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Abstract

Background Right ventricular (RV) dysfunction and heart failure with preserved ejection fraction may contribute to exercise
intolerance in obesity. To further define RV exercise responses, we investigated RV-arterial coupling in obesity with and
without development of exercise pulmonary venous hypertension (ePVH).

Methods RV-arterial coupling defined as RV end-systolic elastance/pulmonary artery elastance (Ees/Ea) was calculated
from invasive cardiopulmonary exercise test data in 6 controls, 8 obese patients without ePVH (Obese—ePVH) and 8 obese
patients with ePVH (Obese+ePVH) within a larger series. ePVH was defined as a resting pulmonary arterial wedge pres-
sure < 15 mmHg but >20 mmHg on exercise. Exercise haemodynamics were further evaluated in 18 controls, 20 Obese—
ePVH and 17 Obese+ePVH patients.

Results Both Obese—ePVH and Obese+ePVH groups developed exercise RV—arterial uncoupling (peak Ees/Ea=1.45+0.26
vs 0.67+0.18 vs 0.56+0.11, p <0.001, controls vs Obese—ePVH vs Obese+ePVH respectively) with higher peak after-
load (peak Ea=0.314+0.07 vs 0.75+0.32 vs 0.88 +0.62 mL/mmHg, p=0.043) and similar peak contractility (peak
Ees=0.50+0.16 vs 0.45+0.22 vs 0.48 +0.17 mL/mmHg, p=0.89). RV contractile reserve was highest in controls
(AEes =224 480 vs 154 + 39 vs 141 +34% of baseline respectively, p <0.001). Peak Ees/Ea correlated with peak pulmonary
vascular compliance (PVC, r=0.53, p=0.02) but not peak pulmonary vascular resistance (PVR, r=—0.20, p=0.46). In the
larger cohort, Obese+ePVH patients on exercise demonstrated higher right atrial pressure, lower cardiac output and steeper
pressure-flow responses. BMI correlated with peak PVC (r=—0.35, p=0.04) but not with peak PVR (r=0.24, p=0.25).
Conclusions Exercise RV-arterial uncoupling and reduced RV contractile reserve further characterise obesity-related exercise
intolerance. RV dysfunction in obesity may develop independent of exercise LV filling pressures.
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Introduction

Heart failure with preserved ejection fraction (HFpEF)
and right ventricular (RV) dysfunction are common in
symptomatic obesity and can make a significant contri-
bution toward exercise symptoms. Both predispose obese
patients to further impairment in left ventricular (LV)
filling on exercise, greater risk of biventricular remodel-
ling and more severe haemodynamic derangement (Alpert
et al. 2014). Independent of HFpEF and sleep disordered
breathing, obesity has also been associated with increased
RV mass, higher RV end-diastolic volumes and reduced
RV systolic function (Chahal et al. 2012; Wong et al.
2006). This suggests that obesity itself may carry spe-
cific predisposition to RV dysfunction and that, in cases
where resting haemodynamics do not explain the level
of exercise intolerance, pulmonary haemodynamic evalu-
ation during exercise may be used to unmask obesity-
related pulmonary vascular and RV dysfunction (Chahal
et al. 2012).

We hypothesised that obesity itself invokes a direct
negative influence on the RV exercise contractile
response through greater thoracic mechanical loading
and higher exercise RV afterload. To measure RV con-
tractile and afterload responses, we evaluated RV end-
systolic elastance (Ees) and pulmonary arterial elastance
(Ea) respectively, to derive RV-arterial coupling (Ees/Ea)
ratios. RV and pulmonary arterial elastance were derived
from resting and exercise RV pressure—volume relation-
ships drawn directly from invasive cardiopulmonary exer-
cise test data of obese patients undergoing investigation
of unexplained exercise intolerance. To account for the
influence of impaired LV filling on exercise in obesity
which may increase RV exercise afterload, RV elastance,
pulmonary arterial elastance and Ees/Ea ratios were
measured in two groups of symptomatic obese patients
demonstrating either normal or elevated LV filling pres-
sures on exercise. Their exercise data were compared
to a third group of non-obese controls also undergoing
evaluation of unexplained dyspnoea. In a larger cohort of
37 obese patients and 18 controls drawn from the same
referral pool, we examined relationships between BMI
and exercise haemodynamics.
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Methods
Study population

All patients included in the study were derived from a cohort
of over 750 sequential patients referred to Brigham and
Women’s Hospital for unexplained exertional intolerance.
All completed invasive cardiopulmonary exercise testing for
clinical investigation of dyspnoea, after resting lung func-
tion, echocardiography and routine imaging had not uncov-
ered a cause for the patient’s symptoms. Imaging undertaken
prior to invasive cardiopulmonary exercise testing included
CT pulmonary angiography and/or ventilation perfusion
scintigraphy to exclude thromboembolic disease as well as
high resolution thoracic CT to evaluate for the presence of
interstitial lung disease. Following review of available inva-
sive exercise test data, three patients groups were identified:
one obese group with exercise pulmonary venous hyper-
tension (ePVH, Obese+ePVH), one obese group without
ePVH (Obese—ePVH) and a group of non-obese patients
with exertional intolerance, but normal exercise physiol-
ogy (controls). Obese patients were defined by a body mass
index (BMI) > 30 kg/m?.

