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Abstract

Background—Characterization of myocardial structural changes in heart failure (HF) with
preserved ejection fraction (HFpEF) has been hindered by limited availability of human cardiac
tissue. Cardiac hypertrophy, coronary artery disease (CAD), coronary microvascular rarefaction
and myocardial fibrosis may contribute to HFpEF pathophysiology.

Methods and Results—We identified HFpEF patients (n=124) and age-appropriate control
patients (non-cardiac death, no HF diagnosis; n=104) who underwent autopsy. Heart weight and
CAD severity were obtained from the autopsy reports. Using whole field digital microscopy and
automated analysis algorithms in full thickness left ventricular (LV) sections, microvascular
density (MVD), myocardial fibrosis and their relationship were quantified. Subjects with HFpEF
had heavier hearts (median 538 g; 169% of age/sex/body size expected heart weight vs. 335 g;
112% in controls), more severe CAD (65% with = one vessel with >50% diameter stenosis in
HFpEF vs 13% in controls), more LV fibrosis (median % area fibrosis, 9.6 vs. 7.1) and lower
MVD (median 961 vs. 1316 vessels per mm?2) than control (p <0.0001 for all). Myocardial fibrosis
increased with decreasing MVD in controls (r = — 0.28, p=0.004) and HFpEF (r = - 0.26,
p=0.004). Adjusting for MV D attenuated the group differences in fibrosis. Heart weight, fibrosis
and MVD were similar in HFpEF patients with vs without CAD.

Conclusions—In this study, patients with HFpEF had more cardiac hypertrophy, epicardial
CAD, coronary microvascular rarefaction and myocardial fibrosis than controls. Each of these
findings may contribute to the LV diastolic dysfunction and cardiac reserve function impairment
characteristic of HFpEF.
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BACKGROUND

Heart failure (HF) with preserved ejection fraction (HFpEF) is common and increasing in
prevalence.! HFpEF occurs in association with advanced age and cardiovascular, metabolic
and pro-inflammatory comorbidities.?: 3

At the integrative level, patients with HFpEF display impaired left ventricular (LV)
relaxation and increased diastolic LV stiffness.% ® While arterial and LV systolic elastance
(stiffness) are increased in HFpEF, resting contractile function is subtly impaired, as is the
ability to enhance arterial, chronotropic and LV systolic and diastolic performance with
exercise (impaired reserve function).>-8 Chronic elevation of LV filling pressures leads to
left atrial remodeling and dysfunction, mixed pulmonary hypertension and ultimately, right
ventricular (RV) remodeling and dysfunction.>:

Increased LV stiffness suggests passive myocardial stiffening due to fibrosis and/or altered
cardiomyocyte function.® 10 However, the underlying myocardial alterations in HFpEF are
incompletely defined as endomyocardial biopsy and surgical specimens commonly available
in HF with reduced EF (HFrEF), are rarely available in HFpEF. A small number of studies
obtained endomyocardial biopsies in highly selected, younger HFpEF patients and reported
myocyte hypertrophy, interstitial fibrosis, incomplete myocardial relaxation and increased
cardiomyocyte stiffness, as well as evidence of systemic and myocardial inflammation and
oxidative stress.11-17 Based on these elegant studies, a new paradigm for the
pathophysiology of HFpEF has been proposed wherein comorbidities lead to a systemic pro-
inflammatory state and coronary microvascular endothelial inflammation, impairment in
endothelial-cardiomyocyte nitric oxide signaling, inflammatory cell infiltration and
production of pro-fibrotic cytokines resulting in diastolic dysfunction due to altered
cardiomyocyte function and extracellular matrix.3 Microvascular endothelial inflammation
is also associated with endothelial dysfunction and microvascular rarefaction.1® The
resultant reduction in coronary microvascular density (MVD) may impair oxygen delivery
with stress, limiting LV systolic and diastolic reserve function.1?: 20 However, studies in
human HFpEF myocardium are limited and MVD in particular has not been assessed in
HFpEF.

We hypothesized that cardiac hypertrophy, microvascular rarefaction and myocardial
fibrosis are common and related in patients with HFpEF. To test this hypothesis, we
obtained transmural LV specimens from patients who had undergone postmortem
examination with an ante mortem diagnosis of HFpEF and age-appropriate control patients.
Whole field digital microscopy and automated digital histopathologic analyses were used to
quantify fibrosis and MVD while hypertrophy was assessed by age-, sex-, and body size-
adjusted cardiac weight and histological characterization (by cardiovascular pathologists).
Severity of epicardial coronary artery disease (CAD) was assessed by serial coronary artery
sectioning and gross and histologic evaluation was performed by a pathologist.
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METHODS

This study was approved by the Mayo Clinic institutional review board and the Mayo Clinic
biospecimens subcommittee.

