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AbStrACt

introduction In patients with severe heart failure, pulse pressure is suggested as a non-
invasive tool to estimate cardiac index (CI). However, the direct association between CI 
and proportional pulse pressure (PPP) in acute heart failure (AHF) is not well described.
methods We assessed the association between invasively measured CI and brachial 
PPP using data from a randomized trial on the effects of serelaxin versus placebo on 
hemodynamic measurements in 63 initially stabilized AHF patients.
results Mean (SD) age was 68 (11), 74% male, mean (SD) ejection fraction (EF) was 33.4% 
(13.7), mean (SD) CI (L/min/m2) was 2.3 (0.6). CI was correlated with PPP (Pearson R=0.42; 
p < 0.0001) based on a linear mixed-effects model analysis of 171 pairs of measure-
ments from 47 patients (out of 63) where CI and PPP were measured within 3 minutes 
of each other during the study. Serelaxin treatment did not modify the established 
correlation between CI and PPP. In addition, time-weighted average CI correlated with 
time-weighted average PPP (Spearman Rank R = 0.35; p = 0.0051) over the -4 hour to 24 
hour time interval. In a multivariable regression analysis, low PPP was an independent 
predictor of low CI (p < 0.0001).
Conclusions In patients with AHF after initial clinical stabilization, both baseline and 
post-baseline CI measurements are positively related to PPP. This is the most closely 
related non-invasive blood pressure variable to CI.



Proportional pulse pressure in acute heart failure 83

7

introDuCtion

Pulse pressure (PP) is the arithmetic difference between systolic blood pressure (SBP) 
and diastolic blood pressure (DBP). Proportional PP is the proportion of PP to SBP (PP/
SBP). In elderly patients with atherosclerotic disease, an increased PP mainly reflects 
arterial stiffness. In patients without arterial disease, a low PP might reflect a decreased 
stroke volume1. In general, in elderly patients with atherosclerotic disease, a high PP is 
related to an increased mortality. However, in severe heart failure patients with low EF, 
a low PP predicts mortality2-8. We and others have previously noted a strong correlation 
between a low cardiac index (CI) and low PP and PPP9, 10 in patients with chronic systolic 
heart failure. We therefore hypothesized that PPP is positively associated with CI and 
could be used as a non-invasive tool for monitoring of CI. This hypothesis has however 
not been assessed in patients with AHF.

In the present analysis, we evaluated the association between brachial PPP and CI in 
patients with AHF, using data from a randomized clinical trial on the effects of serelaxin 
on invasive hemodynamic measurements11.

AimS AnD methoDS

We performed a post-hoc evaluation of the relationship between invasively measured CI 
and brachial PPP with data obtained in patients with decompensated AHF and elevated 
pulmonary capillary wedge pressure (PCWP). These patients had been part of a ran-
domised, double-blind, placebo-controlled multicentre study to assess haemodynamic 
effects of serelaxin in AHF; details of which have been previously published11. In brief, in 
this trial patients hospitalised for AHF were randomised within 48 h of presentation. AHF 
was defined as new onset or worsening of signs and symptoms of heart failure requiring 
urgent therapy (e.g. dyspnoea at rest or on minimal exertion and pulmonary congestion 
at the time of presentation), and patients were non-electively admitted to hospital for 
AHF management. Patients were initially stabilised with furosemide, 40-120mg/day i.v. 
(or other loop diuretic of equivalent dose) with no planned change in diuretic dose/
use of i.v. vasodilator from 4 h prior to study drug initiation till 8 h thereafter. Central 
haemodynamic monitoring had to be initiated at least 1 h before randomisation, with a 
mean PCWP ≥18 mmHg. The main exclusion criteria were SBP <115mmHg or estimated 
glomerular filtration rate (GFR) <30 mL/min/1,73m2 (calculated using the simplified 
Modification of Diet in Renal Disease equation); history of acute coronary syndrome; 
significant valvular disease or AHF due to significant arrhythmia; acute myocarditis; 
or hypertrophic obstructive, restrictive, or constrictive cardiomyopathy; or planned 
treatment with inotropic agents, vasopressors or mechanical support. Haemodynamic 
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measurements were carried out at baseline and at 0.5, 2, 4, 6, 8, 20, 21, 22 and 24 h after 
initiation of study drug infusion, which covered the 20 h infusion period and the 4 h 
post infusion (washout) period. Complete demographic and haemodynamic data was 
available for 63 patients. Baseline PCWP was calculated as the mean of the last three 
measurements taken at least 15 min apart immediately prior to randomization, which 
were required to be stable (within 15% of each other). Cardiac output (CO) was deter-
mined by the thermodilution technique. After the start of study drug infusion, triplicate 
CO measurements were obtained in patients with sinus rhythm (in atrial fibrillation up 
to 6 measurements) at all time points with the exception of 0.5, 2 and 6 h at which only 
single measurements were taken. CO measurements had to be stable (within 15% or 
no > 0.5 L/min of each other) and baseline CO was calculated as the mean of up to 
three assessments in patients with sinus rhythm and six assessments in atrial fibrillation. 
Cardiac index (l/min/m2) was calculated by dividing CO by body surface area (BSA). BSA 
was calculated as 0.007184 × weight0.425 × length0.725. Brachial systolic and diastolic BP 
and pulse rate were measured using the A-Pulse CASPro ® device (Health STATS Interna-
tional, Singapore) during haemodynamic measurements. Unless otherwise states, pulse 
pressure was calculated from the brachial artery and not centrally derived from the 
aorta. N-terminal pro-brain natriuretic peptide (NT- pro-BNP) levels were analysed using 
commercially available kits (Roche Diagnostics GmbH Mannheim, Germany) at baseline 
and at 8, 20 and 44 h after the study treatment initiation.