Exclusion criteria and group derivations

Patients were excluded from study analysis by several fac-
tors. These consisted of failure to demonstrate maximal
effort on exercise testing defined by a respiratory exchange
ratio (RER) > 1.05 and peak HR >90% predicted, the pres-
ence of moderate or worse valvular heart disease or reduced
resting left ventricular ejection fraction (< 50%) judged from
a contemporary resting transthoracic echocardiogram under-
taken within 3 months of the exercise test, presence of clini-
cally significant connective tissue disease, interstitial lung
disease or thromboembolic disease, prior cardiac or lung
transplantation, smoking pack year history of >?20 or a rest-
ing FEV,/FVC ratio < 70% on spirometry. Control patients
were selected based on a normal exercise capacity defined by
a peak VO, > 80% predicted (Hansen et al. 1984), a normal
cardiac output response to exercise (> 80% predicted) and a
Ca-vO, content difference /Hb > 80%.

Obese patients with ePVH (Obese+ePVH, n=8) were
defined by having a resting pulmonary arterial wedge
pressure (PAWP) <15 and >20 mmHg at peak exercise
based on historical cut-offs for exercise LV filling pressure
(Groves et al. 1987; Parker and Thadani 1979; Wagner
et al. 1986). Obese patients without ePVH (Obese—ePVH,
n=238) were defined by a resting PAWP <15 mmHg and
an exercise PAWP <20 mmHg. No control patients dem-
onstrated an elevated PAWP either at rest or on exercise.
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The derivation of control, Obese—ePVH and
Obese+ePVH groups is further outlined in Fig. 1. Out of
over 750 sequential patients, 37 obese patients met criteria
for study inclusion. From these 37 patients, 16 had complete
RV pressure waveform data between rest and peak exercise
enabling calculation of RV-arterial coupling parameters
(Ees, Ea, Ees/Ea). 16 controls met criteria for study inclu-
sion and of these, 6 patients had similarly complete RV
pressure waveform data between rest and peak exercise.
In the remaining controls and obese patients not evaluated
for RV-arterial coupling, the transduced signal from the
proximal RV catheter port was either entirely missing due
to patient anatomical factors or was temporarily lost during
the exercise test rendering their contractility and afterload
analysis incomplete. These patients’ data were incorporated
into the analysis of BMI and exercise haemodynamics.

Invasive cardiopulmonary exercise testing

The full protocol for invasive cardiopulmonary exercise test-
ing and its analysis was undertaken as previously described
(Maron et al. 2013). Briefly, a pulmonary artery catheter
was placed in the Brigham and Women’s Hospital cardiac
catheterization lab as per standard procedure via the internal

> 750 Patients

Unexplained Dyspnoea

Cohort
A A
Controls Obese-ePVH
n=18 n=20
A L
Controls Obese-ePVH
n=6 n=8

jugular vein with ultrasound and fluoroscopic guidance. The
pulmonary artery catheter was a flow-directed, balloon-
tipped, 4-port pacing pulmonary arterial catheter (Edwards
Lifesciences, Irvine, CA, USA). An arterial line was inserted
into the radial artery using a 20-gauge angiocatheter or
5-French sheath. All exercise tests were performed in the
Brigham and Women’s Hospital cardiopulmonary exer-
cise laboratory located adjacent to the cardiac catheteri-
zation laboratory. All subjects completed a single bout of
incremental cycling to exhaustion on an upright ergometer
(Medgraphics Corival Cycle Ergometer, Medical Graphics
Corp, St. Paul, MN, USA). The tests were performed with
the patient breathing room air. At least 2 min of rest was fol-
lowed by 3 min of unloaded cycling at 60—70 revolutions per
minute. Work was then continuously increased using a ramp
protocol by 5, 10, 15, or 20 W/min based on historic exer-
cise tolerance in the field to obtain a test duration between
8 and 10 min. After reaching a symptom-limited maximum,
patients entered a recovery period.

