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Aims

Methods and
results

Abnormal bone metabolism and progressive demineralization have been described in patients with heart failure (HF).
We hypothesized that mechanical unloading through implantation of a ventricular assist device (VAD) with subse-
quent haemodynamic improvement would correct abnormal bone metabolism in patients with advanced HF.

Serum was collected from 14 controls, 20 patients with moderate HF, 34 patients with advanced HF undergoing VAD
implantation, and 34 patients at the time of VAD explantation (mean duration: 169 + 125 days). Bone metabolism
markers were measured using enzyme-linked immunosorption assay (ELISA) or chemiluminescence immunoassay
(CLIA). Compared with controls, HF patients showed increased parathyroid hormone (PTH: 42 + 19vs. 117 + 117
pg/mL in HF; P < 0.02) with decreased 25-hydroxyvitamin D [25(OH)D: 29 + 14 vs. 21 + 11 ng/mL in HF; P = 0.05].
While procollagen-1 N-terminal peptide (P1NP) and osteocalcin were similar, cross-linked C- and N-telopeptides of
type | collagen (CTX and NTX) were both higher in HF (NTX: 14 + 6vs. 20 + 11 ng/mL; P <0.05 CTX:
0.35 + 0.13 vs. 1.05 + 0.78 ng/mL; P < 0.01 for controls and HF, respectively). PINP increased markedly after VAD im-
plantation (49 + 37 vs. 121 + 62 ng/mL; P < 0.0001), with a mild decrease in CTX and NTX levels indicating a shift
towards anabolic bone formation. Serum PTH correlated with estimated glomerular filtration rate (r = —0.245, P < 0.05).

Patients with advanced HF are characterized by increased levels of biochemical markers of bone resorption poten-
tially as a result of secondary hyperparathyroidism and uncoupling of bone remodelling. Haemodynamic improvement
and mechanical unloading after VAD implantation lead to correction of bone metabolism and increased levels of ana-
bolic bone formation markers.

Heart failure e Bone metabolism e Ventricular assist ® Device

Introduction which could influence vitamin D levels and bone metabolism.?

Reduced absorption due to intestinal congestion and urinary

Congestive heart failure (HF) is associated with metabolic distur- losses of Ca’* and Mg2+ from diuretics and aldosteronism in
bances which may affect bone metabolism and predispose the in- ©  this population may also play a role in decreased vitamin D
dividual to exacerbated bone loss." Patients with advanced HF : levels. Advanced HF is also associated with progressive impairment
have reduced mobility and decreased outdoor physical activities :  of renal function which affects vitamin D metabolism, leading to
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secondary hyperparathyroidism and abnormal calcium (Ca®™)
metabolism.?

At the cellular level, the skeleton undergoes continuous remod-
elling in which old bone is removed and new bone is deposited in
its place. Osteoclasts first excavate small pits or resorption cavities
on the surfaces of trabecular and cortical bone. Bone resorption is
closely followed by bone formation, in which osteoblasts refill the
cavities by first synthesizing and then mineralizing new bone
matrix.* These processes can be quantified directly on transiliac
crest bone biopsies and indirectly by circulating markers of bone
turnover. Serum measurements of procollagen-1 N-terminal
peptide (P1NP) and osteocalcin reflect osteoblastic bone formation.
Cross-linked N- and C-telopeptides of type | collagen (NTX and
CTX) reflect bone resorption. As bone resorption and formation
are tightly coupled in space and time, under normal circumstances,
circulating bone formation and resorption markers reflect the
overall tempo rather than the specific phase of remodelling.
However, with ageing and disease, these processes can be uncoupled
from each other and the biochemical markers may reflect this un-
coupling. Of note, increased bone turnover markers are associated
with increased risk of osteoporotic fractures.”

