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Abstract

Background—Myocardial fibrosis reflects excess collagen deposition in the extracellular left
ventricular (LV) matrix which has been associated with heart failure (HF). No studies have
addressed the relation between fibrosis biomarkers and HF in the elderly.

Methods and Results—Serum fibrosis markers were measured in 880 participants of the
Cardiovascular Health Study (mean age 77 + 6 yrs, 48% female). Participants with systolic HF (n
=131, LV ejection fraction < 55%) and those with diastolic HF (n = 179, LV ejection fraction >
55%) were compared to controls (280 with cardiovascular risk factors, and 279 healthy
individuals) using a nested case-control design. Fibrosis markers included carboxyl-terminal
peptide of procollagen type I (PIP), carboxyl-terminal telopeptide of collagen type | (CITP), and
amino-terminal peptide of procollagen type Il (PIIINP). Echocardiography was used to document
systolic and diastolic function parameters. Analysis of variance and logistic regression (per tertile
odds ratios: OR), adjusted by age, gender, race, hypertension, atrial fibrillation, coronary heart
disease, baseline serum glucose, serum cystatin C, serum creatinine, C-reactive protein, any ACE
inhibitor, spironolactone or any diuretic, NT-proBNP and total bone mineral density were
performed.

Systolic HF was associated with significantly elevated CITP (OR = 2.6; 95%CI = 1.2-5.7) and
PIIINP (OR = 3.3; 95% CI = 1.6 —5.8), when adjusting for covariates. Associations of diastolic
HF were significant for CITP (OR = 3.9, 95% CI = 1.9-8.3) and PIIINP (OR =2.7; 95% Cl = 1.4~
5.4). HF was not associated with elevated PIP (p > 0.10), and fibrosis markers did not significantly
differ between HF with diastolic versus those with systolic dysfunction (p values > 0.10) whereas
NT- proBNP mean values were higher in SHF than in DHF (p <0.0001).
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Conclusions—Fibrosis markers are significantly elevated in elderly individuals with diastolic or
systolic HF. These associations remained significant when adjusting for covariates relevant to the
aging process.
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INTRODUCTION

Myocardial connective tissue plays an important role in defining and preserving normal
myocardial architecture and function (1). Excess deposition of collagen in extracellular
matrix can lead to increased myocardial stiffness and subsequently to cardiac hypertrophy
and left ventricular dysfunction. These pathological changes increase the risk of heart failure
and provide an anatomic substrate for life-threatening cardiac arrhythmias (1,2). Type | and
I11 collagens are the major fibrillar collagens in both normal and diseased myocardium (3—
4). Both are synthesized as procollagens with a small amino terminal and a larger carboxy
terminal propeptide. Serum markers of fibrosis reflecting collagen synthesis include
carboxy-terminal propeptide of type | procollagen (PIP) and amino-terminal propeptide of
type Il procollagen (PIIINP), and degradation markers include carboxy-terminal telopeptide
of collagen type | (CITP). Elevations in these fibrosis markers have been shown to reflect
intra-myocardial collagen turnover (5-6).

Increased collagen synthesis/degradation has been found in heart failure (HF) (5-6), but the
effect of aging on myocardial fibrosis and the role of fibrosis in diastolic and systolic HF in
the elderly has not been established. We therefore examined whether fibrosis markers
(CITP, PIP and PIIINP) are elevated in HF with systolic dysfunction versus HF with
preserved systolic function, and examined whether previously defined predictors of HF (7)
mediate the relationship between fibrosis markers and HF. Because osteoporosis is common
in the elderly and is associated with increases in fibrosis markers (8-10), we also examined
the influence of bone mineral density on the relation between HF and fibrosis markers.

