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Background: Pulse pressure (systolic minus diastolic pressure) ≤53mmHg in patients with 

cardiac failure correlates with reduced stroke volume and is independently associated with 

accelerated morbidity and mortality.  Since deconditioned surgical and heart failure patients 

share similar cardiopulmonary physiology, we examined whether lower pulse pressure is 

associated with excess morbidity following major surgery.  

Methods: Prospective observational cohort study of patients deemed by their preoperative 

assessors to be at higher risk of postoperative morbidity. Preoperative pulse pressure was 

calculated before cardiopulmonary exercise testing. The primary outcome was any morbidity 

(PostOperative Morbidity Survey) occurring within five days of surgery, stratified by pulse 

pressure threshold ≤53mmHg. The relationship between pulse pressure, postoperative 

morbidity and oxygen pulse, a robust surrogate for left ventricular stroke volume, was 

examined using logistic regression analysis (accounting for age, gender, body-mass index, 

cardiometabolic comorbidity, operation type). 

Results: The primary outcome occurred in 578/660 (87.6%) patients, but postoperative 

morbidity was more common in 243/660 patients with preoperative pulse pressure ≤53mmHg 

(odds ratio (OR):2.24 (95%CI:1.29-3.38); p<0.001). Pulse pressure ≤53mmHg (OR:1.23 

(95%CI:1.03-1.46); p=0.02) and type of surgery were independently associated with all-cause 

postoperative morbidity (multivariate analysis). Oxygen pulse <90% of population-predicted 

normal values was associated with PP≤53mmHg (OR:1.93 (95%CI:1.32-2.84); p=0.007).  

Conclusions: In deconditioned surgical patients, lower preoperative pulse pressure is 

associated with excess morbidity. These data are strikingly similar to meta-analyses 

identifying low pulse pressure as an independent risk factor for adverse outcomes in cardiac 

failure. Low preoperative pulse pressure is a readily available measure, indicating that 

detailed physiological assessment may be warranted. 
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Introduction  

Pulse pressure (PP) – calculated by subtracting diastolic from systolic arterial pressure - 

reflects the complex haemodynamic interplay between stroke volume, heart rate, aortic 

compliance and peripheral vascular tone. In the general medical population, elevated pulse 

pressure is strongly associated with increased cardiovascular risk for coronary heart disease,1-

3 cardiac failure,4-8 atrial fibrillation9 and all-cause cardiovascular mortality.1, 10-13 This long-

established relationship is independent of normotensive or hypertensive status.6  

In marked contrast, lower pulse pressure in patients with cardiac failure is associated 

with reduced cardiac index,14 increased levels of natriuretic peptide15 and accelerated 

morbidity/mortality.8, 9, 16, 17 Notably, in patients with heart failure originating from a non-

ischaemic aetiology, pulse pressure appears to be closely correlated with stroke volume.18 

The MAGGIC  (Meta-Analysis Global Group in Chronic Heart Failure) meta-analysis 

identified pulse pressure ≤53mmHg as a robust independent predictor of mortality in 27046 

patients from 22 separate studies/trials in cardiac failure.16 Deconditioned surgical patients 

share similar cardiovascular and autonomic features with cardiac failure patients, including 

reduced cardiopulmonary reserve.19 Low preoperative pulse pressure may therefore also be 

associated with increased risk of postoperative morbidity in higher-risk surgical patients.  

In this prospective multi-centre cohort study, we hypothesized that the pulse pressure 

threshold identified in cardiac failure patients (≤53mmHg) was similarly associated with 

postoperative morbidity in higher risk surgical patients referred for cardiopulmonary exercise 

testing as part of their routine preoperative assessment. By focussing on low pulse pressure in 

this analysis, we provide novel data highlighting the striking physiological similarities 

between patients with overt cardiac failure and deconditioned surgical patients. 
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METHODS 

We conducted a secondary analysis of a prospective, multicentre observational cohort study 

of high-risk patients undergoing cardiopulmonary exercise testing prior to major non-cardiac 

surgery. The study was approved by the NRES Committee London (Camden & Islington; 

