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Abstract

Background. Both intraoperative hypotension and hypertension have been reported to increase the occur-
rence of acute kidney injury (AKI). However, the impact of the intraoperative pulse pressure (PP) on the latter
complications remains relatively unknown.

Objectives. To explore whether high intraoperative PP values are associated with postoperative AKI.

Materials and methods. The data for this study come from a prospective cohort study in which
patients who underwent abdominal surgery between October 1, 2018 and July 15, 2019 in univer-
sity hospital in Katowice, Poland were included in the analysis. Pre- and intraoperative data, including
blood pressure measurements, were acquired from medical charts. Several PP thresholds were ap-
plied: >50, >55, >60, >65, >70, >75, >80, >85, and >90 mm Hg. Additionally, by analyzing the maxi-
mal PP during the procedures, the cutoff point for the occurrence of outcomes was estimated. Postoperative
AKI'was considered as the outcome of the study. Univariable and multivariable analyses were performed
to assess PP relationship with AKI.

Results. Four hundred and ninety-four patients were included in the analysis. The AKI was present in 32
(6.5%) cases. The receiver operating characteristic (ROC) curve analysis estimated a cutoff point of >84 mm Hg
of maximal PP to be associated with the outcome. The PP values above 80 mm Hg and onward were suc-
cessfully included in the multivariable statistical models. A model in which PP > 90 mm Hg (odds ratio
(OR) = 4.03; 95% confidence interval (95% Cl): [1.53; 10.62]) was included, had the best predicting value
in predicting hypoperfusion injury (area under the receiver operating characteristics (AUROC) = 0.88). Apart
from PP, intraoperative hypotension, presence of chronic arterial hypertension, chronic kidney disease, and
procedure duration were independently associated with AKI.

Conclusions. High intraoperative PP may be associated with the occurrence of postoperative AKI. However,
the effect of high PP should be confirmed in other noncardiac populations to prove the generalizability of our
results.

Key words: acute kidney injury, hemodynamic monitoring, general surgery, pulse pressure



512

Background

Hypoperfusion-related organ injury is a fairly frequent
perioperative complication.!~* Intraoperative hypotension
(IOH) has been linked with postoperative myocardial in-
jury (MI), acute kidney injury (AKI) and stroke.!~* Peri-
operative Quality Initiative (POQI) consensus statement
on intraoperative blood pressure underlines that mean
arterial pressure (MAP) below 60—70 mm Hg and systolic
blood pressure (SBP) below 100 mm Hg are associated
with hypoperfusion-related organ injury and death.* How-
ever, hypertensive events during surgery may also worsen
the prognosis, as intraoperative episodes of SBP above
160 mm Hg have been correlated with the risk of myocar-
dial injury and infarction.* Lastly, diastolic blood pressure
(DBP) below 50 mm Hg is also reported to be harmful.®

Although ambulatory pulse pressure (PP) is considered
one of the best predictors of cardiovascular risk, it has been
poorly investigated in the perioperative period.® The asso-
ciation between high preoperative PP values and the rela-
tionship with postoperative complications (mainly myocar-
dial infarction, AKI and stroke) has been explored mostly
in cardiosurgical patient populations. The POQI has called
for further research on the matter in noncardiac surgery.”

Objectives

In an exploratory fashion, we sought to verify whether
elevated intraoperative PP values are associated with post-
operative AKI in the abdominal surgery population.

Materials and methods

The data used in this study come from a prospec-
tive cohort study previously published by our team.®
We screened 576 consecutive patients who underwent ab-
dominal surgery between October 1, 2018 and July 15, 2019,

patients who underwent
abdominal surgery
15 Oct 2018 — 15 Jul 2019
(n=590)
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in a University Hospital in Katowice, Poland. Procedures
of organ procurement (n = 11), reoperations (n = 24), pro-
cedures performed in local anesthesia or monitored an-
esthesia supervision (n = 33), procedures classified as im-
mediate according to the National Confidential Enquiry
into Patient Outcome and Death (NCEPOD) Classification
of Intervention® (n = 14), and patients with proven cardiac
valve defects (n = 14) were excluded from the study (Fig. 1).
Demographic and medical data were recorded, includ-
ing sex, age, weight, height, and comorbidities and their
pharmacological treatment, according to the International
Classification of Diseases (ICD-10) criteria.l® Body mass
index (BMI) and Charlson comorbidity index (CCI) were
subsequently calculated. Type and duration of anesthe-
sia, as well as type, duration and urgency of surgery were
recorded. Perioperative risk was assessed based on an in-
dividual patient’s risk, according to the American Society
of Anesthesiologists (ASA) physical status (PS) classifi-
cation,!! and procedural risk, according to the European
Society of Cardiology and European Society of Anaesthe-
siology recommendations.!? Primary arterial hypertension
was diagnosed based on medical records.