Cardiac transplantation has the greatest survival benefit and is
the only curative treatment for patients with advanced HF, but it
is only available to a small number of patients due to donor short-
age® As an alternative, implantable ventricular assist devices
(VADs) have been developed for patients with end-stage HF and
are currently used as bridge-to-transplantation or destination
therapy in patients ineligible for cardiac transplantation.® VADs
reverse many of the molecular, cellular, extracellular, ventricular,
neurohormonal, and peripheral abnormalities that are present in
patients with end-stage HF. This reverse remodelling includes myo-
cardial changes in left ventricle myocyte diameter, sarcoplasmic re-
ticulum Ca®"-ATPase isoform 2a levels, and force—frequency
relationships of isolated superfused muscle fibres.” VADs also lead
to morphological changes including reversal of chamber enlarge-
ment, reduction in left ventricular mass, and improved global
pump function. They provide volume and pressure unloading of
the left ventricle and restore central and peripheral haemodynamics
including systemic blood pressure and end-organ perfusion.®

The aim of this study was to assess the effects of haemodynamic
improvement through VAD implantation on calciotropic hormones
and markers of bone remodelling in patients with HF. We hypothe-
sized that levels of calciotropic hormones are abnormal and bone for-
mation and resorption are uncoupled in advanced HF. We further
speculated that mechanical unloading with subsequent haemodynamic
improvement through VAD implantation would correct abnormal
bone and mineral metabolism in patients with advanced HF.

Methods
Study design

We retrospectively analysed 102 subjects; 88 patients were admitted
to Columbia University Medical Center and 14 controls were
recruited through the outpatient clinic at Columbia University
Medical Center. Clinical and laboratory characteristics of all patients
and haemodynamic conditions were taken from electronic medical
records at the date closest to the blood draw. Blood was collected

from 14 controls, 20 patients with moderate HF [New York Heart As-
sociation (NYHA) class II—Ill, brain natriuretic peptide (BNP) = 558 +
753], 34 patients with severe HF (NYHA class IlI-IV, BNP = 1286 +
1206) undergoing VAD implantation, and 34 patients at the time of
VAD explantation (14 matched pairs) during cardiac transplantation.
Peripheral venous blood samples were stored after centrifugation at
—80°C until assays were performed. Estimated glomerular filtration
rate (eGFR) was measured using the Modification of Diet in Renal
Disease (MDRD) formula: eGFR = 175 x (SCr)~""** x (Age) %%
x (0.742 if female) x (1.212 if African American). Patients with
primary hyperparathyroidism were excluded from the study.

The investigation conforms with the principles outlined in the Dec-
laration of Helsinki. The study was approved by the Institutional
Review Board of Columbia University Medical Center. All patients pro-
vided written informed consent before inclusion in the study.

Echocardiography

Echocardiography was used in order to provide measures of ventricular
structure and function through both conventional echocardiography
and tissue Doppler analysis (Philips Healthcare Corp., Andover, MA,
USA). A standard comprehensive M-mode, 2D-echocardiogram and
Doppler study were performed in each patient.

Analysis of markers of bone metabolism

Serum levels of the bone resorption markers NTX and CTX, and the
bone formation marker carboxylated osteocalcin were determined
using enzyme-linked immunosorbent assay (ELISA) kits (CTX, Immu-
nodiagnostic Systems, Scottsdale, AZ, USA; and NTX, Inverness
Medical, Princeton, NJ, USA). Serum levels of the calciotropic hor-
mones 25(OH)D and intact parathyroid hormone (iPTH), and the
bone formation marker trimeric (intact) PINP were assessed by
chemiluminescence immunoassays (all from Immuno Diagnostic
Systems, Fountain Hills, A, USA). Tumour necrosis factor-o. (TNF-o)
was measured by ELISA (R&D Systems, Minneapolis, MN, USA). Pro-
cedures were performed according to instructions. The intra-assay
variations were 2.5% for 25(OH)D, 9.1% for NTX, 6% for CTX, 4%
for osteocalcin, 6.5% for P1NP, and 20% for PTH. The lower detection
limit of the assays was 1.25 ng/mL for 25(OH)D, 0.01 ng/mL for NTX,
0.01 ng/mL for CTX, 0.5 ng/mL for osteocalcin, 2 pg/L for P1NP, and
1.23 pg/mL for PTH.

Statistics

Normality was assessed using the Kolmogorov—Smirnov test. Results
were analysed using Student’s unpaired t-test and the analysis of
variance (ANOVA) Tukey post-hoc test for normal distributions.
Samples with non-parametric distribution were assessed using the
Mann—Whitney U-test and Kruskal—Wallis test. Paired samples were
analysed using the paired Student’s t-test. Data are presented as
means + SD. Correlations were determined using the Spearman’s
test. P-values < 0.05 were considered statistically significant.

