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1
The circulation serves to distribute cardiac output through a series of branching net-
works. Blood pressure (BP) consists of a pulsatile component (correlated with pulse 
pressure {PP}) that is the consequence of intermittent ventricular ejection from the heart 
and a steady component related to cardiac output and vascular resistance (correlated 
with mean arterial pressure {MAP}). Pulse pressure is the arithmetic difference between 
systolic and diastolic BP (PP= SBP-DBP)1. In normotensives, hypertensives, subjects 
with established vascular disease and diabetes an elevated pulse pressure is associated 
with an increased risk of myocardial infarction, stroke, development of coronary artery 
disease, left ventricular hypertrophy, damage to the microcirculation, heart failure and 
death2-19. However, there seems to be a paradox whereby for those with heart failure 
and more advanced left ventricular dysfunction, a lower pulse pressure is predictive of 
adverse (cardiovascular) events.

The large conduit arteries serve to minimize pulsatility; this proximal compartment 
(the aorta and its main braches) is characterised by low stiffness, sensitive to both age 
and changes in blood pressure. Other determinants of pulse pressure are the cushioning 
capacity of arteries and the timing and intensity of wave reflections. Wave reflections 
occur throughout the arterial tree at branching points whereby part of the forward 
travelling pulse wave coming from the heart at a given speed (described quantitatively 
by pulse wave velocity) summates with a backward wave returning from the heart. The 
distal compartment of the circulation is the major source of wave reflections, composed 
chiefly of vascular smooth muscle cells with contractile properties, sensitive to vasoac-
tive substances15.

Pulse pressure is therefore a product of the following components:
1. aortic distensibility;
2. peripheral vascular tone;
3. length of the arterial tree;
4. stroke volume;
5. rate of ejection;

The cushioning capacity of the arteries is usually described in terms of compliance and 
distensibilty. Compliance can be defined as the change in geometry (diameter, volume 
or area) per unit change in pressure whereas distensibility is the change in area per 
change in pressure. Compliance can also be defined as a measure of the capacity of 
a volume-containing structure, such as the arterial system, to accommodate further 
increases in volume (∆ volume/∆ pressure). Arterial compliance (C) can be estimated by 
stroke volume/pulse pressure (C = SV/PP). Changes in pulse pressure can thus be related 
to changes in stroke volume and compliance. Pulse pressure may thus be increased with 
an increased stroke volume, a reduction in vascular compliance or an increased rate of 
ejection, or a combination. For any given ventricular ejection fraction and heart rate, 
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large artery stiffness and wave reflection represent the major determinants of pulse 
pressure16.

PulSAtile hAemoDynAmiCS in AtheroSClerotiC DiSeASe

Elevated pulse pressure correlates with the presence and severity of atherosclerosis, but 
stiffening of the vessels may play a primary role in the development and progression 
of atherosclerosis. Repeated cyclical stress, which has 2 components: (1) frequency (or 
heart rate) and (2) amplitude (or pulse pressure) can lead to breakdown of elastin with 
loss of arterial compliance. Conduit vessel stiffening results in increased transmission 
velocity of both forward and reflected pressure waves, resulting in the premature return 
of the reflected wave from the periphery. Rather than returning in diastole, the reflected 
wave returns to the proximal aorta in systole, and augments pulse pressure and left 
ventricular load, increases left ventricular mass, reducing diastolic pressure, increas-
ing myocardial oxygen demand and decreasing coronary perfusion. This reduction in 
coronary perfusion pressure may be particularly important in diseased hearts, in which 
elevated filling pressures may further limit coronary perfusion.

PulSe PreSSure AnD “milD” heArt fAilure

Increased aortic stiffness can have a detrimental effect on systolic function of an already 
depressed left ventricle through changes in reflected waves arising from the periphery20. 
Pulse pressure has been the focus of many studies in hypertension, nephrology, diabetes 
and vascular disease but has not been well studied in subjects with heart failure. In the 
SAVE clinical trial (captopril vs placebo in 2232 patients with a left ventricular ejection 
fraction {LVEF} ≤ 40% after a recent myocardial infarction) an increased pulse pressure 
was an independent predictor of cardiovascular mortality21. In the SOLVD study (LVEF 
≤ 35% with no symptoms or mild heart failure) again a higher pulse pressure was an 
independent predictor of total and cardiovascular morality22.

PulSe PreSSure AnD DeComPenSAteD heArt fAilure

In the VMAC study of acute decompensated heart failure (N= 489; IV nitrate vs nesiritide 
{recombinant brain natriuretic peptide}), a lower pulse pressure was a strong inde-
pendent predictor of mortality23. This association was even more profound in patients 
whom pulse pressure was measured within 24 hours after admission. Those with a 
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pulse pressure <43 mmHg had a 2.5 times increased mortality compared to those with 
a pulse pressure >59 mmHg. These findings are at odds with the seemingly paradoxical 
relationship between elevated pulse pressure and outcome, which has been previously 
attributed to large-vessel stiffness. In the setting of more severe heart failure an elevated 
pulse pressure may indicate a relative preservation of contractile function, and confer a 
favourable prognosis.

ProPortionAl PulSe PreSSure AnD ADvAnCeD SyStoliC heArt 
fAilure

As many patients with chronic heart failure achieve their best cardiac outputs at sys-
tolic blood pressures below 100 mmHg, pulse pressure as a proportion of SBP can be 
analysed calculated by dividing pulse pressure by SBP. This is termed proportional pulse 
pressure (PPP). In subjects with systolic CHF Stevenson et al. demonstrated a PPP <25% 
identified cardiac indexes less than or equal to 2.2 L/min/m2. A low proportional pulse 
pressure was strongly correlated with a low cardiac index (r= 0.82; p < 0.001), and with 
stroke volume index (r=0.78; p < 0.001). When proportional pulse pressure was less than 
25%, it had a 91% sensitivity and 83% specificity for a cardiac index of less than 2.2L/
min/m2.There was a poor correlation between cardiac index and mean arterial (r= 0.05) 
and systolic blood pressures (r=0.36)24.

Pulse pressure is therefore a crude measurement of vascular stiffness but is system-
atically related by time domain parameters such as heart rate, ejection fraction and 
duration, as well as factors related to the arterial circulation that subsequently influence 
wave reflections. Elevated pulse pressure is associated with mortality in those with left 
ventricular systolic dysfunction and mild chronic heart failure but reverse scenario is 
seen in more advanced heart failure. Pulse pressure is readily measurable but has not 
been well studied in heart failure populations.

Aims of this thesis : …. We aim to study the haemodynamic entity that is “pulse pres-
sure”. We postulate that a lower pulse pressure is a marker of haemodynamic impairment 
predicting outcome in systolic heart failure i.e heart failure with reduced left ventricular 
ejection fraction.
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introDuCing the ChAPterS

In chapter 2 we examine the predictive value of pulse pressure in a large cohort of pa-
tients with advanced systolic heart failure now collectively known as heart failure with 
reduced ejection fraction (HF-REF).

In chapter 3 we examine pulse pressure in patients with coronary artery disease related 
heart failure and contrasted this with heart failure without myocardial ischaemia. The 
premise being atherosclerosis tends to increase pulse pressure; but reduced ventricular 
function may have the opposite effect.

In chapter 4 we had a unique cohort of patients all with reduced ejection fraction after 
a recent myocardial infarction. This allowed us to investigate the predictive role of pulse 
pressure across similar levels of left ventricular impiarment but with varying degrees 
of heart failure. Heart failure was simply defined clinically according to the Killip Class.

In chapter 5 we turned our attention to the relationship between pulse and propor-
tional pressure measured centrally and invasively determined cardiac index in a broad 
range of patients with cardiovascular disease, referred for right and left heart catheteri-
sation.

Chapter 6 is a scientific letter in response to a paper regarding the prognostic role of 
pulse pressure in heart failure.

Chapter 7 builds on our previous findings and examines in detail the relationship be-
tween cardiac index and peripheral proportional pulse pressure in an acute heart failure 
population requiring hospital admission. All patients had an elevated pulmonary artery 
capillary wedge pressure and with low left ventricular ejection fraction.

Chapter 8 summarises the thesis, provides an update to the literature and gives some 
thought for further study.
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AbStrACt

Aims An increased pulse pressure (PP) has consistently predicted increased cardiovas-
cular morbidity and mortality in cardiovascular risk patients and mild chronic heart 
failure (CHF). In contrast, a decreased PP was related to increased mortality in patients 
with acute decompensated heart failure. However, the predictive value of PP in patients 
with advanced CHF is not known.
methods and results PP was analysed for its effect on mortality, adjusting for other 
modifiers of risk,using Cox proportional hazards regression analysis of data collected 
from 1901 patients withNew York Heart Association Class III or IV CHF (mean age 65 
and mean ejection fraction 0.26). Natriuretic peptides were measured in a subgroup. 
Multivariable Cox-regression analysis demonstrated that lower PP was associated with 
an increased mortality [hazard ratio (HR) 0.91 per 10 mmHg;0.93–0.99], independent of 
mean arterial pressure (MAP) and other well known prognostic markers. In patients with 
a PP below the median value of 45 mmHg, PP was a stronger predictor of mortality than 
MAP (HR for PP 0.80 per 10 mmHg; 0.64–0.99). In patients with a PP above the median 
value of 45 mmHg, MAP was a stronger predictor of mortality than PP (HR for MAP 0.83 
per 10 mmHg increase;0.72–0.95). In addition, lower PP was independently related to 
increased atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP).
Conclusion In patients with advanced CHF, low PP is an independent predictor of mor-
tality. In addition, low PP was related to increased levels of ANP and BNP.
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introDuCtion

An elevated pulse pressure (PP) consistently predicts increased cardiovascular risk in a 
variety of populations. In normal and hypertensive populations, an increased PP is a risk 
factor for coronary heart disease, chronic heart failure (CHF) and cardiovascular mortal-
ity.1-7 In patients who have undergone percutaneous or surgical revascularisation, a high 
PP predicts total mortality.8 Similarly, in patients with left ventricular systolic dysfunc-
tion (LVSD) after myocardial infarction, an increased PP predicts total and cardiovascular 
mortality and re-infarction.9 A high PP in these patients is caused by a decreased aortic 
elasticity probably due to advanced atherosclerosis, and is therefore related to an ad-
verse outcome.

The prognostic value of PP in patients with CHF is less clear. In the first study to look at 
the relationship between PP and outcome, the SOLVD investigators found that a high 
PP predicted adverse outcome.10 However, a significant proportion of patients in the 
SOLVD trials did not have CHF, but asymptomatic left ventricular systolic dysfunction. 
Approximately one-third of patients had New York Heart Association (NYHA) class II or 
III CHF. In contrast, in patients hospitalized with acute decompensated heart failure, low 
PP appeared to be an independent predictor of mortality.11 In these patients, a low PP 
probably reflects a decreased cardiac function and is therefore related to an increased 
mortality. The aim of the current study is to examine the predictive value of PP on mor-
tality in patients with stable but advanced CHF (NYHA class III or IV).

methoDS

Patients

All patients of the present study had been part of the Prospective Randomised study of 
Ibopamine on Mortality and Efficacy (PRIME) - II study.12 Blood pressure was measured at 
the randomisation visit, as per the usual practice of the participating centres.

Details of inclusion and exclusion criteria have been previously published.12 In brief, 
1906 patients with advanced chronic heart failure (NYHA Class III-IV) were randomised to 
ibopamine, an oral dopamine agonist, or placebo. The primary endpoint of the study was 
all cause mortality. Patients were aged 18-80 years, and already received optical medical 
treatment with angiotensin-converting enzyme (ACE) inhibitors (if tolerated), diuretics, 
and when indicated digoxin and vasodilators. Evidence of left ventricular dysfunction 
had to be demonstrated by one or more of the following techniques; (i) left ventricular 
ejection fraction (LVEF) < 35% (measured by radio nuclide or contrast ventriculography, 
or by echocardiography), (ii) left ventricular internal end-diastolic diameter > 60 mm, or 
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a fractional shortening < 20% on echocardiography, or (iii) cardiothoracic (CT) ratio on 
chest X-ray > 0.50. All patients gave written informed consent before inclusion in the 
study.

measurement of plasma neurohormones

In the PRIME II Study, 427 patients were enrolled in the Netherlands. From these 427 
patients, 372 patients agreed to participate in a predefined neurohormonal substudy. 
Blood was collected from an intravenous cannula after patients had rested in the su-
pine position for more than 30 minutes. Samples were poured into chilled 10 ml tubes 
containing EDTA (19 mg) and aprotinin (1000 kIU). The tubes were centrifuged within 30 
minutes (4°C, 10 minutes, 2000 x g) and the plasma was separated and stored in polyeth-
ylene tubes at -70°C. Samples were transported on dry ice tot the Core Laboratory at the 
University Hospital Dijkzigt, Rotterdam, the Netherlands, where all measurements were 
performed. Measurement of ANP (normal value: 15-35 pmol.l-1) was performed after 
SepPak extraction, with commercially available radioimmunoassay kits from the Nichols 
Institute, Wijchen, the Netherlands.13 Plasma NT-ANP (normal value 150-500 pmol.l-1) was 
measured using a radio-immunoassay kit (Biotop, Oulu, Finland). NT-proBNP was mea-
sured using a radioimmunoassay kit with reagents including antibody, standards, and 
radio label. The assay uses 50 µl of unextracted plasma and has a standard range of 60 - 
1000 pmol.l-1. All samples giving results of >900 pmol.l-1 were re-analysed in appropriate 
dilutions with physiological salt. In 12 consecutive assays, variability was 14, 11, 4 and 4% 
at concentrations of 131, 199, 293, 901 pmol.l-1, respectively. BNP was determined by a 
commercially available immunoradiometric assay (Shionoria, Osaka, Japan).

Statistics

For comparisons between baseline characteristics of patients below and above the 
median PP of 45 mmHg, Student’s t-test (PROC TTEST, SAS Institute Inc. Chicago, IL, USA), 
Chi-square or Fisher’s Exact (PROC FREQ, SAS Institute Inc.) test were used. Differences 
between survival curves as presented in Figure 1 were calculated using univariable 
Logrank survival analysis (PROC LIFETEST, SAS Institute Inc.). In addition, a multivariable 
Cox proportional hazards model (PROC PHREG, SAS Institute Inc.) was used, including 
well known prognostic markers of mortality in CHF patients.14 Beside PP, the following 
variables were included: mean arterial blood pressure (1/3 x systolic blood pressure +2/3 
x diastolic blood pressure), age, left ventricular ejection fraction, functional New York 
Heart Association (NYHA) class, heart rate, body weight, diabetes, estimated glomerular 
filtration rate (Cockcroft-GaultGFRc = [(140-age in years) × (body weight in Kg)] / (72 × 
serum creatinine in mg/dl)), use of ibopamine, ACE-inhibitors, or betablockers.

The assumption of linearity was tested by fractional polynomials (SASA software ver-
sion 11.5, and STATA version 8.2, Stata Corp. 2004). Linearity was found in all variables. 
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Possible interactions were tested between pulse pressure and systolic blood pressure, 
diastolic blood pressure, age, and heart rate. No correction has been made for multiple 
hypothesis testing since this, because of the small sample and endpoint size, was an 
exploratory study searching for parameters requiring confirmation in subsequent ad-
equately powered studies. To distinguish between patients with and without a probably 
increased aortic stiffness, a subgroup analysis was performed in patients with a pulse 
pressure above and below the median pulse pressure of 45 mmHg.

