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Abstract

Background Fibroblast growth factor 23 (FGF-23) has been associated with left ventricular hypertrophy (LVH) and heart
failure. However, its role in right ventricular (RV) remodeling and RV failure is unknown. This study analyzed the utility of
FGF-23 as a biomarker of RV function in patients with pulmonary hypertension (PH).

Methods In this observational study, FGF-23 was measured in the plasma of patients with PH (n =627), dilated cardio-
myopathy (DCM, n=59), or LVH with severe aortic stenosis (n=235). Participants without LV or RV abnormalities served
as controls (n=36).

Results Median FGF-23 plasma levels were higher in PH patients than in healthy controls (p <0.001). There were no signifi-
cant differences between PH, DCM, and LVH patients. Analysis across tertiles of FGF-23 levels in PH patients revealed an
association between higher FGF-23 levels and higher levels of NT-proBNP and worse renal function. Furthermore, patients
in the high-FGF-23 tertile had a higher pulmonary vascular resistance (PVR), mean pulmonary artery pressure, and right
atrial pressure and a lower cardiac index (CI) than patients in the low tertile (p <0.001 for all comparisons). Higher FGF-23
levels were associated with higher RV end-diastolic diameter and lower tricuspid annular plane systolic excursions (TAPSE)
and TAPSE/PASP. Receiver operating characteristic analysis revealed FGF-23 as a good predictor of RV maladaptation,
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defined as TAPSE < 17 mm and CI < 2.5 L/min/m?. Association of FGF-23 with parameters of RV function was independent
of the glomerular filtration rate in regression analysis.
Conclusion FGF-23 may serve as a biomarker for maladaptive RV remodeling in patients with PH.
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Introduction

Pulmonary hypertension (PH) increases the afterload of the
right ventricle (RV). Chronic pressure overload leads to RV
remodeling and may result in right heart failure, which is asso-
ciated with adverse outcomes [2]. Maladaptive RV remodeling
is characterized by dilation, excessive fibrosis, and systolic and
diastolic dysfunction [36]. Early detection of maladaptive RV
remodeling in PH is crucial for the prevention of RV failure,
but it remains challenging. Hence, biomarkers indicating mala-
daptive changes in RV function could be useful noninvasive
diagnostic tool to optimize the treatment of PH patients.

Fibroblast growth factor 23 (FGF-23) is a bone-derived
protein that acts as a regulator in phosphate and vitamin D
homeostasis and is elevated in patients with chronic kidney
disease (CKD) [27]. A direct effect of FGF-23 on the heart
to induce hypertrophy and fibrosis was shown in vitro [5,
12]. In clinical studies elevated FGF-23 was associated with
left ventricular (LV) hypertrophy and was shown to be a
strong predictor of cardiovascular mortality in patients with
heart failure and reduced (HFrEF) or preserved (HFpEF) LV
ejection fraction [5, 9, 25, 28].

To date, there is a paucity of data on the role of FGF-
23 in RV remodeling. A recent study reported an associa-
tion between high serum levels of FGF-23 and pulmonary
arterial hypertension (PAH) in a small cohort of patients
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undergoing dialysis [20]. Interestingly, another study with
HFpEF patients showed an association between increased
FGF-23 plasma levels and parameters of maladaptive RV
remodeling in echocardiography and cardiac magnetic
resonance imaging (CMR), whereas there was no associa-
tion between LV parameters and FGF-23 levels [28]. These
results suggest that FGF-23 could have differential expres-
sion patterns in LV and RV remodeling.

The aim of the present study was to examine the util-
ity of FGF-23 as a biomarker of RV dysfunction in a large
cohort of PH patients. Furthermore, FGF-23 plasma levels
were compared in patients with PH, dilated cardiomyopathy
(DCM), left ventricular hypertrophy (LVH) in severe aortic
stenosis, and controls without any LV or RV abnormalities.

Methods
Study population

Between December 2013 and January 2021, n=>542 patients
with chronic thromboembolic pulmonary hypertension
(CTEPH), n =385 with idiopathic pulmonary hypertension
(IPAH), n=35 patients with LVH and severe aortic stenosis,
and n=59 DCM patients were enrolled in this observational
cohort study. Individuals (n=34) without any RV or LV
abnormalities served as controls. Study inclusion took place
at the Kerckhoff Heart and Thorax Center and at the Uni-
versity Hospital of Giessen and Marburg (UKGM) Campus
GiefBlen, Department of Cardiology.