METHODS

Participants and study design

The Cardiovascular Health Study (CHS) is a prospective, community-based, epidemiologic
observational study designed to assess cardiovascular risk factors and outcomes in
individuals > 65 years old. The design and the rationale of the CHS have been published
elsewhere (11). Briefly, 5,201 participants > 65 years old were enrolled in 1989 and 1990,
with an additional cohort of 687 ethnic minority participants enrolled in 1992 and 1993.
Exclusion criteria were: hospice treatment, wheel-chair bound in the home, and radiation or
chemotherapy for cancer. For purposes of the present study, history of chronic liver disease
or pulmonary disease were used as additional exclusion criteria to minimize confounding
effects of these diseases on fibrosis markers. The baseline examination (1989-1990)
included an extensive physical examination, 12-lead electrocardiography, spirometry, and
echocardiography. Laboratory assessments included serum-chemistry tests, creatinine,
cystatin C, oral glucose-tolerance testing, lipid profile, inflammatory markers. Prevalent
coronary heart disease was considered if there was a clinical history of myocardial
infarction, angina, coronary-artery bypass grafting, or angioplasty. Prevalent disease status
was updated based on adjudicated incident events throughout the study.

Fibrosis markers were assessed in 880 participants, selected using a nested case control
design based on HF status of the total CHS cohort (N=5888). Assays for fibrosis markers
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were obtained in CHS Year 5 (1992-1993; n = 638) or CHS Year 9 (1996-1997; n = 242).
All clinical and biochemistry measures were obtained at the same evaluation visit for each
patient (CHS year 5 or 9) to ensure simultaneous assessments of fibrosis markers and
covariates. The presence of HF, prevalent at the 1993-4 examination cycle or before, was
determined by expert adjudication of clinical records, and updated to reflect clinical status in
CHS Year 9 (1996-1997).

Four groups were examined: (1) HF with systolic dysfunction (decreased left ventricular
ejection fraction —-LVEF- < 55%; n = 131); (2) HF with preserved systolic function (LVEF>
55%; n = 179); (3) Controls with cardiovascular disease risk factors but without HF
(Control; n = 280); and (4) Controls (Healthy Control) without HF, and also without
hypertension, diabetes, or hypercholesterolemia (n = 279). Prevalent cardiovascular risk
factors in the Control — cardiovascular risk factors group were based on the overall
prevalence of diabetes, hypertension, and hypercholesterolemia in the CHS. Prevalent
cardiovascular risk factors in the Control group included diabetes, hypertension, and
hypercholesterolemia.

All echocardiograms were interpreted at a centralized core echocardiography laboratory
(Georgetown University, Washington, D.C.). Qualitative LVEF was estimated based on
echocardiographic data obtained either at the baseline CHS examination or at the point of
care as abstracted from clinical records. LV mass was estimated by ECG using methods
published elsewhere (12). Systolic HF was defined as HF with a documented LVEF < 55%,
and HF with preserved systolic function (diastolic HF) as a positive history of HF with a
LVEF = 55% (7).

Determination of plasma CITP, PIP, and PIIINP

Phlebotomy methods, blood processing, and handling of samples have been described
previously (11). Aliquots were frozen at —70°C until analysis.

CITP was measured using the CITP RIA from Orion Diagnostica on serum samples. Intra-
and inter-assay variability are 3.5-9.5% and 5.6-9.0%, respectively. The lower detection
limitis 0.4 ug/L.

PIP was measured using an enzyme immunoassay kit (Takara Mirus Bio Inc., Madison, W1).
The assay range is 10 — 640 ng/mL with a lower detection limit of 10 pg/L. Intra-assay and
inter-assay CVs range from 4.5-7.4% and 4.3-6.3%, respectively.

PIIINP was determined by a coated-tube radioimmunoassay as described previously by
Risteli et al (13), using commercial antisera specifically directed against the terminal amino
terminal peptide (Orion Diagnostica, Finland). The interassay and intra-assay variations for
determining PIIIP are both about 5%. The sensitivity (lower detection limit) is 1.5 pg/L.