Pulmonary gas exchange was measured breath-by-breath.
Heart rate (HR), systemic systolic blood pressure (SBP),
systemic diastolic blood pressure (DBP), right atrial (RAP),
right ventricular, and pulmonary artery (PAP) pressures
were measured continuously using a Phillips Xper Cardio

- Exclusion Factors

Obese+eVPH

n=17

Missing RV
Pressure Signal
n=33
L

Obese+ePVH

n=8

Fig. 1 Flowchart showing identification of control, Obese—ePVH and Obese+ePVH groups derived from a larger population investigated for

unexplained dyspnoea
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Physiomonitoring System (Andover, MA, USA) that was
calibrated, levelled, and zeroed at the level of the right
atrium before each study. At rest and during each minute
of exercise, PAWP was measured as a calculated electronic
mean over the respiratory cycle (Boerrigter et al. 2014), and
a 12-lead electrocardiogram was obtained. One-millilitre
blood samples were simultaneously drawn from the radial
arterial catheter and distal port of the non-wedged pulmo-
nary arterial catheter once every minute during rest and dur-
ing the last 15 s of each minute during exercise. Axillary
temperature-adjusted systemic arterial and mixed venous
blood samples were analysed for partial pressure of oxygen
(PaO, or PvO,), partial pressure of carbon dioxide (PaCO,
or PvCO,), pH (Model 1620, Instrumentation Laboratories,
Lexington, MA), bicarbonate concentration (HCO?*), hae-
moglobin concentration (Hb), oxygen saturation (SaO, or
SvO,) (Model 482, Instrumentation Laboratories), oxygen
content (CaO, or CvO,) by co-oximetry and serum lactate
concentration.

Data analysis

Ventilatory and pulmonary gas exchange data were aver-
aged over the final 30-s interval of the 2-min rest period
and averaged over contiguous 30-s intervals during exer-
cise. VO, peak was defined as the highest 30-s averaged
VO, during the last minute of the symptom-limited exercise
test. Predicted values of VO, peak were controlled for age,
gender, and height. Cardiac output (CO) was calculated from
the direct Fick method (CO = VO,/[Ca-vO,]) and predicted
CO at peak exercise was calculated from predicted VO,peak
using an assumed maximal Ca-vO, equivalent to a normal
Hb (14 g/dL) for healthy subjects. Maximum voluntary ven-
tilation was taken as resting FEV, X 35. All invasive exercise
test data were retrospectively reviewed.

RV waveform analysis

To obtain RV-arterial coupling data, RV pressure tracings
were obtained in the upright position at rest and at maximum
effort and analysed using the PHILIPS Xper Information
Management Software (Version 1.5.7.1850, Koninklijke
Philips Electronics N.V. Amsterdam, The Netherlands).
Pressure waveform tracings were recorded for 7 s dura-
tion and for at least 5 cardiac cycles. Numerical data were
extracted by conversion of binary data into 16-bit integers
using MATLAB R2016a (Mathworks, Natick, MA, USA).
Each waveform was compared with RV pressure tracings
extracted from real-time haemodynamic monitoring to ver-
ify true integrity of the data. The timings of 7 s captures
were matched to mean stroke volumes obtained during 7 s
capture to calculate pressure—volume relationships.
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To calculate Ees, the single-beat method was employed
(Brimioulle et al. 2003), whereby maximum theoretical RV
pressure (P, ,.) is calculated from a non-linear extrapola-
tion of the early systolic and diastolic portions of the RV
pressure curve. End systolic pressure (ESP) was approxi-
mated by mean pulmonary artery pressure (mPAP) (Chemla
et al. 1996). Ees was then calculated as the slope of the end-
systolic pressure—volume (PV) relationship: (P,,,, —mPAP)
divided by mean stroke volume for the 7 s capture (SV) (Trip
et al. 2013). Ea was estimated by the mPAP/SV ratio (Brimi-
oulle et al. 2003; Spruijt et al. 2015). RV contractile reserve
(AEes) was defined as follows: Eesp,,/E€Sg. X 100 as a per-
centage of baseline. The study was approved by the Partners
Human Research Committee (IRB #2011P000272) and writ-
ten consent was waved for this retrospective analysis.

Statistical analysis

To estimate required sample sizes, a previous study exam-
ining RV exercise responses in two groups of patients with
pulmonary hypertension was used which examined patients
exercising at submaximal work levels (Hsu et al. 2016).
This resulted in an estimated group size of 10 patients
with 90% power to detect a difference in RV end-systolic
elastance (Ees) at the 5% significance level. As our study
used symptom-limited maximal exercise testing, we judged
8—10 patients as an appropriate group size to detect sig-
nificant differences in RV elastance. Continuous variables
were expressed as mean =+ standard deviation and categorical
variables were expressed as number of subjects and propor-
tions, n (%). Haemodynamic data fitting a normal distri-
bution was analysed by one-way ANOVA with Bonferroni
correction to examine differences in means between three
groups. Where data were non-normally distributed, com-
parisons of continuous variables were performed using the
Wilcoxon—Mann—Whitney test, while Fisher’s exact test was
used to compare categorical variables. Pearson correlation
coefficients were used to compare relationships between RV
coupling parameters and exercise haemodynamic variables
and regression analysis was used to assess significance of
any correlations. In all tests, a two-sided p value < 0.05 was
considered significant. Statistical analysis and graphic crea-
tion were performed using Stata software Version 12 (Stata
Corp LP, College Station, TX, USA).