MREC:12/LO/0453) and registered with Controlled Trials (ISRCTN88456378).  Patients 

gave written, informed consent prior to undergoing cardiopulmonary exercise testing.  The 

statistical analysis plan was approved before the secondary analysis began. Patients were 

referred to the local cardiopulmonary exercise testing service by surgeon and/or anaesthetist 

as part of their routine preoperative assessment if they fulfilled two criteria: 1. scheduled for 

major surgery estimated to last >2 hours; 2. were deemed to be at higher-risk of postoperative 

morbidity/mortality by their referring clinician, either on the basis of their preoperative 

comorbidity and/or the magnitude of the surgical insult. We also calculated POSSUM scores 

for morbidity to confirm this clinically-estimated higher risk. Patients were excluded if they 

refused consent or if there were contraindications to cardiopulmonary exercise testing. Patient 

age, gender, operative time, established measures of preoperative risk (including diabetes 

mellitus, cardiac and cerebrovascular disease) and haemoglobin were recorded before 

surgery.  

 

Cardiopulmonary exercise testing.  

Patients underwent cardiopulmonary exercise testing on an electronic cycle ergometer using 

an incremental ramp protocol to maximal tolerance, having continued their normal 

cardiovascular medications up to and including the day of the test. Equipment was calibrated 

before each test using standard reference gases. Arterial blood pressure was measured 

(sitting) at rest before exercise. Continuous 12-lead electrocardiography and breath-by-breath 

gas exchange analysis were performed throughout testing. All patients were instructed to 
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continue cycling until symptom-limited fatigue occurred. Pulse pressure was calculated 

retrospectively from routine measurements of arterial systolic and diastolic pressure. 

Anaerobic threshold (AT) was determined by two independent assessors blinded to pulse 

pressure and according to published guidelines using the modified V-slope method and 

confirmed by ventilatory equivalents for carbon dioxide ( E/ CO2) and oxygen ( E/ O2).
20 

21 Arterial pressure was not blinded to staff, but pulse pressure was calculated offline and not 

recorded at the time of the test. 

 

Perioperative management.  

Patients were cared for by the normal attending clinicians, blinded to preoperative arterial 

pressure measurement.  All hospitals used enhanced recovery programs as part of standard 

care for the types of surgery involved in this study. Surgery and anaesthesia were conducted 

by consultant staff. Inhalational anaesthesia, fluid therapy, standardized anti-emetic regimes, 

analgesia (regional neuraxial anaesthesia or patient controlled analgesia) and physiotherapy 

care were delivered according to usual standard of care. Acute pain services were available 

for consultation. Postoperative management was conducted according to local clinical 

guidelines. Surgical antibiotic use at the time of the operation at all centres was undertaken 

according to local microbiology policies (i.e. preoperative and two subsequent doses). Thus, 

antibiotic use 48h post-operatively was seen as a deviation from normal postoperative care, 

i.e. suggestive of infectious morbidity.  

 

Transthoracic echocardiography. 

As TTE was not part of the study protocol, only data from patients at UCLH referred for 

transthoracic echocardiography (Vivid E9 or GE Vivid I, GE Healthcare, UK) as part of their 

preoperative assessment were assessed. Echocardiography was undertaken by technicians 

blinded to the patients’ participation in this study.  

V V V V
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Outcome measures 

The primary explanatory outcome was any postoperative complication, assessed using the 

Postoperative Morbidity Survey (POMS)22 by postoperative day 5. The presence of morbidity 

from any of the nine domains of the Postoperative Morbidity Survey was considered to 

constitute the presence of significant morbidity by postoperative day five. Secondary clinical 

outcomes were time to become morbidity free and hospital length of stay. Cardiopulmonary 

impairment associated with PP was assessed primarily by predicted oxygen pulse, a robust 

surrogate for left ventricular stroke volume.21 In addition, we analysed other parameters 

derived during cardiopulmonary exercise (heart rate, anaerobic threshold, E/ CO2), 

expressed as % predicted population normal values corrected for age and gender, where 

applicable.21  

 