Bone mineral density

Total bone mineral density (head, left and right arm, left and right rib, left and right leg,
thoracic spine, lumbar spine and pelvic) was measured in a subset of 273 participants as part
of an ancillary study by dual-energy x-ray absorptiometry (DXA;QDR 2000 or
2000+;Hologic, Inc, Bedford, MA). Standardized positioning and utilization of QDR
software was based on the manufacturer’s recommended protocol. Scans were read blindly
at the University of California, San Francisco reading center with Hologic software version
7.10 (14).
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This biomarker was measured in serum collected in 1992-1993 from the main CHS and
supplementary minority cohorts and measured on the Elecsys 2010 system (Roche
Diagnostics, Indianapolis, IN). The coefficient of variation for the NT-proBNP assay was 2—
5% during the testing period, and the analytical measurement range for NT-proBNP was 5-
35,000 pg/mL.

Demographic, clinical , and laboratory covariates utilized in analyses were: age, gender,
race, diabetes, hypertension, hyperlipidemia, atrial fibrillation, myocardial revascularization,
stroke or TIA, coronary heart disease, myocardial infarction, total bone mineral density,
baseline serum glucose, 2-hour glucose tolerance test, baseline serum insulin, total
cholesterol, LDL-cholesterol, HDL-cholesterol, triglycerides, serum creatinine, urine
microalbumin, microalbumin/creatinine ratio, cystatin C, hemoglobin, hematocrit, white
blood count, C-reactive protein, albumin, fibrinogen, factor V11, NT-proBNP, and self report
of current use of ACE-inhibitors, spironolactone, or any diuretics. To assure the reliability of
medication taken, the medication inventory method has been employed utilizing specially-
written computer program (15).

The echocardiographic variables analyzed were LV diastolic dimension, LVEF, septal and
posterior wall thickness, left atrial antero-posterior systolic diameter, end-systolic wall
stress, peak early and late diastolic transmitral flow velocity, E/A.

Statistical Analysis

RESULTS

Data are presented as mean + standard deviation or percentages. Biomarkers were not
normally distributed and results are therefore presented as medians with interquartile ranges.
Group comparisons were made using non-parametric Kruskal-Wallis tests or ANOVA for
continuous variables and chi-square test for dichotomous variables, using Bonferroni
corrections for multiple comparisons. To adjust for effects of covariates which were
significant in table 1, logistic regression methods were used and odd ratios per tertile were
reported for each fibrosis marker, using HF status as outcome measure and the healthy
control group as reference. Five logistic regression models were performed: model 1
unadjusted; model 2 adjusted for age, gender and race; model 3 adjusted for age, gender,
race, and bone mineral density; model 4 adjusted for age, gender, race, hypertension, atrial
fibrillation, coronary heart disease, baseline serum glucose, serum cystatin C, serum
creatinine, C reactive protein, use of ACE inhibitor, spironolactone or any diuretic, and
model 5: adjusted by age, gender, total cholesterol, triglycerides, diabetes, hypertension.

Two-sided p-values are reported with p < 0.05 considered as statistically significant. All
analyses were performed using SAS 9.1.3 (SAS Institute Inc., Cary, North Carolina).

The study was approved by the institutional review committees of the participating medical
centers. The authors had full access to the data and take responsibility for its integrity. All
authors have read and agree to the manuscript as written.

Subjects characteristics

Table 1 shows demographic, clinical and laboratory variables. Compared to the healthy
control group, participants in the HF groups had higher prevalence of coronary heart disease,
stroke, atrial fibrillation, and worse metabolic, renal and inflammatory measures. ACE-
inhibitors and diuretics were used more in the HF groups compared to both control groups
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whereas the difference between participants with HF and controls in the use of potassium-
sparing agents did not reach statistical significance.

The median and interquartile range of the fibrosis markers in the 4 analyzed groups are
illustrated in Figure 1, Figure 2, and Figure 3.