Results

Demographics, comorbidities and resting spirometry are
displayed for control and obese groups in Table 1. Two
out of eight patients in the Obese+ePVH group were in
resting respiratory failure defined by a PaO, < 60 mmHg
and/or a PaCO, > 45 mmHg. Both obese groups had a
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Table 1 Patients’ demographics
and cardiovascular risk profiles

Patients’ characteristics

Controls (n=6)

Obese—ePVH (n=38)

Obese+ePVH (n=38)

Age (years) 59+5
Female sex, N (%) 2 (33)
Body mass index (kg/mz) 25.8+2.3
Hypertension (%) 1
Diabetes mellitus (%) 0
Coronary artery disease (%) 0
Calcium channel blocker (%) 0

Beta blocker (%) 0

ACE inhibitor or ARB (%) 0
Diuretic (%)¢ 1

FEV,% 100+20
FEV,/FVC 78+ 10
Hb (g/dL) 154+0.8

51+9
3(38)
37.0+4.3?

2
1
1
1
1

04
1

86 +22"
81+4
13.6+2.5

62+9°

3 (38)
38.4+104°
6b,c

1

2

1

4b,c

2b

4b,c

66 +9°¢
775
13.8+2.7

4p <0.05 controls vs Obese—eHFpEF
®» <0.05 controls vs Obese+eHFpEF
°p <0.05 Obese—eHFpEF vs Obese+eHFpEF

greater proportion of coronary risk factors and received
greater amounts of vasoactive medications compared to
controls. The Obese+ePVH group were older, had lower
FEV, values and received more antihypertensive treat-
ments including beta blockade.

Table 2 Non-invasive

cardiopulmonary exercise data

at rest and peak exercise

Cardiopulmonary exercise data

Cardiopulmonary exercise data are presented in Table 2
showing lower absolute peak VO, and peak workload in
both Obese—ePVH and Obese+ePVH groups. Reduced peak
VO, in obesity was driven by both reduced O, delivery and
reduced systemic O, extraction. Lower minute ventilation
in the Obese+ePVH group resulted in increased end-tidal

Controls (n=6)

Obese—ePVH (n=28)

Obese+ePVH (n=28)

Rest Peak Rest Peak Rest Peak

VO, (mL/kg/min)  — 302+34 - 185+7.7¢ - 14.1+3.5¢
VO, % - 115¢14 - 88422  — 75+21°
Work (W) - 202+36 - 148+52¢ - 81+33%f
RER 0.82+0.11 1.16+0.10 0.82+0.08 1.15+0.05 0.90+0.13 1.09+0.08
Lactate 0.7+0.1 64+15 11405 59+28 1.6+0.6° 47+1.7°
HR (bpm) 68+10 159+5 T4+19 156+18  80+15 124 +22%f
HR (%) - 99+5 92+9 - 78 +13f
VE (L/min) 8+2 66+17  T+2 63425 7+2 42+11f
VE/MVV% - 56+ 14 66+19  — 75+17
Sa0, (%) 98+1 95+2 95+6 94+3 95+4 90+9
PetCO, (mmHg) ~ 37+5 44+6 42+8 47+10 39+9 46+10
VE/VCO, slope - 25+4 26+6 - 26+4

RER respiratory exchange ratio, HR heart rate, VE minute ventilation, MVV maximum voluntary ventila-
tion, Sa0, arterial O, saturation, PetCO, end tidal CO, tension, Vd/Vt physiological dead space fraction

4p <0.05 controls (rest) vs Obese—ePVH (rest)
bp< 0.05 controls (rest) vs Obese+ePVH (rest)
¢p <0.05 Obese—ePVH (rest) vs Obese+ePVH (rest)
dControls (peak) vs Obese—ePVH (peak)
¢Controls (peak) vs Obese+ePVH (peak)
fObese—ePVH (peak) vs Obese+ePVH (peak)

@ Springer



1420

European Journal of Applied Physiology (2018) 118:1415-1426

pCO, at peak exercise. Three out of eight patients in the
Obese—ePVH group and four out of eight (50%) patients
in the Obese+ePVH group demonstrated a pulmonary
mechanical limitation to exercise defined by peak minute
ventilation/maximum voluntary ventilation>70%. 0/6 (0%)
in controls demonstrated pulmonary mechanical limitation
by similar criteria. Maximal exercise testing was defined by
attainment of either a RER > 1.05 or HR > 90% (predicted
value) in all patients included in the final analysis.