Results

Baseline demographics

We retrospectively analysed 102 subjects who were admitted
to Columbia University Medical Center. Blood was collected ran-
domly throughout the day from 14 controls recruited from our
outpatient clinic, 20 patients with moderate HF, and 34 patients
with severe HF undergoing VAD implantation at Columbia Univer-
sity Medical Center between February 2003 and October 2010.
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Mean duration of HF was 5.6 + 4.9 years, defined as the time from
the patient’s diagnosis of HF to the day of VAD implantation.
Further, we analysed 34 patients at the time of VAD explantation
during cardiac transplantation [age 54 + 11 years, body mass index
(BMI) 26 + 4.3 kg/m?, mean VAD duration 169 + 125 days]. Out
of the 34 VAD-implanted and the 34 VAD-explanted subjects, 14
samples were paired.

Of the 34 patients undergoing VAD implantation, 17 patients
were implanted with pulsatile flow devices and 17 patients were
implanted with continuous flow devices. Pulsatile flow VADs
included the HeartMate |, HeartMate XVE (Thoratec Corp., Plea-
santon, CA, USA), and Abiomed BiVAD (Abiomed Inc., Danvers,
MA, USA). Continuous flow VADs included the HeartMate II
device, Thoratec Intracorporeal BiVAD (Thoratec Corp.), Dura-
heart VAD (Terumo Corp., Ann Arbor, Ml, USA), and the
DeBakey VAD (MicroMed Cardiovascular Inc., Houston, TX,
USA). Clinical characteristics of all patients are summarized in
Table 1.

Echocardiographic data

A comparison of echocardiographic parameters of controls, mod-
erate HF patients, and patients with advanced HF before and after

Table | Patient characteristics

VAD implantation are listed in Table 2. Both moderate HF and
advanced HF patients showed increased left ventricular end-
diastolic dimension (LVEDD) and left ventricular end-systolic di-
mension (LVESD) compared with controls. Further, advanced HF
was associated with decreased fractional shortening (FS), shorter
deceleration time of E (DcT), reduced dP/dt,.. (the maximum
rate of LV pressure increase), and increased E/E’ (ratio of early dia-
stolic transmitral velocity to early diastolic mitral annular tissue
velocity). These changes were partially reversed in patients studied
after VAD implantation with decreased LVEDD and LVESD after
mechanical unloading. Further, dP/dt,. and Fincreased while E/E’
decreased after VAD implantation. These data show that structural
changes of the failing heart may be partially reversible after VAD
implantation.

Changes in laboratory parameters under
a ventricular assist device

Laboratory examinations in controls, in moderate HF patients, and
in patients before and after VAD implantation are compared in
Table 3. In severe HF patients, blood urea nitrogen (BUN), creatin-
ine (Creat), and direct bilirubin (D-Bili) concentrations were

Control
(n=14) (n = 20)

Age (years) 48 +8 54+8
Gender (% male) 11.(79) 18 (90)
BMI (kg/m?) 263 +49 29.6 +48
Aetiology of HF (no of patients, %)

Dilated cardiomyopathy - 15 (75)

Ischaemic cardiomyopathy - 5(25)

Other - 0(0)
Type of VAD (no. of patients, %)

Pulsatile flow -

Continuous flow -
VAD duration (days) - -
Medication (no. of patients, %)

Diuretics - 15 (75)

Beta-blockers - 17 (85)

ACE inhibitors/All antagonists - 17 (85)

Calcium channel blockers - 1(5)

Coumadin - 5 (25)

Aldosterone antagonists - 10 (20)

Vitamin D supplements - 0 (0)

Calcium supplements - 0 (0)

Bisphosphonates - 0 (0)

Multivitamins 1(11) 1(13)

HF NYHA class lI-1lI

HF NYHA class llI-1V
pre-VAD (n = 34)

HF NYHA class llI-1V
post-VAD (n = 34)

53 + 11 53 + 11
28 (82) 27 (79)
27 455 26 + 43
21 (62) 19 (56)
13 (38) 13 (38)