A separate analysis was done to establish factors predicting the levels of ANP and BNP. 
All variables presented in table 1 were univariably tested in a linear regression model 
(PROC REG, SAS Institute Inc.). Variables with a p-value <0.1 in the univariable analysis 
were included into a mutivariable linear regression model (PROC REG, SAS Institute Inc.). 
All tests were two-sided. Data are presented as means ± standard errors of the mean. A 
p-value of < 0.05 was considered as statistically significant.

reSultS

A total of 1906 patients were included in the original study. Measurements of systolic 
and/or diastolic blood pressure were missing in 5 patients. The present analysis was per-
formed on the remaining 1901 patients. Mean follow up was 11.2 (range 0 - 36) months. 

Chapter 1 
No figures 
 
 
Chapter 2.  
 
 
 

 

Figure 1 Kaplan–Meier survival curves on mortality related to PP in
quartiles.

figure 1. Kaplan–Meier survival curves on mortality related to PP in quartiles.
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Kaplan-Meier survival analysis demonstrated that overall one year mortality was 22.5%. 
Baseline characteristics of the patient population are presented in table 1. There were 
substantial differences between patients with lower and higher pulse pressures (table 
1). Patients with a PP below the median value of 45 mmHg had a significantly lower 
systolic and diastolic blood pressure, were younger, more often male, had a lower left 
ventricular ejection fraction, a higher heart rate, were less symptomatic, less diabetes, 
and had better renal function.

Mean pulse pressure was 47 (range 11 - 135) mmHg. Pulse pressure quartiles were: ≥55 
mmHg (Q1; n = 506), 45 - 55 mmHg (Q2; n = 496), 35 - 45 mmHg (Q3; n = 430) and ≤ 35 
mmHg (Q4; n = 469). Survival in each quartile of pulse pressure is presented in Figure 
1. Survival in the first three quartiles were similar (Q1: 62.9 %; Q2: 65.1 %; Q3: 65.5 %). 
Patients with a pulse pressure ≤35 mmHg had a significantly lower survival (Q4: 48.1 %; 
Logrank: p = 0.0005).

table 1. Baseline patient characteristics

PP < 45 mmHg
n=899

PP ≥ 45 mmHg
n=1002

p-value

Pulse pressure (mean ± SEM) 34.5 (0.21) 57.4 (0.37) <0.0001

Systolic BP (mmHg; mean ± SEM) 107 (0.4) 133 (0.5) <0.0001

Diastolic BP (mmHg; mean ± SEM) 73 (0.3) 77 (0.4) <0.0001

MAP (mmHg; mean ± SEM) 85 (0.3) 96 (0.3) <0.0001

Age (mean; range) 62 (23-80) 67 (24-84) <0.0001

Female gender 138 (15.4%) 234 (23.4%) <0.0001

LV ejection fraction (mean ±SEM) 0.25 (0.003) 0.27 (0.003) <0.0001

Heart Rate (mean ±SEM) 82 (0.5) 80 (0.5) <0.0001

NYHA III
NYHA III-IV
NYHA IV

510 (57 %)
297 (33 %)
92 (10 %)

626 (62 %)
307 (31 %)
69 (7 %)

0.0077

Non-ischemic heart failure 228 (25 %) 200 (20 %) 0.005

Medication
Diuretics
Digoxin
ACE-inhibitors
Betablockers
Nitrates
Ibopamine

886 (99 %)
587 (65 %)
832 (93 %)
60 (7 %)
408 (45 %)
455 (51 %)

991 (99%)
631 (63 %)
908 (91 %)
58 (6 %)
465 (46 %)
496 (50 %)

0.50
0.29
0.13
0.42
0.65
0.63

GFR (mL/min/1.73m2; mean ± SEM) 65.6 (0.9) 60.6 (0.8) <0.0001

Diabetes 160 (18 %) 234 (23 %) 0.0028

Weight (kg; mean ± SEM) 75 (0.5) 75 (0.4) 0.82

PP = pulse pressure; BP = blood pressure; LV = left ventricular; GFR=glomerular filtration rate; MAP = mean 
arterial pressure.
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univariate analysis

Univariate predictors of mortality were increased age (p < 0.0001), lower LVEF (p = 0.01), 
use of digoxin (p = 0.0001), non-use of ACE-inhibitor (p = 0.0001), non-use of nitrates (p 
= 0.04), non-use of vasodilators (p = 0.008), non-use of betablockers, use of ibopamine 
(p = 0.01), ischemic cause of heart failure (p = 0.009), diabetes (p = 0.0005), increased 
NYHA class (p < 0.0001), increased heart rate (p = 0.004), lower body weight (p < 0.0001), 
lower glomerular filtration rate (p < 0.0001), lower systolic blood pressure (p < 0.0001), 
lower diastolic blood pressure (p = 0.0009), lower mean arterial pressure (p < 0.0001) 
and pulse pressure (p = 0.0002).

multivariable analysis

Multivariable (independent) predictors of mortality are presented in Table 2. Both lower 
PP [hazard ratio (HR) 0.91 per 10 mmHg; 0.93–0.99] and lower MAP (HR 0.87 per 10 
mmHg; 0.79–0.96) were independently related to increased mortality. Other significant 
prognostic markers were LVEF, heart rate, NYHA Class, glomerular filtration rate, diabe-
tes, the use of ibopamine, and the non-use of ACE-inhibitors or betablockers (Table 2). 
Table 3 demonstrates that in patients with a PP below the median value of 45 mmHg, PP 
was stronger associated with mortality than MAP. In contrast, in patients with a PP equal 
to or above the median value of 45 mmHg, MAP was stronger associated with mortality 
than PP (Table 4).

table 2. Multivariable analysis of pulse pressure and other predictors of mortality in patients with ad-
vanced CHF. HR = Hazards Ratio; CI = confidence interval; bpm = beats per minute.

HR 95% CI p-value

pulse pressure 0.91 (per 10 mmHg increase) 0.93 - 0.99 0.04

mean arterial pressure 0.87 (per 10 mmHg increase) 0.79 - 0.96 0.005

age 1.01 (per year increase) 0.99 - 1.03 0.07

LV ejection fraction 0.99 (per % increase) 0.98 - 1.00 0.04

NYHA class 1.51 1.31 - 1.75 <0.0001

heart rate 1.10 (per 10 bpm increase) 1.02 - 1.17 0.008

weight 0.93 (per 10 kg increase) 0.85 - 1.02 0.15

diabetes 1.42 1.12 - 1.78 0.003

glomerular filtration rate 0.89 (per 10 mL/min/1.73m2) 0.84 - 0.96 0.001

use of ibopamine 1.34 1.10 - 1.64 0.004

use of ACE-inhibitor 0.46 0.34 - 0.62 <0.0001

use of betablocker 0.41 0.21 - 0.83 0.014
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natriuretic peptides

From the 427 patients that were included in the Netherlands, 372 patients agreed to 
participate in a predefined neurohormonal substudy. Both N-ANP, BNP, and NT-BNP 
were significantly increased in patients with a pulse pressure < 45 mmHg (Figure 2). 
This relation remained statistically significant after adjustment for systolic and diastolic 
blood pressure, glomerular filtration rate, and other possible confounders as described 
in Table 1, except for ANP. Multivariable regression analysis demonstrated that, together 
with glomerular filtration rate and left ventricular ejection fraction, PP (on a continuous 

table 3. Multivariable predictors of mortality in patients pulse pressure below median (< 45 mmHg). HR = 
Hazards Ratio; CI = confidence interval; bpm = beats per minute.

HR 95% CI p-value

pulse pressure 0.80 (per 10 mmHg increase) 0.64 - 0.99 0.04

mean arterial pressure 0.91 (per 10 mmHg increase) 0.79 - 1.04 0.16

age 1.02 (per year increase) 0.99 - 1.04 0.09

LV ejection fraction 0.98 (per % increase) 0.97 - 0.99 0.04

NYHA class 1.52 1.25 - 1.85 <0.0001

heart rate 1.05 (per 10 bpm increase) 0.96 - 1.16 0.30

weight 0.94 (per 10 kg increase) 0.83 - 1.07 0.37

diabetes 1.17 0.83 - 1.66 0.37

glomerular filtration rate 0.87 (per 10 mL/min/1.73m2) 0.80 - 0.96 0.005

use of ibopamine 1.30 0.99 - 1.71 0.06

use of ACE-inhibitor 0.33 0.22 - 0.49 <0.0001

use of betablocker 0.30 0.11 - 0.82 0.018

table 4. Multivariable predictors of mortality in patients with pulse pressure above median (≥45 mmHg). 
HR = Hazards Ratio; CI = confidence interval; bpm = beats per minute; CHF = chronic heart failure.

HR 95% CI p-value

pulse pressure 1.04 (per 10 mmHg increase) 0.90 - 1.20 0.61

mean arterial pressure 0.83 (per 10 mmHg increase) 0.72 - 0.95 0.005

age 1.01 (per year increase) 0.98 - 1.03 0.52

LV ejection fraction 0.99 (per % increase) 0.97 - 1.01 0.29

NYHA class 1.47 1.19 - 1.83 0.0004

heart rate 1.15 (per 10 bpm increase) 1.04 - 1.27 0.005

weight 0.92 (per 10 kg increase) 0.80 - 1.06 0.92

diabetes 1.72 1.25 - 2.36 0.0009

glomerular filtration rate 0.91 (per 10 mL/min/1.73m2) 0.82 - 0.99 0.049

use of ibopamine 1.50 1.11 - 2.03 0.008

use of ACE-inhibitor 0.64 0.42 - 0.99 0.048

use of betablocker 0.64 0.24 - 1.74 0.018



Low pulse pressure and increased mortality 25

2

scale) was the strongest predictor of both BNP (p = 0.0009), NT-BNP (p = 0.005), and 
N-ANP (p = 0.005).

DiSCuSSion

This is the first study of the prognostic value of PP in patients with advanced CHF. A low 
PP is independently associated with increased mortality in this population. In patients 
with a PP below the median value of 45 mmHg, the magnitude of the excessive risk 
conferred by a low PP even exceeds that of mean arterial blood pressure, which is a well 
recognised indicator of poor prognosis.15-17 Notably, in patients with a pulse pressure < 
45 mmHg, mean arterial blood pressure was a better predictor of mortality than pulse 
pressure. In addition, elevated natriuretic peptides were significantly and independently 
related to lower PP.

The only previous study of the predictive value of PP that included patients with CHF was 
a retrospective analysis of the SOLVD trial.10 In contrast to the current study a high PP 
predicted a worse clinical outcome. The most important difference between the SOLVD 
study and the current analysis is the NYHA class of the patients studied. The SOLVD 
analysis included patients from both the prevention and treatment trials. Those in the 
prevention trial had asymptomatic left ventricular systolic dysfunction (n=4228) whereas 
those in the treatment trial (n=2569) had predominantly NYHA class II, with a minority of 
NYHA class III, CHF. This was a study, therefore, of asymptomatic left ventricular systolic 
dysfunction (LVSD) and mild CHF which is a markedly different population to those with 
advanced CHF in PRIME II. The SOLVD analysis did not present a detailed breakdown of 
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figure 2. Natriuretic peptides in patients with advanced CHF and normal PP vs. low PP.
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the subgroup analysis between asymptomatic LVSD and symptomatic LVSD populations 
but did state that there were “similar results” in both groups.10 In contrast to patients 
with mild chronic heart failure, it was recently demonstrated that a lower PP was related 
to increased mortality in acutely decompensated heart failure.11 Patients in the lowest 
tertile (PP < 43 mmHg) had a 2.5 times increased mortality risk compared to patients in 
the highest tertile (PP > 59 mmHg).

There are several explanations for the apparent discrepancy of the predictive value 
of PP in different populations. PP is mainly determined by stroke volume and arterial 
compliance. When systolic left ventricular function and stroke volume are normal, an 
elevated pulse pressure is thought to principally reflect decreased aortic elasticity. The 
resulting increase in pulsatile load is thought to have an adverse effect on cardiac func-
tion and result in an increased risk of clinical events. In addition, arterial compliance is 
related to atherosclerosis, and a higher PP in patients with a normal cardiac function 
probably reflects more severe atherosclerosis. This scenario is thought to apply espe-
cially to hypertension and stable coronary heart disease.1-7

In patients with post myocardial infarction left ventricular systolic dysfunction, 
asymptomatic left ventricular systolic dysfunction and mild CHF, PP is driven both by 
left ventricular dysfunction (decreased stroke volume and lower PP) and by a decreased 
aortic elasticity (higher PP). As a higher PP was related to cardiovascular events in these 
patients as well, the effects of a decreased aortic elasticity seem to be more important 
than the effects of a decreased stroke volume.8-10

In the present study, we analysed the effects of PP on mortality in advanced CHF 
patients. Obviously, the effects of a decreased stroke volume, reflected by a lower PP, 
become more important than a decreased aortic elasticity. This is further supported by 
the finding that the effects of PP were more pronounced in patients with a lower PP, 
probably reflecting a group of patients without a decreased aortic elasticity.

In 1989, Stevenson and Perloff18 demonstrated that proportional PP (systolic - diastolic 
blood pressure / systolic blood pressure) correlated well with cardiac index (r2 = 0.82). In 
patients with a proportional PP of less than 25 %, sensitivity and specificity for a cardiac 
index less than 2.2 L/min/m2 were 91 % and 83 % respectively. These findings were sup-
ported by the results of Shah et al.19 PP was the only multivariable predictor of pulmo-
nary capillary wedge pressure (PCWP) > 18 mmHg (“wet patients”), and a cardiac index 
of ≤ 2.2 L/min/m2 (“cold patients”). In a more recent study by Nohria et al.20 event-free 
survival was significantly lower in the “wet and cold” patients, compared to the “dry and 
warm” patients. These data are in line with the present study, where increased natriuretic 
peptides fit well with the “wet and cold” profile.
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limitations of the study

It is important to note that this analysis is exploratory in nature and was not pre-specified 
in the PRIME II protocol. In particular, the separation between patients with higher and 
lower pulse pressure was a post-hoc analysis. The data collected is in a clinical trial setting 
and we recognise that the findings require verification in prospective epidemiological 
studies of appropriate populations. Blood pressure measurement was not performed 
in a uniform manner. This may be regarded as a criticism but reflects real-life practice. 
The PRIME II trial was carried out in the late 1990s before betablockers were standard 
CHF management and thus the effect of betablockers on the predictive value of PP on 
mortality in advanced CHF is unknown.