Exercise haemodynamics and gas exchange data

Invasive pulmonary haemodynamic data at rest and peak
exercise are summarised in Table 3. No patients met criteria
for resting PAH defined by mean pulmonary artery pres-
sure >25 mmHg and PVR > 240 dyn/s/cm’ at rest (Galie
et al. 2016). The Obese+ePVH group exhibited the larg-
est exercise rise in right atrial pressure, mean pulmonary

artery pressure and pulmonary arterial wedge pressure with
elevated peak PVR by recently established criteria (Oliveira
et al. 2016). Compared to controls, both Obese—ePVH and
Obese+ePVH groups developed raised PaCO, at peak exer-
cise although exercise hypoxaemia was mild and not signifi-
cantly different to controls.

RV-arterial coupling responses

Rest and peak exercise RV contractility (Ees), arterial
elastance (Ea) and RV-arterial coupling (Ees/Ea) data
are displayed in Fig. 2 for controls, Obese—ePVH and
Obese+ePVH groups. Ees and Ea at rest did not signifi-
cantly differ between any group (Resting Ees =0.26 +0.09
vs 0.32+0.15 vs 0.33 +0.14 mmHg/mL, p=0.56 (one-
way ANOVA); resting Ea=0.20+0.04 vs 0.30+0.11 vs
0.30+0.11 mmHg/mL, p=0.13). Resting Ees/Ea was also

Table 3 Invasive
cardiopulmonary exercise

Controls (n=6)

Obese—ePVH (n=28) Obese+ePVH (n=28)

data at rest (upright) and peak Rest Peak Rest Peak Rest Peak

exercise
SBP (mmHg) 139+9 210+24  147+18 197 +34 149+13 196 +23
DBP (mmHg) 76+7 89+7 84+11 90+16 7910 88+9
CO% - 114+£22 - 113£27 - 96+29
DO, (mL/min) 1078 £145 3551£584 1134+£366 29941045 1027+306  2242+364°
C(a-v)0O, (mL/dL)  6.2+0.7 143+1.7 62+08 11.5+25%  58+1.0 11.1+1.7°
Arterial pH 7444002 734+0.01 7.42+0.04 7.32+0.04 7.40+0.04* 7.34+0.02
Mixed venous pH ~ 7.42+0.02  7.21+0.03 7.41+0.04 7.24+0.05 7.40+0.03  7.26+0.03°
PaO, (mmHg) 97+7 85+ 14 91+19 79+15 84+16 78+9
PaCO, (mmHg) 35+4 37+2 41+8 42+64 42+5° 44 +6°
PvO, (mmHg) 36+3 2442 3442 2642 3542 2543
PvCO, (mmHg)  41+4 69+5 41+8 69+9 50+8° 66+6
P(A-2)0, (mmHg) 8+17 32413 15+10 34412 1449 34+18
RAP (mmHg) 1+1 6+2 64 10+3¢ 642" 16+ 5%
mPAP (mmHg) 13+1 28+6 18+5° 36+ 8¢ 20+ 8¢ 47+ 1254
PAWP (mmHg) 743 13+2 11+2° 15+4 114£20¢ 26+ 5%
SvO, (%) 66+2 29+5 62+6 3247 64+4 33+4
CO (L/min) 5.6+1.1 17.0+18 6.6+1.5 17142  59+23° 132+2.7%F
PVR (dyne/s/cm®) 108 +32 102418 119+44 100+35 133+98 12861
PVC (mL/mmHg) 6.9+2.3 37+09 7.7+28 32+0.8 59+2.6 2.4+0.5%

SBP systolic blood pressure, DBP diastolic blood pressure, CO cardiac output, DO, oxygen delivery,
C(a-v)0, arterio-venous oxygen difference, PaO, arterial O, tension, PaCO, arterial CO, tension, PvO,
mixed venous O, tension, PvCO, mixed venous CO, tension, P(A-a)O, Aa O, gradient, RAP right atrial
pressure, mPAP mean pulmonary artery pressure, PAWP pulmonary arterial wedge pressure, SvO, mixed
venous O, saturation, PVR pulmonary vascular resistance, PVC pulmonary vascular compliance

4p <0.05 controls (rest) vs Obese—ePVH (rest)

bp< 0.05 controls (rest) vs Obese+ePVH (rest)

‘p <0.05 Obese—ePVH (rest) vs Obese+ePVH (rest)
dControls (peak) vs Obese—ePVH (peak)

¢Controls (peak) vs Obese+ePVH (peak)
fObese—ePVH (peak) vs Obese+ePVH (peak)
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Fig.2 Comparison of RV arterial coupling parameters (Ees, Ea, Ees/
Ea) at rest and peak exercise in controls (n=6), Obese—ePVH (n=28)
and Obese+ePVH (n=8) groups. Asterisk represents p<0.05 for
each obese group compared to controls at peak exercise

preserved across groups (Ees/Ea=1.29+0.37 vs 1.11+0.33
vs 1.09+0.33, p=0.54, respectively).