Statistical Analysis

Multiple hemodynamic measurements taken at each time point were averaged first 
prior to any parameter estimation, summary and analysis. Unless stated otherwise, 
time-weighted average over hour -4 to 24 was summarised for all continuous variables. 
Spearman rank correlation coefficient and the corresponding p-value were provided 
for assessment of association between time-weighted average CI and PPP with each 
of the potential explanatory variables. Additionally, for individual CI and PPP measure-
ments taken within 3 minutes of each other at each time point, a linear mixed effects 
model analysis with random intercept and slope was performed and Pearson correla-
tion coefficient presented12. A multivariable regression analysis was performed with all 
variables in Table 1 included as explanatory variables of CI. The model was selected on 
maximum R-squared achieved, and all variables with P > 0.05 were excluded from final 
model. Swan-Ganz catheter dependent variables were not however entered into the fi-
nal model, in order to use PPP to predict CI, in the absence of invasive measurements. PP 
was not included in the model to avoid strong collinearity. Missing values were imputed 
using the mean (geometric mean for baseline NT-pro-BNP) of the corresponding tertile 
for continuous variables and mode for discrete variables. All statistical analysis was done 
by inVentive Health Clinical using SAS version 9.3.
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reSultS

Mean (SD) age was 68 years (11), 74% were male, baseline mean (SD) EF was 33.4% (14), 
mean (SD) PCWP was 23 mmHg (5) and mean CI was 2.35 L/min/m2 (0.6). Tables 1a and 
1b present summary statistics for predictors of PPP across tertiles of time-weighted 
average PPP. Spearman rank correlations and the associated p-values between all vari-
ables and PPP are shown. The lowest tertile had higher PCWP, more male sex, lower left 
ventricular ejection fraction, less concomitant atrial fibrillation and lower central venous 
oxygen saturation. Those in the lowest versus highest PPP tertile had significantly higher 
heart rates; 85 bpm versus 70 bpm (P < 0.0001). As expected central PPP was lower 
than peripheral PPP but both predicted CI with similar accuracy (R= 0.330; p= 0.0081 for 
central PPP vs R= 0.347; p= 0.0051 for peripheral PPP).

Tables 2a and 2b present summary statistics for potential predictors of CI across ter-
tiles of time-weighted average CI. Those in the lowest tertile had higher PCWP, higher 
NT-pro-BNP levels, lower left ventricular EF, worse renal function and lower PP. There was 
no clear difference in heart rate, mean arterial pressure or diastolic blood pressure. There 
was a trend to lower SBP in the lowest tertile of CI. Additionally atrial fibrillation was 
more prevalent and one was more likely to have had prior treatment with a beta-blocker 
and a vitamin K antagonist in the lowest tertile.

table 1a. Summary statistics for potential predictors of PPP across tertiles of time-weighted average PPP; 
baseline demographic and biomarker variables. *Geometric mean (95% confidence interval).