Data on demographics, comorbidities, and symptoms
were collected for all patients. RV and LV function were
evaluated by transthoracic echocardiography, and patients
with pulmonary hypertension were also examined by right
heart catheterization (RHC, see below).

All patients gave written informed consent before enroll-
ment in this study. The Institutional Review Board of the
University of Giessen approved the study (199/15, 44/14,
100/13).

Inclusion criteria

Patients with IPAH and CTEPH were included if they ful-
filled all of the following criteria: age > 18 years, mean pul-
monary artery pressure (mPAP)>25 mmHg, pulmonary
artery wedge pressure (PAWP) <15 mmHg, left ventricular
ejection fraction (LVEF) > 50%, and no LVH (end-diastolic
interventricular septum thickness (IVSd) < 13 mm).
Patients with LVH and pressure overload were included
in the study according to the following criteria: chronic LV

@ Springer

pressure overload due to severe aortic stenosis (aortic valve
mean pressure gradient>40 mmHg and/or aortic valve
area< 1 cm?) and preserved LV function (LVEF > 55%),
IVSd>12 mm.

Patients diagnosed with DCM were included in the study
according to the following criteria: impaired LV function
(LVEF <40%), LVEDd > 56 mm as measured by echocar-
diography, at the time of diagnosis.

Samples from a cohort without any RV or LV abnor-
malities were used as controls. Chronic kidney disease
was defined as an estimated glomerular filtration rate
(eGFR) < 60 mL/min/1.73 m?. eGFR was estimated using
the CKD-EPI method.

Laboratory assessments

Venous blood samples were obtained by venipuncture at
inclusion and collected in plain tubes. Plasma aliquots were
processed immediately and stored at — 80 °C until further
analysis. Biomarker measurements were performed by expe-
rienced staff who were blinded to patients’ characteristics.

C-terminal FGF-23 was measured by a second-genera-
tion human FGF-23 enzyme-linked immunosorbent assay
(ELISA) kit (MicroVue Human FGF-23 (C-Term) EIA-96
Test, Quidel Corporation, Athens, Ohio, USA) with a mini-
mum detectable concentration of 1.5 RU/mL. The intra-
assay coefficients of variation are 2.4% and 1.4% at 33.7
and 302 RU/mL, and the respective interassay coefficients of
variation are 4.7% and 2.4% at 33.6 and 293 RU/mL.

In a subset of patients (n=335) NT-pro-BNP levels
were measured in serum with an electrochemiluminescence
immunosassay using monoclonal antibodies (NT-proBNP
assay, Roche Diagnostics, Mannheim, Germany). The intra-
assay coefficients of variation are 1.5% and 1.3% at 124 and
14.142 pg/mL, respectively, and the respective interas-
say coefficients of variation are 2.7% and 1.7% at 125 and
32,930 pg/mL as declared by the package insert. The lower
detection limit for the NT-proBNP assay is 5 pg/mL.

Transthoracic echocardiography

Transthoracic two-dimensional echocardiography was per-
formed in all patients according to international recommenda-
tions [17]. Right heart function was examined using tricuspid
annular plane systolic excursion (TAPSE), right ventricular
end-diastolic diameter (RVEDD), pulmonary artery systolic
pressure (PASP), and the ratio of TAPSE to PASP (TAPSE/
PASP). TAPSE/PASP is an index that takes into account both
the shortening (TAPSE) and the developed strength (PASP) of
the RV [10], which has been shown to be an important prog-
nostic parameter in PH [32].
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Right heart catheterization (RHC)

RHC was performed in standard fashion via the right inter-
nal jugular vein using a 6F sheath and a standard Swan-Ganz
catheter. Medication was not changed prior to or during the
procedure. No vasoactive substances were administered.

Statistical analysis

Continuous variables are shown as mean =+ standard devia-
tion or as median with interquartile range, as appropriate.
Categorial variables are displayed as numbers and percent-
ages. The Shapiro—Wilk test was applied to assess paramet-
ric distribution. Independent cohorts were compared using
Student’s ¢ test for normally distributed variables or the
Mann—Whitney U test for non-normally distributed continu-
ous variables. The Kruskal-Wallis test with Dunnet’s post-
hoc test was applied to compare non-normally distributed
variables in more than two subgroups. The Chi-squared test
and Fisher’s exact test were used for categorical variables.
Receiver operating characteristic (ROC) curve analysis was
performed to assess the predictive value of FGF-23 regard-
ing RV maladaptation, defined as TAPSE <17 mm and
cardiac index (CI) <2.5 L/min/m?. Binary logistic regres-
sion analysis was performed to identify whether FGF-23
is a glomerular filtration rate (GFR)-independent predictor
of parameters of RV function. A two-tailed p value <0.05
was considered to define statistical significance. Statistical
analysis was performed using IBM SPSS Statistics Version
28.0 (IBM Corp., Armonk, NY, USA).