Between rest and peak exercise, Ea increased signifi-
cantly across all groups (all p <0.05). Peak Ees/Ea was

Reduced Ees/Ea was attributable to predominant increase
in peak exercise Ea in obese groups (peak Ea=0.31+0.07
vs 0.75+0.32 vs 0.88 £0.62 mL/mmHg respectively,
p=0.043) in the context of similar RV contractility (peak
Ees=0.50+0.16 vs 0.45+0.22 vs 0.48 +0.17 mL/mmHg,
p=0.89). Reduced exercise Ees/Ea did not differ between
Obese—ePVH and Obese+ePVH groups (p =0.65). Con-
tractile reserve (AEes) was higher in controls than in
Obese—ePVH and Obese+ePVH groups (AEes =224 + 80
vs 154 +£39 vs 141 £34% of baseline, p <0.001) with
no difference between Obese—ePVH and Obese+ePVH
groups (p=0.78). Peak Ees/Ea positively correlated with
peak PVC (r=0.53, p=0.02) but not with peak PVR
(r=-0.20, p=0.46) (Fig. 3).
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Table 4 Haemodynamic data
from larger control and obese

Controls (n=18)

Obese—ePVH (n=20) Obese+ePVH (n=17)

cohorts Rest Peak Rest Peak Rest Peak
RAP (mmHg) 242 4+4 6+3* 9+3d 7+3b 15+4°f
mPAP (mmHg) 11+2 28+7 18+5° 35+7¢ 21 +6° 46+10°
PAWP (mmHg) 442 11+4 10+2° 15+3 11+3° 26+5%f
CO (L/min) 48+18 152442  59+1.7° 14.6+39 54+20 11.3+3.2%
PVR (dyne/s/em®) 13341 94430  136+60 116+47  168+100 150 +68°
PVC (mL/mmHg)  69+3.6 41420 68+25 33410  5.0+2.1 2.6+1.0%

4p <0.05 controls (rest) vs Obese—ePVH (rest)

bp <0.05 controls (rest) vs Obese+ePVH (rest)
°p<0.05 Obese—ePVH (rest) vs Obese+ePVH (rest)
dControls (peak) vs Obese—ePVH (peak)

¢Controls (peak) vs Obese+ePVH (peak)
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Fig.4 Minute by minute mPAP-cardiac output slopes in larger
obese cohorts: Obese—ePVH (n=20, 0.94 mmHg/L/min) and
Obese+ePVH (n=17, 1.63 mmHg/L/min) groups

Exercise haemodynamic responses in larger cohort

Table 4 compares exercise haemodynamic responses in
the larger cohort of Control (n=18) and obese patients
(Obese—ePVH, n=20; Obese+ePVH, n=17). Com-
pared to the Obese—ePVH group at peak exercise, the
Obese+ePVH group developed higher right atrial pres-
sure and lower cardiac output with reduced oxygen deliv-
ery. The lower cardiac output of the Obese+ePVH group
was driven primarily by impaired exercise chronotropy
given similar stroke volume augmentation. Mean pul-
monary artery pressure-cardiac output responses in the
larger cohort of both obese groups are shown in Fig. 4
and demonstrate a lower slope in the Obese—ePVH
vs Obese+ePVH group (0.94 vs 1.63 mmHg/L/min,
p <0.05). The relationship between BMI and exercise
PVC and exercise PVR are shown in Fig. 5. This shows
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Fig.5 Relationship between BMI and peak exercise PVC (top) and
peak exercise PVR (bottom) in controls (rn=18; small crosses) and
obese patients (n=37; black circles)

a negative correlation between BMI and exercise PVC
(r=-0.35, p=0.04) whereas there was no correlation
between BMI and exercise PVR (r=0.24, p =0.25).
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Discussion

The principle observations from this study were of exer-
cise uncoupling between the RV and pulmonary artery and
a reduction in RV contractile reserve in symptomatic obese
patients both of which occurred irrespective of changes in
exercise LV filling pressure. RV-arterial uncoupling was
driven primarily by impaired RV contractile responses to
higher exercise RV afterload in obesity. This suggests that
even in the absence of elevated LV filling pressures on
exercise, the RV in obesity may undergo maladaptation
at higher flow. Potential explanations for this include any
combination of higher RV exercise afterload specific to
obesity, metabolic dysregulation of pulmonary vascular
tone or the presence of RV myocardial dysfunction intrin-
sic to obesity.