All Patients

n=63

PPP tertile 1

(PPP <0.32)
n=20

PPP tertile 2

(PPP 0.32- <0.39)
n=21

PPP
tertile 3
(PPP ≥0.39)
n=22

Spearman’s r
(p-value)

Treatment

Placebo 31 (49.2) 9 (45.0) 13 (61.9) 9 (40.9) -0.117 (0.3612)

Serelaxin 32 (50.8) 11 (55.0) 8 (38.1) 13 (59.1)

Age 68.1 (11.81) 65.4 (11.76) 65.2 (13.51) 73.2 (8.39) 0.234 (0.0650)

Gender

Male 46 (73.0) 18 (90.0) 15 (71.4) 13 (59.1) 0.254 (0.0448)

Female 17 (27.0) 2 (10.0) 6 (28.6) 9 (40.9)

NYHA Class

I 1 (1.6) 0 1 (4.8) 0 -0.035 (0.7915)

II 8 (12.7) 2 (10.0) 2 (9.5) 4 (18.2)

III 37 (58.7) 12 (60.0) 14 (66.7) 11 (50.0)

IV 15 (23.8) 5 (25.0) 4 (19.0) 6 (27.3)

Unknown 2 (3.2) 1 (5.0) 0 1 (4.5)
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table 1a. Summary statistics for potential predictors of PPP across tertiles of time-weighted average PPP; 
baseline demographic and biomarker variables. *Geometric mean (95% confidence interval). (continued)

All Patients

n=63

PPP tertile 1

(PPP <0.32)
n=20

PPP tertile 2

(PPP 0.32- <0.39)
n=21

PPP
tertile 3
(PPP ≥0.39)
n=22

Spearman’s r
(p-value)

Heart Failure Primary Etiology

Ischemic 31 (49.2) 10 (50.0) 10 (47.6) 11 (50.0) 0.023 (0.8620)

Other 32 (50.8) 10 (50.0) 11 (52.4) 11 (50.0)

eGFR (mL/min/1.73m2) 70.9 (23.75) 77.2 (24.07) 69.8 (21.15) 66.2 (25.58) -0.122 (0.3417)

NT-pro-BNP (pg/mL)* N=59 3037
(2303, 4005)

N=17 3549
(2291, 5499)

N=20 3212
(1940, 5319)

N=22 2559
(1499, 4367)

-0.174 (0.1870)

Concomitant disorders (%)

Hypertension 41 (65.1) 11 (55.0) 16 (76.2) 14 (63.6) 0.084 (0.512)

Atrial Fibrillation 26 (41.3) 11 (55.0) 10 (47.6) 5 (22.7) -0.270 (0.033)

Diabetes 25 (39.7) 8 (40.0) 6 (28.6) 11(50.0) 0.137 (0.283)

Chronic renal failure 8 (12.7) 2 (10.0) 3 (14.3) 3 (13.6) 0.000 (1.000)

Chronic Obstructive Pulmonary 
Disease

10 (15.9) 5 (25.0) 2 (9.5) 3 (13.6) -0.110 (0.391)

Coronary artery Disease 12 (19.0) 0 5 (23.8) 7 (31.8) 0.356 (0.004)

Prior Myocardial Infarction 31 (49.2) 7 (35.0) 11 (52.4) 13 (59.1) 0.162 (0.204)

Prior medications (%)

Diuretics 63 (100.0) 20 (100.0) 21 (100.0) 22 (100.0)

ACE inhibitors 47 (74.6) 13 (65.0) 17 (81.0) 17 (77.3) 0.088 (0.492)

Angiotensin II antagonists 16 (25.4) 5 (25.0) 6 (28.6) 5 (22.7) 0.034 (0.791)

Beta-Blockers 33 (52.4) 12 (60.0) 11 (52.4) 10 (45.5) -0.131(0.306)

Alpha and Beta blockers 32 (50.8) 11 (55.0) 9 (42.9) 12 (54.5) -0.037 (0.775)

Aldosterone antagonists 33 (52.4) 10 (50.0) 11(52.4) 12 (54.5) 0.038 (0.765)

Digoxin 17 (27.0) 9 (45.0) 4 (19.0) 4 (18.2) -0.242 (0.056)

Statins 34 (54.0) 10 (50.0) 10 (47.6) 14 (63.6) 0.138 (0.280)

Concomitant medications (%)

Loop diuretics 62 (98.4) 20 (100.0) 21 (100.0) 21 (95.5) -0.133 (0.300)

Nitrates 14 (22.2) 6 (30.0) 4 (19.0) 4 (18.2) -0.111 (0.385)

Heparin 29 (46.0) 9 (45.0) 8 (38.1) 12 (54.5) 0.123 (0.338)

Vitamin K antagonists 28 (44.4) 11 (55.0) 8 (38.1) 9 (40.9) -0.128 (0.317)

Abbreviations
ACE- angiotensin converting enzyme inhibitors
eGFR (mL/min/1.73m2)- estimated glomerular filtration rate
NT-pro-BNP - N terminal pro brain natriuretic peptide
NYHA- New York Heart Association
PPP- proportional pulse pressure
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table 1b. Summary statistics for potential predictors of PPP across tertiles of time-weighted average PPP; 
haemodynamic variables. Time weighted-average over hour -4 to 24 was summarized for all continuous 
variables, except LVEF, for which baseline was summarized.