0 (0) 2 (6)
17 (50) 17 (51.5)
17 (50) 16 (48.5)

- 164 + 123
34 (100)* 31 (94)
27 (79) 25 (77)
23 (67) 21 (62)

10) 5 (15)
19 (56) 26 (84)
21 (62) 17 (55)

0 (0) 2 (6)

10) 0 (0)

0 (0) 0 (0)

7 21 21 (64)**

Data show the means + SD. Significance tested using analysis of variance (ANOVA) post-hoc Tukey analysis. Comparisons between class IlI-1V HF pre-VAD and post-VAD were

performed by Student’s t-test.

ACE, angiotensin-converting enzyme; All, angiotensin II; BMI, body mass index; HF, heart failure; NYHA, New York Heart Association; VAD, ventricular assist device.

*P < 0.05 for NYHA HF class llI-1V pre-VAD vs. NYHA HF class II-IIl.
*P < 0.05 for NYHA HF class lll-IV pre-VAD vs. post-VAD.
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Table 2 Echocardiographic parameters before and after ventricular assist device implantation

Control HF NYHA class 11-111 HF NYHA class llI-IV HF NYHA class llI-1V
(n=14) (n = 20) pre-VAD (n = 34) post-VAD (n = 34)

LVEDD (mm) 46 +3 64 + 11% 69 + 12f 52 + 138

LVESD (mm) 27 +2 57 + 12% 61 + 121+ 44 + 16}

IVST (mm) 78439 103 + 26 98+ 19 M14+19

PWT (mm) 88+ 17 98+ 2.6 101+ 1.7 110+18

LVEF (%) 70+5 21 + 11% 22 + 8f 28 + 14

FS (%) 39+2 1M+ 6% 11+ 47 1549

E (cmis) 69 +7 56 + 10 69 + 14* 73 + 10

E/A 15+ 04 1.6+ 07 21415 17 +£09

DcT (ms) 149 + 15 210 + 34% 174 + 40* 192 + 26

dP/dt,ay (mmHg/s) 1529 + 197 733 + 104* 603 + 1241+ 813 + 150°

E (cm/s) 128+ 17 4.6+ 0.9% 47 +13F 70 +15°

E/E 56+ 09 124 + 2.7% 15.6 + 511+ 112 + 3.6

Data show means + SD. Significance tested using analysis of variance (ANOVA) post-hoc Tukey analysis. Comparisons between class IV HF pre-VAD and post-VAD were
performed by Student’s t-test.

DcT, deceleration time of E; dP/dt.x, the maximum rate of left ventricular pressure increase; E, early diastolic transmitral velocity; E’, early diastolic mitral annular tissue velocity;
E/A, ratio between early and late ventricular filling velocity; E/E’, ratio of early diastolic transmitral velocity to early diastolic mitral annular tissue velocity; FS, fractional shortening;
HF, heart failure; IVST, interventricular septum thickness; LVEDD, left ventricular end-diastolic dimension; LVEF, left ventricular ejection fraction; LVESD, left ventricular
end-systolic dimension; NYHA, New York Heart Association; PWT, posterior wall thickness; VAD, ventricular assist device.

*P < 0.05 for NYHA HF class I-1ll vs. control.

P < 0.05 for NYHA HF class lll-IV pre-VAD vs. control.

P <0.05 for NYHA HF class lll-IV pre-VAD vs. NYHA HF class I1-Ill.

8P < 0.05 for NYHA HF class Ill-IV pre-VAD vs. post-VAD.

Table 3 Laboratory examinations

Laboratory parameter Control HF NYHA class lI-111 HF NYHA class llII-1V HF NYHA class llI-1V
(n=14) (n=20) pre-VAD (n = 34) post-VAD (n = 34)

White blood cell count (x10%/uL) 85+ 19 70 + 27 9.5 + 42 93+42
Haematocrit (%) 423+40 400 + 48 33.5 + 54* 334+ 63