In the larger cohort, the obesity exercise response in
patients demonstrating raised LV filling pressures on exer-
cise was characterised by lower peak cardiac output, a
steeper mean pulmonary artery pressure-flow response and
lower pulmonary vascular compliance. This same group
also harboured lower FEV1 values which may have also
contributed to lower pulmonary vascular compliance and
high exercise afterload. The positive relationship between
higher BMI and lower pulmonary vascular compliance at
peak exercise, when all pulmonary capacitance vessels
are maximally recruited, further suggests that increasing
severity of obesity may predispose to increased RV after-
load on exercise.

Reduced RV-arterial coupling ratios in obesity sig-
nify a loss in energetic efficiency between forward blood
flow from the RV to pulmonary artery. This lends further
insight into the pathophysiology of exercise RV dysfunc-
tion in obesity in that elevated LV filling pressures, which
did not influence RV exercise coupling, appear to play
a less critical role in moderating RV exercise responses.
This as well as the finding of lower RV contractile reserve
supports the hypothesis of intrinsic RV dysfunction in obe-
sity suggesting an increasing predisposition to obesity-
associated pulmonary vascular dysfunction may occur at
upper extremes of BMI.

One potential mechanism of RV contractile impairment
in obesity may be higher circulating plasma volume which
on exercise predisposes to exercise RV dilatation through
higher venous return (Alpert et al. 2014; Obokata et al.
2017). Increased sympathetic nervous system activation
and metabolic dysregulation may also drive higher filling
pressures in obesity (Ketabchi et al. 2009; Noble et al.
1981). Both obese groups in our study developed higher
right atrial pressure with exercise suggesting excess RV
preload. In the Obese+ePVH group, right atrial pres-
sure rose even further perhaps through higher LV filling

pressures and greater atrial septal interaction. In support
of this finding, Obokata et al. recently showed higher ven-
tricular filling pressures led to greater ventricular interde-
pendence in obesity through greater pericardial restraint
(Obokata et al. 2017). Although we could not directly
measure RV volume in our study, higher RV filling pres-
sures are likely to drive greater exercise RV dilatation
in turn increasing RV wall stress and mechanical ineffi-
ciency (Alpert et al. 1989). Thus, greater metabolic fatigue
within a RV operating at higher ventricular volumes may
account for reduced contractile responsiveness such as we
observed in obesity.

Exercise pulmonary vascular responses in obesity
demonstrated significant elevation in RV exercise after-
load. Peak exercise LV filling pressures were highest in
the Obese+ePVH group (by study design); however, the
Obese—ePVH group who also demonstrated high exercise
afterload (high Ea), had similar exercise pulmonary arterial
wedge pressure values to controls. This suggests upstream
transmission of high LV filling pressure on exercise insuf-
ficiently accounts for the higher afterload observed in this
group. One plausible explanation for higher exercise after-
load in obesity may be inadequate pulmonary vasodilatation.
This has a number of potential origins including enhanced
sympathetic signalling associated with obesity, increased
predisposition to exercise-associated pulmonary vasocon-
striction via the metaboreflex and older age (Lykidis et al.
2008). Alongside this, obesity phenotypes associated with
the metabolic syndrome may also predispose to impaired
pulmonary endothelial function via reduced nitric oxide
availability driven by vasoactive adipokines (Lai et al. 2016;
Yudkin et al. 2005). It seems likely therefore that either age-
related, mechanical or metabolic factors exert the predomi-
nant influence over exercise RV afterload in obesity with a
lesser contribution from increased LV filling pressures.

Obese patients with and without high exercise LV fill-
ing pressures differed in several important characteristics.
The Obese+ePVH group were older, had greater exposure
to vasoactive medications particularly beta blockers and
had lower values for FEV,. In keeping with more severe
exercise haemodynamic derangement and the older age
of this group, LV compliance may have been reduced by
increased prevalence of systemic hypertension and a longer
duration of obesity (Alpert et al. 2014). Beta blockers may
also have conceivably reduced RV contractile responses in
four out of eight patients. Against this conclusion however
was the finding of similar RV contractile reserve (AEes) in
the Obese—ePVH group, where only one of eight patients
took beta blockers. This makes a significant drug contribu-
tion of beta blockade in the Obese+ePVH group unlikely.
Recent evidence suggests that reduction in tachycardia,
observed in the Obese+ePVH group on exercise, may act to
reduce RV pulsatile loading and thus total afterload (Metkus
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et al. 2016). We cannot therefore discount the possibility
of both detrimental and beneficial effects of beta blockade
on RV and pulmonary vascular exercise responses in our
Obese+ePVH cohort.