ConCluSionS

Pulse pressure provides a readily available, clinic or bedside prognostic indicator in ad-
vanced CHF. Low pulse pressure independently predicts increased mortality. Moreover, 
low pulse pressure is independently related to increased natriuretic peptides.
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AbStrACt

background In patients with atherosclerotic disease, a high pulse pressure is an 
important predictor of cardiovascular events. However, in patients with chronic heart 
failure (CHF) a low pulse pressure is related to worse outcome, although no distinction 
was made between ischaemic and non ischaemic heart failure. We therefore aimed to 
compare the prognostic value of pulse pressure (PP) between those with ischaemic and 
non ischaemic advanced heart failure.
method and results Pulse pressure was analysed for its effect on mortality, adjusting 
for other modifiers of risk, using Cox proportional hazards regression analysis of data 
collected from 1901 patients with NYHA class III or IV heart failure (mean age 65 years, 
mean ejection fraction 26%). In ischaemic heart failure (n = 1118), low mean arterial 
pressure (MAP) was an independent predictor of overall mortality (Hazard Ratio (HR) 
0.88 per 10 mmHg; p = 0.04), while pulse pressure was not. In contrast, in non ischaemic 
heart failure (n = 783), a low pulse pressure was an independent predictor of overall 
mortality (HR 0.84 per 10 mmHg; p = 0.036), while mean arterial pressure was not. In 
addition, higher NYHA class and lower pulse pressure (HR 0.87 per 10 mmHg; p = 0.002) 
were the only independent predictors for first heart failure hospitalisation in both isch-
aemic and non ischaemic patients.
Conclusion Low pulse pressure is a readily obtainable risk marker of death in advanced 
non ischaemic heart failure. Mean arterial pressure remains an important component 
of blood pressure in predicting mortality, especially in those with heart failure of an 
ischaemic aetiology. It is postulated that pulse pressure may reflect a deleterious hae-
modynamic state, in non-atherosclerotic heart failure patients.
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introDuCtion

An elevated pulse pressure has been found to independently predict adverse cardiovas-
cular events in normotensive, hypertensive, post myocardial left ventricular dysfunc-
tion and mild chronic heart failure patients.1-8 Recently, we demonstrated that lower 
pulse pressure predicted adverse outcome in advanced chronic heart failure patients.9 
Elevated pulse pressure seems to reflect arterial stiffness and atherosclerosis, while a 
lower pulse pressure might be more closely related to impaired haemodynamics and 
reduced cardiac output. In ischaemic heart failure patients, pulse pressure is a reflection 
of the atherosclerotic burden on the one hand (high pulse pressure), and left ventricular 
dysfunction on the other hand (low pulse pressure). Both entities may counteract each 
other. In contrast, we speculated that in non ischaemic chronic heart failure patients, 
pulse pressure may be more closely related to stroke volume. We therefore aimed to 
compare the prognostic importance of pulse pressure in patients with ischaemic heart 
failure compared to those with non ischaemic heart failure.

methoDS

Patients

All patients of the present study had been part of PRIME-II study. Blood pressure (BP) 
was measured at the randomisation visit, as per the usual practice of the participating 
centres. Details of the inclusion and exclusion criteria have been previously published.10 
In brief, 1906 patients with advanced chronic heart failure (NYHA functional class III-IV) 
were randomised to ibopamine, an oral dopamine agonist, or placebo. All subjects had 
to have symptoms of heart failure at rest despite optimal therapy, within the 2 months 
before randomisation or have been recently admitted to hospital with worsening heart 
failure. Hospitalised patients were excluded, thus the study population was those with 
advanced but stable chronic heart failure. Complete blood pressure measurements 
were available in 1901 patients and were used for this analysis. Exclusion criteria were 
obstructive valve disease, obstructive or restrictive cardiomyopathy, any potentially 
transient cause of heart failure (e.g. acute myocarditis), uncontrolled arrhythmia (this 
does not include ectopy only) and a myocardial infarction during the previous 3 months. 
Patients with “non ischaemic heart failure” (n=783) were classified according to the 
most likely aetiology as follows: those with a primary dilated cardiomyopathy (n=599), 
primary valvular heart disease (n=94), hypertension (n=80) and “other” cause of heart 
failure (n=10) respectively. Ischaemic heart failure (n= 1118) was defined as those with 
a history of myocardial infarction (n=976) and those with a history of “ischaemic heart 
disease”. The primary endpoint of the study was all cause mortality. Patients were aged 
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18-80 years, and already received optimal medical treatment with angiotensin convert-
ing enzyme (ACE) inhibitors (if tolerated) and diuretics.

Statistical analysis

Baseline characteristics of different patient categories were compared using analysis of 
variance for continuous variables and chi-square tests for categorical variables. Values 
were expressed as mean ± SD for continuous variables and percentages for dichoto-
mous variables. Quartiles of pulse pressure and mean arterial pressure were chosen to 
try and split the patients in to roughly four even groups. The effects of pulse pressure 
(systolic minus diastolic blood pressure) was assessed in a Cox regression model that 
adjusted for mean arterial pressure (1/3 × systolic blood pressure + 2/3 × diastolic blood 
pressure) to evaluate the relative effects on cardiovascular events of both mean arte-
rial and pulse pressure. Established predictors of outcome in chronic heart failure11-12 
were included in the multivariable models. These included age, gender, left ventricular 
ejection fraction, use of β-blockers, ACE inhibitors, diabetes mellitus, New York Heart 
Association (NYHA) class, baseline heart rate, weight, treatment group assignment, 
estimated glomerular filtration rate (GFRe) (Cockcroft-Gault GFR (ml/min) = ((140 − age 
in years) × (body weight in kg)/(72 × serum creatinine in mg/dl)), mean arterial pressure 
and pulse pressure. A p-value of < 0.05 was considered as statistically significant, and all 
tests were 2-sided. SPSS for Windows version 11.5 (SPSS Inc., Chicago, IL, USA) was used 
for all statistical analyses.

reSultS

Overall, the mean age of enrolled subjects was 65 years, 80.5% were male and the mean 
ejection fraction was 26%. NYHA class III heart failure was present in 60% of the patients, 
32% were in NYHA class III/IV and the remaining 8% were in NYHA class IV at trial enrol-
ment. The aetiology of chronic heart failure was thought to be ischaemic in 59% and non 
ischaemic in 41%. Just over half had a prior history of myocardial infarction (53.8%) and 
about one third (31.5%) had a primary dilated cardiomyopathy (DCM). During a median 
follow up of 327 days there were 424 (22.3%) deaths and 526 patients (27.7%) experi-
enced at least one hospitalisation for worsening heart failure. There were 144 (18.4%) 
deaths in the non ischaemic heart failure group compared with 280 (25%) deaths in 
those with ischaemic heart failure (p < 0.001). There were 212 (27.1%) first admissions 
for worsening heart failure in those with non ischaemic heart failure compared with 314 
(28.1%) in those with ischaemic heart failure (NS).
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Tables 1 shows the patient characteristics when groups are split according to quartiles of 
mean arterial blood pressure. As one moved from a higher to lower mean arterial blood 
pressure quartile, several significant trends were observed. Patients in the lower mean 
arterial blood pressure quartiles had a higher mean NYHA functional class, lower eGFR, 
lower left ventricular ejection fraction, lower weight and less diabetes (Table 1).

Table 2 shows the patient characteristics when groups are split according to quartiles 
of pulse pressure. As one moved from a higher to a lower pulse pressure quartile, differ-
ent significant trends were observed. Patients in the lower pulse pressure quartiles were 
younger, more often male, had higher heart rates, higher NYHA functional class, higher 

table 1. Patient characteristics according to baseline quartile of mean arterial pressure

Quartile of mAP (mmhg) first Second third fourth p value

MAP Pressure range >100 91-100 83-90 ≤ 82 -

Number (%) 344 (18) 573 (30) 505 (27) 479 (25) -

MAP (SD) 110 (7) 96 (3) 87 (3) 75 (6) -

SBP (SD) 149 (14) 129 (10) 116 (9) 100 (9) -

DBP (SD) 90 (8) 80 (5) 72 (5) 62 (6) -

Pulse Pressure (SD) 59 (16) 49 (14) 43 (12) 38 (10) -

Age (SD) (yr) 65 (10) 65 (9) 65 (9) 64 (10) 0.791

Gender (% female) 23 20 19 17 0.123

Heart Rate (SD) 83 (15) 81 (14) 79 (14) 82 (16) 0.001

NYHA class III (%) 64 70 59 46 < 0.001

NYHA class III/IV (%) 30 25 33 40 < 0.001

NYHA class IV (%) 6 5 8 14 < 0.001

GFRe (SD) (ml/min) 67 (29) 64 (26) 61 (25) 60 (25) < 0.001

Ejection fraction (SD) 28 (10) 26 (8) 26 (8) 25 (10) < 0.001

Weight (Kg) 79 (15) 76 (14) 74 (13) 72 (13) < 0.001

History of diabetes (%) 26 20 18 21 0.036

Ischaemic aetiology 54 58 60 62 0.108

Previous MI (%) 49 52 55 58 0.098

Aetiology DCM (%) 33 32 32 30 0.808

ACE inhibitor use (%) 91 91 91 93 0.649

Ibopamine use (%) 50 51 51 48 0.709

β-blocker use (%) 7 7 6 5 0.490

No. Deaths (%) 60 (3.2) 110 (5.8) 114 (6%) 140 (7.4) <0.001

Hosp. for CHF (%) 72 (3.8) 131 (6.9) 140 (7.4) 183 (9.6) <0.001

Key MAP- mean arterial pressure NYHA –New York heart Association
 SBP-systolic blood pressure GFRe- estimated glomerular filtration rate
 DBP- diastolic blood pressure MI- myocardial infarction
 DCM- dilated cardiomyopathy ACE- angiotensin converting enzyme
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eGFR, lower left ventricular ejection fraction, less diabetes, more dilated cardiomyopa-
thy, and more ACE-inhibitor use (Table 2).

Table 3 illustrates the baseline demographic and clinical characteristics in those with 
ischaemic and non ischaemic heart failure. Those with non ischaemic heart failure are 
younger, more likely to be female, with higher baseline heart rates and more preserved 
renal function. They had similar systolic blood pressures but marginally higher diastolic 
blood pressures, similar ejection fractions and were well matched with regard to ACE 
inhibitor and diuretic use. Not surprisingly in the non ischaemic group there were fewer 
diabetics and more with atrial fibrillation and left ventricular hypertrophy on their base-

table 2. Patient characteristics according to baseline quartile of pulse pressure

Quartile of Pulse Pressure first Second third fourth p value

Pulse Pressure range >55 >46-55 35-45 <35 -

Number (%) 506 (26) 496 (26) 430 (23) 469 (25)

Pulse Pressure (SD) 66 (11) 49 (2) 40 (1) 30 (5) -

SBP (SD) 144 (16) 125 (11) 112 (10) 103 (11) -

DBP (SD) 78 (12) 76 (11) 72 (10) 74 (11) -

MAP (SD) 100 (12) 92 (11) 85 (10) 84 (11) -

Age (SD) (yr) 67 (8) 66 (9) 64 (10) 61 (10) < 0.001

Gender (% female) 25 21 17 15 < 0.001

Heart Rate (SD) 80 (15) 80 (15) 80 (14) 84 (15) < 0.001

NYHA class III (%) 65 60 59 55 0.016

NYHA class III/IV (%) 29 33 32 34 0.276

NYHA class IV (%) 7 7 9 11 0.05

GFRe (SD) (ml/min) 61 (26) 60 (24) 65 (28) 66 (27) 0.001

Ejection fraction (SD) 29 (10) 26 (8) 26 (9) 24 (9) < 0.001

Weight (Kg) 76 (14) 74 (13) 75 (14) 75 (14) 0.361

History of diabetes (%) 28 19 20 16 < 0.001

Ischaemic aetiology 61 60 57 57 0.457

Previous MI (%) 55 56 52 52 0.485

Aetiology DCM (%) 27 29 34 37 0.001

ACE inhibitor use (%) 88 93 93 93 0.016

Ibopamine use (%) 47 54 48 51 0.164

β-blocker use (%) 7 5 8 5 0.170

No. Deaths (%) 96 (5) 92 (4.8) 96 (5) 140 (7.4) <0.001

Hosp. for CHF (%) 119 (6.3) 121 (6.4) 117 (6.2) 169 (8.9) <0.001

Key MAP- mean arterial pressure NYHA –New York heart Association
 SBP-systolic blood pressure GFRe- estimated glomerular filtration rate
 DBP- diastolic blood pressure MI- myocardial infarction
 DCM- dilated cardiomyopathy ACE- angiotensin converting enzyme



Pulse pressure in ischaemic versus non ischaemic heart failure 37

3

line electrocardiograms. Whereas systolic blood pressure is often coupled with “pump” 
function and ejection fraction, diastolic blood pressure may be more indicative of the 
peripheral vasculature, and related to peripheral perfusion. We found no difference in 
systolic blood pressures in those with ischaemic and non ischaemic heart failure, but in-

table 3. Baseline characteristics of patients according to aetiology of heart failure

ischaemic hf
(n 1118)

non ischaemic hf
(n 983)

P

Age 66 (8) 62 (10) < 0.001

Sex (% male) 83.7 75.7 < 0.001

SBP 121 (19) 122 (20) 0.252

DBP 74 (10) 77 (11) < 0.001

MAP 90 (12) 92 (13) 0.002

PP 47 (14) 45 (15) 0.086

Heart Rate (bpm) 80 (14) 83 (16) < 0.001

Weight (Kg) 74 (12) 76 (15) 0.02

Creatinine (µmol/l) 125 (45) 113 (44) < 0.001

Ibopamine use (%) 50 50 0.51

Diuretic use (%) 99 98 0.14

ACE I use (%) 91 91 0.18

β-blocker use (%) 7.2 5 0.043

Diabetes 257 (23) 137 (17) 0.002

NHYA III 666 (60) 470 (60) 0.440

NYHA III/IV 359 (32) 245 (31) 0.372

NYHA IV 93 (8) 68 (9) 0.420

Ejection fraction (%) 26 (9) 26 (9) 0.870

Serum Sodium (meq/L) 138 (4) 138 (4) 0.235

Normal ECG 24 (2) 48 (6) < 0.001

Sinus Rhythm 854 (76) 466 (60) < 0.001

Atrial Fibrillation  189 (17) 260 (33) < 0.001

IVCD on ECG 516 (46) 420 (54) < 0.001

LVH on ECG 111 (10) 206 (23) < 0.001

Deaths (%) 280 (66) 144 (34) < 0.001

CHF hospitalisation (%) 314 (60) 212 (40) 0.333

Data presented as mean (with SD in brackets) or numbers (with % in brackets) unless stated otherwise.
Key PP- pulse pressure
 MAP- mean arterial pressure
 b.p.m- beats per minute
 ACE I- angiotensin converting enzyme inhibitor
 NYHA –New York heart Association
 ECG- Electrocardiogram
 IVCD- Intraventricular Conduction Defect
 LVH- Left Ventricular Hypertrophy
 CHF- Chronic Heart Failure
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terestingly an increased diastolic blood pressure in the non ischaemic group. Although 
only a very modest increase, this was statistically significant (p < 0.01). In our cohort, low 
systolic blood pressure was positively correlated with a lower ejection fraction, although 
only weakly (r = 0.173, p < 0.01) but ejection fraction itself is a relatively poor indicator 
of outcome in this population, and although significant in isolation, it is non significant 
in a multivariable analysis, suggesting other factors are more important (or incremental) 
in determining outcome. In ischaemic heart failure, ejection fraction and pulse pres-
sure were poorly correlated (r = 0.126) but interestingly in those with non ischaemic 
heart failure, ejection fraction and pulse pressure were more strongly related (r = 0.276, 
p < 0.01).