Results
Characteristics of the study population

Clinical characteristics of patients with PH, LVH, DCM, and
controls are shown in Table 1. Patients with LVH were older,
had the lowest estimated GFR (eGFR) and had a higher rate
of atrial fibrillation, coronary artery disease, and previous
percutaneous coronary intervention, coronary artery bypass
surgery, and myocardial infarction than patients in the other
groups (p <0.05 for all comparisons). PH patients had higher
PASP measured by echocardiography than that of all other
groups. In addition, the echocardiographic RV parameters
TAPSE and TAPSE/PASP were lower in PH patients than
in the other groups, whereas RVEDD was higher (p <0.05
for all comparisons).

FGF-23 levels

Clinical characteristics of patients with PH, LVH, DCM, and
controls are shown in Table 1.

Median FGF-23 plasma levels were significantly higher
in patients with PH, DCM, or LVH than in healthy controls
(» <0.01 for all comparisons), whereas there were no sig-
nificant differences between PH, DCM, and LVH patients
(Fig. 1). In patients with LVH, FGF-23 plasma levels cor-
related with age (r=0.43, p=0.01) and eGFR (r=- 0.43,
p=0.01). No significant correlation was observed between
FGF-23 levels and echocardiographic parameters of LV
or RV function. (Table 2). In patients with DCM, FGF-23
levels did not correlate with age (r=— 0.03, p=0.34) but
did correlate with eGFR (r=- 0.29, p=0.03), RVEDD
(r=0.27, p=0.04), TAPSE (r=— 0.43, p<0.001), TAPSE/
PASP (- 0.35, p=0.01), mPAP (r=0.51, p=0.003), and
LVEF (r=- 0.31, p=0.02). No correlation was observed
between FGF-23 and right atrial pressure (RAP, r=0.12,
p=0.15), cardiac index (CI, r=— 0.1, p=0.21), LVEDd
(r=—-0.12,p=0.13) IVSd (0.10, p=0.14) or LVPWd (0.12,
p=0.11) in DCM patients (Table 3).

An analysis of clinical and imaging parameters across
FGF-23 tertiles in patients with PH is shown in Table 4. No
differences were observed between FGF-23 tertiles regard-
ing mean age, BMI, NYHA class, and comorbidities except
for diabetes: patients in the high-FGF-23 tertile showed a
higher prevalence of diabetes than those in the low tertile
(»p=0.04).

Assessment of RHC parameters showed that PVR
(Fig. 2a), mPAP (Fig. 2b), and RAP (Fig. 2c) were higher in
the high-FGF-23 tertile than in the middle (p <0.05 for all
comparisons) or the low tertile (p <0.001 for all compari-
sons). The CI was higher in the low-FGF-23 tertile than in
the middle (p < 0.05) or high tertile (p < 0.001; Fig. 2d). The
echocardiographic parameters TAPSE and TAPSE/PASP
were lower in patients in the high-FGF-23 tertile than in the
middle or low tertile (p <0.01 for all comparisons; Fig. 2e,
f). Furthermore, in patients in the high tertile, RVEDD was
higher than in patients in the middle or low tertile (p <0.01
for both comparisons; Fig. 2g). NT-proBNP levels in the
high-FGF-23 tertile were also higher than in the middle or
low tertiles (p <0.001 for both comparisons, Fig. 2h).

eGFR was lower in the high-FGF-23 tertile compared
with the middle and low tertiles (p <0.05 for all compari-
sons, Fig. 2i). The results of binary regression analysis
indicated that FGF-23 is an eGFR-independent predictor of
TAPSE < 17 mm, CI <2.0 I/min/m?, RVEDD > 43 mm, and
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Table 1 Clinical characteristics

TAPSE/PASP, mm/mmHg, median (IQR)

Biomarkers
Creatinine, mg/dL, median (IQR)

GFR, mL/min/1.73 m?, median (IQR)

FGF-23, RU/mL, median (IQR)

0.25 (0.18-0.34)

0.9 (0.8-1.1)
79 (64-97)
98 (67-133)

0.61 (0.54-0.82)