The SBP and DBP were measured on a nondominant arm
using an automated noninvasive oscillometric BP moni-
toring device (Dréger Infinity Gamma XL; Dréager, Li-
beck, Germany) with a cuff of appropriate size, depending
on a patient’s arm circumference, and recorded in 5-min-
ute intervals during anesthesia, from the first preinduction
measurement until the last measurement during recovery
from anesthesia in the operating theater. The MAP values
were automatically calculated. Pulse pressure was calcu-
lated as the difference between SBP and DBP. The need
for norepinephrine (NE) use and its doses, together with
intraoperative fluid balance, were analyzed.

Taking into consideration other studies on clinical con-
sequences of abnormal PP, and the fact that PP revolves
usually around values of 40 mm Hg, we distinguished fol-
lowing absolute PP thresholds: >50, >55, >60, >65, >70, >75,
>80, >85, and >90 mm Hg.>!3-15 Additionally, by analyzing

« reoperations (n = 24)

supervision (n = 33)

excluded patients:
- procedures of organ procurement (n=11)

—= < |ocal anesthesia or monitored anesthetic

- procedures classified as immediate (n = 14)
- patients with cardiac valve defects (n = 14)

Y

patients included in the analysis
(n=494)

Fig. 1. Flow diagram for the patient selection
process
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the maximal PP during the procedure, the best cutoff point
associated with the occurrence of AKI was estimated.
We used maximal PP (presented as the median of all
maximal PPs recorded among all the patients) and not
an average or a median, due to a number of reasons. Firstly,
the average value is much more confounded by extreme
values of the distribution of numbers. Secondly, choosing
maximal PP over average or median PP is better suited for
finding a cutoff point for PP that is associated with post-
operative AKL In this study, we explored the role of high
PP values; therefore, we naturally sought higher values and
tried to find thresholds that would be easily identifiable
by a clinician. In contrast, the average or the median value
reflects rather a global trend in values and does not bring
any specific information.

Moreover, we analyzed the occurrence of high systolic
(defined as SBP > 160 mm Hg'®), low diastolic (defined
as DBP < 50 mm Hg!”) and low mean arterial pressure (de-
fined as MAP < 60 mm Hg'®). We excluded pre-induction
measurements in order to assess only those BP values that
occurred during anesthesia.

In the postoperative period, the incidents of AKI were
recorded and defined as a serum creatinine increase
>0.3 mg/dL within 48 h or an increase in serum creatinine
by =1.5 times baseline, which is known or presumed to have
occurred within the prior 7 days.” This outcome was con-
sidered as the endpoint. In addition, incidents of AKI were
classified as stages based on Kidney Disease Improving
Global Outcomes (KDIGO) guidelines.?

STrengthening the Reporting of OBservational studies
in Epidemiology (STROBE) statement was applied for ap-
propriate reporting.?!

Statistical analysis was performed using MedCalc sta-
tistical software v. 18.1 (MedCalc Software Ltd., Ostend,
Belgium). Continuous variables were expressed as median

Table 1. Preoperative population characteristics
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and interquartile range (IQR). Qualitative variables were
expressed as absolute values and/or percentages. Between-
group differences for quantitative variables were assessed
using the Mann—Whitney U test. Their distribution was
verified with the Shapiro—Wilk test. The x? tests were ap-
plied for qualitative variables. The correlation was assessed
using Spearman’s rank correlation coefficient. The re-
ceiver operating characteristic (ROC) curve analysis was
implemented to assess the relationship between AKI and
maximal PP. In order to control the potential confound-
ing factors, we used multivariable logistic regression with
all variables that achieved p-value <0.1 in the univariable
analysis. The Hosmer—Lemeshow test was performed to as-
sess the goodness-of-fit of multivariable logistic regressions.
If applicable, odds ratios (ORs) and area under the receiver
operating characteristics (AUROC) with 95% confidence in-
tervals (95% Cls) were calculated. All tests were two-tailed.
A value of p < 0.05 was considered statistically significant.