Platelet count (x 10%/pL) 242 + 52 213 + 47 200 + 73 236 + 90

Sodium (mEq/L) 144 + 9 138 + 4* 132 + 5 137 + 3%

Potassium (mEq/L) 44+03 43+ 04 41+04 42+04
Phosphorous (mg/dL) 3.2+ 0.1 3.6+ 0.7 38+08 3.6+ 08
Magnesium (mg/dL) 21400 19+ 02 21403 193 +02°

Calcium (mg/dL) 101+ 08 9.2 + 0.5% 88+ 07" 92+ 06

Blood urea nitrogen (mg/dL) 15+ 4 20+7 41 + 261 28 + 168
Creatinine (mg/dL) 1.0+ 02 12403 16+ 06" 13406

Albumin (mg/dL) 48+ 04 42 4 0.4* 3.6+ 050 39+ 06°

Total bilirubin (mg/dL) 0.5+ 0.2 0.9 + 0.9% 1.6 + 1.4* 09 + 04

Direct bilirubin (mg/dL) 0.1+ 00 03405 0.6 + 09" 02+ 0.18
Aspartate aminotransferase (U/L) 25+7 20+7 64 + 142 38 +24

Alanine transaminase (U/L) 29 + 15 204+ 7 37 + 43 28+ 16

Alkaline phosphatase (U/L) 65+ 16 76 + 39 96 + 54 124 + 82

eGFR (mL/min/1.73 m?) 85 + 14 73 + 21 60 + 311 69 + 27

Data show means + SD. Significance tested using analysis of variance (ANOVA) post-hoc Tukey analysis. Comparisons between class IV HF pre-VAD and post-VAD were
performed by Student’s t-test.

eGFR, estimated glomerular filtration rate; HF, heart failure; NYHA New York Heart Association; VAD, ventricular assist device.
*P < 0.05 for NYHA HF class II-Ill vs. control.

P < 0.05 for NYHA HF class Ill-IV pre-VAD vs. control.

*P < 0.05 for NYHA HF class lll-IV pre-VAD vs. NYHA HF class II-Ill

8P < 0.05 for NYHA HF class lll-IV pre-VAD vs. post-VAD.
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higher, whereas haematocrit (Hct), sodium (Na), calcium (Ca), and
albumin (Alb) concentrations were lower than in controls. The
eGFR was lower (60 + 31 mL/min/1.73 m?) in severe HF patients
compared with controls (85 + 14 mL/min/1.73 m?).

The Na and Alb concentrations were higher in patients studied
after VAD implantation, while Mg, BUN, total bilirubin, and D-Bili,
concentrations were lower. eGFR was also higher after VAD im-
plantation, but this difference did not reach statistical significance
[pre-VAD 60 + 31 vs. post-VAD 69 + 27 mL/min/1.73 m%, P =
non-significant (NS)].

Serum levels of bone metabolism
markers

In order to determine the impact of HF on bone metabolism, we
compared serum levels of calciotropic hormones [25(OH)D and
PTH] and bone turnover markers (P1NP, NTX, CTX, and osteo-
calcin) in controls, patients with moderate HF, and those with
severe HF (Figure 7). Compared with controls, patients with mod-
erate or severe HF had significantly higher serum PTH (control,
42 + 19 pg/mL; moderate HF, 63 + 34 pg/mL; P < 0.05; advanced
HF, 117 £ 117 pg/mL; P < 0.02). As expected, those with more
advanced HF also showed marginally lower serum 25(OH)D
levels than controls, while patients with moderate HF did not
differ from controls (control, 29 + 14 ng/mL; moderate HF,
34 + 29 ng/mL; P = NS; advanced HF, 21 + 11 ng/mL; P = 0.05).
While serum levels of PINP and osteocalcin were similar, NTX
and CTX were higher in patients with more advanced HF (NTX:
control, 14 + 6 ng/mL; moderate HF, 16 + 5ng/mL; P=NS;
advanced HF, 20 + 11 ng/mL; P < 0.05; CTX: control, 0.35 +
0.13 ng/mL; moderate HF, 0.40 + 0.28 ng/mL; P = NS; advanced
HF, 1.05 £+ 0.78 ng/mL; P < 0.01).