Relationship between heart failure and fibrosis markers

CITP and PIIINP were significantly higher in both HF groups compared to both control
groups (p < 0.0001), whereas differences in PIP were not significant (p= 0.40). No
differences were found between systolic HF versus diastolic HF (p > 0.20). Controls with
CV disease had higher values of CITP (p =0.0006) and PIIINP (p <0.0001 ) than healthy
controls.

In the multivariate adjusted logistic regression models, systolic HF was associated with
increased presence of elevated CITP and PIHINP (OR = 2.6 and 2.9, respectively; Table 2).
Diastolic HF was associated with increased prevalence of elevated CITP and PIIINP (OR
per tertile = 3.8 and 2.5, respectively).

Association of Serum Fibrosis Markers with Age, Gender, and Race

No association was found between age and fibrosis markers in participants with systolic HF.
Among individuals with diastolic HF, CITP was associated with age (r =0.15, p = 0.05).
Similar results were found for CITP in controls with cardiovascular risk factors (r=0.27, p <
0.0001) and in healthy controls (r = 0.19, p = 0.001). PIP was associated with age in
participants with diastolic HF (r = 0.25, p=0.001), but not in other groups. PIIINP was
weakly associated with age in the control group (r = 0.12, p = 0.04).

In systolic HF, males had higher PIIINP levels than females (5.3 vs. 3.7ug/L, p = 0.0002)
whereas, in diastolic HF, females had higher levels of PIP than males (419 vs. 370 ng/mL, p
= 0.03). The same relationships were maintained in controls, where PIP was also higher in
females than in males (431 vs. 380 pg/L, p =0.001) and serum levels of PIIINP were higher
in males than in females (3.3 vs. 2.9 ng/mL, p = 0.004). No gender differences in fibrosis
markers were observed among healthy controls.

Differences between White versus Black participants were observed only in the healthy
control group: CITP and PIHIINP were higher in Black than in White participants (4.7 vs. 4.1
pg/L, p=0.04 and 4.3 vs. 3.5 pg/L, p = 0.002, respectively).

Association of Fibrosis Markers with Echocardiographic Variables

Table 3 presents the echocardiographic variables analyzed and the comparison of their mean
values between the 4 groups. In general, there was a modest correlation between the echo-
Doppler variables and fibrosis markers. The strongest correlations were between PIP with
LVEF (r = -0.22, p =0.007), CITP with interventricular septum diastolic thickness (IVS) (r
=0.23, p=0.01) and PIINP with IVS (r = 0.25, p = 0.006) in the participants with DHF. In
the control group, PIIINP was associated with LA diameter (r = 0.15, p =0.02). In the
healthy control group, the only association was found between PIIINP with peak velocity of
E wave (r = 0.18, p = 0.01), and in the participants with SHF, no association was found
between fibrosis markers and the echo-Doppler parameters.

Association of Fibrosis Markers with Renal Function, Inflammatory Markers, NT-proBNP
and Total Bone Mineral Density

Table 4 shows CITP was associated with renal function measures, whereas PIP displayed
weak inverse correlations with serum creatinine. In the multivariate adjusted model (age,
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gender, race, hypertension, diabetes, coronary artery disease, spironolactone, any diuretic,
any ACE-inhibitor) the strongest association was found between CITP and cystatin C in
both HF groups.

Inflammatory markers included C-reactive protein (CRP) and fibrinogen (Table 4). In the
systolic HF group, PIP was inversely correlated with CRP and fibrinogen, whereas other
correlations were non-significant. In diastolic HF, PIP was inversely associated with CRP
and PIHINP with fibrinogen. In the control group with cardiovascular risk factors, CITP was
associated with fibrinogen, whereas in healthy controls, an inverse association was found
between PIP and CRP, whereas CITP was positively associated with CRP and fibrinogen
and PITINP with CRP.

