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Abstract

Background: Obesity is associated with diastolic dysfunction, lower maximal myocardial blood flow, impaired
myocardial metabolism and increased risk of heart failure. We examined the association between obesity, left
ventricular filling pressure and myocardial structure.
Methods: We performed histological analysis of non-ischemic myocardium from 57 patients (46 men and 11 women)
undergoing coronary artery bypass graft surgery who did not have previous cardiac surgery, myocardial infarction,
heart failure, atrial fibrillation or loop diuretic therapy.
Results: Non-obese (body mass index, BMI, ≤30 kg/m2, n=33) and obese patients (BMI >30 kg/m2, n=24) did not
differ with respect to myocardial total, interstitial or perivascular fibrosis, arteriolar dimensions, or cardiomyocyte
width. Obese patients had lower capillary length density (1145±239, mean±SD, vs. 1371±333 mm/mm3, P=0.007)
and higher diffusion radius (16.9±1.5 vs. 15.6±2.0 μm, P=0.012), in comparison with non-obese patients. However,
the diffusion radius/cardiomyocyte width ratio of obese patients (0.73±0.11 μm/μm) was not significantly different
from that of non-obese patients (0.71±0.11 μm/μm), suggesting that differences in cardiomyocyte width explained in
part the differences in capillary length density and diffusion radius between non-obese and obese patients. Increased
BMI was associated with increased pulmonary capillary wedge pressure (PCWP, P<0.0001), and lower capillary
length density was associated with both increased BMI (P=0.043) and increased PCWP (P=0.016).
Conclusions: Obesity and its accompanying increase in left ventricular filling pressure were associated with lower
coronary microvascular density, which may contribute to the lower maximal myocardial blood flow, impaired
myocardial metabolism, diastolic dysfunction and higher risk of heart failure in obese individuals.
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Introduction

The increasing prevalence of obesity is a major health
concern. Increased body mass index (BMI) has a well-
established association with diastolic dysfunction and risk of
heart failure, and diastolic dysfunction is a precursor to heart
failure [1-3]. The mechanisms involved in the progression of
increased BMI to diastolic dysfunction and heart failure remain
uncertain [4]. Increased BMI is a risk factor for hypertension,
diabetes and dyslipidemia, all of which augment the risk of
ischemic heart disease, and hypertension and diabetes

independently increase the risk of heart failure [5]. In addition,
elevated BMI is associated with increased left ventricular (LV)
mass [5,6], and altered LV remodeling [6]; however, the
association of BMI with diastolic dysfunction is independent of
age, hypertension, diabetes and LV mass [1,2]. Other
mechanisms by which BMI may impact on diastolic function
and risk of heart failure include altered myocardial structure,
neurohormonal activation and altered myocardial metabolism
[4,7-9].

Animal models show obesity to be associated with cardiac
hypertrophy and alterations in myocardial structure and
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coronary microvasculature [10-16]. Humans with increased
BMI have impaired maximal myocardial blood flow [17,18], but
the mechanism of impaired myocardial blood flow of obese
subjects is unknown. One possible mechanism is lower
capillary density, which may contribute to impaired
cardiomyocyte metabolism through mismatch of myocardial
oxygen supply and demand [19], leading to myocardial
decompensation and heart failure [20].

To investigate the hypothesis that obesity and its
accompanying diastolic dysfunction are associated with
alteration in myocardial structure we performed histological
analysis of non-ischemic LV myocardial biopsies from patients
without heart failure or previous myocardial infarction who were
undergoing coronary artery bypass graft surgery. We
previously reported that neither age, diabetes nor the metabolic
syndrome was associated with altered myocardial total or
interstitial fibrosis, cardiomyocyte width, capillary length
density, diffusion radius or arteriolar dimensions in men from
this patient population, although men with diabetes and the
metabolic syndrome had lower perivascular fibrosis [21,22]. In
the present study we show that, in contrast to the effects of
age, diabetes and the metabolic syndrome, obesity and its
accompanying increase in LV filling pressure were associated
with lower coronary microvascular density that may contribute
to the impaired maximal myocardial blood flow, diastolic
dysfunction and increased risk of heart failure in obese
individuals.