In order to determine the impact of haemodynamic correction
through VAD implantation on bone metabolism, we also compared
serum levels of 25(OH)D, PTH, PINP, NTX, osteocalcin, and CTX
in patients with advanced HF before (n = 34) and after VAD im-
plantation (n = 34) (Figure 2). Individual trends were analysed in
a subset of 14 patients with paired samples available. PINP was
markedly higher in those who had undergone VAD placement
compared with those who had not (49 + 37 vs. 121 £+ 62 ng/mL;
P < 0.0001). Serum osteocalcin did not differ between the two
groups. Serum CTX was slightly but not significantly lower in the
group studied after than before VAD placement (1.05 + 0.78 vs.
0.73 £+ 0.44 ng/mL; P =0.24), as were NTX levels (20 + 11 vs.
17 £ 10 ng/mL; P =0.16), indicating a shift towards anabolic
bone collagen formation. Serum 25(OH)D and osteocalcin
showed no changes, while PTH was slightly but not significantly
lower in patients studied after VAD implantation (117 + 117 vs.
81 + 74.7 pg/mL; P = 0.18).

Analysis of paired samples revealed individual trends showing
that PINP increased significantly following VAD implantation
(54 £ 39 vs. 116 £ 61 ng/mL; P<0.05), whereas all other
markers followed the above-described group differences without
reaching statistical significance in this subset of patients.

Levels of the proinflammatory cytokine TNF-a were elevated in
patients with moderate stable HF and further increased in patients
with stage IV advanced HF. Patients had lower levels of TNF-a

after VAD implantation (Figure 3). TNF-a levels correlated with
NTX (r=10.52, P < 0.0001) and CTX (r = 0.54, P < 0.0001), and
marginally correlated with osteocalcin (r = 0.25, P = 0.08).

Correlation of bone metabolism and
renal function

Patients with HF had progressive impairment of renal function that
non-significantly improved with VAD implantation. Serum PTH
correlated with eGFR (r = —0.245, P < 0.05) (Figure 4). While
eGFR did not show any correlation with 25(OH)D and osteocal-
cin, both NTX and CTX correlated inversely with eGFR (NTX,
r=-0.37, P=0.0002; CTX, r=-042, P=0.0009). Levels of
PTH showed no relationship to 25(OH)D (r= -0.16, P = 0.14),
marginally positive correlations with CTX (r = 0.2, P = 0.07),
and positive correlations with NTX (r = 043, P < 0.0001).
Patients with eGFR <50 mL/min/1.73 m? had significantly higher
NTX, CTX, and PTH levels than patients with higher eGFR
values (Table 4). No interaction was found between eGFR and
markers of hepatic function.

Discussion

In this study, we evaluated bone metabolism in patients with
various degrees of HF and in controls, as well as the impact of
VAD implantation in patients with advanced HF. Patients with
advanced HF showed lower levels of 25(OH)D, a marker of
body stores of vitamin D. Patients with moderate and advanced
HF had higher levels of PTH and the bone resorption markers
NTX and CTX, while levels of osteocalcin and P1NP did not
differ from those of controls. These differences appeared to be
related to impaired renal function and subsequent secondary
hyperparathyroidism. Circulating levels of these bone metabolism
markers were partially corrected after implantation of a VAD,
with an increase in the early bone formation marker P1NP while
the bone resorption markers NTX and CTX were decreased.
There were no changes in 25(OH)D and osteocalcin in response
to VAD placement.