Statistical analysis 

Categorical data are summarized as absolute values (percentage). Continuous data that 

follow a normal distribution are presented as mean (standard deviation) and continuous data 

that follow a non-normal distribution are presented as median (interquartile range). To 

assess whether low or high pulse pressure according to a pre-defined threshold of pulse 

pressure ≤53mmHg was associated with morbidity, we divided the cohort into two groups 

according to this threshold. The relationship between pulse pressure ≤53mmHg and 

postoperative morbidity were compared using the Fishers exact test for trend.  Continuous 

data were analyzed using ANCOVA (controlling for age, gender, body-mass index), with 

post-hoc Tukey Kramer tests to identify within and between factor differences. To 

determine whether observed associations were as a result of confounding, we repeated the 

analysis using a one-way, hierarchical forward switching logistic regression model,23 which 

including the following covariates that are associated with postoperative morbidity: age, 

V V
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body-mass index, gender, diabetes mellitus and preoperative cardiovascular 

disease/medication (ischemia/cardiac failure/dysrhythmias) and anaerobic threshold 

≤11.1ml.kg.min-1. Odds ratios for logistic regression analysis and contingency tables are 

presented as crude percentage plus OR with 95% confidence interval and p-value. Patients 

who died were right-censored as the longest length of stay plus one day. P≤0.05 was 

considered statistically significant (NCSS 11, Kaysville, UT, USA).  

 

Power calculation 

The primary clinical outcome was POMS-defined morbidity by postoperative day 5. We 

estimated the sample size using survival curves from several pulse pressure studies in heart 

failure (totalling 27046 patients in 22 separate heart failure studies), where patients with pulse 

pressure ≥53mmHg have 20% lower mortality (35% mortality versus 55% mortality in 

patients with pulse pressure ≤53mmHg).16 POMS-defined morbidity is  at least 50% by 

postoperative day 5 in similar higher-risk patient populations,24, 25 and correlates with post-

hospital mortality.26 Therefore, assuming that patients with pulse pressure ≥53mmHg would 

sustain 50% relative reduction in POMS-defined morbidity, ≥569 patients would be required 

to detect a clinically relevant reduction of 20% fewer patients being free of morbidity on 

postoperative day 5 (α=0.01; β=0.9).  

 

 

RESULTS 

Patient characteristics. 

Figure 1 summarizes patient recruitment at preoperative assessment and progression to 

surgery. Pulse pressure was calculated in 821 patients on the day of cardiopulmonary exercise 

testing, of whom 660 proceeded to surgery (Table 1). Mean (SD) preoperative pulse pressure 
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was 61±19 mmHg. 302/821 (36.7%) patients had pulse pressure ≤53mmHg. Older age and 

higher systolic blood pressure were the only factors associated with pulse pressure ≥53mmHg 

(Table 2). Higher pulse pressure was associated with advanced age, elevated systolic blood 

pressure, diabetes mellitus and the prescription of beta-blockers and diuretic medication 

(Supplementary Table 1). In patients with an anaerobic threshold above that associated with 

poorer postoperative outcomes (i.e. 11.1ml.kg.min-1), those with low pulse pressure 

≤53mmHg were less likely to receive cardiovascular medication, including ACE 

inhibitors/angiotensin receptor blockers (Supplementary Table 2). Predicted morbidity, as 

calculated by POSSUM score for different surgical procedures, was similar between pulse 

pressure groups (p=0.16 for interaction between type of surgical procedure and pulse pressure 

≤53mmHg; Supplementary Table 3). 

 

Primary analysis: pulse pressure and postoperative outcome. 

There were 260/660 patients with pulse pressure ≤53mmHg who proceeded to surgery.  