Methods

The St. Vincent's Health Human Research Ethics Committee
approved this research and all patients gave written informed
consent.

Patients
Details of the Cardiac Tissue Bank have been previously

described [23]. From the Tissue Bank we selected all of 57
patients (46 men and 11 women) having coronary artery
bypass graft surgery alone; none had previous cardiac surgery,
heart failure or atrial fibrillation, had received loop diuretic
therapy or had evidence of previous myocardial infarction.
Absence of previous myocardial infarction was established
from the clinical history, electrocardiogram and troponin
measurements, and was confirmed by inspection of the
ventriculogram, transthoracic and transesophageal
echocardiography and examination of the heart at surgery. All
patients had normal or near-normal LV systolic function as
assessed by pre-operative transthoracic echocardiography and
ventriculogram, with LV ejection fraction ≥50%. A partial-
thickness wedge-shaped biopsy was taken during surgery,
immediately after cardioplegia, from a region of the lateral wall
of the LV near the base of the heart, between the territories of
the left anterior descending and circumflex arteries, that was
free of any macroscopic pathology and without evidence of
ischemia or wall motion abnormality on pre-operative or intra-
operative imaging studies.

Each patient had a Swan-Ganz catheter inserted before
surgery that provided a measure of pulmonary artery pressure,

pulmonary capillary wedge pressure (PCWP) and cardiac
output that were recorded immediately after induction of
anesthesia. PCWP was measured at end-expiration by
temporarily disconnecting the patient from the ventilator at the
time of measurement, as previously shown to provide an
accurate measure of left ventricular end-diastolic pressure [24].

Fifteen patients had type 2 diabetes mellitus, another 27 had
the metabolic syndrome and 15 had neither condition. The
metabolic syndrome was defined according to the International
Diabetes Federation [25]. For patients in whom abdominal
circumference was not measured, based on the relationship
between abdominal circumference and BMI [26], those with
BMI>25 kg/m2 were considered to exceed the abdominal
circumference threshold for the metabolic syndrome. A patient
had diabetes if a history of diabetes was evident from use of
glucose-lowering medications and/or insulin or if the fasting
plasma glucose was ≥7 mmol/L [27].

Biochemistry
Blood hemoglobin and hemoglobin A1c and plasma

creatinine were measured as part of the routine pre-surgery
workup. All other variables were measured on fasting blood
collected before induction of anesthesia on the day of surgery.
Estimated glomerular filtration rate (eGFR) was calculated from
the Modification of Diet in Renal Disease formula [28]. Insulin
resistance (HOMA2-IR), insulin sensitivity (HOMA2-%S) and ß-
cell function (HOMA2-%B) were calculated using the HOMA
calculator version 2.2 [29]. Amino-terminal-pro-B-type
natriuretic peptide (NT-proBNP) was measured by
electrochemiluminescence immunoassay using an Elecsys
instrument (Roche Diagnostics, Basel, Switzerland).

Histological analysis
Details of tissue collection, fixation and histology have been

previously described [23]. All histological analyses were
performed blind to patient identity and characteristics.
Picrosirius red-stained 4 μm sections of paraffin-embedded
tissue were analyzed for total, interstitial and perivascular
fibrosis and arteriolar dimensions by quantitative morphometry
of digitized images of the whole myocardial section (Aperio
Technologies, Inc., CA) as previously described [23].
Myocardial total fibrosis was calculated using the positive pixel
count algorithm as the area of collagen staining expressed as a
percentage of the total myocardial tissue area, after excluding
the pericardium, whereas interstitial fibrosis was calculated as
described for total fibrosis, with exclusion of perivascular
fibrosis.