All Patients

n=63

PPP tertile 1
(PPP <0.32)
n=20

PPP tertile 2
(PPP 0.32-<0.39)
n=21

PPP tertile 3
(PPP ≥0.39)
n=22

Spearman’s r
(p-value)

PPP 0.36 (0.078) 0.27 (0.031) 0.35 (0.019) 0.44 (0.055) N/A

CI (L/min/m2) 2.35 (0.601) 2.30 (0.688) 2.16 (0.591) 2.58 (0.457) 0.347(0.0051)

PCWP (mmHg) 23.12 (4.985) 25.54 (4.814) 22.61(5.586) 21.40 (3.706) -0.369(0.0029)

Mean PAP (mmHg) 35.3 (7.94) 36.9 (6.80) 34.5 (9.96) 34.7 (6.80) -0.193(0.1288)

RAP (mmHg) 11.6 (4.90) 12.5 (5.27) 12.7 (4.90) 9.6 (4.11) -0.247(0.0510)

SVR (dynes x s/cm5) 1546 (598.7) 1596 (467.7) 1718 (858.5) 1335 (282.0) -0.334(0.0074)

PVR (dynes x s/cm5) 231 (128.0) 215 (112.0) 249 (168.2) 227 (97.6) -0.058(0.6509)

HR (beats per min) 75.7 (11.62) 84.7 (12.60) 72.5 (7.98) 70.5 (8.92) -0.523(<.0001)

Pulmonary PP (mmHg) 28 (9.9) 28 (7.1) 24 (9.2) 33 (11.1) 0.112(0.3814)

Pulmonary PPP 0.52 (0.080) 0.50 (0.058) 0.48 (0.056) 0.57 (0.087) 0.357(0.0041)

Brachial SBP (mmHg) 128 (16.0) 123 (15.8) 126 (13.2) 135 (16.8) 0.347(0.0054)

Brachial DBP (mmHg) 82 (11.3) 88 (11.1) 82 (8.5) 76 (10.7) -0.539(<.0001)

MAP (mmHg) 93 (12.2) 98 (12.8) 93 (10.6) 89 (11.7) -0.308(0.0142)

CASP (mmHg) 119 (15.9) 114 (15.4) 117 (14.0) 125 (16.8) 0.323(0.0097)

Central Aortic PP (mmHg) 37 (12.8) 25 (4.4) 35 (5.7) 50 (10.8) 0.901(<.0001)

Central Aortic PPP 0.31 (0.083) 0.22 (0.027) 0.30 (0.025) 0.39 (0.056) 0.976(<.0001)

SaO2 (%) 95.2 (2.12) 95.1 (2.32) 96.0 (2.11) 94.6 (1.77) -0.077(0.5489)

SvO2 (%) N=60 59.7
(8.233)

N=17 58.7
(7.369)

N=21 56.9
(8.554)

N=22 63.0
(7.694)

0.367(0.0039)

rAI (%) 83.6 (10.99) 81.7 (9.50) 81.0 (13.12) 87.9 (9.05) 0.150 (0.2400)

rAP (mmHg) 9.5 (4.58) 7.0 (4.78) 10.6 (4.22) 10.8 (3.93) 0.396 (0.0013)

PRT (msec) 89.0 (20.24) 80.2 (15.12) 95.1 (22.83) 91.2 (19.72) 0.265 (0.0359)

LVEF (%) N=61 33.4
(13.963)

N=20 28.2
(8.581)

N=20 29.0
(10.208)

N=21 42.6
(16.771)

0.417 (0.0008)

Abbreviations

CI- cardiac index
CASP- central aortic systolic pressure
DBP- diastolic blood pressure
HR- heart rate
LVEF- left ventricular ejection fraction
MAP- mean arterial pressure
PRT-peak relative time (msec)
PPP- proportional pulse pressure
PP- pulse pressure
PAP- pulmonary artery pressure

PCWP- pulmonary capillary wedge pressure
PVR- pulmonary vascular resistance
rAI- radial augmentation index
rAP-radial augmentation pressure
RAP- right atrial pressure
SaO2 (%) -oxygen saturation
SBP- systolic blood pressure
SvO2 (%) - central venous oxygen saturation
SVR- systemic vascular resistance
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table 2a. Summary statistics for potential predictors of cardiac index across tertiles of time-weighted av-
erage cardiac index; baseline demographic and biomarker variables. *Geometric mean (95% confidence 
interval).