multivariable analysis

Tables 4, 5 and 6 show the results of Cox-regression multivariable analysis with all cause 
mortality and hospital admission for worsening heart failure as end points. Figures 1 and 
2 show Kaplan-Meier survival plots for those with ischaemic and non ischaemic heart 
failure, across quartiles of pulse pressure. Figures 3 and 4 illustrate Kaplan-Meier survival 

table 4. Cox proportional hazards model of ischaemic heart failure and all cause mortality

n=1118
280 (25%) deaths

hazard ratio 95%Ci P value

PP 0.949 (per 10 mmHg increase) 0.848-1.063 0.368

MAP 0.880 (per 10 mmHg increase) 0.778-0.995 0.042

Ejection fraction 0.990 (per % increase) 0.976-1.003 0.137

Heart rate 1.007 (per b.p.m increase) 0.999-1.016 0.102

Estimated GFR 0.985 (per ml/min/1.73m2) 0.977-0.994 0.001

Weight 0.996 (per Kg increase) 0.983-1.010 0.586

Ibopamine use 1.352 1.049-1.742 0.020

ACE I use 0.510 0.356-0.731 < 0.001

β-blocker use 0.343 0.141-0.836 0.019

NYHA class < 0.001

NYHA class III/IV 1.290 0.981-1.695 0.068

NYHA class IV 2.355 1.602-3.462 < 0.001

Diabetes 1.596 1.206-2.112 0.001

Age 0.999 0.979-1.020 0.950

Male gender 1.306 0.901-1.894 0.158

Key PP- pulse pressure
 MAP- mean arterial pressure
 b.p.m- beats per minute
 GFR- glomerular filtration rate
 ACE I- angiotensin converting enzyme inhibitor
 NYHA –New York heart Association
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plots for those with ischaemic and non ischaemic heart failure, across quartiles of mean 
arterial pressure. Overall, both mean arterial pressure and pulse pressure were indepen-
dent predictors of mortality, as we demonstrated before.9 In addition, if proportional 
pulse pressure (pulse pressure divided by systolic blood pressure) was included with 
mean arterial pressure in the multivariable models, then both appear to be independent 
predictors of overall survival. The hazard ratio for all cause mortality (HR) is 0.855 per 10 
mmHg increase in mean arterial pressure; 0.785-0.931; p < 0.001, and 0.984 per 10mmHg 
increase in pulse pressure (0.970-0.998; p = 0.030). However, in ischaemic heart failure 
patients, a lower mean arterial pressure was associated with increased mortality (HR 
0.880 per 10 mmHg; 0.778-0.995; p = 0.042), while in these patients, pulse pressure 
was not independently associated with mortality (HR 0.949; p = 0.368). In contrast, in 
non ischaemic patients, a lower pulse pressure was associated with increased mortality 
(HR 0.840 per 10 mmHg; 0.714-0.988; p = 0.036), while in these patients, mean arterial 
pressure was not independently associated with mortality (HR 0.980; p = 0.808; tables 
3, 4). In the overall study population diabetes is a significant predictor of mortality (HR 
1.472; 1.163-1.863; p = 0.001). However, in non ischaemic heart failure, diabetes no 

table 5. Cox proportional hazards model of non ischaemic heart failure and all cause mortality

n=783
144 (18.4%) deaths

hazard ratio 95%Ci P value

PP 0.840 (per 10 mmHg increase) 0.714-0.988 0.036

MAP 0.980 (per 10 mmHg increase) 0.829-1.158 0.808

Ejection fraction 0.986 (per % increase) 0.965-1.007 0.197

Heart rate 1.014 (per b.p.m increase) 1.003-1.026 0.016

Estimated GFR 0.999 (per ml/min/1.73m2) 0.987-1.011 0.886

Weight 0.974 (per Kg increase) 0.957-0.991 0.003

Ibopamine use 1.426 0.998-2.036 0.051

ACE I use 0.314 0.185-0.534 < 0.001

β-blocker use 0.658 0.207-2.097 0.479

NYHA class < 0.001

NYHA class III/IV 2.484 1.675-3.683 < 0.001

NYHA class IV 2.670 1.507-4.731 0.001

Diabetes 1.121 0.707-1.776 0.628

Age 1.041 1.015-1.068 0.002

Male gender 1.807 1.124-2.904 0.015

Key PP- pulse pressure
 MAP- mean arterial pressure
 b.p.m- beats per minute
 GFR- glomerular filtration rate
 ACE I- angiotensin converting enzyme inhibitor
 NYHA –New York heart Association
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longer predicted outcome. In addition, in non diabetic subjects (n = 1506; 80%), mean 
arterial pressure loses its robustness as a predictor of mortality (HR 0.896 per 10 mmHg; 
0.800-1.004; p = 0.058) and is out played by pulse pressure (HR 0.878 per 10 mmHg; 
0.787-0.980; p = 0.02). As stated previously, 526 patients (27.7%) experienced at least 
one hospitalisation for worsening heart failure and 10 % of the overall study popula-
tion was hospitalised twice or more. NYHA class and a low pulse pressure were the only 
significant predictors of heart failure hospitalisation, independent of other well estab-
lished prognostic variables (HR 0.872 per 10 mmHg; 0.801-0.950; p = 0.002; see table 5). 
The effect of pulse pressure is even more pronounced in predicting hospitalisation for 
worsening heart failure in non-diabetic patients (HR 0.858 per 10 mmHg; 0.765-0.963; p 
= 0.009) compared to those with diabetes (HR 0.879; 0.772-1.002; p = 0.054).

table 6. Cox proportional hazards model of worsening heart failure requiring hospitalisation

n=1901
526 (27.7%)

hazard ratio 95%Ci P value

PP 0.872 (per 10 mmHg increase) 0.801-0.950 0.002

MAP 0.981 (per 10 mmHg increase) 0.900-1.069 0.663

Ejection fraction 1.000 (per % increase) 0.990-1.011 0.974

Heart rate 1.002 (per b.p.m increase) 0.996-1.008 0.509

Estimated GFR 0.997 (per ml/min/1.73m2) 0.991-1.003 0.335

Weight 0.996 (per Kg increase) 0.987-1.005 0.426

Ibopamine use 1.048 0.868-1.265 0.624

ACE I use 0.981 0.713-1.348 0.904

β-blocker use 0.896 0.498-1.611 0.714

NYHA class < 0.001

NYHA class III/IV 1.351 1.104-1.652 0.003

NYHA class IV 1.950 1.446-2.629 <0.001

Diabetes 1.113 0.886-1.397 0.358

Age 0.999 0.985-1.013 0.871

Male gender 0.903 0.688-1.185 0.462

Key PP- pulse pressure
 MAP- mean arterial pressure
 b.p.m- beats per minute
 GFR- glomerular filtration rate
 ACE I- angiotensin converting enzyme inhibitor
 NYHA –New York heart Association
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figure 1. Kaplan Meier survival curves by quartile of pulse pressure in ischaemic heart failure.

 

 
 

figure 2. Kaplan Meier survival curves by quartile of pulse pressure in non-ischaemic heart failure.

 

 
 
 
 
 

figure 3. Kaplan Meier survival curves by quartile of mean arterial pressure in ischaemic heart failure.
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DiSCuSSion

Recently, we demonstrated that in advanced stable chronic heart failure, a low pulse 
pressure is an independent predictor of mortality, and was also independently re-
lated to increased levels of natriuretic peptides9 which themselves confer prognostic 
significance.13 In patients who were hospitalised with decompensated heart failure a 
lower pulse pressure was an independent predictor of all cause mortality.14 In a large 
nationwide survey (n=8660) again a low pulse pressure was an independent predictor 
of mortality in congestive heart failure.15 The novel finding of the present paper is that 
there is a significant difference in the prospective value of pulse pressure to predict 
survival in ischaemic and non ischaemic heart failure.

Pulse pressure is simply the arithmetic difference between systolic and diastolic blood 
pressure. The circulation serves to distribute cardiac output through a series of branch-
ing networks. Wave reflection occurs throughout the arterial tree, whereby part of the 
forward traveling pulse wave is reflected back towards the heart, where it summates 
with the forward traveling wave. Therefore pulse pressure increases when arterial com-
pliance decreases, such as in atherosclerotic vessels.16 On the other hand, pulse pressure 
also depends on haemodynamic factors such as stroke volume and peak aortic blood 
flow. In fact, in a study by Steneson and Perloff, a low proportional pulse pressure was 
strongly correlated with a low cardiac index in advanced chronic heart failure (r= 0.82; p 
< 0.001), and with stroke volume index (r=0.78; p < 0.001).17 Of note, the patients in this 
study were predominantly male with a dilated cardiomyopathy and were all in NYHA 
class IV, with a mean ejection fraction of 18%. When proportional pulse pressure was 
less than 25%, it had a 91% sensitivity and 83% specificity for a cardiac index of less 
than 2.2L/min/m2.17 In this same study there was a poor correlation between cardiac 

 

 
 
 
 
 

figure 4. Kaplan Meier survival curves by quartile of mean arterial pressure in non- ischaemic heart failure.
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index and mean arterial (r= 0.05) and systolic blood pressures (r=0.36). In addition, 
Shah et al. demonstrated that pulse pressure was the only independent predictor of an 
impaired cardiac index (< 2.2 L/min/m2).18 Pulse pressure therefore reflects a complex 
interplay between stroke volume, heart rate, peak aortic blood flow, aortic distensibil-
ity and peripheral vascular tone. We postulate that “ischaemic aetiology” is a marker of 
generalised atherosclerosis, and those with “non ischaemic” cardiomyopathy do not 
have the confounding effects of atherosclerosis on pulse pressure derivation. Perhaps 
in those with non ischaemic cardiomyopathy (and thus without coronary artery disease; 
but more importantly without generalised vascular disease elsewhere), the effects of 
pulse pressure more closely mirror cardiac output and central haemodynamics.

This might in part explain our findings, whereby those with a non ischaemic com-
pared to an ischaemic aetiology, pulse pressure is more powerful in predicting mortality 
and morbidity than mean arterial pressure. Although pulse pressure seems to be more 
robust in predicting outcome in the non ischaemic aetiology, we acknowledge there is 
still a relationship between pulse pressure and survival in those with ischaemic heart 
failure. This can be seen in the Kaplan Meier survival curves. This diversity was further 
supported by the observation that a significant correlation was found between left ven-
tricular ejection fraction and pulse pressure only in patients with non ischaemic heart 
failure, but not in those with ischaemic heart failure.

In addition, lower mean arterial pressure is a robust predictor of outcome in ischaemic 
heart failure, itself more prevalent and with a poorer prognosis than its non ischaemic 
counterpart. Of course, there is co-linearity between pulse, mean and systolic pressures, 
and part of the association of low pulse pressure is secondary to a low systolic blood 
pressure. However, we chose to analyse mean arterial and pulse pressure, as from a 
physiological perspective these blood pressure components represent very different 
haemodynamic profiles (i.e steady state versus pulsatile flow respectively).

Another haemodynamic parameter of importance in determining blood pressure 
and survival is heart rate. Recently Aranda et al.19 reported on the prognostic power 
of a heart rate and blood pressure “haemodynamic profile” in identifying outcome in 
advanced heart failure. Those with resting heart rates ≥ 90/min and systolic blood pres-
sures < 100 mmHg had the worst outcomes, when compared with heart rates < 90 and 
systolic blood pressure ≥ 100 mmHg respectively. Heart rate and ejection fraction are 
positively correlated but as heart rate falls there is a rise in diastolic blood pressure. The 
relationship between pulse pressure and heart rate seems to be related more to changes 
in diastolic blood pressure, as there was no correlation with systolic blood pressure and 
heart rate. However in the ischaemic group, there was not even a correlation between 
heart rate and diastolic blood pressure (r = 0.035, NS) but there was in the non ischaemic 
group (r = 0.205, p < 0.01). In addition, an increased heart rate was only an independent 
predictor of survival in those with a non ischaemic aetiology.
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There was marginally less β-blocker use in this group (5% in non ischaemic versus 
7.2% in ischaemic) which may reflect subsequent survival and explain the differences 
in resting heart rates, but the overall uptake of β-blockers was very low. This is because 
the study started recruitment in 1992 and finished in 1995, prior to the publication of 
the major trials that demonstrated the benefits of β-blockers in heart failure. Naturally, 
this is a limitation of the present analysis. There did seem to be a beneficial effect of 
β-blocker use in those with ischaemic heart failure although it is likely that the overall 
survival benefit has been under estimated, given the relatively short duration of fol-
low up and low usage in this study. β-blockers have negative inotropic and negative 
chronotropic effects, and thus may influence pulse pressure. Common wisdom may 
perceive β-blockers as blood pressure lowering medications, however the MERIT-HF 
(Metoprolol CR/XL Randomized Intervention Trial in Congestive Heart Failure) study 
provided an example whereby β-blocker therapy in patients with heart failure resulted 
in an increase in blood pressure compared with placebo and improved survival.20 ACE 
inhibition decreases blood pressure wave reflection, reduces pulse-wave velocity and 
can increase arterial compliance and conduit vessel diameter. The observed reductions 
in mortality with ACE inhibitors were associated with only modest reductions in blood 
pressure and it is plausible there was an underestimate of the reduction in central aortic 
systolic and pulse pressures, as has been recently reported in a large hypertension trial.21

Since the patients from our study were randomized to ibopamine or placebo, we 
specifically focused on the confounding effect of ibopamine use on the present results. 
The effect of ibopamine on mortality and morbidity was similar between ischaemic and 
non ischaemic patients, between patients with higher and lower pulse pressure, and 
between higher and lower mean arterial pressure (data not shown). So, no confounding 
effect of the use of ibopamine could be demonstrated.

Our observation that in those without diabetes, pulse pressure was an independent 
predictor of outcome, over and above mean arterial pressure, further supports our 
theory relating to changes in the peripheral vasculature, as diabetes is a well established 
cause of peripheral and central arterial stiffness.22,23 Loss of arterial compliance may be 
both the cause and consequence of arterial disease. The most important mechanism of 
accelerated arterial stiffening in diabetics appears to be the reaction between glucose 
and the proteins of the extracellular matrix called non-enzymatic glycation, leading to 
the formation of advanced glycation end products (AGE’s) on the extracellular matrix.24,25 
They are the main structural alterations at the site of the large artery media and account 
for the arterial stiffness and increase in systolic blood pressure and pulse pressure seen 
in diabetics.26

Similar to the current findings, we recently described that in mild chronic heart failure, 
renal function is a prognostic risk marker for long-term mortality in non ischaemic 
chronic heart failure, but not in patients with coronary artery disease.27 This data again 
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suggest that atherosclerotic disease is not primarily responsible for the prognostic value 
of renal function. In fact renal dysfunction probably more closely reflects haemodynamic 
status, which is itself related to mortality. We therefore propose that haemodynamic 
status is probably the most important predictor of mortality and morbidity in patients 
with chronic heart failure, and that both lower pulse pressure and renal function closely 
reflect haemodynamic status. It is not surprising that more advanced NYHA class is 
predictive of worsening heart failure requiring hospitalization, as symptom deteriora-
tion would be rapidly detected and acted on accordingly, especially in the context of 
a clinical trial. However, NYHA class is a relatively crude scale, with little to discriminate 
between those with more advanced disease. In the overall cohort, a low pulse pressure 
was a significantly better haemodynamic discriminator than either ejection fraction, 
heart rate or mean arterial pressure, in identifying those who experience worsening 
heart failure requiring hospitalization.

