariates, N=74

Analytical sample for
cross-sectional study
N=4,907

-Missing LV parameters, N=1,986

Analytical sample for
longitudinal study
N=2,921

Figure 1. Flowchart of study participants. HGF, hepatocyte growth
factor; LV, left ventricular; MESA, Multi-Ethnic Study of
Atherosclerosis.

collection and then stored at -70°C in serum until samples
were ready to be thawed for analysis.”’ HGF levels were
assessed via a sandwich enzyme- hnked immunosorbent assay
(R&D Systems, Minneapolis, MN).”> At mean concentra-
tions of 687, 2039, and 4080 pg/mL, the interassay co-
efficients of variations were 12%, 8%, and 7.4%, respectively,
for manufacturer controls. Pooled serum controls exhibited a
mean concentration of 688 pg/mL, and a coefficient of vari-
ation of 10.4%.”'

Cardiac MRI analysis

LV structure was assessed using cardiac MRI at visit 1
(2000-2002) and wvisit 5 (2010-2012), as previously
described.””** The MESA MRI Core Lab at the Johns
Hopkins Field Center performed harmonization to account
for technical changes, including the MRI scanners and se-
quences, over this 10-year period.”> The LV parameters
considered in this analysis included LV mass (LVM), LV end-
diastolic volume (LVEDV), M:V ratio, and LVM and
LVEDV indexed to body surface area. Left atrial maximum
and minimum volume was additionally included for further
analysis. Inter-reader reliability of cardiac MRI variables
within MESA has previously been reported, and it was shown
to be excellent for LVEDV and LVM. As a point of reference,
mean LVEDV and LVM values in the cohort were 119.2 mL
and 120.6 g, respectwely

Covariate assessment

Participants underwent standardized questionnaires, phys-
ical exam, and laboratory testing at exam 1, as previously
described.”” For this analysis, we considered the following
factors: sociodemographic (age, sex, race/ethnicity, MESA
site, and education); body size and physiologic (height,
weight, heart rate, systolic blood pressure, estimated glomer-
ular filtration rate [eGFR]); other lifestyle and cardiovascular
risk factors (smoking status, physical activity, total cholesterol,
high-density lipoprotein cholesterol [HDL-C], and diabetes
status); and use of modifying pharmacotherapy agents (anti-
hypertensive and lipid-lowering medications). N-terminal pro
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B-type natriuretic peptide (NT-proBNP) was included in an
additional model to determine if the association of HGF level
and change in LV parameters was independent of NT-
proBND.

Medication use was captured by an inventory. Education
was dichotomized as < or > bachelor’s degree. Physical ac-
tivity was quantified as the total amount of moderate and
vigorous physical activity in metabolic equivalent minutes per
week obtalned from a typical week physical activity ques-
tionnaire.” Height and weight were measured on exam in
standardized fashion, and body mass index was calculated as
weight divided by height squared (kg/m ). Systolic and dia-
stolic blood pressure were measured while participants were
seated, using a Dinamap automated device (Model PRO 100;
GE Healthcare, Milwaukee, WI), and the second and third
measurements were averaged. Diabetes was classified as pre-
sent if the fasting blood glucose level was > 126 mg/dL, if
patients had a self-reported diagnosis of diabetes, or if patients
used diabetes medications. NT-proBNP was measured by an
Elecsys proBNP immunoassay (Roche Diagnostics, Indian-
apolis, IN).”” eGFR was calculated using the Chronic Kldney
Disease Epidemiology Collaboration (CKD-EPI) formula.”®

Statistical analysis

LV parameters used in this analysis were as follows: LVM,
LVEDV, M:V ratio, LVM/body surface area, and LVEDV/
body surface area. We examined the cross-sectional and lon-
gitudinal association of HGF and each of the LV parameters
separately, using multivariable-adjusted linear mixed-effect
models with an independent covariance structure between
random intercept and random slope. Mixed-effect linear
regression models were used to leverage MRI measurements
from all available time points while simultaneously taking into
account baseline and longitudinal changes in LV parameters
from the same model. Covariates in the model were time-
varying and were updated at a subsequent visit. We have
used this method prev1ously of evaluatlng change in LV pa-
rameters using cardiac MRI.'