All Patients

n=63

Ci tertile 1
(Ci <2.14)
n=20

Ci tertile 2
(Ci 2.14- <2.49)
n=21

Ci tertile 3
(Ci ≥2.49)
n=22

Spearman’s r
(p-value)

Treatment

Placebo 31 (49.2) 12 (60.0) 9 (42.9) 10 (45.5) 0.141 (0.2689)

Serelaxin 32 (50.8) 8 (40.0) 12 (57.1) 12 (54.5)

Age 68.1 (11.81) 72.5 (8.37) 65.5 (11.04) 66.5 (14.29) -0.210 (0.0986)

Gender

Male 46 (73.0) 12 (60.0) 17 (81.0) 17 (77.3) -0.136 (0.2890)

Female 17 (27.0) 8 (40.0) 4 (19.0) 5 (22.7)

NYHA Class

I 1 (1.6) 0 1 (4.8) 0 -0.071 (0.5892)

II 8 (12.7) 1 (5.0) 3 (14.3) 4 (18.2)

III 37 (58.7) 14 (70.0) 15 (71.4) 8 (36.4)

IV 15 (23.8) 5 (25.0) 2 (9.5) 8 (36.4)

Unknown 2 (3.2) 0 0 2 (9.1)

Heart Failure Primary Etiology

Ischemic 31 (49.2) 12 (60.0) 10 (47.6) 9 (40.9) 0.120 (0.3534)

Other 32 (50.8) 8 (40.0) 11 (52.4) 13 (59.1)

eGFR (mL/min/1.73m2) 70.9 (23.75) 58.1 (17.62) 69.1 (18.13) 84.3 (26.89) 0.415 (0.0007)

NT-pro-BNP (pg/mL)* N=59 3037
(2303, 4005)

N=19 4560
(3221, 6457)

N=20 3099
(2097, 4580)

N=20 2023
(1060, 3862)

-0.316 (0.0148)

Concomitant disorders (%)

Hypertension 41 (65.1) 15 (75.0) 13 (61.9) 13 (59.1) -0.179 (0.159)

Atrial Fibrillation 26(41.3) 12(60.0) 9(42.9) 5 (22.7) -0.239 (0.059)

Diabetes 25(39.7) 8( 40.0) 8( 38.1) 9(40.9) -0.011 (0.934)

Chronic renal failure 8 (12.7) 6(30.0) 2(9.5) 0 -0.359 (0.004)

Chronic Obstructive Pulmonary 
Disease

10 (15.9) 4 (20.0) 3 (14.3) 3 (13.6) -0.026 (0.838)

Coronary artery Disease 12 (19.0) 4 (20.0) 3 (14.3) 5 (22.7) 0.027 (0.836)

Prior Myocardial Infarction 31 (49.2) 11 (55.0) 12 (57.1) 8 (36.4) -0.147 (0.251)

Prior medications (%)

Diuretics 63 (100.0) 20 (100.0) 21 (100.0) 22 (100.0)

ACE inhibitors 47 (74.6) 11 (55.0) 18 (85.7) 18 (81.8) 0.247 (0.051)

Angiotensin II antagonists 16 (25.4) 6 (30.0) 5 (23.8) 5 (22.7) -0.064 (0.617)

Beta-Blockers 33 (52.4) 13 (65.0) 14 (66.7) 6 (27.3) -0.315 (0.012)

Alpha and Beta blockers 32 (50.8) 9 (45.0) 10 (47.6) 13 (59.1) 0.143 (0.263)

Aldosterone antagonists 33 (52.4) 10 (50.0) 12 (57.1) 11 (50.0) -0.063 (0.624)

Digoxin 17 (27.0) 7 (35.0) 5 (23.8) 5 (22.7) -0.110 (0.390)

Statins 34 (54.0) 9 (45.0) 14 (66.7) 11 (50.0) 0.046 (0.723)



Proportional pulse pressure in acute heart failure 89

7

table 2a. Summary statistics for potential predictors of cardiac index across tertiles of time-weighted av-
erage cardiac index; baseline demographic and biomarker variables. *Geometric mean (95% confidence 
interval). (continued)

All Patients

n=63

Ci tertile 1
(Ci <2.14)
n=20

Ci tertile 2
(Ci 2.14- <2.49)
n=21

Ci tertile 3
(Ci ≥2.49)
n=22

Spearman’s r
(p-value)