Arterioles were identified by the presence of a layer of media
and immunohistochemical staining for elastin showed the blood
vessels were relaxed. The tissue was immersion fixed and the
arterioles were usually oval in shape because of deformation
and/or because they were cut at an oblique angle. We did not
attempt to analyze arterioles in longitudinal section, and only
arterioles in approximate cross-section or oblique-section were
analyzed for perivascular fibrosis. Perivascular fibrosis ratio
was calculated as the ratio of the area of perivascular fibrosis
to the total vessel area (area of vessel wall plus lumen).
Arteriolar wall area/circumference ratio was calculated for
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arterioles with average diameters of 20-80 μm, which
represented 86% of all arterioles counted.

Cardiomyocyte width, determined on 4 μm sections of
paraffin-embedded tissue (one section per patient) stained for
reticulin, was the mean of >100 measurements for each section
of the shortest diameter of cardiomyocyte profiles containing a
nucleus. Capillary length density, which is the length of
capillaries per unit volume of tissue, and diffusion radius, were
determined by analysis of 4 μm sections of paraffin-embedded
tissue (one section per patient) immunostained for CD31
(mouse anti-human CD31 monoclonal antibody, Dako
Denmark A/S, Glostrup, Denmark) using standard stereological
techniques as previously described [23].

Statistical methods
Data are presented as mean±SD for normally distributed

variables and as median with 25th and 75th percentiles for
variables that were not normally distributed. The normality of
continuous data was verified with the Kolmogorov-Smirnov test
and variables with a positively skewed distribution were log
transformed before analysis. Categorical variables are
expressed as number (%). Differences between groups were
tested with t-test for continuous variables and χ2 or Fisher's
exact tests for discrete variables. Regression analysis was
performed using the method of least squares and correlations
were estimated using Pearson correlation coefficients. All tests
were two-tailed. Calculations were performed using Statview
statistical software (SAS Institute Inc) and a two-sided P value
of <0.05 was considered to indicate statistical significance.

Results

Study patients
The clinical, biochemical and hemodynamic characteristics of

the study patients are shown in Table 1. Non-obese and obese
patients did not differ with respect to age, gender, or extent of
coronary artery disease, as measured by numbers of coronary
arteries with stenoses, occluded vessels, coronary collaterals,
bypass grafts, previous percutaneous transluminal coronary
angioplasty or wall motion abnormalities. Body weight, BMI,
and body surface area (BSA) were higher in obese patients
whereas height was lower in obese than non-obese patients. A
greater proportion of obese patients had diabetes or the
metabolic syndrome and a history of hypertension, but blood
pressures did not differ between the two groups at pre-
admission or during surgery. Obese patients had higher
plasma triglyceride and insulin levels and insulin resistance, but
the two groups did not differ with respect to plasma levels of
NT-proBNP and C-reactive protein or eGFR. There were no
differences in medication use between non-obese and obese
patients except for higher use of thiazide or indapamide
therapy by obese patients. Obese patients had increased
PCWP, central venous and pulmonary artery pressures, and
PCWP was correlated with BMI (Figure 1).

Table 1. Clinical, biochemical and hemodynamic
characteristics of coronary artery bypass graft surgery
patients with BMI ≤30 kg/m2 and >30 kg/m2.

Characteristic
BMI ≤30 kg/m2

(n=33)
BMI >30 kg/m2

(n=24) P
Age, years 64±10 63±10 0.70
Women, n (%) 4 (12%) 7 (29%) 0.17
Left main stenosis >50%, n (%) 14 (42%) 12 (50%) 0.60
One vessel stenosis >70%, n (%) 7 (21%) 7 (29%) 0.54
Two vessel stenosis >70%, n (%) 17 (52%) 11 (46%) 0.79
Three vessel stenosis >70%, n (%) 8 (24%) 5 (21%) 1.0
Patients with occluded coronary
artery, n (%)

12 (36%) 8 (33%) 1.0

Coronary collaterals, Rentrop grade
2 or 3, n (%)

16 (48%) 11 (46%) 1.0

Wall motion abnormality 4 (12%) 2 (8%) 1.0
Previous percutaneous transluminal
coronary angioplasty, n (%)

4 (12%) 3 (13%) 1.0

Coronary artery conduits/patient, n 3±1 3±1 0.71
Body weight (kg) 79±12 96±12 <0.0001
Height (cm) 174±9 168±10 0.025
Body mass index (kg/m2) 26±3 34±4 <0.0001
BSA (m2) 1.9±0.2 2.0±0.2 0.022
Clinical risk factors
 Diabetes, n (%) 6 (18%) 9 (38%) 0.13