Patients with pulse pressure ≤53mmHg were more likely to sustain postoperative morbidity 

in the first five days after surgery (odds ratio:2.24 (1.29-3.38); p<0.001), as reflected by the 

time to become morbidity free (p=0.05, by log-rank test; Figure 2). Although sustaining any 

postoperative morbidity was common in this higher-risk population (87.6%), patients with 

pulse pressure ≤53mmHg were more likely to sustain pulmonary (50%; odds ratio:1.71 (1.24-

2.37); p<0.001), gastrointestinal (64%; odds ratio:1.44 (1.03-2.02); p=0.03) and pain (73%; 

OR:1.49 (1.04-2.14); p=0.03) morbidity by postoperative day 5. Logistic regression analysis 

confirmed that pulse pressure ≤53mmHg (OR:1.95 (1.11-3.46); p=0.02) and type of surgery 

(OR:5.88 (1.75-19.8); p=0.004) were associated with all-cause morbidity on postoperative 

day five (Supplementary Table 4).  In this population, the discriminative capacity for pulse 

pressure ≤53mmHg to predict morbidity by postoperative day 5 (area under the curve (AUC) 
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of the receiver operating characteristic= 0.63 (0.54-0.70) exceeded that for anaerobic 

threshold (AUC:0.51 (0.41-0.59; p=0.005), with a positive predictive value=0.92, sensitivity 

0.42 and specificity =0.75 (Supplementary Figure 1).  In-hospital mortality (1.6%) was 

similar between pulse pressure groups (odds ratio:1.08 (0.35-3.32). Lower pulse pressure 

(≤53 mmHg) is an independent predictor of mortality in patients with reduced ejection 

fraction heart failure, but particularly in those with a systolic blood pressure <140 mmHg.8 In 

our study, we found that patients with pulse pressure ≤53mmHg alone, or in combination 

with a systolic arterial pressure threshold <140mmHg (219/243), had a similar incidence of 

postoperative morbidity by postoperative day 5 (OR:1.94 (0.25-15.2); p=0.9). 

 

Pulse pressure and cardiovascular performance. 

Mean anaerobic threshold across the whole population was 11.8ml.kg.min-1 (95%CI:11.5-

12.0); 49.8% of patients had an AT≤11.1ml.kg.min-1. PP≤53mmHg was associated with 

lower predicted oxygen pulse (mean difference:6% (95%CI:1-12); p=0.02), but similar 

anaerobic threshold values. An oxygen pulse <90% of population-predicted normal values 

was more likely in patients with PP≤53mmHg (odds ratio:1.93 (95%CI:1.32-2.84); p=0.003).  

We also observed higher resting heart rate, lower predicted peak oxygen consumption but 

similar E/ CO2 ratio when preoperative pulse pressure ≤53mmHg (Table 1). In an 

exploratory analysis, transthoracic echocardiography in a subset of 47 patients found similar 

proportions of patients with preserved ejection fraction (≥60%) and lower pulse pressure 

(p=0.66; Supplementary Table 5). 

 

  

V V
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DISCUSSION 

This multi-centre prospective study shows that pulse pressure, a simple, inexpensive, and 

readily available clinical index, provides additional useful preoperative information in 

surgical patients who are deconditioned with low cardiopulmonary reserve. Mirroring the 

heart failure literature, we found that lower pulse pressure was independently associated with 

more postoperative morbidity. In particular, the diagnostic utility of pulse pressure 

≤53mmHg, as identified from meta-analysis of >27,000 patients enrolled into heart failure 

trials,16 appears to similarly apply to surgical patients without a formal diagnosis of heart 

failure. 

   This study recruited high-risk patients with low cardiopulmonary reserve (as indicated 

by low anaerobic threshold) and high predicted postoperative morbidity as adjudged from 

POSSUM scores. Perioperative clinicians routinely deem patients as being at higher-risk “by 

eye” – even though the mechanistic/ physiological reasons for this intuitive decision are not 

readily apparent. Although patients with higher pulse pressure appeared to be relatively 

“protected”, our data also highlight that patients with lower pulse pressure may have 

advanced cardiovascular impairment as a result of less intense, or absent, primary 

cardiovascular prevention. These observations reinforce the opportunity that 

cardiopulmonary exercise testing affords to characterize and understand the cardiopulmonary 

function of higher risk surgical patients, as several perioperative reports have demonstrated.  

Cardiovascular regulation and performance in patients with heart failure and low 

pulse pressure is complex, with left ventricular ejection fraction playing a critical influence. 

Apparently paradoxically- and in contrast to the general population- heart failure patients 

with reduced pulse pressure have worse clinical outcomes, including accelerated mortality. 