Concomitant medications (%)

Loop diuretics 62 (98.4) 20 (100.0) 21 (100.0) 21(95.5) -0.196 (0.125)

Nitrates 14 (22.2) 7 (35.0) 5 (23.8) 2 (9.1) -0.241 (0.057)

Heparin 29 (46.0) 8 (40.0) 10 (47.6) 11 (50.0) -0.005 (0.967)

Vitamin K antagonists 28 (44.4) 12 (60.0) 10 (47.6) 6 (27.3) -0.272 (0.031)

Abbreviations
ACE- angiotensin converting enzyme inhibitors
CI- Cardiac Index
eGFR (mL/min/1.73m2)- estimated glomerular filtration rate
NT-pro-BNP - N terminal pro brain natriuretic peptide
NYHA- New York Heart Association

table 2b. Summary statistics for potential predictors of cardiac index across tertiles of time-weighted aver-
age cardiac index; haemodynamic variables. time weighted-average over hour -4 to 24 was summarised for 
all continuous variables, except LVEF, for which baseline was summarized.

All Patients

n=63

Ci tertile 1
(Ci <2.14)
n=20

Ci tertile 2
(Ci 2.14-< 2.49)
n=21

Ci tertile 3
(Ci ≥2.49)
n=22

Spearman’s r
(p-value)

CI (L/min/m2) 2.35 (0.601) 1.72 (0.264) 2.28 (0.105) 3.00 (0.404) N/A

PCWP (mmHg) 23.12 (4.985) 24.69 (5.552) 22.88(4.880) 21.92 (4.346) -0.248 (0.0498)

Mean PAP (mmHg) 35.3 (7.94) 37.6 (9.33) 33.9 (7.41) 34.7 (6.88) -0.111 (0.3845)

RAP (mmHg) 11.6 (4.90) 13.4 (5.34) 11.3 (5.31) 10.2 (3.61) -0.256 (0.0427)

SVR (dynes x s/cm5) 1546 (598.7) 2083 (727.0) 1445 (256.6) 1153 (265.1) -0.756 (<.0001)

PVR (dynes x s/cm5) 231 (128.0) 318 (145.5) 200 (108.6) 180 (85.0) -0.462 (0.0001)

HR (beats per min) 75.7 (11.62) 76.5 (13.29) 74.3 (10.49) 76.3(11.44) 0.098 (0.4427)

PPP 0.36 (0.078) 0.33 (0.046) 0.34 (0.072) 0.40 (0.089) 0.347 (0.0051)

Pulmonary PP (mmHg) 28 (9.9) 29 (9.1) 28 (11.2) 28 (9.7) -0.097 (0.4499)

Pulmonary PPP 0.52 (0.080) 0.51 (0.055) 0.53 (0.089) 0.52 (0.092) 0.047 (0.7140)

Brachial SBP (mmHg) 128 (16.0) 123 (14.0) 125 (11.6) 135 (19.2) 0.238 (0.0605)

Brachial DBP (mmHg) 82 (11.3) 83 (9.9) 82 (10.5) 80 (13.3) -0.143 (0.2629)

MAP (mmHg) 93 (12.2) 93 (11.8) 93 (11.4) 93 (13.7) -0.014 (0.9114)

CASP (mmHg) 119 (15.9) 114 (14.5) 117 (11.9) 125 (19.2) 0.212 (0.0953)

Central Aortic PP (mmHg) 37 (12.8) 31 (7.5) 34 (9.9) 44 (15.5) 0.327 (0.0089)

Central Aortic PPP 0.31 (0.083) 0.27 (0.049) 0.29 (0.073) 0.35 (0.098) 0.330 (0.0083)

SaO2 (%) 95.2 (2.12) 95.9 (1.98) 95.4 (2.17) 94.4 (1.97) -0.383 (0.0019)
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Figure 1 illustrates a scatterplot showing time-weighted average CI vs. time-weighted 
average PPP over the -4 to 24 hour time interval for all patients (Spearman rank R=0.35; 
95% CI 0.11-0.55; p = 0.0051). Based on a linear mixed-effects model analysis of 171 pairs 
of measurements from 47 subjects where CI and PPP were measured within 3 minutes 
of each other, CI was significantly correlated with PPP (Pearson R=0.42; p =<0.0001; 
Figure 2).