 
Metabolic syndrome (non-
diabetic), n (%)

13 (39%) 14 (58%) 0.19

 
Diabetes or metabolic
syndrome, n (%)

19 (58%) 23 (96%) 0.002

 
Pre-admission SBP
(mmHg)

132±15 133±15 0.87

 
Pre-admission DBP
(mmHg)

75±8 76±7 0.77

 
Previous hypertension, n
(%)

19 (58%) 20 (83%) 0.048

 Use of tobacco, ever, n (%) 16 (48%) 17 (71%) 0.11

 
Fasting plasma total
cholesterol (mmol/L)

3.7±1.2 3.3±0.7 0.08

 
Fasting plasma LDL
cholesterol (mmol/L)

2.3±1.0 1.8±0.7 0.07

 
Fasting plasma HDL
cholesterol (mmol/L)

0.98±0.20 0.92±0.23 0.34

 
Fasting plasma triglyceride
(mmol/L)

1.2 (1.0-1.7) 1.7 (1.3-2.7) 0.008

 
Fasting plasma glucose
(mmol/L)

6.1±1.3 6.2±1.3 0.71

 
Fasting plasma insulin
(pmol/L)

43 (29-66) 86 (61-129) 0.001

 
ß cell function from
HOMA2-%B

58 (46-80) 81 (69-117) 0.005

 
Insulin sensitivity from
HOMA2-%S

122 (80-191) 60 (42-88) 0.0008

 
Insulin resistance from
HOMA2-IR

0.8 (0.5-1.2) 1.7 (1.2-2.4) 0.0006

 
Plasma NT-proBNP
(pmol/L)

10 (4-27) 11 (5-23) 0.61
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Association of obesity with myocardial structure
All biopsies were taken from a region of the LV wall without

evidence of ischemia or wall motion abnormality and none of
the biopsies showed evidence of ischemia (Figure 2). There
were no differences between non-obese and obese patients
with respect to total, interstitial or perivascular fibrosis,
arteriolar dimensions, or cardiomyocyte width (Table 2).
However, obese patients had lower capillary length density and
increased diffusion radius, in comparison with non-obese
patients, accompanied by a reduction in arteriolar density that
was of borderline statistical significance. Although the higher

Table 1 (continued).

Characteristic
BMI ≤30 kg/m2

(n=33)
BMI >30 kg/m2

(n=24) P

 
eGFR (mL/min per 1.73
m2)

73±14 68±15 0.13

 C-reactive protein (mg/L) 1.1 (0.6-4.3) 2.1 (1.1-4.8) 0.40
Medications

 
ACE inhibitor therapy, n
(%)

14 (42%) 17 (71%) 0.06

 ARB therapy, n (%) 10 (30%) 5 (21%) 0.55

 
ACEI and/or ARB therapy,
(%)

24 (73%) 20 (83%) 0.52

 Statin therapy, n (%) 27 (82%) 21 (88%) 0.72
 Aspirin therapy, n (%) 28 (85%) 24 (100%) 0.07

 
Calcium antagonist
therapy, n (%)

7 (21%) 8 (33%) 0.37

 ß-blocker therapy, n (%) 23 (70%) 20 (83%) 0.35

 
Long-acting nitrate therapy,
n (%)

8 (24%) 6 (25%) 1.0

 
Thiazide or indapamide
therapy, n (%)

5 (15%) 10 (42%) 0.035

Intra-operative hemodynamics immediately post induction of anesthesia

 
Central venous pressure
(mmHg)

8±4 10±4 0.015

 
Pulmonary capillary wedge
pressure (mmHg)

9±3 12±4 0.003

 
Mean pulmonary artery
pressure (mmHg)

15±4 19±5 0.002

 
Mean arterial pressure
(mmHg)