1.1 (0.9-1.3)
63(42-86)
105 (66-151)

0.71 (0.55-0.87)

1.0 (0.8-1.2)
81 (62-101)
88 (46-114)

PH LVH DCM Controls
n=627 n=35 n=>59 n=34
Baseline characteristics
Female sex, n 299 (47.7%) 19 (54.3%) 17 (28.8%) 17 (50.0%)
Age, years, mean (SD) 60 (46-74) 81 (76-86) 58 (45-71) 52 (32-72)
BMI, kg/m?, mean (SD) 28 (22-34) 26 (22-30) 30 (23-37) 26 (22-30)
NYHA > 11T 299 (77.7%) 19 (55.9%) 25 (43.1%) 3(8.8%)
Medical history
Atrial fibrillation, n 56 (10.3%) 18 (51.4%) 0 (0.0%) 1(2.9%)
CAD, n 90 (14.4%) 25 (71.4%) 10 (16.9%) 11 (32.4%)
Previous M1, n 19 (3.5%) 12 (34.3%) 0 (0.0%) 3 (8.8%)
Previous PCI, n 24 (5.9%) 16 (45.7%) 0 (0.0%) 9 (26.5%)
Previous CABG, n 1(0.2%) 3 (8.6%) 0 (0.0%) 1 (2.9%)
PAD, n 10 (2.5%) 2(5.7%) 0 (0.0%) 2 (5.9%)
Previous stroke/TIA, n 14 (3.5%) 0 (0.0%) 0 (0.0%) 2 (5.9%)
Cardiovascular risk factors
Diabetes mellitus, n 65 (10.4%) 8 (22.9%) 12 (20.7%) 2 (5.9%)
Hypertension, n 241 (50.1%) 29 (82.9%) 29 (50.0%) 12 (35.3%)
Dyslipidemia, n 82 (17.3%) 14 (40.0%) 15 (25.9%) 9 (26.5%)
Family history of CV disease, n 55 (14.2%) 11 (33.3%) 24 (44.4%) 11 (32.4%)
smoking, n 69 (11.8%) 2 (5.9%) 25 (44.6%) 6 (17.6%)
Right heart catheterization
PVR, dyn/s/cm3, median (IQR) 544 (404-728) n.a n.a n.a
PAPmean, mmHg, median (IQR) 42 (35-49) n.a 20 (17-27) n.a
PAWPmean, mmHg, median (IQR) 9 (7-12) n.a 15 (10-21) n.a
RAP, mmHg, median (IQR) 7 (5-10) n.a 5(3-8) n.a
CI, L/min/m?, median (IQR) 2.4 (2.0-2.8) n.a 1.9 (1.7-2.4) n. a
Echocardiography
PASP, mmHg, median (IQR) 78 (63-92) 33 (26-37) 28 (24-34) 26 (22-27)
TAPSE, mm, median (IQR) 19 (16-23) 21 (19-23) 20 (18-22) 24 (22-29)
RVEDd, mm, median (IQR) 44 (39-51) 36 (34-41) 37 (34-41) 38 (35-40)
LV-EF, %, median (IQR) 60 (55-60) 55 (45-60) 30 (20-35) 60 (55-60)
IVSd, mm, median (IQR) 10 (9-11) 13 (11-15) 11 (9-12) 10 (9-11)
LVPWd, mm, median (IQR) 10 (8-11) 12 (10-13) 11 (9-11) 11 (10-11)
E/E’, median (IQR) 9 (8-13) 21 (16-25) 15 (11-20) 7 (7-10)
LA, mm, median (IQR) 33 (29-39) 44 (39-50) 44 (40-50) 36 (34-37)
LVEDd, mm, median (IQR) 44 (40-47) 48 (41-54) 62 (57-67) 46 (41-48)

0.89 (0.83-0.89)

0.8 (0.7-1.0)
94 (70-114)
46 (2-82)