These data suggest that reduced cardiac function and lower stroke volume are the chief 

determinants of lower pulse pressure in heart failure characterized by impaired ejection 
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fraction. However, this contrasts with extensive and robust observations on pulse pressure in 

the general population, where higher (rather than lower) pulse pressure has consistently been 

linked to adverse outcomes. This qualitative shift in the association of pulse pressure with 

mortality is most likely explained by elevated arterial stiffness driving haemodynamic 

performance prior to the relative failure of the left ventricle to counteract high afterload over 

the long-term. The progressive reduction in left ventricular performance is promoted by 

ischaemia and/or fibrosis. However, this picture is further complicated by the absence of the 

lower pulse pressure relationship and outcomes in patients with preserved ejection fraction 

heart failure, in striking contrast to reduced ejection fraction heart failure.8 Our data suggest 

that although the vast majority of patients did not have a clinical diagnosis of heart failure, 

they exhibited low cardiopulmonary reserve characterized by reduced left ventricular stroke 

volume (low predicted oxygen pulse) in conjunction with low pulse pressure. This is perhaps 

surprising, given the higher incidence of preserved ejection fraction heart failure in the 

general population. Nevertheless, deconditioned surgical patients share reduced 

cardiovascular reserve that is strikingly similar to that observed in heart failure patients.19 

Comprehensive echocardiography (which was logistically and financially beyond the scope 

of this study cohort) and B-type natriuretic peptide data are likely to help clarify these 

findings in both heart failure and perioperative populations.   

Lower pulse pressure was associated with delayed resolution of postoperative 

morbidity. The associations we found between lower PP and specific morbidities five days 

after major surgery offer potential mechanistic insights into the evolution of postoperative 

complications, which usually cluster. We cannot exclude that pulmonary morbidity 

(essentially defined as additional oxygen requirement) at this timepoint is a by-product of the 

presence of persistent gastrointestinal dysfunction, in addition to ongoing requirements for 

parenteral analgesia. Impaired cardiovascular performance is strongly linked to renal and 
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gastrointestinal dysfunction postoperatively; in patients with low pulse pressure, poorer 

cardiac output would be likely to fuel renal and/or gastrointestinal hypoperfusion. Pain may 

also be independently associated with this lower pulse pressure phenotype, since multiple 

mechanisms link hypertensive remodelling with lower analgesic thresholds.27-29  

Significant strengths of this adequately powered observational study include the 

prospective, multicentre data collection. Study personnel and patients were blinded to pulse 

pressure data linked to outcomes. The limited amount of detailed echocardiographic data, 

including assessment of diastolic function, precludes further insights into whether the 

reduced/ preserved ejection fraction observations made in the heart failure literature extend 

into the perioperative arena. Nevertheless, combining pulse pressure measurement with 

contemporaneous cardiopulmonary exercise testing provides detailed (and arguably richer) 

dynamic physiological data than resting echocardiography alone. The use of N-terminal brain 

natriuretic peptide would have helped further clarify whether patients with low pulse pressure 

exhibit clear evidence for cardiac failure, independent of more extensive and time-consuming 

investigations. The high incidence of morbidity by postoperative day 5 reinforces the high-

risk characteristics of the patients and surgery undertaken in this study, but possibly dilutes 

the discriminatory power of pulse pressure as a robust predictor. Although POMS correlates 

with longer-term mortality,26 the lack of 90-day mortality data (as routinely used in National 

Bowel Cancer Audit annual reports) is a limitation. The lack of troponin measurements 

would likely clarify whether low pulse pressure confers greater perioperative risk of 

myocardial injury, since the cardiovascular domains of POMS are particularly insensitive. 

The generalisability of these data is likely limited to deconditioned, older higher-risk patients, 

since elevated- rather than reduced- pulse pressure is associated with cardiovascular risk in 

the wider general medical population.  
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In summary, our findings suggest that lower pulse pressure in higher-risk surgical 

patients merits the consideration of an extensive preoperative assessment centred on 

cardiovascular performance. These pulse pressure data suggest that cardiopulmonary exercise 

testing may further objectively refine that assessment, since these patients share a strikingly 

similar cardiovascular phenotype to that described in reduced ejection fraction heart failure. 