We subsequently adjusted the models in progressive fashion.
Model 1 was adjusted for exam 1 age, race/ethnicity, sex, and
MESA site. Model 2 adjusted for variables in model 1, along
with education, exam 1 and exam 5 measures of physical ac-
tivity, smoking status, height, and weight (height and weight
are excluded from models in which LV parameters are indexed
to body surface area). Model 3 adjusted for variables in model
2, plus exam 1 and exam 5 measures of systolic blood pressure,
use of antihypertensive medication, total cholesterol level,
HDL-C level, use of lipid-lowering medication, and diabetes
mellitus status. Model 4 adjusted for variables in model 3 plus
baseline log-transformed NT-proBNP level and eGFR.

In a sensitivity analysis, we excluded individuals with
reduced LV ejection fraction (< 50%) at baseline who may be
influential outliers, leaving a sample size of 4753. We used
STATA, version 15.0 (StataCorp, College Station, TX) for the
analysis. P values were 2-sided, with statistically significant
values considered to be at P < 0.05.

Results
In our study population of 4907 participants, the mean age
was 62 * 10 years; 52% were women; 39% were non-
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Table 1. Characteristics of study participants at the Multi-Ethnic Study of Atherosclerosis (MESA) baseline exam (2000-2002) by HGF tertiles

Overall Tertile 1 Tertile 2 Tertile 3

Characteristic N = 4907 n = 1636 n = 1636 n = 1635 P
Age, y 62 (£ 10) 59 (£ 9) 61 (£ 10) 65 (£ 10) < 0.001
Female 2566 (52) 793 (48) 869 (53) 904 (55) < 0.001
Race/Ethnicity < 0.001

White 1912 (39) 708 (43) 598 (37) 606 (37)

Chinese-American 651 (13) 329 (20) 206 (13) 116 (7)

Black 1246 (25) 390 (24) 458 (28) 398 (24)

Hispanic 1098 (22) 209 (13) 374 (23) 515 (32)
Education < 0.001

> Bachelor’s degree 1843 (38) 782 (48) 628 (38) 433 (26)

< Bachelor’s degree 3064 (62) 854 (52) 1008 (62) 1202 (74)
Physical activity, MET-min/wk 4080 (2040—7545) 4493 (2220—8040) 4215 (2149—7635) 3705 (1635—7080) < 0.001
Smoking status < 0.001

Never 2522 (51) 900 (55) 889 (54) 733 (45)

Former 1762 (36) 597 (36) 561 (34) 604 (37)

Current 623 (13) 139 (9) 186 (11) 298 (18)
Height, cm 166 (£ 10) 168 (£ 10) 166 (£ 10) 165 (£ 10) < 0.001
Weight, Ib 170 (& 36) 164 (£ 35) 171 (& 36) 174 (£ 36) < 0.001
Heart rate, beats/min 63 (£ 9) 61 (+9) 63 (£ 9) 65 (£ 10) < 0.001
Systolic BP, mm Hg 125 (£ 21) 121 (£ 19) 126 (£ 21) 130 (& 22) < 0.001
Diastolic BP, mm Hg 72 (£ 10) 72 (+ 10) 72 (£ 10) 72 (£ 10) 0.376
Use of antihypertensive medication 1724 (35) 421 (26) 585 (36) 718 (44) < 0.001
Total cholesterol, mg/dL 194 (£ 35) 195 (£ 35) 196 (£ 36) 193 (£ 36) 0.042
HDL cholesterol, mg/dL 51 (£ 15) 53 (£ 16) 51 (£ 15) 49 (£ 14) < 0.001
Use of lipid-lowering medication 781 (16) 214 (13) 258 (16) 309 (19) < 0.001
Diabetes mellitus 569 (12) 93 (6) 192 (12) 284 (17) < 0.001
NT-proBNP, pg/mL 51 (23—104) 45 (20—85) 50 (22-96) 63 (28—137) < 0.001
eGFR, mL/min per 1.73 m* 78 (16) 80 (14) 78 (15) 76 (18) < 0.001
Median HGF, pg/mL 890 (745—1070) 693 (615—745) 890 (846—943) 1154 (1070—1293) -
LV mass, g 120 (+ 30) 118 (£ 29) 120 (£ 29) 123 (+ 31) < 0.001
LV EDV, mL 129 (£ 30) 131 (&£ 30) 128 (+ 30) 126 (£ 31) < 0.001
LV EF, % 62 (£ 6) 62 (+ 6) 63 (£ 6) 62 (£ 7) 0.232
LV mass indexed to BSA, g/m2 65 (£ 12) 64 (£ 11) 64 (£ 12) 66 (£ 13) < 0.001
LV EDV indexed to BSA, mL/m> 69 (+ 13) 71 (£ 12) 69 (+ 12) 68 (£ 14) < 0.001
LAVmin, mL/m* 12 (£7) 12 (& 6) 12 (£ 6) 13 (£7) < 0.001
LAVmax, mL/m> 30 (£ 10) 30 (£ 9) 30 (£ 10) 31 (£ 11) 0.097