StuDy limitAtionS

We extrapolated mean arterial and pulse pressure from a cuff measurement of blood 
pressure, and thus may not mirror central haemodynamics. “Peripheral” pulse pressure, 
does not represent “central” pulse pressure (that is pulse pressure in the proximal aorta) 
or “what the heart sees”. Central pulse pressure is related to the presence and extent 
of coronary artery disease in men undergoing diagnostic coronary angiography28 and 
peripheral arterial compliance is independently associated with angiographic coronary 
disease.29 The most obvious limitation to this analysis is that it is retrospective in nature 
and the study was never designed to interpret outcomes in terms of aetiology of heart 
failure. In addition, sub group analyses should always be interpreted with caution. The 
increased prevalence of atrial fibrillation in the non ischaemic group may have bear-
ing on the accuracy of baseline blood pressure measurement. However, this would 
happen in the “real world”. The study population was recruited before the widespread 
use of β-blocker usage in addition to aldosterone antagonists, angiotensin receptor 
blockers and device therapy, which may have influences on blood pressure as well as 
survival. This type of analysis should be thought of as “hypothesis generating” only and 
prospective studies looking at both peripheral and central pulse pressures, in subjects 
with documented vascular disease, and those without, and correlating this with central 
haemodynamic measurements may help us unravel the complexity of haemodynamics 
in chronic heart failure.30
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ConCluSion

Low pulse pressure is an independent predictor of death, in advanced chronic heart 
failure secondary to a non ischaemic aetiology. It appears more robust than mean arte-
rial pressure, itself a well established marker of poor outcome in chronic heart failure. 
Mean arterial pressure remains an important component of blood pressure in predict-
ing mortality in those with heart failure of an ischaemic aetiology. This remains an 
important observation as ischaemic heart failure is more prevalent and seems to have 
a worse prognosis than its non ischaemic counterpart. In addition, a low pulse pressure 
is a powerful predictor of hospitalisations for worsening heart failure and appears to be 
incremental to other well established markers of adverse outcome in this population. 
These findings suggest that a low pulse pressure closely reflects an impaired haemody-
namic status in non atherosclerotic advanced chronic heart failure.
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AbStrACt

background In patients with cardiovascular disease, a high pulse pressure is related to 
an increased risk of cardiovascular events but in patients with advanced heart failure, a 
low pulse pressure is predictive of adverse (cardiovascular) events.
Aim We studied the prognostic importance of pulse pressure in a group of post myocar-
dial infarction patients, with and without signs and symptoms of heart failure. Subjects 
had been randomised in the CAPRICORN clinical trial, and followed up for a mean of 1.3 
years.
methods Blood pressure was measured in 1,955 patients with a left ventricular ejection 
fraction ≤40%, between 3 and 21 days post myocardial infarction. Cox proportional 
survival models were reproduced for those with Killip Class I (n=1342) versus classes II/
III/IV heart failure (n=613).
results Overall mean (SD) age was 63 (12) years, mean (SD) left ventricular ejection 
fraction 33 (6)%, mean (SD) baseline blood pressure was 121 (17)/74 (10) mmHg and 
most (73%) were male. In patients with Killip Class 1, pulse pressure was not predictive 
for any outcome. However in patients with Killip Class II-IV, a low pulse pressure inde-
pendently predicted all cause mortality (HR 0.83 per 10mmHg; CI 0.71-0.98; p=0.025), 
cardiovascular mortality (HR 0.83 per 10mmHg; CI 0.70-0.98; p=0.025) and sudden death 
(HR 0.77 per 10mmHg; CI 0.60-1.00; p=0.047). A lower pulse pressure did not predict 
hospitalisation for worsening heart failure
Conclusion A low pulse pressure is an independent predictor of mortality in subjects 
with depressed left ventricular ejection fraction after a recent myocardial infarction and 
evidence of Killip Class II-IV heart failure.
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introDuCtion

In the general population and in patients with cardiovascular disease, an elevated pulse 
pressure is related to increased vascular stiffness and a poorer prognosis. We and others 
have recently demonstrated that in advanced chronic systolic heart failure1-4 and de-
compensated heart failure5 a low pulse pressure has been related to a poorer prognosis. 
In patients after an acute myocardial infarction, but without signs of heart failure an 
elevated pulse pressure has been found to be an independent predictor of survival.6 The 
predictive value of pulse pressure in subjects with left ventricular dysfunction second-
ary to a recent myocardial infarction and with clinical evidence of heart failure is not 
well defined. The Carvedilol Post Infarct Survival Control in LV Dysfunction (CAPRICORN) 
study tested the hypothesis that the addition of carvedilol to standard management of 
acute myocardial infarction in patients with left ventricular dysfunction with or without 
heart failure would improve outcome. We aimed to assess the prognostic importance of 
pulse pressure in this contemporary cohort of patients with a recent myocardial infarc-
tion and evidence of left ventricular dysfunction including a proportion of subjects with 
symptomatic heart failure.

methoDS

Patients

We assessed the prognostic significance of pulse pressure and mean arterial pressure, 
according to baseline manually determined blood pressure from the 1959 patients 
randomised in the CAPRICORN clinical trial.7 Pulse pressure was calculated as the arith-
metic difference between systolic and diastolic blood pressure. Initial blood pressure 
was measured for study screening and if other inclusion criteria were met then a repeat 
blood pressure measurement was taken at baseline, prior to initiation of blinded study 
medication. Complete blood pressure (BP) measurements were available in 1955 sub-
jects and four subjects had no Killip Class assessment. CAPRICORN was a multi centre, 
double blind placebo controlled trial that randomized patients between 3 and 21 days 
post myocardial infarction (MI) and with a left ventricular ejection fraction ≤40%, to 
carvedilol or placebo. Concurrent treatment with angiotensin converting enzyme (ACE) 
inhibitor > 48 hours, with the dose being stable for > 24 hours was mandated unless 
there was a proven intolerance. Major exclusion criteria included continued requirement 
for intravenous inotropic therapy, systolic blood pressure <90 mmHg or uncontrolled 
heart failure. Ongoing myocardial ischaemia, significant valve disease and bradycardia 
(heart rate <60 beats per minute) were also exclusion criteria. The primary end points 
were all cause mortality and a composite of all cause mortality and cardiovascular-cause 



52 Chapter 4

hospital admission. Over a mean follow up of 1.3 years there were 151 deaths in the pla-
cebo group and 116 in the treatment arm; 243 deaths were classified as cardiovascular, 
120 as sudden deaths and there were 256 hospitalisations for worsening heart failure. 
Most (n = 1342) patients had Killip class 1 heart failure i.e. left ventricular systolic dys-
function (LVSD) but without clinical signs of heart failure. Killip Class II (n = 556) included 
individuals with rales or crackles in the lungs, a 3rd heart sound or an elevated jugular 
venous pressure. Killip Class III describes those with frank pulmonary oedema (crackles 
≥ 50% of lung field) and accounted for 51 patients. Only 6 patients were in Killip Class IV 
defined as cardiogenic shock or hypotension (systolic blood pressure <90 mmHg) and 
evidence of peripheral hypoperfusion.

Statistical analysis

Baseline characteristics were compared across quartiles of pulse pressure and mean 
arterial pressure (test for trend), using analysis of variance for continuous variables 
and logistic regression for categorical variables. Cox proportional hazard analyses were 
performed for all cause mortality, cardiovascular mortality, sudden death and hospitali-
sation for heart failure. In addition models were reproduced for those in Killip Class I at 
baseline versus Killip Class II-IV. Pulse pressure and mean arterial pressure were adjusted 
for other baseline risk factors and study treatment (carvedilol). No stepwise selection was 
used. Values were expressed as mean (SD) for continuous variables and percentages for 
dichotomous variables. A p-value of < 0.05 was considered as statistically significant and 
all tests were 2-sided. SAS (SAS Institute, Cary, NC) was used for all statistical analyses.

reSultS

baseline characteristics

Mean (SD) age was 63 (12) years, mean (SD) left ventricular ejection fraction was 33 (6) %, 
mean (SD) blood pressure was 121 (17)/74 (10) mmHg and 73% were male. Intravenous 
diuretics and nitrates were required in one third and three quarters respectively during 
the index MI, virtually all (98%) were on angiotensin converting enzyme (ACE) inhibitors 
and the site of the index myocardial infarction was anterior in 57%. As previously stated, 
patients were randomised between 3 and 21 days post myocardial infarction, if other 
key inclusion criteria were met.8 Table 1 shows baseline characteristics for all patients in 
the CAPRICORN study and then when dichotomised by Killip Class. Killip Class II-IV were 
more often female, diabetic and receiving diuretics and digoxin.

Table 2 shows baseline patient characteristics by quartiles of pulse pressure. Increas-
ing pulse pressure was significantly associated with advancing age, decreasing resting 
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table 1. Baseline characteristics for all in Capricorn Study, then by Killip Class

factor All patients
n = 1959

Killip Class i
n = 1342

Killip ii-iv
n = 613

p-value

Pulse Pressure (mmHg) 47.6 (12.5) 47.0 (12.3) 49.0 (12.8) 0.0008

Mean Arterial Pressure (mmHg) 89.4 (11.3) 89.2 (11.3) 89.9 (11.2) 0.25

Systolic Blood Pressure (mmHg) 121.2 (16.7) 120.5 (16.7) 122.5 (16.7) 0.015

Diastolic Blood Pressure (mmHg) 73.6 (10.1) 73.6 (10.1) 73.5 (10.3) 0.92

Age (years) 63.2 (11.5) 62.2 (11.6) 65.2 (10.9) <0.0001

Ejection Fraction (%)
Heart Rate (beats/minute)
Creatinine (mmol/l)

32.8 (6.4)
77.3 (11.3)
109.7 (29.5)

33.1 (6.1)
76.6 (11.0)
108.1 (27.2)

32.1 (6.9)
78.8 (11.8)
113.1 (33.8)

0.0019
<0.0001
0.0009

Male 1440 (73.5) 1009 (75.2) 428 (69.8) 0.013

Current Smokers 645 (32.9) 473 (35.2) 170 (27.8) 0.001

History of heart failure 936 (47.8) 569 (42.4) 367 (59.9) <0.0001

History of hypertension 1055 (53.9) 719 (53.6) 334 (54.5) 0.71

Previous myocardial infarction 589 (30.1) 375 (27.9) 213 (34.7) 0.0023

History of diabetes 437 (22.3) 263 (19.6) 172 (28.1) <0.0001

ACE* inhibitor at randomisation 1908 (97.4) 1314 (97.9) 591 (96.4) 0.051

Aspirin at randomisation 1685 (86.0) 1163 (86.7) 520 (84.8) 0.28

Calcium antagonist at randomisation 71 (3.6) 46 (3.4) 25 (4.1) 0.48

Digoxin at randomisation 166 (8.4) 82 (6.1) 82 (13.4) <0.0001

Diuretic at randomisation 762 (38.9) 425 (31.7) 336 (54.8) <0.0001

Randomised to study treatment (Carvedilol) 984 (50.2) 670 (49.9) 312 (50.9) 0.69

Notes to table I
Unless otherwise stated, continuous data are expressed as mean (SD), whereas categorical data are ex-
pressed as percentages.
* angiotensin converting enzyme

figure 1. Kaplan –Meier survival curve of all cause mortality according to Killip Class at baseline
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heart rates, female gender, diabetes mellitus, a past history of heart failure and a greater 
percentage of subjects with Killip Class II-IV at baseline. All cause mortality was 13.6 % 
for the whole study group. In Killip Class I there were 146 deaths (10.9%), of which 130 
were cardiovascular cause and 71 classified as sudden deaths. There were 119 deaths 
(19.4%) in those with Killip Class II-IV; 112 cardiovascular cause and 48 classified as sud-
den death. Figure 1 illustrates a Kaplan-Meier survival curve when split by baseline Killip 
Class.

table 2. Patient Characteristics by Quartiles of Pulse Pressure

factor First Quartile 
(n=390)

Second Quartile 
(n=599)

Third Quartile 
(n=493)

Fourth Quartile 
(n=474)

p-value

Range of pulse pressure 
(mmHg)

18 to 39 40 to 46 47 to 55 56 to 125 -

Age (years) 58.3 (11.1) 62.0 (11.6) 64.7 (10.8) 67.0 (10.6) <0.0001

SBP* (mmHg) 104.3 (9.2) 114.0 (9.4) 124.9 (10.9) 140.2 (13.3) <0.0001

DBP† (mmHg) 72.3 (9.0) 72.3 (9.3) 74.2 (10.6) 75.6 (11.1) <0.0001

HR‡ 78.7 (11.5) 76.9 (11.3) 77.0 (10.6) 76.9 (11.8) 0.033

MAP§ (mmHg) 83.0 (8.8) 86.2 (9.3) 91.1 (10.7) 97.1 (11.2) <0.0001

EF║ 31.8 (6.9) 32.9 (6.4) 33.1 (6.1) 33.2 (6.1) 0.001

Killip Class I (vs II/III/IV)
Creatinine (mmol/l)

292 (75)

104.6 (28.8)

407 (68)

108.1 (27.3)

334 (68)

111.1 (27.6)

307 (65)

113.5 (31.9)

0.003

<0.0001

Male 305 (78) 463 (77) 359 (73) 310 (65) <0.0001

Current smoker 168 (43) 227 (38) 142 (29) 108 (23) <0.0001

History of heart failure 165 (42) 269 (45) 243 (49) 258 (54) 0.0001

History of hypertension 149 (38) 264 (44) 288 (58) 352 (74) <0.0001

Previous MI¶ 105 (27) 175 (29) 152 (31) 157 (33) 0.039

History of diabetes 76 (19) 106 (18) 120 (24) 134 (28) <0.0001

ACE# inhibitor 375 (96) 581 (97) 487 (99) 463 (98) 0.064

Aspirin 327 (84) 520 (87) 432 (88) 404 (85) 0.59

Calcium antagonist 12 (3) 13 (2) 20 (4) 25 (5) 0.021

Digitalis 32 (8) 47 (8) 36 (7) 49 (10) 0.29

Diuretic 143 (37) 202 (34) 197 (40) 220 (46) 0.0002

Notes to table 2
Unless otherwise stated, continuous data are expressed as mean (SD), whereas categorical data are ex-
pressed as percentages.
* systolic blood pressure
†diastolic blood pressure
‡ heart rate (beats per minute)
§ mean arterial pressure
║ejection fraction (percent)
¶ myocardial infarction
# angiotensin converting enzyme
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multivariable Analyses

Using Cox proportional hazard analyses, the prognostic value of pulse pressure for 
all cause mortality, cardiovascular cause mortality, sudden death and hospitalisation 
for heart failure, was adjusted for other baseline risk factors including mean arterial 
pressure, heart rate and study treatment (carvedilol). Table 3 shows Cox proportional 
hazard analyses for all cause mortality for those subjects in Killip Class I at baseline 
versus those in Killip Class II-IV. Pulse pressure was not a prognostic indicator in Killip 
Class I, but for those in Killip Class II-IV, then a low pulse pressure predicted all cause 
mortality (HR 0.83 per 10 mmHg; CI 0.71-0.98; p=0.025). Similar models were reproduced 
for cardiovascular mortality, sudden death and hospital admission for heart failure, for 
subjects with Killip Class II-IV at baseline. A low pulse pressure independently predicted 
cardiovascular mortality (HR 0.83 per 10mmHg; CI 0.70-0.98; p=0.025) and sudden death 
(HR 0.77 per 10mmHg; CI 0.60-1.00; p=0.047). A lower pulse pressure did not predict 
hospitalisation for worsening heart failure. In those with Killip Class II-IV heart failure, 

table 3. Cox proportional hazard analysis for all cause mortality for those subjects in Killip Class I and Killip 
Class II-IV at baseline.

Killip Class Killip 1 Killip II- IV

Factor hazard ratio (95% Ci) p- value hazard ratio (95% Ci) p-value

Pulse Pressure (10 mmHg) 0.99 (0.85-1.16) 0.899 0.83 (0.71-0.98) 0.025

Mean arterial Pressure (10 mmHg) 0.99 (0.83-1.17) 0.894 1.24 (1.03-1.50) 0.024

Age (years) 1.02 (1.01-1.04) 0.006 1.03 (1.01-1.05) 0.007

Heart rate 1.01 (0.99-1.02) 0.376 1.01 (1.00-1.03) 0.06

Ejection fraction 0.98 (0.95-1.00) 0.082 0.97 (0.94-0.99) 0.010

Male gender 0.88 (0.60-1.29) 0.515 0.50 (0.34-0.74) <0.001

Current smoker 1.05 (0.70-1.59) 0.810 1.18 (0.71-1.95) 0.529

History of diabetes 1.30 (0.89-1.92) 0.176 1.23 (0.83-1.83) 0.305

History of hypertension 0.80 (0.55-1.16) 0.236 1.22 (0.79-1.87) 0.366

Previous MI 2.47 (1.75-3.48) <0.0001 1.85 (1.26-2.73) 0.001

History of heart failure 1.15 (0.80-1.66) 0.444 0.95 (0.62-1.46) 0.819

ACE inhibitor use 0.51 (0.20-1.26) 0.145 0.93 (0.37-2.36) 0.877

Aspirin use 0.71 (0.45-1.11) 0.128 1.19 (0.70-2.02) 0.524

Calcium anatagonist use 1.04 (0.48-2.26) 0.924 0.92 (0.33-2.56) 0.868

Digitalis use 1.07 (0.60-1.91) 0.808 1.70 (1.06-2.72) 0.027

Diuretic use 1.53 (1.06-2.21) 0.022 1.06 (0.68-1.65) 0.787

Treatement (carvedilol) 0.84 (0.61-1.17) 0.304 0.68 (0.47-0.99) 0.045

Notes to table 3
Unless otherwise stated, continuous data are expressed as mean (SD), whereas categorical data are ex-
pressed as percentages.
* Myocardial infarction
† Angiotensin converting enzyme
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treatment with carvedilol was associated with a lower mortality (HR 0.68 per 10mmHg; 
CI 0.47-0.99; p=0.046), principally due to a reduction in cardiovascular mortality (HR 0.66 
per 10mmHg; CI 0.44-0.97; p=0.035).