Study subjects

Consecutive adult subjects with a prior HF hospitalization (primary dismissal diagnosis of
HF (ICD-9-CM code 428.xx and the diagnosis related-group (DRG) code 127) between
1986 and 2010 (except the timeframe between January 1, 2002 to September, 2003, when no
data was included) or an outpatient diagnosis of HF (ICD-9-CM code 428) between 1980
and 2009 with an LVEF=240% within a median of 1 day of the HF event were identified.
Subjects with more than mild aortic or mitral stenosis, infiltrative or hypertrophic
cardiomyopathy, complex congenital heart disease or heart transplant recipients were
excluded from the study. This list was cross-referenced to the Mayo Clinic Tissue Registry
archives and those HFpEF patients who underwent autopsy constituted the HFpEF autopsy
cohort.

From the Mayo Clinic Tissue Registry archives (1977 to 2010), we identified autopsies
performed on subjects who died of non-cardiovascular causes (approximately 10 men and
10 women per decade of life from the 5! to the 10t decades), constituting the control
cohort. Charts were reviewed to confirm the absence of an ante mortem diagnosis of HF.

To assess the relative severity of microvascular rarefaction and fibrosis in HFpEF as
compared to HFrEF using the technologies employed in this study, we also identified a
subgroup of HFrEF patients (EF < 40% at HF diagnosis, n=27) who underwent autopsy
using similar methods as above.

Data abstraction

Clinical and pathology characteristics were manually abstracted from the medical records
and autopsy reports. Comorbidities were defined as described previously,2 and as outlined in
Supplemental methods.

Autopsy and tissue processing

Autopsies were conducted according to the Mayo institutional guidelines and standardized
protocols as described previously.2! Semi-quantitative assessment of gross remodeling
(ventricular and atrial sizes, presence of hypertrophy, fibrosis or infarction) was defined by
the performing pathologist. Absolute heart weight was reported, as well as the percentage of
expected heart weight, derived from established age nomograms based on sex, body weight
and body height.2!

The epicardial coronary arteries were sectioned serially and atherosclerosis was graded as 0—
4 with grade 0 indicating no stenosis and grade 4 indicating = 75% luminal area stenosis
(analogous to = 50% angiographic diameter stenosis).22

After gross examination, hearts were serially sectioned along the short axis at apical and
mid-ventricular levels. From the mid-ventricle, representative transmural sections of the left

Circulation. Author manuscript; available in PMC 2016 February 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mohammed et al.

Page 4

ventricular wall and septum were procured, fixed in 10% neutral buffered formalin and
embedded in paraffin for histologic analysis. For standardization, the inferior wall was the
region analyzed, unless a gross infarct was seen. Alternately, an adjacent non-infarcted
portion of the wall was chosen in the following order of availability: inferolateral, lateral,
anterolateral, anterior, anteroseptal or inferoseptal.

Histochemistry for fibrosis detection

Sulfated Alcian blue (SAB) with van Gieson’s counterstain was used to differentially stain
amyloid (green) and collagen (red). Four um-thick paraffin embedded LV sections were
deparaffinized in xylene and rehydrated with alcohol. Sections were immersed in acetic
acid, stained with SAB, hematoxylin then picric acid and finally counterstained with van
Gieson’s. Histologic slides were reviewed by a cardiovascular pathologist (WDE or JJM)
who was blinded to the group; those with amyloid deposition were excluded from the study.

Immunohistochemistry for coronary microvascular detection

Epitopes were retrieved from deparaffinized, rehydrated parallel tissue sections and non-
specific binding was blocked. Sections were then incubated with a monoclonal mouse anti-
human platelet endothelial cell adhesion molecule-1 (PECAM-1)/cluster of differentiation
31(CD31) antibody (Dako, Carpinteria, Calif) in a 1:200 dilution. The bond was detected by
a horseradish peroxidase linked secondary antibody conjugate kit (Leica Biosystems,
Newcastle Upon Tyne, UK), and visualized using 3,3’diaminobenzidine tetrahydrochloric
acid chromogen. Tissue sections were counterstained with hematoxylin for visualization of
the nuclei.

Digital image acquisition and processing

Digital images were captured at 20x magnification with a resolution of 1.3 megapixels and
scanned into Baccus/NDPI format using NanoZoomer Digital Pathology whole field
microscopy (Hamamatsu photonics K.K; Hamamatsu city, Japan).

Quantitative fibrosis image analysis

Images were processed using an automated custom designed quantitative analysis software
(Definiens Developer XD ® object-oriented image analysis software; Definiens®,
Miinchen, Germany). The process consisted of 3 main steps: (1) automated separation of
tissue from glass/background, (2) detection of whitespace within tissue, (3) detection of
SAB stain (Supplemental Figure 1).