NT-proBNP was measured in 484 participants and those with SHF had higher serum levels
than those with DHF (p<0.0001). Pearson’s correlation coefficients between NT-proBNP
and serum level of PIP, CITP and PIHINP were 0.11, 0.37 and 0.28, with p-values 0.02, and
< 0.001 for the last 2 markers, respectively. The strongest correlations were found between
NT-proBNP and CITP in DHF and SHF groups (r = 0.40, p< 0.001 and r = 0.41, p=0.001,
respectively. The correlations remained significant when adjusting for covariates (age, sex,
race, heart failure status, coronary heart disease, hypertension, diabetes, smoking, physical
activity, and BMI).

Of all 3 markers evaluated, only CITP and PIIINP were associated with heart failure when
adjusted for NT-proBNP (p=0.01 and 0.003, respectively).

There were significant differences in total bone mineral density between systolic HF and
healthy controls (p = 0.0002) and between healthy control and heart failure free control
groups (p<0.0001). However, total bone mineral density which was slightly increased in
systolic HF group, was significantly correlated with CITP in these participants (r = 0.47, p=
0.007). No other significant associations between the total bone mineral density and fibrosis
markers were found. Adjusting for bone mineral density did not affect the association of
CITP and PHINP with HF. Therefore osteoporosis was not a confounding variable of this
relationship and did to contribute to the increase in CITP and PIHINP in HF patients.

DISCUSSION

The principal finding of this study is that serum markers of fibrosis, (CITP and PIIINP) are
associated with prevalent systolic as well as diastolic HF in community-dwelling elderly
individuals. These associations remained significant even after adjustment for demographic
and clinical characteristics, as well as bone mineral density and NT-proBNP.

The present observations are consistent with the hypothesis that enhanced collagen type |
degradation plays a role in elderly with HF. Collagen type | constitutes the majority of the
cardiac interstitium, but PIP - the serum marker of collagen type I - was not associated with
HF in the present investigation. While some studies have found associations between PIP
and HF (5,16-18) other studies have not (6,19,20). Cardiac aging is characterized by loss of
myocytes which could explain the accumulation of collagen in the ventricular walls (21).
The structure of collagen is also changed with aging. In a pathoanatomic study, the
perimysial and endomysial collagen type I fibers was found to be increased in number and
thickness in older hearts (22). The present investigation found that the ratio of PIP/CITP
which reflects collagen type | turnover was lower in participants with HF than healthy
controls, which was primarily due to higher levels of CITP in those with HF. An explanation
for specific increase in CITP and PIIINP might be that in the early phase of ventricular
remodeling, adequately cross-linked type I collagen is increasingly degraded subsequently
and replaced by poorly cross-linked type 111 collagen in ventricular remodeling, thereby
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leading to left ventricular dilatation (19). Alternatively, our failure to find and association of
PIP with HF, may reflect an elderly population where the degradation of collagen type |
prevails over its synthesis. A shift from type | to type Il collagen synthesis has been
demonstrated in non-human primate models of arterial hypertension (3,4). It is also possible,
that in our elderly population synthesis of type | collagen may have reached a plateau. In
support of this is that PIP levels in our healthy control and control groups was much greater
than that seen in normal individuals in other studies using the same method of measurement,
and approximated that which was reported for diastolic HF including those with advanced
diastolic dysfunction (18). Further research is needed into the dynamic changes of various
components of the fibrosis process in progressive HF.

Systolic vs. Diastolic Heart Failure

In contrast to the serum levels of NT-proBNP which differed between SHF and DHF,
collagen markers were similar in both types of HF. This finding was unanticipated because
systolic HF is associated with a higher prevalence of coronary heart disease and prior
myocardial revascularization than diastolic HF. Hence we anticipated that systolic HF would
be associated with higher burden of fibrosis. The participants with diastolic HF had a higher
prevalence of hypertension than those with systolic HF, and a significant albeit modest
correlation was found between CITP and PIHINP with 1VS diastolic thickness, implying that
mechanisms related to the pathogenesis of arterial hypertension could lead to increased
collagen synthesis and degradation. While we did not evaluate functional class of HF in the
CHS, a previous study of HF with low ejection fraction did not find an association between
markers of collagen turnover and NYHA functional class (23). Our findings support those of
others (24) in showing absent or weak correlations between PIHINP and echocardiographic
variables.