Data are presented as mean (+ standard deviation), n (%) or median (interquartile range), unless otherwise indicated. Sample size for minimum and maximum
left atrial volume (LAVmin and LAVmax) = 4145.

BP, blood pressure; BSA, body surface area; EDV, end-diastolic volume; EF, ejection fraction; eGFR, estimated glomerular filtration rate; HDL, high-density
lipoprotein; HGF, hepatocyte growth factor; LV, left ventricular; MET, metabolic equivalent of task; NT-proBNP, N-terminal pro B-type natriuretic peptide.

Hispanic White; 25% were Black; 22% were Hispanic; and
13% were Chinese American (Table 1). The median inter-
quartile range for HGF level was 890 pg/mL (745-1070 pg/
mL), and HGF levels differed significantly between the
highest and lower tertiles. A higher percentage of Hispanic
participants were found in the highest tertile (32%), as
compared to the percentage in the lowest tertile (13%) and
the middle tertile (23%); by contrast, the highest percentage
of Chinese American participants were found in the lowest
tertile (20%), as compared to the percentage in the middle
tertile (13%) and the highest tertile (7%). No significant
difference was found in the distribution of Black or non-
Hispanic White Americans among HGF tertiles. Addition-
ally, participants with a higher HGF level were more likely to
be older, be current smokers, have prevalent diabetes mellitus,
have higher systolic blood pressure, have higher heart rate,
have a lower HDL-C level, and use antihypertensive as well as
lipid-lowering therapy. NT-proBNDP levels were significantly
greater in the highest vs the lowest HGF tertiles (63 vs 45 pg/
mL, P < 0.001).

In cross-sectional analysis of 4907 participants with exam 1
assessment  of LV structure, the wunadjusted median

(interquartile range) values of the LV parameters by HGF
tertile are shown via box plot in Figure 2. Table 2 shows the
adjusted associations of HGF in tertiles with these same LV
parameters. In the fully adjusted model including CVD risk
factors, eGFR, and NT-proBNP level (model 4), the highest
HGEF tertile, compared to the lowest, was associated with a
greater M:V ratio (1.94 [95% confidence interval {CI}: 0.72,
3.17]), lower LVEDV (—2.07 [95% CI: —3.72, —0.42]), and
lower LV volume indexed to body surface area (—1.25 [95%
Cl: —2.12, —0.39]). Although higher HGF tertiles were
significantly associated with LVM in a limited adjusted
analysis (model 1), this association did not occur following
covariate adjustment. When stratified by race/ethnicity,
higher HGF level tertiles were only significantly associated
with LV volume in White participants (Supplemental
Table S1). No significant association occurred between left
atrial volume and HGF level upon adjustment for CVD risk
factors in cross-sectional analysis (Supplemental Table S2).
Of 4907 participants who had an MRI performed at exam 1,
2921 also had cardiac MRI performed at visit 5 (approximately
10 years later), to allow for longitudinal analysis of LV param-
eters in relation to baseline HGF measurement. Differences in
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Figure 2. Box plots of left ventricular (LV) parameters by hepatocyte growth factor (HGF) tertiles. (A) LV mass; (B) LV end-diastolic volume (EDV); (C)
LV mass-to-volume ratio. The lower and upper boundaries of the rectangles denote the 25th and 75th percentiles, and the horizontal line within the
rectangles is the median. Lines extend from the rectangles to the smallest and largest values within 1.5 x interquartile range.