Images were loaded into the software in Baccus native file format, down-sampled to 2.5%
and a Gaussian blur with a kernel size of 7x7 was applied. Tissue was segmented from the
glass slide using an automated and adaptive threshold. The automatic threshold algorithm
utilized a combination of intensity histogram-based methods and a homogeneity
measurement to calculate a threshold that divides the selected set of pixels into two subsets
to maximize heterogeneity. The generated classification mask of the tissue region was then
overlaid onto a 5x copy of the image.
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The auto-adaptive threshold was then applied in a 2-stage approach. First, a threshold was
calculated for the set of pixels within the tissue region only. The resulting segmentation
separated the high intensity, homogeneous whitespace regions from the tissue body. A
second threshold was then calculated using the remaining set of pixels in the tissue,
segmenting the SAB stain. Fibrosis was quantified as a percent of the total tissue area.

Quantitative coronary MVD image analysis

An automated quantitative analysis bright-field vessel detection and classification algorithm
(Definiens Tissue Studio 3.5; Definiens®, Miinchen, Germany) was applied to PECAM-1
stained slides. The process consisted of 3 main steps: (1) manual region of interest selection
(2) vessel detection (PECAM-1; CD31 stain) and (3) vessel classification according to
vessel size (Supplemental Figure 2). Images were loaded into the software in Hamamatsu
NDPI/Baccus file format. The region of interest was defined manually by dividing the
myocardium area into 4 regions: (1) sub-epicardium, (2) mid-wall, (3) sub-endocardium and
(4) papillary muscle (Supplemental Figure 3).

A modifiable threshold algorithm was used for vessel detection. To maximize discrimination
between brown stain and background stain, the stain values of the brown chromogen were
based on conversion of the Red, Blue, and Green (RBG) space to the Hue-Saturation-
Density (HSD) model which has been shown to be superior.23 To exclude non-specific
binding, stain fragments and artifacts, a stain intensity threshold of 0.225 and a minimum
stain area of 10 um? were set. This minimum stain area was selected based on pilot
measurements of the area of the smallest vessels. Sides were analyzed in tiles at 10x
magnification. Sensitivity analysis was performed quantifying total vessel density with and
without a minimum stain area restriction (Supplemental methods and results).

Microvessels were defined as the combination of capillaries (endothelial monolayer and area
between 10 um? and 78.5 pm?; average luminal diameter < 10 pm)24 25 and small pre-
capillary arterioles (area 78.5-314 um?; average luminal diameter 10 to 20 pm).26

After vessel detection and classification, the program defined microvessel count, tissue area
and microvascular density (vessel to tissue ratio; per mm?2).2

Variability in cardiomyocyte fiber and microvessel orientation may potentially impact the
accuracy of MVD analysis in full thickness LV sections. To address this: (1) microvessel
size discrimination assumed a circular shape excluding longitudinally cut microvessels that
exceeded the maximum area cut off and (2) MVD was analyzed by region (sub-epicardium,
mid-mural, and sub-endocardium) with the sub-epicardium and sub-endocardium providing
two thirds of the myocardial area with parallel fiber and microvessel alignment allowing
short axis cuts of both (Supplemental Figure 4).

Echocardiograms

Transthoracic echocardiograms closest to the date of HF diagnosis were obtained. LV EF
was available on all HF subjects, however availability of other echocardiographic
parameters was inconsistent. An LVEF=40% was used as a cut off for definition of HFpEF.
Sensitivity analyses excluding HFpEF patients with EF 40-49% at diagnoses were
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performed. For assessment of correlation of echocardiographic parameters with histology,
the last echocardiographic variable obtained closest to death was used.

Electrocardiograms (ECGS)

ECGs closest to death were interpreted and voltages were measured manually blinded to the
group (n=224). LVH was determined by voltage criteria (Cornell and Sokolow).

Statistical Analysis

RESULTS

Variables are summarized as median (251—75™ percentiles) or % frequency. To test for
differences in characteristics between HFpEF and control, we used Wilcoxon rank sum test
for continuous variables and Chi square test of independence or Fischer exact test for
categorical variables as appropriate. We used least squares linear regressions to compare
fibrosis and MVD between groups (HFpEF and control) adjusting for pertinent covariates.
Variables which were not normally distributed were log transformed for statistical analysis.
All analyses were 2 tailed and a p value <0.05 indicated statistically significant differences.

Clinical characteristics

The study included 228 subjects (124 HFpEF and 104 controls) who underwent autopsy
between 1977 and 2010 (median 2001; 25175t percentiles: 1995 — 2006). There were no
significant differences in age or sex distribution between the groups (Table 1). HFpEF
subjects had more cardiovascular comorbidities (hypertension, diabetes mellitus (and CAD),
conduction system disease and ECG evidence of LV hypertrophy (Table 1).

Clinical characteristics of HFpEF subjects in this series were generally comparable to
observational studies (Supplemental Table 1). The immediate cause of death as defined by
the autopsy report differed by group with more HFpEF patients dying of HF and other
cardiovascular causes (Supplemental Table 2).