Lower FEV, values in the Obese+ePVH group gave rise
to marked differences in ventilatory response with a greater
proportion of patients in this group developing a pulmo-
nary mechanical limitation to exercise. In contrast to typi-
cal gas exchange responses in HFpEF without obesity, the
Obese+ePVH group developed lower O, saturations and
raised PaCO, levels at peak exercise compared to controls,
driven by inadequate compensatory hyperventilation. The
net result is a lowering of the VE/VCO, slope in obesity
allowing for preserved VCO, at a lower level of alveolar
ventilation. We did not undertake an isoWork analysis to
enable meaningful gas exchange comparisons between
groups; however, higher arterial and, by implication, alveo-
lar pCO, levels have been shown to provoke greater pul-
monary vasoconstriction (Barer and Shaw 1971; Kregenow
and Swenson 2002; Nishio et al. 2001; Noble et al. 1981;
Sweeney et al. 1998; Viitanen et al. 1990) which may have
added to RV afterload in obesity. Dempsey and Wagner
have previously highlighted the influence of a raised PaCO,
on exercise-induced hypoxaemia during maximal exercise
(Dempsey and Wagner 1999). We found that exercise hypox-
aemia was mild in both obese groups in our study, hence it is
unlikely that gas exchange observations carried significant
influence on hypoxic pulmonary vasoconstriction. Instead,
lower FEV| in the Obese+ePVH group may reflect either an
underlying restrictive lung deficit or presence of occult air-
flow obstruction not captured by exclusion of patients with
areduced FEV,/FVC ratio < 70%. Restrictive lung function
and dynamic hyperinflation are both prevalent in obesity
and can increase RV afterload through increased pulmonary
vascular resistance (Pinsky 2016) and higher cardiac fill-
ing pressures. However given lack of available lung volume
data, we used electronic averaging of haemodynamic pres-
sures throughout the respiratory cycle to standardise against
respiratory variation when analysing group differences in
RV contractile response (Boerrigter et al. 2014).

Our study’s findings of exercise RV—-arterial uncoupling
and impaired contractile reserve in obesity complements
recent reports of exercise RV dysfunction in HFpEF and
obesity-associated HFpEF in which RV exercise perfor-
mance may be compromised by both reduced RV contractile
reserve and higher exercise afterload (Borlaug et al. 2016;
Borlaug and Obokata 2017; Obokata et al. 2017). Compared
to these populations, our obese groups maintained a high/
normal pulmonary vascular resistance and lower pulmonary
vascular compliance suggesting exercise elevation in mean
pulmonary artery pressure was more likely an independ-
ent obesity effect than simply a passive response to high
LV filling pressure on exercise (Oliveira et al. 2016). The

@ Springer

development of HFpEF on exercise is still an emerging
concept with no current agreed haemodynamic definition in
place. This is despite evidence for both ‘passive’ and ‘reac-
tive’ forms recently shown to carry prognostic relevance
(Huang et al. 2017). Nevertheless, our data show exercise
RV-arterial uncoupling in obese patients constitutes an
abnormal pulmonary vascular response to exercise with the
most significant contributor to RV afterload being a reduc-
tion in exercise pulmonary vascular compliance.

Limitations

Our study was retrospectively conducted and so represented
a highly selected group of symptomatic obese patients with
relatively low levels of co-morbidity which may limit extrap-
olation to all obese patients, especially those with fewer
symptoms. Specifically, the administration of medication
to treat systemic hypertension may have modified RV con-
tractile and afterload responses in an unpredictable man-
ner. Our single-beat model also included presumptive use
of mean pulmonary artery pressure as the end-systolic point
of the RV pressure—volume relationship, which may lead to
overestimation of contractility and afterload. As right atrial
pressure also increases with exercise, the presumptive use
of mPAP/mean SV likely underestimated the RV-arterial
coupling ratios reported (Spruijt et al. 2015). Finally, the
cross-sectional design of this study precludes insight into
time-varying pathophysiology at different disease stages
with the associated risk of Type 1 error from multiple sta-
tistical hypotheses.

Conclusions

The contribution of central haemodynamics to exercise
limitation and in particular, elevated left ventricular filling
pressures have been studied with invasive haemodynamics
for over 40 years in obesity (Alpert et al. 1989; Kaltman and
Goldring 1976). High circulating blood volume is thought to
underlie the high cardiac output state at rest in obesity, but
exercise cardiac output has been shown to fall to low/normal
levels especially at higher workloads in obesity. Exercise
responses in obese patients demonstrated compromise in
both central and peripheral components namely low oxygen
delivery and low peripheral oxygen extraction. This con-
trasts with responses seen in HFpEF where oxygen extrac-
tion is typically increased in response to low cardiac output.
In isolated HFpEF, exercise left ventricular filling has been
shown to depend heavily on the myocardial reserve of both
the left and right ventricle (Hussain et al. 2016), however
greater biventricular interactions in obesity due to higher
chamber volumes and greater pericardial restraint may
have a deleterious effect. Our data support right ventricular
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contractile impairment arising due to higher pulmonary
afterload although an intrinsic obesity effect is also impli-
cated. Interplay between mediators of higher right ventricu-
lar afterload, increased intrathoracic pressure and elevated
body mass index should therefore be further evaluated.
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