Inflammation, Renal Dysfunction, Total Bone Mineral Density and NT pro-BNP as Related
to Fibrosis Markers

Inflammation is a plausible etiology mediating fibrosis (25). An inverse association between
PIP with fibrinogen and CRP, and between PIIINP with fibrinogen were observed in the HF
groups which has not been previously reported. The mechanisms of this finding require
further investigation. Decreases in renal function may decrease the clearance of biomarkers
and confound the association between fibrosis markers and heart failure. We found that
cystatin C, a sensitive marker of renal dysfunction in the elderly (26) was associated only
with CITP and PIINP (Table 4) but not with PIP. Additionally, renal dysfunction could be
mechanistically linked to increases in myocardial interstitial matrix formation, thereby
promoting HF. However, in the present study, the relation of HF to fibrosis markers was
independent of cystatin C.

No prior studies have addressed the potential confounding effect of bone tissue turnover on
serum biomarkers level in HF in the elderly. Although the bones are one of the major
contributors of collagen type I turnover, the only correlation was found between CITP and
total bone mineral density, and that only in the participants with systolic HF. When total
bone mineral density was included in a multivariate model next to age and gender (model 3,
Table 2), it mildly diminished the strength of association strength between CITP with
diastolic HF and between PIIINP with both types of HF, suggesting a minor impact of bone
tissue turnover on serum degradation marker of collagen type | and synthesis of collagen
type I11. PIP levels were similar in the 4 study groups and did not enter in any model.

The association between NT-proBNP and fibrosis markers was significant even when
adjusting for a large number of covariates including HF. This finding is not unexpected
considering the relation between BNP and interstitial myocardial fibrosis (27-28).
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Importantly, in our study the association between CITP, PIIINP and HF remained significant
even when adjusting for NT-proBNP which further supports the hypothesis that collagen
turnover markers are relevant to the pathophysiology of HF.

Serum markers of fibrosis are not specific to the myocardial muscle. Participants with liver
dysfunction or severe pulmonary dysfunction were excluded and thus prominent causes of
increased collagen synthesis and degradation were ruled out. Osteoporosis is another
potential source of elevated collagen biomarker concentrations, particularly PIP. While this
elderly cohort is subject to osteoporosis which can influence serum levels of fibrosis
markers, adjustment for bone mineral density did not eliminate the associations of fibrosis
markers with HF. However, bone mineral density measurements were available in a
relatively small subset of the present cohort and therefore, the influence of total bone
mineral density on fibrosis markers may have been underestimated.

Conclusions

This study shows that in an elderly community-dwelling population, increased collagen type
I and 11 turnover, reflected in elevated serum level of CITP and PIHINP, is associated with
both diastolic and systolic HF, independently of age, gender, race, total bone mineral
density, NT-proBNP, and a large number of covariates. In contrast to NT-proBNP, none of
the collagen turnover markers analyzed in this study was able to differentiate between
diastolic and systolic HF.
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Figure 1.
The Median Values and Interquartile Range of PIP. No differences have been found

between the 4 groups.
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Figure 2.

The Median Values and Interquartile Range of CITP. Significant differences have been
found between: a) healthy control group and diastolic HF, systolic HF and control group
(p<0.0001, p<0.0001, and p=0.0006, respectively); b) control group and diastolic HF and
systolic HF (p<0.0001 for both).
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Figure 3.

The Median Values and Interquartile Range of PITINP.

Significant differences have been found between: a) healthy control group and diastolic HF,
systolic HF and control (p<0.0001 for all three); b) control group and diastolic HF and
systolic HF ( p=0.0008 and p<0.0001, respectively).

In the Box-and-whisker plot, the central box represents the values from the lower to upper
quartile (25 to 75 percentile). The middle line represents the median. The horizontal line
extends from the minimum to the maximum value, excluding outside and far out values
which are displayed as separate points.
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