DiSCuSSion

The main findings of these post-hoc analyses of the CAPRICORN clinical trial are that a 
low pulse pressure is an independent predictor of mortality (principally cardiovascular) 
in subjects with left ventricular systolic dysfunction after a myocardial infarction, but 
only in those with clinical signs of heart failure. This was independent of mean arterial 
pressure, heart rate and ejection fraction in the multivariate model. In the Windkessel 
model of the vascular tree, pulse pressure is related to stroke volume/compliance.9 As 
stroke volume equals cardiac output/heart rate; heart rate is thus critical to the deri-
vation of pulse pressure. Higher heart rates are associated with increased mortality in 
heart failure and post infarct patients,10 but in this analysis the effect of pulse pressure 
on mortality appears to be independent to that of heart rate. Low ejection fraction is a 
predictor of mortality in post myocardial infarction subjects and systolic heart failure11-12 
and lower ejection fraction is associated with reduced stroke volume, which in turn af-
fects pulse pressure. However in our analyses the effect of low pulse pressure was also 
independent of ejection fraction in the multivariate model. We did not have other echo-
cardiographic data such as end diastolic or systolic volumes which may affect outcome. 
Renal function is a powerful predictor of outcome in such patients13 but when renal 
function, was entered into the cox proportional model, low pulse pressure remained 
predictive of mortality.

CAPRICORN is a well characterised and contemporary patient group with nearly univer-
sal ACE inhibitor usage and of course half the study population taking the beta blocker 
carvedilol, currently recommended in chronic heart failure guidelines.14 This is impor-
tant as both these types of drugs may act as confounders due to their possible effect 
on haemodynamics and thus pulse pressure. The novel findings of these analyses are 
that by characterising subjects by Killip Class determines whether or not (a low) pulse 
pressure predicts mortality. This information is readily available, as obtained everyday 
by the bedside in clinical practice. Our findings seem to be in contrast with the post hoc 
analyses of the Survival And Ventricular Enlargement (SAVE) investigators who noted 
an increased pulse pressure to independently predict cardiovascular events in 2231 
patients between 3-16 days post myocardial infarction with a left ventricular ejection 
fraction ≤ 40%.6 However, in that study, no distinction was made between symptomatic 
and asymptomatic left ventricular dysfunction. Although in both SAVE and CAPRICORN 
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the mean ejection fraction was similar at approximately 32% and with comparable rates 
of previous myocardial infarction, in the CAPRICORN study nearly a third of subjects 
had clinical evidence of heart failure at randomisation. Our findings also differ from the 
SOLVD investigators; in the Studies Of Left Ventricular Dysfunction (SOLVD), subjects 
with either asymptomatic left ventricular systolic dysfunction or mild symptomatic 
heart failure (New York Heart Association Class II) both a higher pulse pressure and a 
lower mean arterial pressure were independent predictor of survival, over a mean follow 
up of 5 years.15 In contrast, with more advanced but clinically stable, systolic chronic 
heart failure (NYHA Class III and IV) and decompensated acute heart failure, a lower 
pulse pressure predicts mortality.1-5 It is intriguing that across similar levels of ejection 
fraction and other clinical variables, the ability of the haemodynamic entity of “pulse 
pressure” (and the “direction” in which it predicts outcome) depends on whether or not 
one has symptomatic heart failure. This has been defined by NYHA Class for those with 
chronic systolic heart failure or by Killip Class for those with more “acute heart failure” 
following a recent myocardial infarction. In stable but advanced systolic heart failure, 
Yildiran et al. noted in a multivariate analysis, low pulse pressure was the only predictor 
of death. In addition, low pulse pressure was related to echocardiographic indices of 
poor systolic function.5

Pulse pressure is determined by both cardiac components (stroke volume, heart rate, rate 
of left ventricular ejection) as well as properties of the arterial circulation, such as aortic 
distensibility and peripheral vascular tone.9 For any given ventricular ejection fraction 
and heart rate, these properties of the arterial wall and wave reflection represent the 
major determinants of pulse pressure. What determinant of pulse pressure at any given 
point in time is the most crucial with regards to prognosis, is likely to depend on the 
clinical scenario. The observed paradox or “reverse epidemiology” whereby a low pulse 
pressure predicts outcome in more advanced heart failure, may be in part related to the 
relationship between the failing heart and the arterial system (i.e. ventricular-vascular 
interactions).

In our analyses of CAPRICORN we noted that in addition to a lower pulse pressure, a 
higher mean arterial pressure predicted mortality (HR 1.24 per 10 mmHg; CI 1.03-1.50; 
p=0.0246), and this was only for those with symptomatic heart failure. If pulse pressure 
falls but at the same time mean arterial pressure rises, then this has to be due to an 
increase in diastolic pressure. Coronary perfusion occurs in diastole, and perhaps any 
increase in diastolic pressure is a protective mechanism to maintain coronary perfusion. 
As one develops more symptomatic heart failure with alterations in peripheral vascular 
tone, there may be a net lowering in pulse pressure, and controlling for a certain level of 
mean arterial pressures, these changes must involve an increase in diastolic blood pres-
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sure. The lower pulse pressure seen in subjects with clinical evidence of heart failure may 
simply be a “marker” of lack of contractile reserve. However pulse pressure derivation is 
systematically related by time domain parameters such as heart rate, ejection fraction 
and duration, as well as factors related to the arterial circulation that subsequently 
influence wave reflections to the heart. As such, unraveling the nature of this “marker” 
requires controlling for many confounders.

This present study adds to the existing literature that in patients with advanced sys-
tolic heart failure, and in acute myocardial infarction patients with clinical signs of heart 
failure, a low pulse pressure is a strong and independent predictor of outcome.

Study limitations

The present study is limited by the post hoc nature of its analyses. Such sub-group 
analyses can generate controversial data because multiplication of statistical analyses 
can produce uncertain results. As such non-prespecified subgroup analyses are merely 
hypothesis-generating, and the validity of this data analysis would need to be tested in 
a prospective validation set. Patients in clinical trials may be different from those in the 
population at large and this may represent selection bias. Blood pressure measurement 
was taken with a standard sphygmomanometer, from a cuff measurement from the bra-
chial artery. This was either obtained manually or with standard automated recorders. We 
do not have details regarding any specific training of study personnel in blood pressure 
measurement. It is likely that blood pressure measurements were non-standardized for 
patient position (supine versus sitting), side (dominant versus non dominant arm) and 
cuff size and to note that blood pressure was not a primary end point in the Capricorn 
study. It is not known whether the blood pressures were obtained at the same relative 
time in the course of the individuals peri-infarct period and it is likely this is not the 
case as inclusion criteria in the trial stipulated a time course between 3 and 21 days 
only. The “mix” of patients that this study represents would be expected to potentially 
dilute any findings of importance. Despite these limitations, we found pulse pressure 
to predict outcome. Severely compromised patients post infarct may exhibit pulsus 
alternans which could confound measures of pulse pressure. However all patients were 
to be deemed clinically stable by the investigator in order to be eligible for study enrol-
ment, so this should represent a very small number, if any, of the study patients. The vast 
majority of patients with clinical heart failure were in Killip class II (91%). Although blood 
pressure measurement may not have been standardized, this reflects “real life” clinical 
scenario as one would encounter in the out patient clinic or hospital setting.
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ConCluSion

From a single blood pressure measurement prior to treatment with carvedilol, a low 
pulse pressure is an independent predictor of mortality in subjects with evidence of 
Killip Class II-IV heart failure, after a recent myocardial infarction and depressed left 
ventricular ejection fraction. These data are in keeping with recent published data of a 
lower pulse pressure as an adverse predictor in more symptomatic heart failure.
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AbStrACt

Aims A low pulse pressure may reflect poor cardiac output, but has not been well char-
acterised by invasive hemodynamic studies.
methods We investigated the relationship between pulse pressure and cardiac index in 
patients with cardiovascular disease including those with normal and impaired cardiac 
function. Cardiac catheterization data from 1897 patients was analysed.
results Mean age was 59 years; 57% were male, mean (SD) pulse pressure was 65 (25) 
mm Hg and mean (SD) cardiac index was 2.9 (0.8) l/min/m2. Correlation between cardiac 
index and pulse pressure was absent if cardiac index >3 l/min/m2 with a weak correla-
tion if cardiac index was between 2 and 3 l/min/m2(r = 0.161; p <0.001). For those with a 
cardiac index < 2 l/min/m2, the correlation was much stronger (r = 0.414; p <0.001). In a 
multivariable regression analysis, a low pulse pressure predicted a low cardiac index, at 
cardiac indices < 3l /min/m2. This was independent of potential confounders including 
age, sex, presence of hypertension, presence of heart failure, presence of aortic stenosis, 
diabetes, renal function, heart rate, systemic vascular resistance, left ventricular end 
diastolic pressure and mean arterial pressure.
Conclusions In patients with a cardiac index of less than 3 l/min/m2, a low pulse pressure 
is a marker of a low cardiac index. In patients with severe heart failure and a low cardiac 
output, pulse pressure might be useful as a “poor-mans” surrogate of cardiac output.
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introDuCtion

Pulse pressure is the arithmetic difference between systolic and diastolic blood pressure.
In the general population and in patients with mild systolic heart failure, a high pulse 

pressure is related to increased mortality1-4. In contrast, in patients with severe systolic 
heart failure, a low pulse pressure is related to a poorer outcome5-11. In subjects with 
left ventricular systolic dysfunction after a myocardial infarction we recently found 
that a low pulse pressure was an independent predictor of mortality but only in those 
with signs of clinical heart failure12. A high pulse pressure in the general population 
and in patients with cardiovascular disease indicates increased vascular stiffness as an 
indicator of atherosclerosis, and is therefore related to cardiovascular events13-16. In 1337 
patients with ischaemic heart disease, a high aortic (or “central”) pulse pressure was 
independently associated with coronary calcification and higher heart rate, but a lower 
central pulse pressure with arterial occlusions and a low ejection fraction17. In previous 
studies, we found an independent relationship between low ejection fraction and low 
pulse pressure. Furthermore, we found that a low pulse pressure was a strong predictor 
of elevated natriuretic peptides5. Therefore, in severe heart failure patients, a lower pulse 
pressure may be an indicator of a poor cardiac output. These observations were also 
seen in a small study of advanced systolic heart failure, whereby a low cardiac index and 
a low proportional pulse pressure were strongly correlated18. So, a low pulse pressure 
seems to reflect a poor hemodynamic status, although this has not yet been proven 
by invasive hemodynamic studies. Therefore, we aimed to investigate the association 
between pulse pressure and cardiac index in patients with normal and impaired cardiac 
function undergoing cardiac catheterization.

methoDS

Patients who had undergone right and left heart catheterization at the University Medi-
cal Center, Groningen, the Netherlands, between 1989 and 2006 were identified and 
data entered into a database as published before19. Baseline demographics, including 
reason for cardiac catheterization, medical history and medications were obtained.

Cardiac Catheterization

Systolic and diastolic blood pressures were obtained from the ascending aorta. 
Cardiac output (CO, l/min) was measured by thermodilution and cardiac index (l/
min/m2) calculated by dividing CO by body surface area (BSA). BSA was calculated as: 
0.007184xweight0.425 x length0.725. Other haemodynamic measurements were taken, 
including systemic vascular resistance (SVR), pulmonary vascular resistance (PVR), left 
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ventricular end diastolic pressure (LVEDP), pulmonary artery wedge pressure and heart 
rate. All measurements were obtained from the patient during resting state. Pulse pres-
sure was calculated as the arithmetic difference between systolic and diastolic blood 
pressure. Proportional pulse pressure was defined as pulse pressure/systolic blood 
pressure. Renal function was measured using the estimated glomerular filtration rate 
(eGFR) as calculated from the simplified modification of diet in renal disease equation 
(eGFR{ml/min/1.73m2}=186.3 X {serum creatinine}-1.154 × age-0.203 × {0.742 if female}20.

Statistical analysis

Results are expressed as mean ±standard deviation since they were normally distrib-
uted, and categorical variables as percentages. Variables were normally distributed and 
Pearson correlation coefficients and multivariable regression were calculated to deter-
mine which variables were associated with cardiac index. Associations between baseline 
variables were evaluated by 1-way analysis of variance and chi-square tests where ap-
propriate. To further explore the association between pulse pressure and cardiac index, 
cardiac index was divided in to 3 groups; those with cardiac index < 2 l/min/m2; cardiac 
index 2-3 l/min/m2 and cardiac index > 3 l/min/m2. Multivariable regression was used to 
model the relationship between pulse pressure and cardiac index after adjustment for 
age, sex, presence of hypertension, presence of heart failure, presence of aortic stenosis, 
diabetes, renal function, (eGFR), heart rate, systemic vascular resistance, left ventricular 
end diastolic pressure and mean arterial pressure. The non-linear relationship between 
pulse pressure and cardiac index was modelled as a restricted cubic spline. Analyses 
were performed using Stata 10 (Stata Corp. College Station, Texas) and SPSS version 15.0.

reSultS

baseline characteristics

A total of 2557 patients underwent right heart catheterization between 1989 and 
2006; of these 1897 also underwent simultaneous left heart catheterization. Thus 1897 
patients had both invasive systemic blood pressure measurements and form the study 
population. Table 1 outlines the principal indication for cardiac catheterization. Aortic 
or mitral valve disease accounted for 44% of all studies with 16% accounted by acute or 
chronic heart failure. Mean (SD) age was 59 (15) years and 57% were men. In the total 
study population mean (SD) pulse pressure was 65 (25) mm Hg and mean (SD) cardiac 
index was 2.9 (0.8) l/min/m2. For those with a cardiac index < 2 l/min/m2, mean (SD) pulse 
pressure was 51 (24) mm Hg compared to 66 (24) mm Hg for those with a cardiac index > 
3 l/min/m2 (p < 0.001). Overall baseline characteristics and split across 3 groups accord-
ing to CI (<2; 2-3 and >3 l/min/m2) are shown in Table 2. Those with lower cardiac index 
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had higher systemic vascular resistance, higher pulmonary vascular resistance, higher 
pulmonary artery wedge pressures, higher heart rates and more impaired renal function 
(all p< 0.001). There was no difference in the presence of hypertension or diabetes across 
groups of cardiac index, but those with a lower cardiac index were more likely to have a 
history of heart failure. There was more diuretic, angiotensin converting enzyme inhibi-
tor and anti-arrhythmic use in those with a cardiac index <2 l/min/m2 compared to those 
with a cardiac index > 3 l/min/m2. Table 3 shows baseline characteristics across tertiles 
of pulse pressure. Those with lower pulse pressures were younger, with less coronary 
artery disease or diabetes and more likely to have a history of heart failure.