PH pulmonary hypertension, LVH left ventricular hypertrophy, DCM dilated cardiomyopathy, BMI body mass index, NYHA New York Heart
Association, CAD coronary artery disease, PCI percutaneous coronary intervention, CABG coronary artery bypass grafting, PAD peripheral
artery disease, T/A transient ischemic attack, CV cardiovascular, PVR pulmonary vascular resistance, PAPmean mean pulmonary artery pres-
sure, PAWPmean mean pulmonary artery wedge pressure, RAP right atrial pressure, CI cardiac index, PASP pulmonary artery systolic pressure,
TAPSE tricuspid annular plane systolic excursion, RVEDD right ventricular enddiastolic diameter, LVEF left-ventricular ejection fraction, /VSd
diastolic interventricular septum thickness, LVPWd diastolic left ventricular posterior wall thickness, LA left atrium, LVEDD left ventricular
enddiastolic diameter, GFR glomerular filtration rate, FGF-23 fibroblast growth factor 23
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Fig. 1 Box plots comparing FGF-23 levels in patients with PH, LVH,
DCM and in controls. Boxes represent median with IQR. *p <0.05,
*¥p <0.01, ***p <0.001. ns not significant, FGF23 fibroblast growth
factor 23, PH pulmonary hypertension, LVH left ventricular hypertro-
phy, DCM dilated cardiomyopathy

Table2 Correlation of FGF-23 with clinical and echocardiographic
characteristics in patients with LVH

Pearson correlation p value
Age —-0.43 0.01
GFR - 043 0.01
RVEDD 0.18 ns
TAPSE -0.14 ns
TAPSE/PASP -0.27 ns
LVEF 0.01 ns
LVEDD 0.26 ns
LVPWd 0.04 ns
1VSd —-0.25 ns

FGF-23 fibroblast growth factor 23, LVH left ventricular hypertrophy,
GFR glomerular filtration rate, RVEDD right ventricular enddiastolic
diameter, TAPSE tricuspid annular plane systolic excursion, PASP
pulmonary artery systolic pressure, LVEF left-ventricular ejection
fraction, LVEDD left ventricular enddiastolic diameter, LVPWd dias-
tolic left ventricular posterior wall thickness, /VSd diastolic interven-
tricular septum thickness

RAP>7 mmHg (Suppl. Table 1). Additionally, correlation
analysis in the subgroup of PH patients with CKD (n=93)
confirmed the findings from the entire PH cohort (Suppl.
Table 2).

ROC analysis identified FGF-23 as a good predictor of
maladaptive RV-defined TAPSE < 17 mm and CI<2.5 L/
min/m? in patients with PH (AUCggg 03 =0.72, Fig. 3).

Table 3 Correlation of FGF-23 with clinical, echocardiographic and
invasively measured characteristics in patients with DCM

Pearson correlation p value
Age —-0.03 ns
GFR -0.29 0.03
RVEDD 0.27 0.039
TAPSE —-0.43 <0.001
TAPSE/PASP -0.35 0.01
LVEF —-0.31 0.02
LVEDD —-0.12 ns
LVPWd 0.10 ns
1VSd 0.12 ns
mPAP 0.51 0.003
PAWPmean 0.56 ns
RAP 0.12 ns
CI -0.10 ns

FGF-23 fibroblast growth factor 23, DCM dilated cardiomyopathy,
GFR glomerular filtration rate, RVEDD right ventricular end dias-
tolic diameter, TAPSE tricuspid annular plane systolic excursion,
PASP pulmonary artery systolic pressure, LVEF left-ventricular ejec-
tion fraction, LVEDD left ventricular end diastolic diameter, LVPWd
diastolic left ventricular posterior wall thickness, /VSd diastolic inter-
ventricular septum thickness, mPAP mean pulmonary artery pressure,
PAWPmean mean pulmonary artery wedge pressure, RAP right atrial
pressure, CI cardiac index

Discussion
Primary study findings

The present study examined the relationship between FGF-
23 levels and clinical characteristics, echocardiographic
parameters, and invasively measured RHC parameters in
patients with PH, LVH, DCM, and in healthy controls.
The main findings of this study are that (1) plasma lev-
els of FGF-23 are higher in patients with PH, LVH, and
DCM than in healthy controls, whereas no significant dif-
ferences were found between patients with PH, LVH, and
DCM; (2) increased FGF-23 plasma levels are associated
with systolic RV dysfunction, RV dilation, lower CI, and
higher pulmonary pressure and vascular resistance in PH
patients; (3) FGF-23 is an eGFR-independent predictor of
RV maladaptation.

The transition from adaptation to maladaptation
of the RV in PH.