baseline characteristics between participants included only in
cross-sectional assessment, vs those included in longitudinal
assessment, are shown in Supplemental Tables S3 and S4,
respectively. Participants with available data for longitudinal
assessment were younger, were more likely to be of White race/
ethnicity, were more likely to have a bachelor’s or higher degree,
and exhibited greater physical activity, and they were less likely to
have a diagnosis of diabetes mellitus or be on antihypertensive
medications compared to participants who contributed to the
cross-sectional analysis only.

In longitudinal analysis, being in the highest baseline HGF
level tertile was significantly associated with having an
increased M:V ratio (4.68 [95% CI: 2.64, 6.72]), reduced
LVEDV (—4.74 [95% CI: —6.87, —2.62]), and LV volume
indexed to body surface area (—2.25 (95% Cl: —3.37,
—1.13]) over 10-year follow-up in the most fully adjusted
model (Table 3; model 4). As with cross-sectional analysis, no
significant association was seen between HGF tertile and
changes in LVM alone in any model of covariate adjustment.
When stratified by race/ethnicity, HGF level was only
significantly associated with LVEDV when it was in the third
tertile for White participants (Supplemental Table S5).
Higher HGF level was associated with increased left atrial
minimum volume in a model adjusted for CVD risk factors

(model 3); however, no significant association between HGF
level and left atrial volume was found on longitudinal assess-
ment in the fully adjusted model (model 4; Supplemental
Table S6).

In sensitivity analysis excluding those with LV ejection
fraction < 50% at baseline, findings were similar in both
cross-sectional analysis (Supplemental Table S7) and longi-
tudinal analysis (Supplemental Table S8).

Discussion

In this multicentre study comprising a diverse participant
population, we found that baseline HGF was significantly
associated with markers of concentric remodelling on cross-
sectional evaluation. We further showed that these changes
are continued on longitudinal assessment, with baseline HGF
levels correlating with decreasing LV volume and increasing
M:V ratio on analysis of serial cardiac MRIs. To our knowl-
edge, the relationship of HGF level with cardiac remodelling
has not been reported previously.

Prior work from MESA has linked LV geometry to future
CVD events among individuals who were initially asymp-
tomatic. Specifically, increased LV hypertrophy was associated
with future HF events, and increased M:V ratio (ie, concentric



Ferraro et al.

HGF and LV Remodelling

Table 2. Cross-sectional association between baseline HGF and LV parameters, N = 4907
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LV mass:
volume ratio

LV mass, g,
indexed to BSA

LV volume, g,
indexed to BSA

HGEF tertile, LV end-diastolic volume,
by model LV mass, g mL
Model 1

1 Ref Ref

2 2.94 (1.38, 4.51) —0.32 (=2.08, 1.45)

3 6.33 (4.69, 7.98) —0.14 (—1.99, 1.71)
Model 2

1 Ref Ref

2 —0.14 (—1.51, 1.23) —2.60 (—4.19, —1.01)

3 1.32 (—0.15, 2.80) —3.27 (—4.97, —1.56)
Model 3

1 Ref Ref

2 —0.62 (—1.90, 0.67) —2.00 (—3.54, —0.46)

3 0.76 (—0.63, 2.16) —1.76 (—3.43, —0.09)
Model 4

1 Ref Ref

2 —0.55 (—1.82, 0.72) —1.92 (—3.44, —0.40)

3 0.53 (—0.86, 1.91) —2.07 (—3.72, —0.42)

Ref
2.44 (1.29, 3.60)
5.34 (4.13, 6.56)

Ref
1.65 (0.50, 2.81)
3.58 (2.34, 4.82)