Several previous studies have described abnormal bone metab-
olism and progressive demineralization in patients with advanced
HF. It has been well established that progressive renal dysfunction
in advanced HF with decreased eGFR” and pre-renal azotaemia'® is
related to abnormal vitamin D metabolism, deranged Ca’t
homeostasis, and secondary hyperparathyroidism. Patients with
advanced HF show decreased 25(OH)D levels and increased
PTH levels that correlate with renal function parameters such as
eGFR, as confirmed in the current s‘cudy.3'11’12 In addition to
lower levels of 25(OH)D, changes in circulating levels of bone
metabolic markers in our study may also reflect changes in renal
clearance. NTX, CTX, PTH, osteocalcin, and small percentages
of 25(OH)D are cleared by the kidney,”‘16 whereas intact
P1NP is cleared from blood by scavenger receptors on liver endo-
thelial cells and not affected by the eGFR." However, serum CTX,
PINP, and osteocalcin levels do not increase until the eGFR
becomes <50 mL/min, which is less than the average eGFR of
our patients.
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Figure 1 Comparison of bone metabolism markers between controls and patients with moderate and advanced heart failure. (A)
25-Hydroxyvitamin D [25(OH)D], (B) parathyroid hormone (PTH), (C) procollagen-1 N-terminal peptide (P1NP), (D) osteocalcin, (E) cross-
linked N-terminal telopeptide of type | collagen (NTX), and (F) cross-linked C-terminal telopeptide of type | collagen (CTX).
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Figure 2 Comparison of bone metabolism markers between pre-ventricular assist device (VAD) implantation and post-VAD implantation.
(A) 25-Hydroxyvitamin D [25(OH)D], (B) parathyroid hormone (PTH), (C) procollagen-1 N-terminal peptide (P1NP), (D) osteocalcin, (E)
cross-linked N-terminal telopeptide of type | collagen (NTX), and (F) cross-linked C-terminal telopeptide of type | collagen (CTX).

Secondary hyperparathyroidism is a compensatory mechanism
to counteract decreased serum ionized calcium concentrations
that may occur in a wide variety of conditions, including renal in-
sufficiency and vitamin D deficiency. Our finding of an inverse
correlation between PTH and eGFR, but not between PTH and
25(OH)D, suggests that the secondary hyperparathyroidism in
our HF patients is related to renal insufficiency. It is likely that
the elevated PTH concentrations, in turn, stimulate osteoclast ac-
tivity, as evidenced by increased NTX and CTX levels in our

patients. Previous studies have reported conflicting results on col-
lagen markers of bone metabolism in HF patients. While one study
found increased serum NTX levels in HF,18 another reported
no significant differences in CTX and NTX levels in advanced
HF."” PTH also plays a role in homeostatic activation of 1a-
hydroxylase in the kidney and bone.”® Of note, it has been
shown that excess PTH increases blood pressure and cardiac con-
tractility.”’ PTH in HF patients could also increase intracellular
calcium overload, leading to increased inflammation, necrosis,
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Figure 3 Levels of the proinflammatory cytokine tumour necrosis factor-a (TNF-at) in patients with heart failure (HF) and following
ventricular assist device (VAD) placement. (A) Comparison of TNF-a between controls and patients with moderate and advanced HF.
(B) Comparison of TNF-a between pre-VAD implantation and post-VAD implantation. NYHA, New York Heart Association.
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Figure 4 Correlation between parathyroid hormone (PTH)
and estimated glomerular filtration rate (eGFR).

and fibrosis.””> We observed increased inflammation as measured
by TNF-a in our HF population.

It has been demonstrated that secondary hyperparathyroidism>>
and vitamin D deficiency®* occur in HF patients, and both are asso-
ciated with disease severity and adverse outcome. Further, it has
been shown that HF patients have increased risk of fractures.”
However, vitamin D supplementation has been shown to be inde-
pendently associated with reduced mortality in HF patients.**

Less is known regarding bone formation markers and metabol-
ism in patients with HF. However, we did not find lower P1NP
levels in our patients with advanced HF. PINP reflects an early
phase of bone formation, namely synthesis of procollagen type 1.
Later stages of bone formation that reflect mineralization of previ-
ously synthesized type 1 collagen are reflected by osteocalcin.