The continuous pressure overload caused by PH induces
remodeling processes in the RV. In early-stage PH, the RV
adapts to its higher afterload by a four to fivefold increase
in contractility to maintain cardiac output. This increase
is achieved by hypertrophy and changes in cardiomyocyte
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Table 4 Clinical characteristics of patients with pulmonary hypertension divided into tertiles of FGF-23

Tertile 1 Tertile 2 Tertile 3 Tertile
(<78 RU/mL) (78-118 RU/mL) (>118 RU/mL) 3 versus
Tertile 1
n=209 n=209 n=209 p value
Baseline characteristics
Female sex, n 86 (41.1%) 99 (47.4%) 114 (54.5%) 0.006
Age, years, mean (+ SD) 60 (47-73) 60 (45-75) 61 (47-75) 0.71
BMI, kg/m?, mean (= SD) 28 (22-34) 28 (22-34) 28 (21-35) 0.87
NYHA functional classes III and IV, n 95 (74.2%) 93 (74.4%) 111 (84.1%) 0.05
Medical history
Atrial fibrillation, n 14 (7.5%) 18 (10.1%) 24 (13.5%) 0.06
CAD, n 29 (14.0%) 26 (12.5%) 35 (16.8%) 0.43
Previous myocardial infarction, n 10 (5.4%) 2 (1.1%) 7 (3.9%) 0.50
Previous PCIL, n 8 (5.3%) 7(5.1%) 9 (7.6%) 0.46
Previous CABG, n 0(0.0%) 1(0.7%) 0 (0.0%) n.a
PAD, n 2(1.3%) 3(2.2%) 5 (4.3%) 0.25
Previous stroke/TIA, n 3 (2.0%) 9 (6.8%) 2 (1.7%) 1.00
Cardiovascular risk factors
Diabetes mellitus, n 17 (8.2%) 17 (8.1%) 31 (14.8%) 0.04
Hypertension, n 80 (47.1%) 80 (48.8%) 81 (55.1%) 0.15
Dyslipidemia, n 32 (19.2%) 26 (16.0%) 24 (16.4%) 0.53
Family history of CV disease, n 21 (14.4%) 17 (13.4%) 17 (15.0%) 0.88
Smoking, n 20 (10.2%) 20 (10.3%) 29 (14.9%) 0.16
Right heart catheterization
PVR, dyn/s/cm®, median (IQR) 447 (324-580) 529 (420-724) 655 (466-858) <0.001
PAPmean, mmHg, median (IQR) 39 (32-45) 40 (35-48) 46 (40-52) <0.001
PAWPmean, mmHg, median (IQR) 10 (7-12) 9 (7-11) 11 (8-12) 0.37
RAP, mmHg, median (IQR) 6 (5-9) 7(5-9) 9(6-12) <0.001
CI, L/min/m?, median (IQR) 2.5(2.2-2.9) 2.4 (2.0-2.7) 2.2 (1.9-2.7) <0.001
Echocardiography
PASP, mmHg, median (IQR) 69 (57-82) 79 (60-90) 84 (69-98) <0.001
TAPSE, mm, median (IQR) 21 (18-24) 20 (16-23) 17 (14-21) <0.001
RVEDd, mm, median (IQR) 43 (36-47) 44 (40-49) 50 (43-53) <0.001
LV-EF, %, median (IQR) 60 (55-60) 60 (55-60) 60 (55-61) 0.37
IVSd, mm, median (IQR) 10 (9-11) 10 (9-11) 10 (9-12) 0.31
LVPWd, mm, median (IQR) 9(9-11) 10 (9-10) 10 (8-11) 0.78
LA, mm, median (IQR) 35 (32-38) 31 (27-38) 34 (30-44) 0.69
LVEDd, mm, median (IQR) 46 (42-49) 43 (40-47) 40 (36-46) 0.002
TAPSE/PASP, mm/mmHg, median (IQR) 0.30 (0.22-0.39) 0.26 (0.19-0.34) 0.21 (0.15-0.29) <0.001
Creatinine, mg/dL, median (IQR) 0.9 (0.7-1.0) 0.9 (0.8-1.1) 1.0 (0.8-1.3) <0.001
GFR, mL/min/1.73 m?, median (IQR) 88 (76-102) 79 (65-98) 68 (53-89) <0.001
BNP, pg/mL, median (IQR) 51 (24-94) 91 (48-196) 353 (77-525) 0.001
nt-pro-BNP (n=335), ng/L, median IQR) 308 (115-855) 547 (166-1703) 1712 (700-3253) <0.001
FGF-23, RU/mL, median (IQR) 50 (2-67) 99 (88-106) 163 (133-266) <0.001