Ref
0.79 (—0.34, 1.92)
1.90 (0.68, 3.13)

Ref
0.77 (—0.36, 1.90)
1.94 (0.72, 3.17)

Ref
0.23 (—0.49, 0.95)
1.38 (0.62, 2.14)

Ref
0.11 (—0.61, 0.83)
1.08 (0.32, 1.84)

Ref
—0.33 (—1.01, 0.34)
0.45 (—0.28, 1.17)

Ref
—0.28 (—0.94, 0.39)
0.37 (—0.35, 1.09)

Ref
—1.66 (—2.50, —0.82)
—2.24 (—3.12, —1.36)

Ref
—1.67 (—2.50, —0.83)
—2.18 (—3.07, —1.29)

Ref
—1.22 (—2.03, —0.41)
—1.14 (—2.02, —0.27)

Ref
—1.14 (—1.94, —0.34)
—1.25 (—2.12, —0.39)

Results reflect the differences, expressed as Beta (95% confidence interval) in baseline LV parameters comparing the 2nd and 3rd tertiles of HGF to the 1st

tertile in men and women. We obtained results from multilevel linear mixed-effect models. Results in bold font are statistically significant at 2 < 0.05. Models were

adjusted as follows: Model 1 adjusts for baseline age, race/ ethnicity, sex, and study site. Model 2 adjusts for variables in model 1, along with baseline education,
physical activity, smoking status, height and weight (height and weight are excluded from models in which LV parameters are indexed to body surface area). Model 3

adjusts for variables in model 2, plus baseline heart rate, systolic blood pressure, use of antihypertensive medication, total cholesterol, high-density lipoprotein
cholesterol, use of lipid-lowering medication, and diabetes mellitus status. Model 4 adjusts for variables in model 3, plus baseline N-terminal pro B-type natriuretic

peptide and estimated glomerular filtration rate.

BSA, body surface area; HGF, hepatocyte growth factor; LV, left ventricular; Ref, reference.

LV remodelling) was linked to incident coronary heart disease
events and stroke.'® Other studies have specifically linked
concentric LV remodelling with HFpEF risk.'®!? Thus, the
detection of structural heart disease via cardiac imaging in
asymptomatic individuals may help identify an intermediate
phenotype that is at risk for HF (ie, stage B pre-HF) and is
still within a physiologic window in which interventions may
be beneficial to prevent or delay the progression to clinical
symptomatic HE.*

HFpEEF represents approximately 50% of HF cases, with a
risin§ incidence of both HFpEF cases and associated mortal-
ity.”” Until recently, no pharmacotherapies had been shown
to decrease the risk of HFpEF hospitalizations, and an urgent
need remains to identify novel therapeutic strategies that
might benefit this population.”” Recently, new classes of
medications, such as the sodium-glucose cotransporter 2
inhibitors’" and the neprilysin inhibitor/angiotensin receptor
blocker combination of sacubitril/valsartan,”* have shown
benefit in HFpEF populations. Despite these recent exciting
developments in treatment options available for HFpEF pa-
tients, available therapeutics continue to be limited and of
variable effect across phenotypes, generally providing the
greater benefit for those at the lower end of the HFpEF
spectrum, with perhaps more physiologic similarity to
HFrEF.?"*? As a result, an increased awareness of and
attention to HFpEF and its etiologic predicates is crucial to
improving outcomes in this population.

Given that few options are available for treatment of
established HFpEF, appropriate evaluation and targeted pre-
ventive efforts directed at patients at risk for or in the process
of developing HFpEF may prove to be a vital option for pa-
tients. Just as in patients with HFrEF, biomarkers may act as a
crucial tool to this effect, with HGF acting as one potential
biomarker. Among patients with established HF, HGF level is
a marker for increased risk of mortality.”” Additionally, in

populations initially free of clinical HF, HGF level is a marker
of increased risk for the development of incident hospitalized
HF, and HFpEF in particular, as we showed in a prior MESA
analysis.'> The relationship of HGF level with the interme-
diary imaging phenotype of ventricular remodelling, however,
has not been established previously.