relationship between cardiac index and pulse pressure

Table 4 shows the correlations between blood pressure measurements and cardiac 
index, according to baseline level of cardiac index and presence of heart failure. In the 
whole study population the correlation between cardiac index and pulse pressure was 
weak (r = 0.115; p <0.01) though non-linear (see figure 1). For those with a cardiac index 
>3 l/min/m2, there was no correlation (r = -0.043; p=NS), for those with cardiac index 
between 2 and 3 l/min/m2, there was a mild correlation (r = 0.161; p <0.001) but for 
those with a cardiac index < 2 l/min/m2, the correlation was much stronger (r = 0.414; 
p <0.001). Proportional pulse pressure correlated significantly with cardiac index (r = 

table 1. Indication for Heart Catheterization

Percentage of patients

Aortic valve disorders 29

Aortic valve stenosis 23

Aortic valve insufficiency 6

mitral valve disorders 15

mitral valve insuffiency 14

mitral valve stenosis 1

Pulmonary valve disorders 1

Pulmonary valve insuffiency 0.8

Pulmonary valve stenosis 0.2

heart failure 16

Coronary artery disease 13

Pre-transplantation (non cardiac) 11

rhythm disorders 5

Pulmonary hypertension 3

Congenital heart disease 2

Post-heart transplantation 2

other 6
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table 2. Baseline characteristics according to cardiac index

total Ci <2 l/min/m2 Ci 2-3l/min/m2 Ci > 3l/min/m2 P value for trend

N 1897 158 966 773

Age 59 (15) 59 (15) 62 (14) 55 (16) <0.001

Sex (% male) 57 59 57 57 NS

Heart rate 77 (17) 83 (21) 75 (17) 79 (15) <0.001

eGFR (ml/min/1.73m2) 65 (24) 56 (19) 63 (20) 71 (28) <0.001

medical history

Heart failure 16 32 17 11 <0.001

Coronary artery disease 24 28 26 19 <0.001

Congenital heart disease 5 6 5 5 NS

Valve disease 52 43 56 50 0.001

Hypertension 20 20 20 19 NS

Stroke 5 11 5 4 <0.001

Hypercholesterolaemia 6 4 6 6 NS

Diabetes Mellitus 9 7 10 8 NS

Sinus Rhythm 84 75 82 89 <0.001

PP* 65 (25) 51 (24) 65 (25) 66 (24) <0.001

PPP† 47 (10) 42 (12) 48 (10) 48 (10) <0.001

SBP‡ 132 (28) 116 (28) 132 (28) 135 (28) <0.001

DBP§ 68 (12) 64 (12) 67 (13) 69 (12) <0.001

MAP║ 89 (15) 82 (15) 89 (15) 91 (15) <0.001

CO¶ (l/min) 5.5 (1.5) 3.2 (0.5) 4.8 (0.7) 6.8 (1.2) <0.001

CI# (l/min/m2) 2.9 (0.8) 1.7 (0.2) 2.5 (0.3) 3.6 (0.6) <0.001

SVR(dynes/sec/cm-5) 1373 (445) 1868 (573) 1481 (383) 1106 (310) <0.001

PVR(dynes/sec/cm-5) 174 (204) 355 (415) 178 (175) 128 (127) <0.001

PA wedge 14.3 (8.1) 19 (9) 15 (8) 12 (7) <0.001

RA mean 5.7 (4.3) 9.3 (6.3) 5.9 (4.3) 4.6 (3.2) <0.001

medications

Beta-blocker 28 36 31 24 <0.001

ACE inhibitor 34 47 36 28 <0.001

ARB 4 4 5 3 0.075

CCB 16 12 18 15 0.10

Diuretic 42 68 45 33 <0.001

Spironolactone 9 24 9 5 <0.001

Statin 15 14 17 13 0.15

Anti-arrhythmic 23 35 25 16 <0.001

Continuous data are expressed as mean (SD), whereas categorical data are expressed as percentages.
*pulse pressure (mmHg); †proportional pulse pressure (PP/SBP x100/1);‡ systolic blood pressure (mmHg);§ 
diastolic blood pressure (mmHg);║mean arterial pressure (mmHg);¶ cardiac output;# cardiac index;** SVR 
= systemic vascular resistance; ††PVR = pulmonary vascular resistance; ‡‡PA wedge = pulmonary artery 
wedge pressure; § § RA mean = right atrial mean pressure; ║║eGFR = estimated glomerular filtration rate; 
¶¶NS = not significant, ##ACE = angiotensin converting enzyme; ***ARB = angiotensin receptor blocker; 
†††CCB = calcium channel blocker
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table 3. Baseline characteristics according to pulse pressure tertiles

Pulse Pressure tertile <50mmhg 50-74mmhg >74mmhg P value for trend

Age 53 (15) 61 (13) 68 (10) <0.001

Sex (% male) 68 60 45 <0.001

Heart rate 84 (18) 76 (15) 71 (14) <0.001

eGFR (ml/min/1.73m2) 69 (25) 64 (22) 60 (21) <0.001

medical history

Heart failure 22 10 8 <0.001

Coronary artery disease 20 26 32 <0.001

Congenital heart disease 6 4 2 0.001

Valve disease 41 57 70 <0.001

Hypertension 10 22 33 0.013

Stroke 4 6 5 0.514

Hypercholesterolaemia 4 6 8 0.013

Diabetes Mellitus 5 8 15 <0.001

Sinus Rhythm 83 86 84 0.322

PP* 38 (8) 61 (7) 93 (16) <0.001

PPP† 36 (6) 47 (5) 58 (6) <0.001

SBP‡ 103 (14) 129 (15) 161 (21) <0.001

DBP§ 66 (12) 68 (13) 68 (13) 0.001

MAP║ 78 (12) 89 (13) 99 (14) <0.001

CO¶ (l/min) 5.3 (1.6) 5.6 (1.6) 5.4 (1.3) <0.001

CI# (l/min/m2) 2.8 (0.8) 3.0 (0.8) 3.0 (0.7) <0.001

SVR(dynes/sec/cm-5) 1248 (388) 1361 (450) 1539 (446) <0.001

PVR(dynes/sec/cm-5) 180 (221) 180 (157) 152 (105) 0.001

PA wedge 14.5 (8.8) 13.1 (7.5) 14.2 (7.6) 0.001

RA mean 6.2 (4.8) 4.9 (3.5) 4.9 (3.3) <0.001

medications

Beta-blocker 28 27 34 0.019

ACE inhibitor 34 32 34 0.624

ARB 3 3 3 0.691

CCB 12 19 23 <0.001

Diuretic 44 35 43 0.002

Spironolactone 13 4 4 <0.001

Statin 12 17 16 0.044

Anti-arrhythmic 26 20 22 0.052

Continuous data are expressed as mean (SD), whereas categorical data are expressed as percentages.
*pulse pressure (mmHg); †proportional pulse pressure (PP/SBP x100/1);‡ systolic blood pressure (mmHg);§ 
diastolic blood pressure (mmHg); ║mean arterial pressure (mmHg);¶ cardiac output;# cardiac index;** SVR 
= systemic vascular resistance; ††PVR = pulmonary vascular resistance; ‡‡PA wedge = pulmonary artery 
wedge pressure; § § RA mean = right atrial mean pressure; ║║eGFR = estimated glomerular filtration rate; 
¶¶NS = not significant, ##ACE = angiotensin converting enzyme; ***ARB = angiotensin receptor blocker; 
†††CCB = calcium channel blocker
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0.430; p <0.001) for those with a cardiac index <2 l/min/m2, but not for those with a 
cardiac index >3 l/min/m2 (r= -0.057; p= NS). For those with the lowest pulse pressure 
(PP < 30mmHg; n = 143) and heart failure, cardiac index and pulse pressure were highly 
correlated (r = 0.6; p < 0.001) with no other blood pressure variable correlating with 
cardiac index. The relationship between cardiac index and pulse pressure was identi-
cal to that between systolic pressure and cardiac index, in the absence of clinical heart 
failure. However in the multivariable model a formal test for interaction between pulse 
pressure and heart failure status was not signifi cant (p = 0.2859). For this reason we 
did not further explore the diff erences in pulse pressure and cardiac index according to 
heart failure status.

multivariable analysis

Figure 1 shows the non linear relationship between pulse pressure and cardiac index in 
the study population. When adjusted for age, sex, presence of hypertension, heart failure 
status, presence of aortic stenosis, diabetes, renal function (eGFR), heart rate, systemic 
vascular resistance, left ventricular end diastolic pressure and mean arterial pressure, a 
stronger independent correlation between cardiac index and pulse pressure was found 
below a cardiac index of approximately 3 l/min/m2. The association between cardiac in-
dex and invasive and non-invasive measures of haemodynamics were examined. Of the 
non-invasively measured parameters, systolic blood pressure had one of the strongest 

figure 1. Relationship between pulse pressure and cardiac index in the study population modelled as a 
restricted cubic spline (adjusted for age, sex, presence of hypertension, heart failure status, presence of aor-
tic stenosis, diabetes, renal function, heart rate, systemic vascular resistance, left ventricular end diastolic 
pressure and mean arterial pressure). Grey area represents 95% confi dence interval.
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relationships to cardiac index (R2 =0.024;p <0.0001). However, when pulse pressure was 
modelled as a spline, pulse pressure (R2 = 0.042; p <0.0001) outperformed systolic blood 
pressure as a linear or non-linear predictor. Pulse pressure was comparable to pulmo-
nary artery wedge pressure, (R2 = 0.053; p <0.0001) and apart from systemic vascular 
resistance (R2 = 0.331; p <0.0001), out performed all other invasively measured variables 
(main pulmonary artery pressure (mean), right ventricular pressure, right ventricular 
end diastolic dimension and aortic blood pressures) in predicting cardiac index.

relationship between cardiac index and other haemodynamic variables

We found only weaker correlations between systolic and mean arterial blood pressure 
and cardiac index (table 4). For subjects with heart failure (n= 365) and a CI < 2 l/min/
m2, the correlation between systolic blood pressure and cardiac index was less than that 
of pulse pressure (r = 0.229; p = <0.01) and there was no relationship between mean 
arterial pressure and cardiac index. For those with the lowest systolic pressures (SBP < 
100 mmHg) there was no correlation between cardiac index and systolic blood pressure. 
Pulse pressure was also correlated with systemic vascular resistance (r = 0.291; p <0.001), 
across the complete spectrum of cardiac indices. There was a poor correlation between 
pulse pressure and pulmonary vascular resistance and between pulse pressure and 
pulmonary artery wedge pressure. There was a weak correlation between cardiac index 
and wedge pressure (r = -0.232; p < 0.01). For those with a cardiac index < 2 l/min/m2, 
pulse pressure and wedge pressure were not related (r = - 0.075; NS).

DiSCuSSion

In a large cohort of patients with knowledge of invasive haemodynamics, including 
variables known to be related to both pulse pressure and cardiac index, we found that 

table 4. Correlations between blood pressure measurements and cardiac index. Analysed when grouped 
according to cardiac index and in those with heart failure compared to the entire study population. There 
was no correlation between CI and any blood pressure measurement in those with a CI > 3l/min/m2 (r value 
with corresponding p value; * P < 0.05, ** P < 0.01).

Heart Failure Entire study

CI < 2l/min/m2 CI 2-3 l/min/m2 CI <2l/min/m2 CI 2-3 l/min/m2

Pulse pressure 0.410** 0.326** 0.414** 0.161**

Proportional PP 0.453* 0.282** 0.430** 0.126**

Systolic BP 0.229* 0.291* 0.356** 0.178**

Diastolic BP -0.156 (NS) 0.069 -0.023 (NS) 0.081*

Mean arterial pressure 0.054 (NS) 0.188* 0.208 * 0.153**
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a low pulse pressure was significantly related to a low cardiac index. The same was not 
seen at higher levels of both cardiac index and pulse pressure.

Components of pulse pressure

Pulse pressure is determined by both cardiac components as well as properties of the 
arterial circulation. This pulsatile component of blood pressure is the consequence of 
intermittent ventricular ejection from the heart, while the large conduit arteries serve 
to minimize pulsatility. For any given ventricular ejection fraction and heart rate, large 
artery stiffness and wave reflections represent the major determinants of pulse pres-
sure21. Alterations in pulse pressure in heart failure and systolic dysfunction may be in 
part because of interactions with the failing heart and the arterial system. The functions 
of the left ventricle and arterial system are interactive (ventricular –vascular coupling) 
and conditions that directly affect one can cause a responsive change in the other22-27.

higher pulse pressure and vascular stiffness

In the general population and cardiovascular patients, a high pulse pressure is a sur-
rogate marker of atherosclerosis and vascular stiffness and was related to increased car-
diovascular events1-2, 13-16. In other words in these patients, with normal left ventricular 
systolic function and stroke volume, pulse pressure is mainly driven by the “vascular 
component” of the cardiovascular system. In this setting, an elevated pulse pressure 
reflects decreased aortic elasticity. An elevated pulse pressure in mild systolic heart fail-
ure predicts mortality3,4 which suggests that pulse pressure is less a product of cardiac 
function but more related to the arterial system when cardiac output is maintained.

lower pulse pressure and systolic heart failure

The relationship between cardiac index and pulse pressure has not been well studied. 
We hypothesized that in symptomatic systolic heart failure, a low pulse pressure is a 
marker of low cardiac output, or a lack of “contractile reserve” and a positive correlation 
between pulse pressure and ejection fraction would support this concept. This probably 
only applies to those subjects with severely impaired ventricular function and is sup-
ported by recent findings of a differing relationship between systolic blood pressure and 
mortality, according to the severity of left ventricular dysfunction. Those with moderate 
ventricular impairment (mean ejection fraction 36%) exhibited a “U” shape curve of 
mortality with systolic blood pressure, whilst those with severe ventricular impairment 
(mean ejection fraction 21%) the relationship was linear, with higher blood pressure 
portending better prognosis28. We therefore chose to subdivide the population accord-
ing to cardiac index (we did not have ejection fraction data) to further investigate the 
relationship between cardiac index and pulse pressure, by examining the relationship 
across a range of cardiac indices. Since there are many confounders of pulse pressure, it 
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was important to examine pulse pressure in a wider range of patients with cardiovascu-
lar disease, rather than just a heart failure population per se. The only other study to ex-
amine invasively determined cardiac index and pulse pressure was in a small study of 50 
patients with chronic heart failure and impaired left ventricular systolic function where a 
proportional pulse pressure <25% identified a cardiac index of less than or equal to 2.2 L/
min/m² 18. Low pulse pressure predicts mortality in subjects with advanced systolic heart 
failure5-11 and in non ischaemic heart failure pulse pressure was more predictive than in 
subjects with ischaemic heart disease6. We postulated that in subjects with less vascular 
disease (i.e. no influence of the “vascular component” of pulse pressure), pulse pressure 
was more closely related to cardiac output. In this study, the mean pulse pressure in 
the lowest cardiac index group at 51mmHg was similar to the mean pressure seen in 
advanced heart failure patients (47 mmHg)5 and those with acute heart failure following 
a myocardial infarction (49 mmHg)12. Interestingly, we found that a lower cardiac index 
was also related to poorer renal function. It is well established that poorer renal function 
is related to a lower cardiac output, and therefore a lower renal blood flow29-30. We and 
others have suggested that worsening renal function is another sign of a lower cardiac 
output in patients with heart failure31-32.

In the present study we provide evidence for the hypothesis that a low pulse pressure 
indicates a low cardiac index only in patients with a low cardiac index (i.e severe cardiac 
dysfunction). This may in part explain the “pulse pressure paradox” whereby in vascular 
disease and mild heart failure, a high pulse pressure predicts adverse outcome, but the 
opposite occurs in more advanced heart failure.