BMI body mass index, NYHA New York Heart Association, CAD coronary artery disease, PCI percutaneous coronary intervention, CABG coro-
nary artery bypass grafting, PAD peripheral artery disease, T/A transient ischemic attack, CV cardiovascular, PVR pulmonary vascular resist-
ance, PAPmean mean pulmonary artery pressure, PAWPmean mean pulmonary artery wedge pressure, RAP right atrial pressure, CI cardiac
index, PASP pulmonary artery systolic pressure, TAPSE tricuspid annular plane systolic excursion, RVEDD right ventricular enddiastolic diam-
eter, LVEF left-ventricular ejection fraction, /VSd diastolic interventricular septum thickness, LVPWd diastolic left ventricular posterior wall
thickness, LA left atrium, LVEDD left ventricular enddiastolic diameter, GFR glomerular filtration rate, BNP brain natriuretic peptide, FGF-23
fibroblast growth factor 23
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Fig.2 Boxplots showing a PVR, b mPAP, ¢ RAP, d Cardiac Index,
e TAPSE, f TAPSE/PASP, g RVEDD, h NT-proBNP, i GFR across
FGF-23 tertiles in patients with pulmonary hypertension. I: Low: <78
RU/mL; II: middle: 78-117 RU/mL; III: high: > 117 RU/mL; boxes
represent median with IQR. FGF-23 fibroblast growth factor 23,

contractile properties that enable ventriculoarterial coupling
to be maintained [37].

Chronic progressive pressure overload, however, leads
to increased wall stress, capillary rarefication, and neurohu-
moral activation and other pathological stimuli that induce
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PVR pulmonary vascular resistance, mPAP mean pulmonary artery
pressure, RAP right atrial pressure, TAPSE tricuspid annular plane
systolic excursion, RVEDD right ventricular enddiastolic diam-
eter, BNP brain natriuretic peptide, GFR glomerular filtration rate,
**%p <0.001; **p <0.01; *p <0.05; ns not significant

maladaptive remodeling in the RV. These changes lead to
RV dilation, fibrosis, and systolic and diastolic dysfunction
[35]. As a result, the RV can no longer sustain an adequate
cardiac output, which leads to ventriculoarterial uncoupling
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Fig.3 Receiver operating characteristics curve showing the predic-
tive power of FGF-23 for maladaptive RV (TAPSE<17 mm and
CI<2.5 L/min/m?). FGF-23 fibroblast growth factor 23, eGFR esti-
mated glomerular filtration rate, RV right ventricle, TAPSE tricuspidal
annular plane systolic excursion, CI cardiac index
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and finally right heart failure, which is associated with high
mortality [2].

The early detection of maladaptive changes could be
essential for the improvement of therapeutic strategies in
patients with pulmonary hypertension. Currently, the gold-
standard method for evaluating right ventricular—pulmonary
artery (RV-PA) coupling is the measurement of the pres-
sure—volume (PV) loop-derived end-systolic RV elastance/
pulmonary elastance (Ees/Ea) ratio [22, 37]. However, this
invasive measurement requires a high level of technical
expertise and is thus not suitable for routine clinical prac-
tice. Non-invasive tools would be very useful for monitoring
RV coupling and especially the transition to RV-PA uncou-
pling. A combination of clinical examination, non-invasive
imaging techniques, and biomarker measurements would be
a conceivable solution for better patient risk stratification.

FGF-23 as a biomarker of myocardial remodeling
FGF-23, which is mainly secreted by osteocytes, plays an

important role in phosphate and vitamin D homeostasis
[31]. In early-stage CKD, FGF-23 levels increase, to keep
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phosphate levels within the normal range [14]. Beyond
its secretion by osteocytes, FGF-23 was discovered to be
expressed in cardiac myocytes and cardiac fibroblasts
under pathologic conditions such as myocardial infarction,
LV pressure overload and heart failure [19]. Furthermore,
FGF-23 was involved in profibrotic and prohypertrophic
myocardial signaling in several experimental studies [5, 8,
12, 19]. These observations suggest, that FGF-23 plays a
role in the pathophysiology of myocardial hypertrophy and
myocardial fibrosis.

Our findings that FGF-23 plasma levels were increased
in patients with LVH and DCM compared with healthy
controls are consistent with previous studies [15, 21, 30].
Patients with DCM also showed significant correlations
of FGF-23 levels to parameters of LV and RV remodeling.
Patients with LVH, however, did not show any correlations
to parameters of myocardial remodeling. Adversely, find-
ings from previous studies showed significant correlations
between FGF-23 levels to LV remodeling in patients with
LVH [11, 30].