Autopsy Findings

As compared to controls, HFpEF patients had a higher body mass index (BMI) and body
surface area (BSA) at the time of autopsy (Table 2).

Heart Weights—The absolute heart weight (HW) and age, sex and body size adjusted
heart weight (percentage of expected HW) were higher in HFpEF than controls (Table 2 and
Figure 1). The distribution of HW and % expected HW were both skewed but log
transformed % expected HW was normally distributed. Group explained 40% of the
variability in log % expected HW. Adjusting for group, neither history of diabetes mellitus
nor hypertension nor the severity of CAD (CAD sum score) were associated with HW
(p>0.05 for both) (Table 3) and percentage of expected HW was similar in HFpEF patients
with (168 (144-206) %) or without (168 (144-195) %; p=0.75) one or more epicardial
vessels with >50% diameter stenosis.
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Findings were similar when HFpEF patients with an EF 40-49 % at diagnosis (n=27) were
excluded (% expected HW in controls 112 (101-132) % vs HFpEF 170 (143-205) %;
p<0.0001) and percentage of expected HW was similar in HFpEF patients with EF >50%
(170 (143-205) %) or EF 40-49% (166 (148-197) %; p=0.88) at HF diagnosis.

Gross Pathology—Biventricular hypertrophy, biventricular and atrial dilatation, old and
new infarction and macroscopic evidence of fibrosis were all more common in HFpEF
patients (Table 2). Of HFpEF patients, 28 (23%) had no gross hypertrophy of either
chamber, 35 (28%) had only LVH, 4 (3%) had only RVH, while 57 (46%) had both.

Microscopic pathology—Histologic LV cardiomyocyte hypertrophy, infarction and
fibrosis were all more common in HFpEF patients (Table 2).

Coronary artery disease in control and HFpEF

Serial coronary artery sections showed more extensive CAD in HFpEF patients with a
higher CAD total score and a greater frequency of vessels with =250% luminal diameter
stenosis (Figure 1). Of the 119 HFpEF patients with serial coronary sections, 77 (65%) had
at least one vessel with =50% stenosis. Of patients without a clinical diagnosis of coronary
disease (n=41), 13 (32%) had at least one vessel with >50% stenosis while 64 (82%) of the
78 patients with a clinical diagnosis had at least one stenosis =50%. HFpEF patients with
EF= 50% at diagnosis tended to have less severe CAD at autopsy (CAD total score 12 (7-
14)) than HFpEF patients with EF 40-49% at HF diagnosis (12.5 (11-15), p=0.06). The
percent of patients with at least one vessel with >50% stenosis was lower in HFpEF patients
with EF=50% (61%) than in those with EF 40-49% (81%, p=0.04). CAD sum score was
significantly associated with age at death, sex (higher in men) and diabetes mellitus.
Adjusting for these variables, CAD was more extensive in HFpEF than control (Table 3).

The coronary microvasculature in control and HFpEF

In the study population as a whole, the median tissue area analyzed was 2.29 cm2. MVD was
normally distributed. MVD was diminished in HFpEF compared with controls, both overall
(27% reduction in median MVD) and within each myocardial region (Table 2 and Figure 2).
HFpEF patients had lower MVD than controls when HFpEF patients with an EF of 40-49%
at diagnosis (n=27) were excluded (control 1316 (1148-1467) vessels/mm? vs HFpEF 1032
(802-1243) vessels/mm?; p<0.0001),

Findings were also similar when only density of capillaries was assessed (control 1044
(911-1188) vessels/mm? vs HFpEF 788 (616-941) vessels/mm?; p<0.0001).

Group explained 23% of the variability in MVD (Table 3). Adjusting for cohort group,
MVD increased slightly with increasing age at death but sex was not significantly associated
with MVD. Adjusting for group and age at death, neither history of diabetes nor systemic
hypertension nor severity of coronary atherosclerosis at death (as assessed by the CAD total
score) were associated with MVD (Table 3). Further, in both HFpEF patients and controls,
those without or with a history of hypertension had similar MVD (Supplemental Figure 5A).
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When analysis was restricted to patients with no epicardial coronary artery stenosis >50%
(91 controls and 40 HFpEF), MVD was lower in HFpEF (1042 (823-1220) vessels/mm?)
than controls (1300 (1141-1462) vessels/mm?2; p < 0.0001) and MVD was similar in HFpEF
patients with (940 (794-1180) vessels/mm?2) or without (1042 (823-1220) vessels/mm?;
p=0.30) any epicardial coronary artery stenosis >50%.

Adjusting for group and age at death, the severity of hypertrophy as assessed by Log %
expected heart weight) was inversely associated with MVD (Table 3).

Group differences in MVD persisted when no minimal stain area was used for analysis
(Supplemental results).