There is a growing recognition that subtypes of heart failure are likely to require different 

treatment regimens.30 In contrast to heart failure with preserved ejection fraction, major 

progress has been made in improving survival from reduced ejection fraction heart failure. 

Our findings suggest that perioperative medicine can make similar gains in improving clinical 

outcome by more detailed understanding of pulse pressure and its’ direct, or indirect, 

mechanistic impact on postoperative morbidity.  

 

Author Contributions: Conceived and designed the experiments: GLA.  Performed the 

experiments: POM-HR investigators. Analysed the data: GLA/TEFA/SK. Contributed 

reagents/materials/analysis tools: GLA. Wrote the first draft of the manuscript: GLA/TEFA. 

Contributed to the writing of the manuscript: GLA/TEFA/SK/RMP. ATICMJE criteria for 

authorship read and met: GLA, TEFA, Agree with manuscript results and conclusions: 

GLA/TEFA. 

 

POM-HR Study Investigators: Derriford Hospital, Plymouth Hospitals NHS Trust & 

Peninsula Schools of Medicine and Dentistry, Plymouth University: Gary Minto, Angela 

King, Claire Pollak, Claire Williams, Abigail Patrick, Claire West. Royal Bournemouth 

Hospital: Emma Vickers, Richard Green, Martin Clark. University College London Hospitals 

NHS Trust: John Whittle, Laura Gallego Paredes, Robert CM Stephens, Amy Jones, James 

Otto, Anna Lach, Ana Gutierrez del Arroyo, Andrew Toner. Royal Preston Hospital, 

Lancashire Teaching Hospitals NHS Foundation Trust: Alexandra Williams, Thomas Owen. 

Royal Surrey County Hospital: Pradeep Pradhu, Daniel Hull, Laura Montague.  



14 
 

Support: NIAA/RCoA Basic Science Career Development award (GLA).  

 

Figure legends 

Figure 1. Data analysis plan. Flowchart of patient analysis.  
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Figure 2. Time to become free of postoperative morbidity and pulse pressure. 

Kaplan-Meier plot depicting time to become morbidity free, stratified by preoperative pulse 

pressure >53mmHg versus <53mmHg. Unadjusted log-rank analysis showed that 

PP≤53mmHg was associated with delayed resolution of morbidity (hazard ratio: 1.62 

(95%CI:1.14-2.32); p=0.05). 
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Table 1. Patient characteristics, stratified by pulse pressure threshold 53mmHg.  

All values mean (SD or 95%CI), or n (% respective category). * % of population predicted norm. 

 

 Whole cohort >53 ≤53 

n 660 400 260 

Pulse Pressure (mmHg) 61 (18.4) 72 (14.5) 44 (7.2) 

Age (years) 68 (10.7) 71 (9.3) 64 (11.3) 

Male gender (n (%)) 451 (68.3) 263 (65.8) 188 (72.3) 

Body-mass index (kg.m2) 27.4 (5.2) 27.9 (5.2) 26.8 (5.0) 

Cardiac medication    

Beta blockers (n (%)) 153 (23.2) 99 (24.8) 54 (20.8) 

Calcium channel blocker (n (%)) 148 (22.4) 102 (25.5) 46 (17.7) 

Diuretic (n (%)) 82 (12.4) 64 (16.0) 18 (6.9) 

Nitrate (n (%)) 29 (4.4) 19 (4.8) 10 (3.8) 

Anti-platelet agents (n (%)) 178 (26.9) 131 (32.8) 47 (18.1) 

Statin (n (%)) 56 (8.4) 30 (7.5) 26 (10.0) 

ACE-I/ARB (n (%)) 210 (31.8) 144 (36.0) 66 (25.4) 

RCRI>2 (n (%)) 83 (12.6) 59 (14.8) 24 (9.2) 

Diabetes mellitus (n (%)) 97 (14.7) 65 (16.3) 32 (12.3) 

Estimated GFR (ml.min.1.73m2) 73 (33) 71 (17) 77 (18) 

Albumin (g.L-1) 43 (4) 43 (4) 44 (3) 

    

Systolic pressure (mmHg) 141 (21) 151 (18) 125 (13) 