Whereas there are numerous studies examining the
association of FGF-23 expression and parameters of LV
remodeling, there is a paucity of evidence on the associa-
tion between FGF-23 and RV remodeling. In a small cohort
of PAH patients (n=48) FGF-23 levels were correlated to
mPAP, CI, PVR, NT-proBNP und REVEAL Risiko-Score
[1]. Data on associations between FGF-23 levels and RV
remodeling in PH from bigger cohorts is not available.

In the present study, echocardiographic and RHC param-
eters were used to detect signs of RV maladaptation and
RV-PA uncoupling in PH patients and to analyze their
association with FGF-23 levels. Furthermore, associations
between FGF-23 levels and parameters of RV afterload
were analyzed. Higher FGF-23 concentrations were associ-
ated with markedly higher pulmonary pressures and vascu-
lar resistance. Notably, tertile analysis showed a consistent
relationship between higher FGF-23 levels and worse param-
eters of RV systolic dysfunction, RV dilation, and RV-PA
uncoupling. High FGF-23 levels showed significantly lower
TAPSE, TAPSE/PASP, and CI and higher RVEDD. Impor-
tantly, high FGF-23 plasma levels in PH were also associ-
ated with impaired kidney function. However, patients with
normal kidney function showed similar correlations to RV
parameters as the entire cohort and regression analysis in
the whole PH cohort revealed that FGF-23 is independently
associated with parameters of RV function and structure as
well as pulmonary pressure and vascular resistance. Previ-
ous studies have also shown that high FGF-23 levels in CKD
were independently associated with PH, LVH, chronic heart
failure, and higher mortality [5, 20, 23].

TAPSE is an established parameter of RV systolic
function recommended by the current guidelines, and
TAPSE < 17 mm is the cut-off value for systolic dysfunction
[7, 29]. The CI was shown to be an independent predictor
of cardiac outcome in patients with heart failure [13, 24].
The current guidelines recommend the use of the CI in the
prognostic stratification of patients with PH, and CI<2.5 L/
min is associated with increased 1-year mortality [7]. Con-
sequently, TAPSE <17 mm and CI < 2.5 L/min were used
in the present study as cut-offs for systolic dysfunction and
low cardiac output to define RV maladaptation with signs
of RV-PA uncoupling. In the ROC analysis, FGF-23 was
a good predictor of TAPSE <17 mm and CI<2.5 L/min.
Hence, in our study FGF-23 is an eGFR-independent predic-
tor of maladaptive RV remodeling.

Interestingly, our analysis did not show any significant
differences between FGF-23 levels in patients with LVH,
DCM, and PH. We assume, that the occurrence of cardiac
fibrosis in all three diseases [3, 6, 18] may be the reason for
the elevation of FGF-23 levels in all three groups of patients.

Fibrosis appears to be prognostically relevant in RV mal-
adaptation. In PH patients with right heart failure, CMR
imaging and histological analyses show a significantly
increased amount of RV fibrosis compared with controls
[4, 6]. Several studies show that RV fibrosis is associated
with RV diastolic dysfunction and adverse outcomes in
PH patients [16, 26, 34]. Recently published CMR strain
PV loop analyses show that the impaired diastolic function
caused by RV fibrosis and intrinsic changes in the cardio-
myocytes may be crucial events in the development of RV
uncoupling in PH [26, 33]. Therefore, FGF-23 may be a
biomarker of RV fibrosis that can detect the transition from
adaptive RV hypertrophy to maladaptive RV remodeling and
RV-PA uncoupling.

Limitations

The present clinical data are derived from an observational
study without long-term follow-up. Patients included were
mainly those with CTEPH and a smaller group with IPAH.
Observed associations may therefore not be valid for other
PH entities. No core lab analysis of the echocardiographic
data was performed. PH group was larger than other groups,
which could influence the comparison between the groups.
Data on NT-pro-BNP were only available for CTEPH
patients; Furthermore, serum levels of calcium, phospho-
rus, parathormone, and vitamin D are missing, so a possible
effect of these parameters on the association between FGF-
23 and RV maladaptation could not be detected.
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Conclusion

This study reveals that FGF-23 plasma levels are signifi-
cantly higher in PH patients than in healthy controls. No
differences in FGF-23 concentrations were found between
patients with PH, LVH, or DCM. Our analysis also showed
that increased FGF-23 plasma levels are associated with sys-
tolic RV dysfunction, RV dilation, and higher pulmonary
pressures in PH patients. Furthermore, FGF-23 was a good
predictor of RV maladaptation and may thus serve as a bio-
marker for maladaptive RV remodeling in patients with PH.
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