Our current data build on prior work and show that in a
diverse, multicentre cohort, HGF level is associated with
markers of LV concentric remodelling. such as a decrease in
LV volume and an increase in M:V ratio. Notably, although
LVM alone was also associated with a higher HGF level ter-
tile, this relationship was not significant when considering
other risk factors, whereas the M:V ratio was more strongly
associated with elevated HGF levels even in the most fully
adjusted models accounting for CVD risk factors and NT-
proBNP level. This suggests that although factors tradition-
ally associated with HFpEF (such as type 2 diabetes mellitus,
obesity, and hypertension) may be driving an increase in
cardiac mass, important pathophysiologic differences may be
present that are mediated by alternative pathways leading to
the LV volume changes seen here. The degree to which HGF
is a key factor in these processes, or alternatively, a confounder
representative of more important risk factors, requires addi-
tional study. Indeed, when data are stratified by race/ethnicity,
many of the observed relationships between HGF and LV
parameters are significant only in specific racial/ethnic groups,
although sample sizes and power are notably smaller when
participants are grouped in this way. A notable point is that
baseline HGF levels—for example, those of Chinese American
and Hispanic cohorts—differ as well, and incorporating these
differences into future studies may be important to better
understand the pathophysiology of HGF. Finally, clear dif-
ferences exist between participants that attended exam 1 for
cross-sectional assessment only vs those with data available for
longitudinal assessment at both exam 1 and exam 5. These
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Table 3. Longitudinal association between baseline HGF and 10-year change in LV parameters from the Multi-Ethic Study of Atherosclerosis (MESA)
exam 1 (2000—2002) to exam 5 (2010—2012)

HGEF tertile, LV mass, LV end-diastolic volume, LV mass: LV mass, g, LV volume, g,
by model g mL volume ratio indexed to BSA indexed to BSA
Model 1

1 Ref Ref Ref Ref Ref

2 —1.61 (—=3.30, 0.08) —1.65 (—3.66, 0.35) 1.04 (—0.85, 2.94) —0.35 (—1.23, 0.53) —0.30 (—1.37, 0.77)

3 —0.46 (—2.24, 1.32) —4.51 (—6.61, —2.40) 4.88 (2.88, 6.87) 0.36 (—0.56, 1.29) —1.75 (—2.87, —0.62)
Model 2

1 Ref Ref Ref Ref Ref

2 —0.85 (—2.52, 0.81) —1.37 (—3.38, 0.64) 1.35 (—0.55, 3.25) —0.27 (—1.16, 0.61) —0.25 (—1.32, 0.82)

3 0.33 (—1.43, 2.09) —4.08 (—6.20, —1.96) 5.05 (3.04, 7.06) 0.49 (—0.44, 1.42) —1.61 (—2.73, —0.48)
Model 3

1 Ref Ref Ref Ref Ref

2 —0.72 (=2.35, 0.92) —1.45 (—3.45, 0.56) 1.55 (—0.35, 3.45) —0.20 (—1.06, 0.67) —0.42 (—1.48, 0.65)

3 0.17 (=1.56, 1.91) —4.14 (—6.28, —2.01) 5.01 (2.99, 7.02) 0.42 (—0.49, 1.34) —1.74 (—2.86, —0.61)
Model 4

1 Ref Ref Ref Ref Ref

2 —0.98 (—2.58, 0.62) —1.69 (—3.68, 0.30) 1.48 (—0.43, 3.39) —0.42 (—1.26, 0.43) —0.64 (—1.69, 0.41)

3 —0.76 (—2.47, 0.95) —4.74 (—6.87, —2.62) 4.68 (2.64, 6.72) —0.22 (—1.12, 0.69) —2.25 (—3.37, —1.13)