Diastolic pressure (mmHg) 80 (12) 79 (12) 81 (11) 

Mean arterial pressure (mmHg) 98 (12) 101 (13) 94 (11) 

Resting heart rate (min-1) 81 (17) 79 (17) 83 (16) 

Anaerobic threshold (ml.kg.min-1) 11.8 (11.5-12.0) 11.7 (11.4-11.9) 12 (11.5-12.5) 

Predicted oxygen pulse (%)* 89 (86-92) 91 (88-95) 85 (81-89) 

VeVCO2 at anaerobic threshold 31.3. (30.8-31.8) 31.3 (30.7-32.1) 31.3 (30.4-32.2) 

Predicted peak oxygen consumption (%)* 81 (79-84) 84 (81-87) 76 (73-80) 
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Table 2. Multiple logistic regression analysis exploring factors associated with 

PP≥53mmHg. 

 
 

Independent Variable Wald P-Value Odds ratio (95%CI) 

Age <0.001 1.05 (1.03-1.07) 

Body-mass index 0.505 1.02 (0.97-1.07) 

Systolic pressure <0.001 1.13 (1.11-1.15) 

Diabetes mellitus 0.613 1.19 (0.60-2.35) 

Gender 0.600 1.15 (0.69-1.90) 

Beta blocker 0.341 0.75 (0.41-1.36) 

Calcium channel blocker 0.774 0.92 (0.51-1.65) 

Diuretic 0.186 0.57 (0.24-1.31) 

Nitrate 0.753 0.84 (0.29-2.45) 

Statin 0.235 1.69 (0.71-4.00) 

ACE-i/ARB 0.191 0.69 (0.40-1.20) 
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Supplementary data 

Supplementary Table 1: Multiple logistic regression analysis exploring factors 

associated with higher pulse pressure. 

 

 

 
Regression Standard Lower 95% Upper 95%  Reject Power 

Independent Coefficient Error Conf. Limit Conf. Limit Prob H0 at of Test 

Variable b(i) Sb(i) of β(i) of β(i) Level 5%? at 5% 

Intercept -51.19 3.49 -58.04 -44.34 0.00 Yes 1.00 

Age 0.22 0.03 0.16 0.29 0.00 Yes 1.00 

Body-mass index -0.03 0.07 -0.16 0.11 0.71 No 0.07 

Systolic pressure 0.69 0.02 0.66 0.73 0.00 Yes 1.00 

Male gender -1.47 0.76 -2.97 0.02 0.05 No 0.49 

Diabetes mellitus 2.34 1.02 0.35 4.34 0.02 Yes 0.63 

Βeta-blocker 3.16 0.87 1.46 4.86 0.00 Yes 0.95 

Ca2+ channel blocker 0.55 0.84 -1.09 2.19 0.51 No 0.10 

Diuretic 2.58 1.07 0.49 4.68 0.02 Yes 0.68 

Nitrate  1.23 1.59 -1.89 4.35 0.44 No 0.12 

Statin -2.43 1.10 -4.58 -0.27 0.03 Yes 0.60 

ACE-I/ARB -0.44 0.80 -2.01 1.12 0.58 No 0.09 
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Supplementary Table 2. Cardiovascular medication stratified by preoperative pulse 

pressure in patients with anaerobic threshold >11ml.kg.min-1. Odds ratio shown for 

increased likelihood of patients with PP>53 receiving cardiovascular medication indicated. 

 

 
PP>53 PP≤53 Odds ratio P value 

n 214 127   

RCRI>2 (n (%)) 187 (87.4) 107 (84.2) 1.04 (0.95-1.14)  

Any Cardiac medication 122 56 1.29 (1.03-1.62) 0.02 

Beta blockers (n (%)) 47 (22.0) 22 (17.3) 1.27 (0.80-2.00) 0.33 

Calcium channel blocker (n (%)) 45 (21.0) 20 (15.7) 1.34 (0.83-2.16) 0.26 

Diuretic (n (%)) 26 (16.0) 5 (3.9) 3.09 (1.22-7.83) 0.01 

Anti-platelet agents (n (%)) 64 (29.9) 20 (15.7) 1.90 (1.21-2.98) 0.004 

Statin (n (%)) 9 (4.2) 12 (9.4) 0.79 (0.34-1.83) 0.64 

ACE-I/ARB (n (%)) 72 (33.6) 21 (16.5) 2.04 (1.32-3.14) 0.006 
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Supplementary Table 3. Procedure and patient specific POSSUM predicted morbidity, 

stratified by preoperative pulse pressure. Data are presented as median (25-75TH centiles), 

with numbers of patients per PP group denoted by n=. 