74±11 76±14 0.51

 Cardiac index (L/min/m2) 2.6±0.8 2.4±0.5 0.22

Continuous data are expressed as mean±SD or median (interquartile range) for
variables with skewed distribution, and categorical variables are expressed as
number (%). One non-obese and one obese patient had left main stenosis without
other vessel stenosis >70%. Coronary collaterals were scored according to
Rentrop et al. [46]. ACE, angiotensin converting enzyme; ARB, angiotensin
receptor blocker; BSA, body surface area; eGFR, estimated glomerular filtration
rate calculated using the Modification of Diet in Renal Disease study equation [28];
HDL, high density lipoprotein; HOMA, Homeostasis Model Assessment calculator
version 2.2 [29]; LDL, low density lipoprotein; NT-proBNP, amino-terminal-pro-B-
type natriuretic peptide. Comparison of parameters for patients with BMI ≤30 kg/m2

and >30 kg/m2 were performed using t-test for continuous variables and χ2 or
Fisher's exact tests for discrete variables.
doi: 10.1371/journal.pone.0081798.t001

cardiomyocyte width of obese patients was not statistically
significantly different from that of non-obese patients, the
diffusion radius/cardiomyocyte width ratios of obese and non-
obese patients were not significantly different (Table 2). Lower
capillary length density, but not myocardial fibrosis, arteriolar
dimensions or cardiomyocyte width, was associated with both
increased BMI and increased PCWP (Figure 1).

Figure 1.  Correlations between pulmonary capillary wedge
pressure, body mass index and capillary length
density.  Pulmonary capillary wedge pressure was correlated
with body mass index (A); moreover, capillary length density
was correlated with body mass index (B) and pulmonary
capillary wedge pressure (C) in 57 coronary artery bypass graft
surgery patients.
doi: 10.1371/journal.pone.0081798.g001
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When men and women were analyzed separately, capillary
length density of the 17 obese men was less than that of the 29
non-obese men (P=0.035); however, the lower capillary length

density of the 7 obese women did not achieve statistical
significance in comparison with the 4 non-obese women
(P=0.10).

Figure 2.  Picrosirius-red staining of collagen, reticulin staining of cardiomyocyte membranes, and CD31 immunostaining
of capillaries.  Representative sections of left ventricular biopsies from a non-obese male (BMI: 25 kg/m2) and an obese male (BMI:
39 kg/m2) coronary artery bypass graft surgery patient stained with picrosirius-red demonstrating interstitial and perivascular fibrosis
(stained red) and arteriolar dimensions (A, B), reticulin stain demonstrating cardiomyocyte membranes (C, D), and immunostained
for CD31 demonstrating capillaries (E, F).
doi: 10.1371/journal.pone.0081798.g002
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Although obese patients were more likely to have
hypertension, capillary length density was not associated with a
history of hypertension or blood pressure at pre-admission or
during surgery. In this population of 56 men and women, in
comparison with patients without diabetes or the metabolic
syndrome, analysis of variance showed that patients with
diabetes (P=0.036), but not the metabolic syndrome, had lower
capillary length density. However, in regression analysis for the
whole patient population, capillary length density was not
associated with fasting plasma glucose, log fasting plasma
insulin or log plasma triglyceride levels, or ß cell function (log
HOMA2-%B), insulin sensitivity (log HOMA2-%S) or insulin
resistance (log HOMA2-IR).

Discussion

We confirmed the well-established association between BMI
and diastolic dysfunction [1-3], and we report for the first time
that increased BMI and its accompanying increase in LV filling
pressure were associated with lower coronary microvascular
density and increased diffusion radius. These findings provide

Table 2. Histology of left ventricular biopsies of coronary
artery bypass graft surgery patients with BMI ≤30 kg/m2 and
>30 kg/m2.