Study limitations and future directions

Our findings are taken from a specific population referred for cardiac catheterization, 
and may not be generalizable to a population not referred for invasive assessment. 
Many patients encountered in clinical practice are older, with co-morbidity that can 
affect pulse pressure. The number of patients with a cardiac index <2 l/min/m2 was 
relatively small. Central pulse pressure was measured and is usually an underestimate 
of peripheral pressure24, 33. This “pressure amplification” however tends to be lower in 
the normal blood pressure ranges than in subjects with hypertension34 who contributed 
only 20% of our study cohort. As we do not have corresponding ”cuff” measurements 
to compare with we can only extrapolate our haemodynamic data to peripheral pres-
sures. Central pressure can be extrapolated from peripheral pressure with automated 
devices, although these tend to underestimate central pressure readings35. We and 
others have previously investigated only peripheral pulse pressure measurements and 
outcome. Hypertension and valve disease alter pulse pressure, but when we excluded 
hypertensives, those with aortic stenosis, or both, our findings were unchanged. We did 
not have ejection fraction data, however adjusting for heart failure status and LVEDP 
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did not alter our findings. We do not have information on the use of inotropes or on 
volume status and neurohormonal activation. These entities are not easily measured in 
everyday practice and cardiac index depends on an interaction between blood pressure 
and systemic vascular resistance, and such factors can influence both. Blood pressure 
measurements were taken in the resting state and only one measurement was used for 
these analyses and not an average of readings over a period of time. We recognise there 
are abnormalities of both conduit vessels in heart failure and an interaction between 
the vasculature and the heart itself, which is altered in the presence of left ventricular 
dysfunction.

Finally, we are extrapolating our findings from a broad range of cardiovascular pa-
tients to only those with the lowest cardiac indices, and thus probably severe cardiac 
dysfunction.

ConCluSion

A low pulse pressure is a marker of a low cardiac index, particularly in patients with 
a cardiac index <3 l/min/m2. In a comprehensive multivariable model with invasive 
haemodynamic variables known to be related to both pulse pressure and cardiac index, 
the two variables were almost linearly related, until pulse pressure was greater than 
about 55mmHg or cardiac index > 3 l/min/m2. In patients with severe heart failure (and 
thus with the lowest cardiac indices) pulse pressure might be useful clinically as a “poor-
mans” surrogate of cardiac index. This hypothesis would need to be tested in a prospec-
tive study using peripheral blood pressure measurements in subjects with systolic heart 
failure. Our findings may help explain the “pulse pressure paradox” observed thus far in 
subjects with left ventricular systolic dysfunction and heart failure.
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We read with interest the article by Weber and colleagues1 on the prognostic value of 
measurements of arterial stiffness. Peripheral pulse pressure was lower in patients with 
heart failure compared with controls, although this did not reach statistical significance. 
In a larger cohort of patients with severe chronic heart failure, we showed that a lower 
pulse pressure was related to adverse outcome, independently of mean arterial blood 
pressure2. Further analysis of these data revealed that the relation between pulse pres-
sure and outcome was mainly present in the patients with non-ischemic heart failure 
and not in those with ischemic heart failure (unpublished data, 2007). Therefore, sample 
size might not have been the only reason for the findings in the study by Weber et al., 
who included patients with ischemic heart failure and patients with non-ischemic heart 
failure. We believe however, that there might be a difference in pulse pressure between 
patients with ischemic heart failure and patients with non-ischemic heart failure. In 
patients with coronary artery disease, a larger pulse pressure is caused by increased 
arterial stiffness. In patients with (severe) heart failure, however, a lower pulse pressure 
seems to be related to an impaired cardiac output. So, in patients with ischemic heart 
failure, pulse pressure is a mixture of arterial stiffness (higher pulse pressure) and heart 
failure (lower pulse pressure). In patients with heart failure but without coronary artery 
disease, pulse pressure might therefore more closely reflect cardiac output. The rela-
tion between pulse pressure and systolic dysfunction in the study by Weber et al. might 
therefore be more pronounced if only patients with non-ischemic heart failure were 
included, although we realize that the number of cases might even be further reduced.
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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.
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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)
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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). (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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Summary, conclusions and future directions
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SummAry of theSiS

In New York Heart Association Class III and IV heart failure, a low pulse pressure 
independently predicted increased mortality and increased natriuretic peptides. In 
non-ischaemic heart failure patients, we found the predictive power of pulse pressure 
was more evident, than in those with ischaemic heart failure. We postulated this was 
because of the potential confounding nature of atherosclerosis, which tends to increase 
pulse pressure. The hypothesis being that a lower pulse pressure was a marker of (more) 
impaired cardiac function, at least in the setting of more advanced clinical heart fail-
ure. This was further supported by demonstrating that a low pulse pressure predicted 
cardiovascular mortality and sudden death in patients with clinical heart failure in the 
context of a recent myocardial infarction and low ejection fraction. In those without 
clinical heart failure, pulse pressure was not predictive of outcome. This was seen in a 
single cohort of patients, all with coronary artery disease and similar levels of ventricular 
impairment. In a multivariate analysis this appeared to be independent of important 
established predictors of outcome including mean arterial pressure, ejection fraction 
and heart rate. What was different in the 2 groups was the presence of clinical heart 
failure, defined according to Killip Class.

This added to our previous observations that the transition from asymptomatic 
heart failure with reduced ejection fraction (HF-REF) to symptomatic HF-REF in some 
way reverses the usual relationship between pulse pressure and outcome. Thus in the 
setting of clinical heart failure, a low pulse pressure may be a marker of a lower cardiac 
output. To investigate this further we examined the relationship between pulse pressure 
and cardiac output (cardiac index when corrected for body surface area) with invasive 
haemodynamic data obtained at cardiac catheterization. We chose to look at a broader 
patient cohort with cardiovascular disease given the many confounders regarding pulse 
pressure derivation. This study showed that (centrally measured) pulse pressure was 
closely linked to cardiac index, with an almost linear relationship (when modelled as a 
restrictive cubic spline) between the two variables but only when both cardiac index and 
pulse pressures were low. In a multivariable model that included invasively measured 
haemodynamics, pulse pressure and proportional pulse pressure were comparable to 
pulmonary artery wedge pressure and (with the exception of systemic vascular resis-
tance) out performed all other haemodynamic measures in predicting cardiac index. 
These findings related to pulse pressure as measured from the central aorta and not 
from the brachial artery.

So, in the context of a low resting cardiac index it would appear that pulse pressure is 
also likely to be low. Put another way, when pulse pressure is low this may me a clue or 
an indication of a low cardiac output. The relationship between cardiac index and pulse 
pressure was much less evident as both haemodynamic variables increased, illustrated 
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by the curve flattening out. When cardiac index is higher or even normal, there is much 
less of a relationship to pulse pressure. So a low pulse pressure being a marker of a low 
cardiac index would only apply to those with impaired cardiac function such as seen in 
advanced heart failure. We think this can explain the pulse pressure paradox.

The next logical step was to investigate the relationship between brachial pulse pres-
sure and invasively measured haemodynamics in a select cohort of HF-REF patients. We 
examined both pulse pressure and proportional pulse pressure in a cohort of patients 
with decompensated heart failure requiring hospitalisation, and all had an elevated pul-
monary artery capillary wedge pressure (≥ 18mmHg). Patients were clinically stable with 
systolic blood pressures >115mmHg, all had received IV diuretic and the mean ejection 
fraction was low at 33%. Brachial proportional pulse pressure correlated significantly 
with (invasively determined) cardiac index, both at baseline and after standard acute 
heart failure treatments including serelaxin. Although the study was relatively small, a 
particular strength of the study was the repeated measurements taken within a short 
time interval (< 3 minutes) of each other, from the same patients; thereby acting as their 
own internal control (for the confounders of pulse pressure derivation). There was also 
a statistically significant relationship between the changes in both cardiac index and 
proportional pulse pressure during the treatment period (data not shown).

updates in pulse pressure and heart failure

Recent publications that support our central hypothesis include the MADIT- CRT in-
vestigators who demonstrated that if your pulse pressure was > 40mmHg, you were 
significantly less likely to die or experience heart failure than if it was PP ≤ 40mmHg. 
These patients all had cardiac resynchronization therapy (CRT)- defibrillators (CRT-D) as 
part of a randomised trial. The NYHA class was mostly II, with a mean (SD) pulse pressure 
of 51.5 (14) mmHg. Baseline LV volumes were significantly greater in patients with low 
pulse pressure. There was also a direct relation between baseline pulse pressure and 
the magnitude of reverse remodelling and improvement in mechanical dyssynchrony. 
After 1 year post- CRT-D implant, if the pulse pressure was still < 40mmHg, prognosis 
was poorest; the implication being cardiac output remains low, with less myocardial 
reserve1. In a small study (n= 43) of patients undergoing CRT, a rise in pulse pressure 
(of only 6.3 mmHg) immediately after CRT implant was seen in those who responded 
(to CRT therapy) versus those who didn’t, whose pulse pressure fell by 1.2 mmHg2. In a 
stable outpatient cohort with HF-REF (n= 327), the combination of a low pulse pressure 
(<40 mmHg) and a QRS duration on the surface ECG of ≥ 130ms predicted a very low 
ejection fraction (around 30%) with a 70% higher risk of death than a HF-REF patient 
without these two signs3. In patients with acute myocardial infarction undergoing pri-
mary percutaneous coronary intervention (PCI), those with a pulse pressure <40mmHg 
were more likely to have left main stem and /or multi-vessel coronary artery disease, 
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Killip Class ≥ 3 heart failure, lower TIMI grade flow (thrombolysis in myocardial infarc-
tion) in the infarct related coronary artery before/after primary PCI, larger infarcts (as 
measured by creatinine kinase) and increased mortality4.

In a very large cohort (n = 27046) that included registry and randomised trial data, 
with a combination of HF-REF (n = 22 038) and HF- PEF (n= 5008), a lower pulse pressure 
(especially <53mmHg) was an independent predictor of mortality in the HF-REF patients. 
Variables included in their multivariate model did not include renal function, sodium 
or haemoglobin, all known to have an influence on outcome in heart failure patients. 
They found a significant interaction between the ejection fraction category (reduced/
preserved) and the relationship between pulse pressure and mortality (P <0.0001). The 
increase in mortality associated with low pulse pressure was particularly prominent if 
ejection fraction was <30% and if systolic blood pressure was < 140mmHg. Similar find-
ings were seen in acute versus chronic heart failure but this relationship between pulse 
pressure and outcome was not consistently observed in the HF-PEF patients5.

In a large (N= 40421) US registry of elderly (≥ 65 years) heart failure patients (HF-REF 
+ HF-PEF) a non-linear relationship was found between pulse pressure at hospital dis-
charge and 1 year mortality. Pulse pressures < 50 mmHg were associated with increased 
mortality, but correspondingly as pulse pressure climbed above a nadir of about 50 
mmHg, risk increased again. The mean (SD) pulse pressure in the total cohort was 58.1 
mmHg (17.6) with a mean age of 80 years; HF-REF accounted for 15 941 patients, with 
a mean pulse pressure of 52 mmHg. The association of pulse pressure and outcome (in 
this study) appeared to be a function of heart failure phenotype, systolic blood pressure 
and absolute level of pulse pressure6, 7.

Table 1 below summarises key studies examining pulse pressure and outcomes in 
patients with ventricular dysfunction and/or clinical heart failure.
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notes to table
§ Pressure in mmHg; values mean unless otherwise stated. Categorical variables stated as percentage.
a- Baseline characteristics split according to PP tertiles. T1 PP 8-36 (n=744); T2 PP 37-46 (n=768); T3 PP 47-
110 (n= 719). High PP predictive of mortality.
b- Baseline characteristics split according to PP quartiles. Q1 mean PP = 32 (n= 1752); Q2 mean PP = 42 (n= 
1706); Q3 mean PP=51 (n= 1655); Q4 mean PP = 67 (n=1668). High PP predictive of mortality.
c- Baseline characteristics split according to PP tertiles. T1 PP <43 (n=163); T2 PP = 44-58 (n=163); T3 PP >59 
(n= 163). Low pulse pressure independent predictor of mortality.
d- Low pulse pressure independent predictor of mortality.
e- Low pulse pressure independent predictor of mortality but only for those with Killip Class 2-4 heart 
failure (n = 613).
f- Low pulse pressure independent predictor of mortality. In 306 patients (sub-study of EPHESUS trial) an 
elevated pulse wave velocity also predicted outcome.
g- Meta-analysis of clinical trials and registry data. Only those with HF-REF included in this table (from 22 
studies). Baseline characteristics split into quintiles. Q1 denotes lowest quintile; PP ≤ 39mmHg (n= 3750), 
Q5 highest quintile; PP ≥64.5mmHg (n= 4118). Low PP predictor of death, especially when PP <53mmHg, 
EF < 30% and SBP < 140mmHg.
h-US multi-centre registry of hospitalized heart failure patients. Only those with HF-REF included in this 
table. Mortality increase once PP <50mmHg.
i-Baseline characteristics split according to PP ≤40 mmHg (P1) {n= 188} and PP >40mmHg (P2), {n= 566}. 
Low PP 1 year after CRT-D implant predicted adverse outcomes.
J-Lower PP predictive of all cause and CV death at any given level of mean arterial pressure.
k- Baseline characteristics split according to PP quartiles: Q1 PP <35 (n=84); Q2 PP = 35-45 (n= 84); Q3 PP 
= 46-55 (n=32); Q4 PP >55 (n=25). Study excluded arrhythmia, recent acute coronary syndrome, LBBB and 
significant valve disease. Lower PP independent predictor of mortality.
l- Baseline characteristics split according to PP <40 mmHg (P1) and PP ≥ 40mmHg (P2). PP <30mmHg and 
QRS duration ≥ 130ms on ECG predicted mortality.

ConCluSionS AnD future DireCtionS

The influences on pulse pressure in heart failure are multiple with left ventricular func-
tion and stroke volume critical in HF-REF. Pulse pressure in an elderly hypertensive pa-
tient with good left ventricular function is a very different entity than the pulse pressure 
in a young patient with severely impaired cardiac function and clinical decompensation. 
The clinical setting is therefore a fundamental tenant when assessing the significance of 
a particular level of pulse pressure. This includes whether the patent is known to have 
impairment to left ventricular ejection fraction, and/or clinical signs of heart failure 
and most likely the absolute level of blood pressure attained. It seems likely that those 
with both low pulse pressure and systolic blood pressure, identify those with the lowest 
stroke volume, and thus at increased mortality risk.

Within the confines of that clinical information, a low pulse pressure does appear to 
be a simple marker predicting adverse outcome in heart failure with reduced ejection 
fraction.
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In all the studies brachial pulse pressure has been measured, usually as a single entity. 
Limitations of this include the accuracy and reliability of the measurement. It would be 
unlikely given the number of patients studied for there to be any systematic over or 
underestimation of pulse pressure. If there was then this this would tend to mitigate any 
true association between pulse pressure measurement and outcome. It is self evident 
from clinical practice that pulse pressure can vary over time, and studying average pulse 
pressure over several measurements may provide additional prognostic information. 
Central pulse pressure, whilst not so readily measureable, has not been studied in any 
large heart failure study but has been shown to be more robust than brachial pulse 
pressure in predicting outcome in hypertension8.

It may be that contemporary biomarkers such as natriuretic peptides or high sensitiv-
ity troponin add incremental prognostic information to pulse pressure, and should be 
studied in conjunction with pulse pressure to see if this simple clinical variable has a 
role in heart failure risk stratification. This should include HF-REF patients with varying 
NYHA class (which is rather subjective in its definition) and those with HF-REF in other 
situations such as after a myocardial infarction.
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