Results reflect the differences, expressed as Beta (95% confidence interval) in changes in LV parameters during 10 years of follow-up comparing the 2nd and 3rd
tertiles of HGF to the 1st tertile in men and women. We obtained results from multilevel linear mixed-effect models that accounted for baseline LVparameters.
Results in bold font are statistically significant at P < 0.05. Models were adjusted as follows: Model 1 adjusts for follow-up time, baseline age, race/ ethnicity, sex,
and study site. Model 2 adjusts for variables in model 1, along with education, baseline, and 10-year measures of physical activity, smoking status, height, and weight
(height and weight are excluded from models in which LV parameters are indexed to body surface area). Model 3 adjusts for variables in model 2, plus baseline heart
rate, baseline and 10-year measures of systolic blood pressure, use of antihypertensive medication, total cholesterol, high-density lipoprotein cholesterol, use of lipid-
lowering medication, and diabetes mellitus status. Model 4 adjusts for variables in model 3, plus baseline and 10-year changes in N-terminal pro B-type natriuretic

peptide, and estimated glomerular filtration rate.
HGEF, hepatocyte growth factor; LV, left ventricular; Ref, reference.

differences may lead to the longitudinal data being less
representative of the population. Nevertheless, both our cross-
sectional and longitudinal results show consistent relationships
between HGF with a greater M:V ratio and lower LVEDV.

Interesting to note is that recent data in cardio-oncology
have shown HGF to be a biomarker associated with cardiac
amyloidosis, differentiating the disease from HFrEF or LV
hypertrophy, and acting as a prognostic marker in identifying
those patients with amjloidosis at greater risk for poor car-
diovascular outcomes.” Given the similarity of HFpEF and
cardiac amyloidosis with respect to decreases in LV volume
and M:V ratios, this finding may support the postulated role
of HGF as a cytokine released in response to cardiac stress that
either is overwhelmed by the disease state—not dissimilar to
NT-proBNP—or acts in a deleterious manner upon long-
term stimulation, subsequently exacerbating the disease
state. Further studies are necessary to delineate exactly how
HGEF is acting in these varying phenotypes and patient pop-
ulations, or if HGF is one mediator in a more extensive
pathway of disease progression.

Strengths and Limitations

As the first study to assess the relationship of HGF with
cardiac remodelling, we believe this paper has a number of
strengths and adds to important knowledge regarding poten-
tial HFpEF pathophysiologic agents via cardiac MRI assess-
ment. Given that a large and diverse cohort was studied, we
further believe that this work is more broadly applicable than
results from more narrow and/or homogenous cohorts.
Regardless, this analysis has several limitations. First, this
study is limited by the use of a single assessment of HGF level
at baseline. A subset of individuals in MESA did have a repeat

HGF measurement at exam 2, but as no cardiac MRI was
performed at that visit, a change in HGF was not considered
in this analysis. Second, significant dropout occurred of par-
ticipants receiving a second cardiac MRI at visit 5; however,
the longitudinal analysis was consistent with the cross-
sectional findings at exam 1. Third, although we did index
for body surface area, sex differences with respect to body
surface area-adjusted LV mass were not included due to the
power constraints of our cohort. Future studies may benefit
from analyzing this factor in greater detail.

Fourth, as this study does not include echocardiographic
data, we are unable to comment on diastology alongside
markers of cardiac remodelling via cardiac MR, though our
data did notably include left atrial size, which is an important
piece in the characterization of diastolic function. Additional
studies utilizing echocardiography may help in characterizing
this function further. Finally, this study is observational, and
as such, a causal role of HGF in cardiac remodelling cannot be
determined. Although we adjusted for a number of covariates,
the associations demonstrated may in part be due to residual
confounding. Thus, a point that cannot be determined is
whether the association of baseline HGF level with concentric
remodelling and decreased LV volume is driven or mediated
by an unknown factor aside from HGF level. Additional
studies are required to further evaluate the mechanisms and
pathways in which HGF operates within the context of these
associations.

Conclusions

In a community-based cohort, higher baseline HGF levels
were independently associated with a concentric LV remod-
elling pattern with an increasing M:V ratio. These levels were
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also associated with decreasing LVEDV over 10 years of
longitudinal assessment. These associations may suggest the
existence of an intermediate phenotype that explains the as-
sociation of HGF and HFpEF risk. Further work is needed to
determine the mechanisms, viability, and potential of target-
ing HGF-associated pathways in HF prevention.
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