Characteristic
BMI ≤30 kg/m2

(n=33)
BMI >30 kg/m2

(n=24) P
Myocardium area per section (mm2) 4.1±2.2 4.3±2.4 0.70
Total fibrosis (%) 2.0±0.9 1.9±0.9 0.68
Interstitial fibrosis (%) 1.5±0.7 1.4±0.7 0.77
Perivascular fibrosis ratio 1.9±1.2 1.9±1.0 0.86
Arterioles/mm2 myocardium area 1.2±0.7 0.9±0.3 0.07
Mean arteriolar diameter, all
arterioles (μm)

39±14 40±16 0.74

Arteriolar wall area/circumference
ratio (μm2/μm)

5.5±1.8 5.0±1.5 0.33

Capillary length density (mm/mm3) 1371±333 1146±239 0.007
Diffusion radius (μm) 15.6±2.0 16.9±1.5 0.012
Diffusion radius/BSA ratio (μm/m2) 8.1±1.1 8.3±1.0 0.49
Cardiomyocyte width (μm) 22.1±2.5 23.4±4.5 0.16
Cardiomyocyte width/BSA ratio
(μm/m2)

11.5±1.4 11.4±1.8 0.89

Diffusion radius/cardiomyocyte width
ratio (μm/μm)

0.71±0.11 0.73±0.11 0.56

Data are expressed as mean±SD. BSA, body surface area. Myocardium area per
section excludes epicardium. We did not attempt to analyze arterioles in
longitudinal section, and only arterioles in approximate cross-section or oblique
section with diameters (average of maximum and minimum diameter of each
arteriole) of 12-151 μm were counted for estimation of arteriolar density and
analyzed for perivascular fibrosis. Arteriolar wall area/circumference ratio was
calculated for arterioles with diameters of 20-80 μm. Arteriolar wall area/
circumference ratio and capillary length density and diffusion radius were
measured for 33 non-obese and 23 obese patients. Comparison of parameters for
patients with BMI ≤30 kg/m2 and >30 kg/m2 were performed using t-test for
continuous variables and χ2 or Fisher's exact tests for discrete variables.
doi: 10.1371/journal.pone.0081798.t002

a structural basis for the lower maximal myocardial blood flow
of obese individuals [17,18]. In addition, our finding that cardiac
fibrosis was similar for non-obese and obese patients indicates
that fibrosis was not a contributor to the diastolic dysfunction of
obese individuals. Cardiomyocyte size is a critical determinant
of capillary length density in the adult because, in contrast to
children, adults do not show a compensatory angiogenic
response to cardiomyocyte hypertrophy [30,31]. Although the
difference in cardiomyocyte width between non-obese and
obese patients was not statistically significant, their similar
diffusion radius/cardiomyocyte width ratios suggests that
differences in cardiomyocyte width explains in part the
differences in capillary length density and diffusion radius
between non-obese and obese patients.

Among all organs, the heart is unique in that oxygen
extraction is constantly close to maximal and the importance of
the capillary bed to the ischemic vulnerability of the
myocardium is well recognised [32-34]. Reduction in capillary
length density in obesity may contribute to impaired
cardiomyocyte metabolism and ATP production through
mismatch of myocardial oxygen demand and supply [19],
leading to myocardial decompensation and heart failure [20].
As diastole is more susceptible to ATP shortage than systole,
impaired ATP production would initially manifest as diastolic
dysfunction [7]. Cardiomyocytes of obese individuals may be
particularly susceptible to ischemia because of the increased
oxygen requirements for oxidation of free fatty acids and the
lesser ability of cardiomyocytes to switch to utilization of
glucose as a substrate [9]. A recent case control study showed
that bariatric surgery reduced the risk of heart failure in obese
patients with diabetes [35], but future studies are required to
determine whether reduction in obesity increases an
individual's coronary microvascular density. Our finding of
lower coronary microvascular density of obese patients is
consistent with the report of a lower skin capillary density in
both normotensive and hypertensive patients with severe
obesity; however, skin capillary density was not normalized
after pronounced weight loss following bariatric surgery [36].