In our study, there were no differences in osteocalcin in advanced
HF patients and only one previous study showed significant differ-
ences in this marker in HF patients.”® We speculate that differ-
ences in bone catabolism in patients in our study did not reach a
sufficient degree of severity to detect differences in this marker.
In addition to the systematic characterization of markers of bone
metabolism in patients with various degrees of HF and controls,
our study for the first time analysed the impact of haemodynamic
differences according to VAD placement on bone metabolism in
patients with advanced HF. Mechanical unloading of the failing
myocardium is reflected by decreased LVEDD and LVESD and
increased IVST (interventricular septum thickness), PWT (poster-
ior wall thickness), and FS% in our patient’s echocardiographic data
during VAD support. Our findings indicate that the haemodynamic
improvement and mechanical unloading after VAD implantation
are associated with a trend towards lower serum PTH levels and
lower bone resorption markers and significantly higher bone for-
mation markers in HF patients. As shown before, VAD implant-
ation improves renal and hepatic function in HF patien‘csA27
Improved renal function with increased eGFR would be expected
to decrease PTH levels, therefore reducing the degree of second-
ary hyperparathyroidism. Further, lower serum NTX and CTX
levels suggest that osteoclast activity is decreased, and higher
serum P1NP levels suggest that osteoblast activity and early
bone formation are increased. However, the changes in NTX
and CTX following VAD were not significant, which may be
caused by the short duration of VAD support (average of 169
days) that might have not affected bone catabolism. It should be
noted that PINP is also a marker of cardiac fibrosis, which could
also account for the association with VAD implantation we
observed in this study.28 While there were differences in PINP
between patients who had or had not received a VAD, we did
not detect changes in osteocalcin. PINP levels reflect collagen
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Table 4 Impact of renal dysfunction on markers of bone turnover
eGFR <50 mL/min/1.73 m? eGFR >50 mL/min/1.73 m? P-value
25(0OH)D (ng/mL) 21410 27 + 20 0.12
PTH (pg/mL) 129 + 98 66 +72 0.003
NTX (pg/mL) 24+ 13 15+ 6 <0.0001
CTX (pg/mL) 1.19 +£ 0.89 0.57 + 0.39 0.0004
PINP (pg/mL) 74 + 62 67 + 50 0.6
Osteocalcin (pg/mL) 16 + 18 12+8 0.15

Data show means + SD. Significance tested using Student’s t-test.

CTX, C-terminal telopeptide; eGFR, estimated glomerular filtration rate; NTX, N-terminal telopeptide; 25(OH)D, 25-hydroxyvitamin D; PTH, parathyroid hormone; PINP,

procollagen 1 N-terminal peptide.

synthesis while osteocalcin reflects collagen mineralization; these
markers therefore represent two different stages of osteoblastic
bone formation. In the bone formation process, osteoblasts syn-
thesize P1INP before osteocalcin, and the half-life of P1NP is
shorter than that of osteocalcin; thus increases in PINP precede
increases in osteocalcin. The absence of changes in both
25(OH)D and osteocalcin levels could be related to the median
duration of VAD support, which was only 124 days, which is
enough time to see changes in the collagen synthesis marker
P1NP but may not be enough time to see changes in 25(OH)D
and the collagen mineralization marker, osteocalcin. Also, 46% of
patients with severe HF undergoing VAD implantation were on
coumadin which plays a role in the activation and carboxylation
of osteocalcin. Vitamin K is required for the carboxylation of
osteocalcin, and it has been shown that individuals supplemented
with vitamin K had increased serum levels of carboxylated osteo-
calcin and decreased undercarboxylated osteocalcin.?’ Therefore,
vitamin K antagonists may have influenced the measurements of
osteocalcin. Epidemiological studies show that this abnormal
vitamin K metabolism may increase osteoporotic fracture risk.>

Our study has several limitations. The analysis is limited by its
retrospective nature, and our cohort is relatively small for a cross-
sectional study. Our comparison is restricted to different time
intervals for the duration of the VAD implantation. We also did
not have direct imaging of bone morphology such as DEXA
(dual-energy X-ray absorptiometry) scanning, computed tomog-
raphy, or magnetic resonance imaging. These techniques would
allow us to quantify bone mineral density and assess bone health
more completely in our patients. Our samples were collected
randomly throughout the day; both food intake and considerable
circadian variability affect bone turnover markers. Because our
patients were recruited only from Columbia University Medical
Center, this decreases the generalizability of our results. Further
studies evaluating patients from various hospitals would be
beneficial.

In conclusion, our current study shows biochemical evidence of
increased bone resorption in patients with advanced HF associated
with impaired renal function. Patients who had VAD implantation
had lower bone resorption markers and higher bone formation
markers, suggesting reversal of these changes following haemo-
dynamic improvement through VAD implantation. These findings

support close monitoring and potential therapeutic correction of
impaired bone metabolism in patients with advanced HF, as well
as a role for future prospective studies to confirm our findings
and elucidate their mechanistic underpinnings.
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