LV fibrosis in control and HFpEF

Association

In the study population as a whole, % area fibrosis was skewed but log % area fibrosis was
normally distributed and used for statistical comparisons. HFpEF patients had greater % area
fibrosis than control (Table 2 and Figure 3). Findings were similar when HFpEF patients
with an EF 40-49% at diagnosis were excluded (7.1 (5.1-9.0)% control vs 9.6 (6.8-13.5)%
HFpEF; p<0.0001,

Cohort group explained 9 % of the variability in log % area fibrosis (Table 3). Adjusting for
cohort group, there was no significant association between age at death, sex, history of
diabetes or systemic hypertension or severity of hypertrophy (as assessed by log % expected
heart weight) and log % area fibrosis (Table 3). Further, in both HFpEF patients and
controls, those without or with a history of hypertension had similar percent fibrosis
(Supplemental Figure 5B).

Adjusting for group, severity of coronary atherosclerosis at death (as assessed by the CAD
total score) was not significantly associated with log % area fibrosis (Table 3). When
analysis was restricted to patients with no epicardial coronary artery stenosis > 50% (88
control and 38 HFpEF), % area fibrosis was higher in HFpEF (9.4 (6.9-12.8)%) than control
(7.4 (5.6-9.0)%; p = 0.002) patients and % area fibrosis was similar in HFpEF patients with
(9.5 (6.8-14.6) %) or without (9.4 (6.9-12.8) %; p=0.70) any epicardial coronary artery
stenosis > 50%.

between fibrosis and MVD

Log % fibrosis increased with decreasing MVD in both control (r=—0.28, p=0.004) and
HFpEF (r=-0.26, p=0.004). Adjusting for MVD attenuated but did not eliminate group
differences in Log % fibrosis (Figure 3B).

Echocardiographic characteristics, MVD and myocardial fibrosis

LV mass (r=—0.29, p=0.01, n=78) and E/e’ ratio (r=—0.42, p= 0.02, n=30) were each
negatively associated with MVD in HFpEF (Supplemental Figure 6). While the extent of
fibrosis tended to correlate with E/e” (r=0.35, p=0.06), there was no significant association
between fibrosis and LV mass (Supplemental Table 3).

Circulation. Author manuscript; available in PMC 2016 February 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mohammed et al. Page 9

Electrocardiographic characteristics, MVD and myocardial fibrosis

QRS duration and QTc interval were each negatively associated with MVD and positively
associated with fibrosis severity (in HFpEF and control combined) (Supplemental Figure 7).

Microvascular density and fibrosis in HFpEF versus HFrEF

The clinical and autopsy characteristics of HFpEF and HFrEF patients were similar except
for more left ventricular dilatation in HFrEF, more gross but not microscopic fibrosis, and
more microscopic but not gross evidence of infarction in HFrEF (Supplemental Table 4). On
quantitative analysis, neither MVD nor fibrosis differed between HFpEF and HFrEF (Figure
4 A and B). In all patients, adjusting for group (dummy variables), log % fibrosis remained
inversely related to MVD (Figure 4 C). Adjusting for MVD, % fibrosis was higher in HFrEF
as compared to control subjects but similar in HFpEF and HFrEF.

DISCUSSION

In this autopsy study, patients with an ante mortem diagnosis of HFpEF had multiple
comorbidities at diagnosis. Autopsy reports indicated higher prevalence of gross and
microscopic hypertrophy and fibrosis in HFpEF than control patients. Total cardiac weight
was increased in HFpEF and diffuse coronary disease was common at autopsy irrespective
of clinical diagnosis of coronary disease. HFpEF patients had lower coronary MVD and
more severe fibrosis than control patients regardless of the severity of epicardial coronary
disease. In both control and HFpEF patients, the severity of myocardial fibrosis was
inversely associated with MVD. Group differences in LV fibrosis were attenuated after
adjustment for MVD suggesting that reduced MVD or processes leading to coronary
microvascular rarefaction contribute to myocardial fibrosis. The severity of microvascular
rarefaction and fibrosis were similar in HFpEF and HFrEF. These findings provide several
potential mechanisms for the LV systolic and diastolic dysfunction and reserve impairment
in HFpEF. Further, the association of microvascular rarefaction and fibrosis lends support to
a role for coronary microvascular endothelial inflammation in HFpEF pathophysiology by
contributing to microvascular rarefaction, myocardial fibrosis and other myocardial
perturbations leading to HFpEF.3

Previous studies analyzing LV tissue specimens in HFpEF

To our knowledge, this is the first autopsy study of HFpEF and differs substantially from the
few previous smaller studies which have elucidated myocardial structure and function in
endomyocardial biopsy specimens from carefully phenotyped patients with HFpEF and
variable comparator groups. The current study included all patients with HFpEF and autopsy
specimens and excluded only those patients with infiltrative or hypertrophic
cardiomyopathies or severe valve disease irrespective of clinically suspected or autopsy
defined coronary disease.