 

 PP>54mmHg PP≤53mmHg P value 

Colorectal (251) 41 (30-57) 

n=169 

32 (24-44) 

n=82 

0.23 

Upper GI (196) 60 (39-74) 

n=148 

57 (38-72) 

n=84 

0.90 

Urology (171) 53 (38-75) 

n=100 

39 (26-61) 

n=71 

0.08 

Vascular (113) 31 (24-43) 

n=75 

34 (19-52) 

n=38 

0.99 

Other (55) 41 (31-66) 

n=27 

39 (20-63) 

n=26 

0.99 
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Supplementary Table 4. Logistic regression analysis demonstrating risk factors associated with 

postoperative morbidity 5 days after surgery. 

 

 

 Regression Standard Wald  
 

Variable Coefficient Error Z-Value Wald P-Value Odds Ratio (95%CI) 

Intercept -1.29 1.42 -0.91 0.362 0.28 (0.02-4.42)  

Age 0.01 0.01 0.47 0.638 0.99 (0.97-1.02) 

Body-mass index 0.00 0.03 -0.03 0.979 1.00 (0.95-1.05) 

Diabetes mellitus -0.17 0.36 -0.46 0.643 0.85 (0.42-1.71) 

Gender 0.28 0.29 0.98 0.329 1.33 (0.75-2.34) 

Pulse pressure <53mmHg 0.79 0.31 2.59 0.010 2.21 (1.21-4.03) 

Cardiovascular medication 0.07 0.30 0.24 0.807 1.08 (0.59-1.95) 

Anaerobic threshold -0.06 0.26 -0.23 0.819 0.94 (0.57-1.57) 

Colorectal surgery 0.26 0.58 0.45 0.655 0.77 (0.25-2.39) 

Upper GI surgery -0.60 0.63 -0.96 0.337 1.82 (0.53-6.27) 

Urology surgery 0.45 0.61 0.73 0.463 0.64 (0.19-2.11) 

Vascular surgery 1.79 0.62 2.89 0.004 0.17 (0.05-0.56) 
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Supplementary Table 5. Echocardiographic findings, according to pulse pressure. 

Data are presented as mean (SD), with numbers of patients per PP group denoted by n; 

%group. 

 

 

 

PP>53 (n=26) PP≤53 (n=21) 

Age 71 (8) 66 (8) 

Male gender 21 (81%) 17 (81%) 

Body-mass index 27.1 (4.6) 26.0 (6.7) 

   
Systolic pressure 146 (20) 122 (13) 

Ejection fraction ≤60% 6 (23%) 5 (24%) 

Diastolic dysfunction 17 (65%) 10 (48%) 

Regional wall motion abnormality 5 (19%) 5 (24%) 

Diagnosis of heart failure 2 (8%) 2 (10%) 

 
  

Cardiovascular medication 22 (85%) 14 (67%) 

Βeta-blocker 8 (31%) 7 (33%) 

Ca2+ channel blocker 9 (35%) 4 (19%) 

Diuretic 5 (19%) 2 (10%) 

Nitrate  3 (12%) 4 (19%) 

Statin 13 (50%) 9 (43%) 

ACE-I/ARB 10 (38%) 9 (43%) 

   
Resting heart rate 85 (22) 84 (27) 

Anaerobic threshold 9.7 (2.0) 8.6 (2.2) 

Predicted oxygen pulse (%) 78 (22) 72 (15) 
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Supplementary Figure 1. Surgery specific, area under receiver operator characteristic 

curves for pulse pressure and anaerobic threshold to predict postoperative morbidity 

within the first five days after surgery. 

 