A multivariable regression analysis was performed to establish predictors of CI. In the 
absence of invasive measurements, brachial PPP was the strongest predictor of CI (p 
< 0.0001; Table 3). Figure 3 illustrates a plot of mean PPP over the study period for the 
placebo arm and serelaxin arm. Serelaxin treatment was associated with a statistically 
significant increase in PPP (relative to placebo) at hour 20; p = 0.0354 and hour 22; p = 
0.0111.

table 2b. Summary statistics for potential predictors of cardiac index across tertiles of time-weighted aver-
age cardiac index; haemodynamic variables. time weighted-average over hour -4 to 24 was summarised for 
all continuous variables, except LVEF, for which baseline was summarized. (continued)

All Patients

n=63

Ci tertile 1
(Ci <2.14)
n=20

Ci tertile 2
(Ci 2.14-< 2.49)
n=21

Ci tertile 3
(Ci ≥2.49)
n=22

Spearman’s r
(p-value)

SvO2 (%) N=60 59.7
(8.233)

N=19 54.0
(7.750)

N=20 61.7
(7.128)

N=21 62.8
(7.269)

0.330 (0.0099)

rAI (%) 83.6 (10.99) 84.0 (10.56) 81.3 (10.56) 85.5 (11.84) 0.083 (0.5178)

rAP (mmHg) 9.5 (4.58) 8.9 (2.31) 9.4 (4.52) 10.1 (6.08) 0.121 (0.3452)

PRT (msec) 89.0 (20.24) 83.0 (14.30) 89.6 (19.79) 94.0 (24.29) 0.188 (0.1399)

LVEF (%) N=61 33.4
(13.963)

N=20 28.5
(13.229)

N=20 33.6
(11.033)

N=21 37.9
(16.053)

0.257 (0.0457)

Abbreviations

CI- cardiac index
CASP- central aortic systolic pressure
DBP- diastolic blood pressure
HR- heart rate
LVEF- left ventricular ejection fraction
MAP- mean arterial pressure
PRT-peak relative time (msec)
PPP- proportional pulse pressure
PP- pulse pressure
PAP- pulmonary artery pressure

PCWP- pulmonary capillary wedge pressure
PVR- pulmonary vascular resistance
rAI- radial augmentation index
rAP-radial augmentation pressure
RAP- right atrial pressure
SaO2 (%) -oxygen saturation
SBP- systolic blood pressure
SvO2 (%) - central venous oxygen saturation
SVR- systemic vascular resistance
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fig. 1. Scatterplot showing time-weighted average CI vs time-weighted average PPP for all 63 subjects

fig. 2. Linear mixed-effects model analysis of 171 pairs of measurements from 47 subjects where CI and 
PPP were measured within 3 minutes of each other
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DiSCuSSion

In patients hospitalized due to AHF, CI is positively correlated to brachial PPP and as CI 
improves, PPP rises and vice-versa. We postulate that PPP could be used as an estimate 
for CI in such patients, and to a lesser extent to track changes in CI.

fig. 3. Plot of mean (SE) proportional pulse pressure over the study period

table 3. Multivariable regression analysis of non-invasive variables predicting cardiac index.
N=63 (PP excluded and Swan Ganz catheter measurement based variables excluded), R-Square = 0.5322.