Previous biopsy studies excluded patients with significant angiographic evidence of
coronary disease and enrolled patients who were younger at HF diagnosis (mean age early
50’s —60’s vs 75 years here), used a combination of RV and LV biopsies, had much smaller
and exclusively endocardial specimens for review, did not quantify extent of non-critical
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coronary disease and did not assess MVD or its association with myocardial fibrosis. Thus,
the current study expands upon previous studies and provides information regarding LV
structure in elderly HFpEF patients more typical of the HF epidemic.13. 14,28

Hypertrophy in HFpEF
Hypertrophy was present in HFpEF as cardiac weight was higher in HFpEF patients than
controls and there was gross and microscopic LV myocardial hypertrophy as well as RV
hypertrophy and atrial enlargement in HFpEF. The extent to which the increase in cardiac
weight was due to LV versus other chamber hypertrophy or epicardial adiposity cannot be
ascertained in our study as neither chamber specific weights nor dissection of epicardial fat
was performed. Notably, the mean cardiac weight in HFpEF here (544 g) is lower than
previously reported in autopsy studies of adults with idiopathic dilated cardiomyopathy (605
g),22 aortic stenosis (780 g)3° or hypertrophic cardiomyopathy (600-719 g)3! but the lack of
age, sex and body size adjusted values in previous studies hinder direct comparisons and
heart weight was similar in HFrEF and HFpEF patients in this autopsy series.

Imaging studies indicate that concentric LV remodeling and hypertrophy, while common,
are not severe in HFpEF32 and a recent observational study found that height indexed LV
mass was increased by 35% in elderly HFpEF versus age/sex matched healthy controls.?
Here the percentage of expected cardiac weight was 50% higher in HFpEF than controls,
suggesting multi-chamber remodeling and/or epicardial adiposity contributes to the
increases in cardiac weight in HFpEF.

Coronary disease in HFpEF

The prevalence of coronary disease in HFpEF is poorly described with older studies using
variable ascertainment methods reporting prevalence from 0-67%33 Two recent large
observational studies and a recent catheterization laboratory based study report a clinical or
angiographic diagnosis of coronary disease in 50% — 68% of HFpEF patients.2- 9 34

There is a potential for over- or under-diagnosis of coronary disease in elderly HFpEF
patients.33 Our findings are consistent with this as significant coronary atherosclerosis
existed in subjects without known CAD, while among those with a clinical diagnosis of
CAD, significant atherosclerosis was variably present. This may result from a bias against
coronary angiography in older HF patients with normal as opposed to reduced EF and the
limited sensitivity and specificity of non-invasive CAD detection in HFpEF as recently
described.34

Decreased coronary MVD in HFpEF

To our knowledge, this is the first study to examine MVD and its association with LV
fibrosis in HFpEF. In the few studies that have assessed MVD in biopsies or autopsy
specimens from humans with cardiovascular disease, histological and analytical
methodologies and microvasculature definitions vary widely, thereby hampering
comparisons of absolute values for MVD observed in HFpEF and controls to that observed
in other cardiovascular diseases. However, the overall reduction in MVD in HFpEF (27%)
was similar to that observed in HFrEF patients studied here and similar to that observed in
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other studies in HFrEF patients where a 30%—40% reduction in mean MVD in HFrEF
versus controls was observed.35: 36

Advanced age and common HFpEF comorbidities such as obesity, systemic hypertension
and diabetes mellitus have been shown to be associated with coronary microvascular
dysfunction.37- 38 Microvascular endothelial dysfunction is associated with microvascular
rarefaction!® and both are believed to contribute to chronic ischemia in cardiovascular
disease?20: 35 39-41 a5 endothelial dysfunction, decreased MVD and stenotic microvascular
remodeling may all limit coronary blood flow during reactive hyperemia.2® 42: 43 MVD was
lower in HFpEF than control in subjects with or without a history of hypertension and
among HFpEF patients, MVD was similar in those with or without hypertension. These
findings suggest that comorbidities other than hypertension may perpetuate microvascular
rarefaction.

Microvascular rarefaction signifies imbalance between vessel destruction and regeneration!8
and the current study cannot determine whether microvascular destruction or insufficient
angiogenesis are responsible for the reduction in MVD observed in HFpEF or establish the
physiologic impact of altered cardiac MVD in HFpEF. Of note however, pre-eclampsia
occurs in response to tissue (placental) ischemia producing imbalance between circulating
pro- and anti-angiogenic factors** with widespread (including coronary) microvascular
rarefaction.® 46 Individuals with cardiovascular risk factors similar to HFpEF (obesity,
diabetes mellitus and hypertension) are more prone to pre-eclampsia. Removal of the
ischemic placenta results in regression of most manifestations although residual dysfunction
and risk for future cardiovascular events may persist.*4 Impairment of cardiac function in
pre-eclampsia and overlap between pre-eclampsia and peripartum cardiomyopathy*’ lends
support to the concept that coronary microvascular rarefaction may contribute to myocardial
dysfunction in HFpEF. Correlation of microvascular rarefaction with severity of
hypertrophy, diastolic dysfunction at echo and ante-mortem conduction system disease
further supports this concept.