A reduction in the number or density of microvessels has
been reported in both clinical and experimental hypertension
and diabetes [37], raising the possibility that these conditions
may account for the lower coronary microvascular density in
obese subjects in our study. Evidence against a role for
hypertension was the lack of association between capillary
length density and history of hypertension or blood pressure at
pre-admission or during surgery. Blockers of the renin
angiotensin system improve microvascular structure in
experimental hypertension and in hypertensive patients [37],
which may explain the lack of association between history of
hypertension and coronary microvascular density in our study,
given the high proportion of patients receiving therapy with
blockers of the renin angiotensin system. Therapy with
blockers of the renin angiotensin system may also explain
recent reports of normal capillary density in skin of patients with
hypertension and/or diabetes [36,38].

Previous studies of the mechanism of the association
between increased BMI, diastolic dysfunction and the risk of
heart failure have had difficulty separating the effects of BMI
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from the effects of the metabolic syndrome, impaired insulin
sensitivity and cardiac hypertrophy [8,39,40], and some studies
suggested that the metabolic syndrome, and not increased BMI
per se, is associated with increased risk of heart failure [41,42].
We previously reported that PCWP was increased in men with
diabetes and the metabolic syndrome [21], but we found that
neither diabetes nor the metabolic syndrome was associated
with alteration in capillary length density [21]. However, in the
present analysis of a larger cohort that included both men and
women, capillary length density was lower in patients with
diabetes, but not in patients with the metabolic syndrome
alone, in comparison with patients without either condition.
Further evidence that the lower coronary microvascular density
of obese patients was independent of the metabolic syndrome
was the lack of association between capillary length density
and parameters of insulin sensitivity.

Our study highlights both similarities and differences
between the effects of obesity on the myocardium of humans
and animals. Animal models show obesity to be associated
with cardiac hypertrophy [10-14], and increased cardiomyocyte
size in some studies [10,11,13], but not in others [15].
Myocardial capillary density is reported to be either lower [10],
similar to [11,12,14], or higher in obese than non-obese
animals [12,14]. Although we found increased BMI was
associated with lower capillary length density, we did not
observe the association between BMI and arteriolar wall
thickness that was reported in obese rats [16]. In contrast to
reports of increased cardiac fibrosis in animal models of
obesity [13-16], we found no association between BMI and
myocardial fibrosis. In one autopsy study of obese individuals,
7 were reported to have mild and 3 had moderate cardiac
fibrosis [43], but the contribution of comorbidities to cardiac
pathology in this autopsy study is unknown. Our finding of no
relationship between BMI or PCWP and cardiac fibrosis
indicates that fibrosis was not a contributor to the diastolic
dysfunction of obese individuals and is in contrast to reports of
echocardiographic evidence and plasma fibrosis markers
suggestive of cardiac fibrosis in obesity [44,45].

Our study had a number of limitations. The sample size was
limited by the need for myocardial biopsies from each patient
and our study was therefore restricted to univariable analyses.
Another limitation was the inherent selection bias caused by
the sampling of patients presenting for coronary artery bypass

graft surgery, and it is not known whether our findings apply to
patients with less extensive coronary artery disease. However,
patients with coronary artery disease were an important group
to study because of the high prevalence of coronary artery
disease in the community, and our previous studies showed
that the presence of coronary artery disease per se does not
influence myocardial fibrosis, cardiomyocyte width, capillary
length density or arteriolar dimensions [34]. To avoid the effect
of coronary stenoses on myocardial structure and the
microvasculature we took particular care to collect biopsies
from the same epicardial region of the LV myocardium without
evidence of ischemia or wall motion abnormality that was
proximal to significant flow-limiting coronary stenoses and
collaterals. However, it cannot be guaranteed that the biopsies
were from healthy and comparable parts of myocardium of
different patients, as subclinical perfusion disturbances might
not be obvious, and another limitation of this approach is that
we do not know if the data obtained apply to other regions of
the myocardium. Nevertheless, these potential sources of
variability in myocardial histology would have biased our results
toward the null hypothesis.

In summary, we showed that increased BMI and percent
body fat and their accompanying increase in LV filling pressure
were associated with lower coronary microvascular density, but
not with alteration in myocardial fibrosis or arteriolar
dimensions. Lower coronary microvascular density may
contribute to the lower maximal myocardial blood flow,
impaired myocardial metabolism, diastolic dysfunction and
increased risk of heart failure risk in obese individuals.
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