variable Parameter estimate P value

Intercept -0.27313 0.7232

PPP 4.53759 <.0001

Prior aldosterone antagonist -0.36543 0.0033

Prior ACE inhibitor 0.35020 0.0100

Baseline eGFR 0.00889 0.0007

HR 0.01899 0.0022

Age -0.01664 0.0022

Abbreviations
ACE - angiotensin converting enzyme
eGFR (mL/min/1.73m2)- estimated glomerular filtration rate
HR- heart rate (beats per min)
PPP- Proportional pulse pressure
PP- Pulse pressure
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In patients with vascular disease, a higher PP is proposed to reflect stiffer and more 
atherosclerotic arteries (lower aortic elasticity), which should explain the association be-
tween a higher PP and cardiovascular morbidity and mortality. In contrast, in heart failure 
and low EF, a lower pulse pressure is associated with adverse outcomes independently 
of pulse wave velocity, a marker of vascular stiffness13. In these patients, PP seems to be 
more dependent on left ventricular systolic function and thereby no longer a marker of 
aortic elasticity. In other words, a low PP reflects a lack of contractile or inotropic reserve. 
We previously demonstrated a non-linear relationship between PP/PPP and CI in stable 
cardiovascular disease9. For those with the most impaired cardiac function (so with a 
low CI), then CI and PP/PPP were highly correlated. In contrast when CI was higher, the 
relationship with PP/PPP was much less evident. So only in the presence of a low CI are 
PP/PPP significantly related, such as patients with decompensated systolic heart failure. 
PPP was the blood pressure variable most correlated with CI, perhaps because in its 
derivation, some aspect of SBP is controlled for. In a small study in advanced chronic 
heart failure10 a PPP <0.25 has been previously reported as having a 91% sensitivity and 
83% specificity for a CI less than 2.2 L/min/m2. Very little is known about PPP in AHF 
and the changes that occur when patients are treated. It is an attractive haemodynamic 
entity to study in heart failure given SBP readings are key to its derivation. This study 
shows that PPP relate to CI, whether measured peripherally or centrally. It is perhaps 
surprising that central PPP wasn’t more powerful in predicting CI than peripheral PPP. 
One might expect a confounding effect of the peripheral arterial vessels such as arterial 
stiffness. One explanation may be that for those with the most impaired heart function, 
pulse pressure derivation is more dependent on cardiac factors and less on the effects of 
arterial stiffness. Indeed it is likely that AHF patients with elevated blood pressures and 
/or preserved left ventricular systolic function have differing blood pressure responses 
to treatment and thus their relationship to CI. Very high blood pressure is often seen in 
AHF at presentation; initial treatments with vasodilators and diuretics often have a net 
lowering of blood pressure (which may improve CO). The mean (SD) time from AHF hos-
pitalization to start of study drug infusion in this study was 29.0 h (11.2). Recent analysis 
of a large cohort of heart failure patients (with reduced EF) showed that a low PP had 
adverse prognostic value, only when SBP was less than 140 mmHg14. In chronic heart 
failure patients with an EF <30%, there is a linear relationship between SBP and out-
come; the higher the BP the better. For those with less impaired left ventricular function 
(EF ≥ 30% but < 50%), the relationship is “U” shaped15. To adjust for (changes in) systolic 
blood pressure, we chose to examine PPP (rather than just PP) and its relationship to CI. 
Higher heart rates were seen with lower PPP; it may be that there is a shorter time for left 
ventricular filling leading to a lower stroke volume and thus lower PPP. A lower stroke 
volume may also lead to a compensatory increase in heart rate to achieve an increased 
cardiac output. The association between low cardiac index and renal function is most 
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likely based on low renal blood flow16-18. The striking difference between EF in the lower 
2 tertiles of PPP (28/29% vs 42%; p= 0.0008) is expected and reflects more impaired 
cardiac function with lower PPP levels. This difference in EF was less pronounced across 
CI tertiles.

We found that treatment with serelaxin did not interact with the established correla-
tion between PPP and CI. However serelaxin was related to an increase of PPP (Figure 
3). These findings might reflect the effects of serelaxin on the vasculature such as re-
ducing both SVR, and PCWP, reduction in NT-pro BNP and improved markers of renal 
function11, 19, 20. However it must be noted that overall, serelaxin showed no statistically 
significant effect on the peak change and individual time point change in CI vs placebo.

limitations

The study sample size is small, and represents a selected cohort of patients. The cohort 
was not exclusively those with reduced EF, but overall the EF was low. These findings 
would thus apply only to those with AHF who are stable with a systolic blood pressure > 
115 mmHg; and thus not to those with more impaired haemodynamic reserve and car-
diogenic shock. All haemodynamic measurements were not taken at exactly the same 
time so we analyzed individual CI and PPP measurements taken within 3 minutes of 
each other at each time point. A potential bias may exist given some patients had more 
measurements used for this analysis than others. However the time-weighted average 
approach using all available data from all patients has yielded similar results. There are 
many potential confounders in pulse pressure derivation including arterial stiffness 
and wave reflections from peripheral vessels. Such entities are difficult to measure and 
thus control for and are also affected, amongst others by age, diabetes and vascular 
disease. By having repeated measures in a single patient, that individual can act as their 
own control and we believe this is an inherent strength of the analysis. Female gender 
generally increases pulse pressure, but as this cohort was predominantly male (74%) the 
influences should be minimal. This would certainly be important if studying pulse pres-
sure in populations with more females for eg acute heart failure with preserved systolic 
function. Although lower PP predicts mortality in systolic heart failure we do not know 
whether this is independent of CI; this data may suggest it is simply a marker of lower CI. 
The clinical utility of measuring PPP in this population is not yet clear.

The absolute changes in PPP and CI in this study were small. As the correlation is 
only modest, brachial PPP has the potential to be used as a simple, quick, non-invasive, 
preliminary estimate of CI in such patients.
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ConCluSion

In patients with AHF requiring hospitalisation, after initial clinical stabilization, CI is 
positively related to brachial PPP. PPP is the most closely related non-invasive blood 
pressure variable to CI.
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