While variability in cardiomyocyte fiber and microvessel orientation may affect MVD
quantification, this is unlikely to have impacted our results because error created by
exclusion of the longitudinal vessels in the mid-wall is systematic and likely equivalent in
HFpEF and control subjects. Analysis of MVD per region (sub-epicardium, mid-wall and
sub-endocardium) showed consistent and proportionate reduction in HFpEF. Finally, MVD
in the three regions were not significantly different, although there was an expected trend
towards lower MVD in the mid-wall.

Fibrosis in HFpEF

Endomyocardial biopsy studies in HFpEF and variable comparator groups have
demonstrated enhanced fibrosis in HFpEF compared to controls as evidenced by collagen |
and 111 gene expression® or collagen volume fraction?: 17 and similar degrees of fibrosis in
HFpEF and HFrEF, consistent with our findings.13 14 28 |n previous studies, the values for
collagen volume fraction in HFpEF (2-13%) and comparator (2—-4%) groups have varied
widely, likely owing to variability in tissue procurement, histologic and analytical
methods.12-14. 17. 28 \We found mean % fibrosis area of 7.5% in control and 11.2% in
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HFpEF (median 7.1 and 9.6% respectively). The higher fibrosis area in controls may reflect
differences in histologic techniques or analytical methods, the differences in tissue
procurement (autopsy) or the more advanced age of controls. The correlation between
fibrosis as assessed here and ante-mortem conduction system disease provides support for
the validity of fibrosis measurement and its physiologic impact in HFpEF.48

The extent of fibrosis was higher in HFpEF than control in subjects with or without a history
of hypertension and among HFpEF patients, fibrosis was similar in those with or without
hypertension. These findings suggest that comorbidities other than hypertension perpetuate
fibrosis. While significant, the difference in fibrosis between HFpEF and controls was
modest and the difference in fibrosis between HFpEF and HFrEF patients was not
significant suggesting that mechanisms other than fibrosis contribute to diastolic and systolic
dysfunction in HF.12. 14

Relationship between microvascular rarefaction and fibrosis in HFpEF

Limitations

The inverse association of MVD with fibrosis in both control and HF patients suggests that
microvascular rarefaction contributes to chronic ischemia and micro-scars2?: 49 and/or that a
common process (such as microvascular endothelial inflammation) contributes to both
microvascular rarefaction and myocardial fibrosis.3 18

The use of autopsy specimens procured over a significant time span precludes detailed
phenotypic characterization and cardiac function at the time of death is not known.
Nonetheless, autopsy studies have been widely used to define the morphologic features of a
variety of cardiovascular diseases. This study was limited to subjects who underwent
autopsy, which is a small subset of the HFpEF population. Autopsy tissue banking does not
include skeletal muscle precluding assessment of skeletal muscle MVD in our study. The
number of HFrEF patients was small but the focus of this study was on HFpEF and the
HFrEF group was included to provide an estimate of the relative severity of microvascular
rarefaction and fibrosis in HFpEF and HFrEF.

Conclusions

This autopsy study describes the cardiac morphologic features of patients with an ante
mortem diagnosis of HFpEF and age-appropriate controls. HFpEF patients had more severe
cardiac hypertrophy, diffuse coronary disease, microvascular rarefaction and modesty more
myocardial fibrosis than controls. Decreases in MVD were associated with greater fibrosis
in both HFpEF and control patients. As recently proposed, microvascular endothelial
inflammation3: 16 is a plausible trigger for the microvascular rarefaction and myocardial
fibrosis observed here as well as other myocardial perturbations leading to HFpEF.
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Figure 1.
Cardiac hypertrophy and CAD in HFpEF and control. Frequency distributions indicate

higher absolute heart weight (A) and percent expected (for age, sex and body size) heart
weight (B), higher coronary artery disease (CAD) score (C) and more frequent multi-vessel
coronary disease (D) in HFpEF than control.
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regional MVD (B) demonstrate similar reduction in MVD across the sub-epicardial (Epi),
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Representative examples of anti-CD 31 stained left ventricular sections with algorithm-
defined capillaries (yellow), pre-capillary arterioles (orange) and larger intra-myocardial
arteries (red) illustrate the lower MVD in HFpEF (C) as compared to control (D) subjects.
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Figure 3.

.

Cardiac fibrosis in HFpEF and control. The frequency distribution for percent area fibrosis
(A) is shifted upward in HFpEF. In B, log-transformed percent area fibrosis increases
similarly with decreasing MVD in HFpEF and controls but remains higher in HFpEF than
control at any level of MVD. In C-F, representative examples of SAB stained left

ventricular sections with algorithm-defined fibrosis (red),

myocardium (yellow) and space

(white) from HFpEF patients with 3% (C), 7% (D), 10% (E) and 21 % (F) fibrosis.
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Coronary microvascular density (MVD) and fibrosis in HFpEF and HFrEF. Microvascular
Density (MVD, A) and percent fibrosis (B) are compared among controls (n=104), HFpEF

(n=124) and HFrEF (n=27) patients. Data are displayed as Tukey box plots. In C, log-

transformed % fibrosis increases with decreasing MV D but remains higher in HFrEF than

control. In HF patients, adjusting for MVD, fibrosis is similar in HFpEF and HFpEF.
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Table 1
Clinical characteristics.

Control HFpEF p value
N 104 124
Sex, men 34% 44% 0.10
Age at heart failure event, years NA 75 (66-83)
Age at death, years 74 (61-85) 78 (68-85) 0.13
Hypertension 31% 79% <0.0001
Diabetes mellitus 11% 42% <0.0001
Clinical diagnosis of coronary artery disease 0% 65% <0.0001
Permanent pacemaker 0% 23% <0.0001
Creatinine, mg/dl 1.2 (0.8-1.7) 1.6 (1.2-2.4)  <0.0001
GFR, ml/min/1.73m? 54 (35-84) 38 (24-51) <0.0001
Ejection fraction at heart failure event, % NA 56 (50-62)
LVH (Cornell criteria) 4% 15% 0.01
LVH (Sokolow criteria) 0% 5% 0.03
QRS duration, msec 84 (76-92) 108 (92-150)  <0.0001
QTc interval, msec 265 (223-315) 337 (280-398) <0.0001

ECG data were available on 224 subjects
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Table 2
Autopsy characteristics.
Control HFpEF p value
N 104 124
Body mass index, kg/m?2 25.6 (21.2-30.4)  28.0 (23.7-34.5) 0.006
Body surface area, m? 1.8 (1.6-2.0) 1.9 (1.7-2.1) 0.003
Heart weight at autopsy, gram 335 (280-380) 538 (440-659)  <0.0001
Heart weight at autopsy/BSA, gram/ m? 190 (171-207) 275 (233-344)  <0.0001
Heart weight at autopsy/Ht, gram/ m 203 (173-233) 323 (266-389)  <0.0001
Percent expected heart weight, % 112 (101-132) 169 (144-202)  <0.0001
Gross pathology
Left ventricular hypertrophy 15% 74% <0.0001
Right ventricular hypertrophy 9% 50% <0.0001
Left ventricular dilation 2% 37% <0.0001
Right ventricular dilation 13% 48% <0.0001
Atrial dilation 7% 52% <0.0001
Infarct (old) 2% 42% <0.0001
infarct (acute) 1% 11% 0.002
Fibrosis 1% 25% <0.0001
Microscopic pathology
Hypertrophy 15% 31% 0.007
Infarct 0% 20% <0.0001
Fibrosis 43% 58% 0.04
Coronary artery stenosis total score 6 (4-8) 12 (8-14) <0.0001
Quantitative histology
MVD, microvessels/mm? 1316 (1148-1467) 967 (800-1370)  <0.0001
% Avrea fibrosis 7.1(5.1-9.0) 9.6 (6.8-13.5) <0.0001
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Table 3

Factors associated with heart weight, CAD sum score, MVD or Fibrosis.

Model Regression
R2 coefficient (SE)

Per cent expected heart weight

Group (HFpEF) 0.40 30.47 (2.52)
+ Diabetes history

+ Hypertension history

+ CAD score

CAD scoresum

Group (HFpEF) 0.30 -2.30 (0.02)
+Age 0.33 0.06 (0.02)
+ Sex (women) 0.35 -0.69 (0.24)
+ Diabetes history 0.38 0.91 (0.27)

+ Hypertension history

Microvascular Density (vesselsmm?2)

Group (HFpEF) 0.23 -155.3 (18.9)
+ Age (year) 0.25 3.3(1.4)

+ Sex (women)

+ Diabetes history

+ Hypertension history

+ CAD score

+Log % Expected heart weight 0.31 -658 (183)
Log % AreaFibrosis

Group (HFpEF) 0.090 0.072 (0.016)
+ Age

+ Sex (women)

+ Diabetes history

+ Hypertension history

+ CAD score

+ Log % Expected heart weight

Variablep

<0.0001
0.99
0.30
0.79

<0.0001
0.002
0.004
0.0009
0.58

<0.0001
0.02
0.43
0.27
0.45
0.43
0.0004

<0.0001
0.28
0.12
0.19
0.68
0.96
0.63
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