Results

A total number of patients included in the analysis
was 494, out of which 239 (46%) were male. The median
age of participants was 65 years (IQR 46—-68). Older age,
higher ASA-PS class and higher CCI were found to be
significant preoperative risk factors for the occurrence
of AKI. Detailed preoperative population characteristics
are presented in Table 1, whereas intraoperative population
characteristics are presented in Table 2. The primary out-
come (AKI) was diagnosed in 32 (6.7%) patients. According
to KDIGO criteria, 24 patients (75%) suffered from stage
1 AK]I, 5 patients (15.6%) from stage 2 AKI and 3 patients
(9.4%) from stage 3 AKLY Pre-induction PP was not as-
sociated with the outcome (Table 1).

Variable (':K__I (;2)) df/test-value
Age [years] 61 (44-68) 67 (62-73) 0.0002 U-value =5010
Male (n) 213 (46.1) 17 (53.1) 04738 df=1
BMI [kg/m?] 25.6 (22.5-29.0) 274 (22.6-30.7) 0.2318 U-value = 6426
Arterial hypertension 197 (42.6) 26(81.2) <0.0001 df=1
Chronic kidney disease (n) 8(1.7) 5(15.6) <0.0001 df =1
Pre-induction SBP [mm Hg] 140 (125-155) 142.5(132.5-155) 0.1985 U-value = 6308
Pre-induction MAP [mm Hg] 101.7 (92-110) 101.5 (95-113) 0.5473 U-value = 6297
Pre-induction PP [mm Hg] 56 (48-66) 59 (50-75) 0.2595 U-value = 6439
ASA-PS I/II 279 (60.4) 10(31.2) 0.0012 df=1
ASA-PS II/IV/V 183 (39.6) 22 (68.7) 0.0012 df=1
CCl [pts] 3(1-5) 5(3-7) 0.0001 U-value = 4434
Premedication 278 (60.2) 22 (62.5) 0.7949 df=1

AKI - acute kidney injury; PP — pulse pressure; ASA-PS — American Society of Anesthesiologists physical class; BMI — body mass index; SBP - systolic blood pressure;
MAP — mean arterial pressure; CCl — Charlson comorbidity index; df — degrees of freedom. Age, BMI, pre-induction SBP, pre-induction MAP, pre-induction PP, and
CClwere analyzed using Mann-Whitney test, whereas sex, arterial hypertension, chronic kidney disease, ASA-PS, and premedication were tested with ? test.
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Table 2. Intraoperative population characteristics

. AKI (+)

Variable (n=32) df/test-value
General + epidural anesthesia (n) 23 (6.5) 9(28.1) <0.0001 df=1
Procedure risk | (n)* 43(9.3) 1(3.1) 0.2356 df=1
Procedure risk Il (n)* 308 (66.7) 7 (53.1) 0.1188 df=1
Procedure risk Il (n)* 111 (24.0) 4(43.7) 0.0132 df=1
Oncological procedure (n) 216 (46.8) 22 (68.7) 0.0161 df=1
Catecholamine use (n) 194 (42) 26(81.2) <0.0001 df=1
Catecholamine dose [ug/kg/min] 0.06 (0.042-0.091) 0.073 (0.061-0.108) 0.1166 U-value = 1636
Procedure duration [min] 220.0 (120.0-330.0) 392.5(255.0-557.0) <0.0001 U-value = 3297
Fluid dose [mL/kg/h] 6.79 (5.16-8.80) 6.64 (4.71-8.59) 0.5337 U-value = 6906
Mean arterial pressure [mm Hg] 83.33(78.33-88.33) 85.17 (78.33-89.67) 0.5765 U-value = 6956
Minimal pulse pressure during 30 (25-35) 25 (20-32) 00419 U-value = 5816
anesthesia [mm Hg]
Median pulse pressure during 450 (40-512) 50 (45-60) 00028 U-value = 5058
anesthesia [mm Hg]
g e 65 (56-75) 825 (66-93.5) <0.0001 U-value = 4018
anesthesia [mm Hg]
MAP < 60 mm Hg during 106 (22.9) 14(437) 0.0080 df=1
anesthesia (n)
SEIP > ST i g g 98 (21.2) 10(31.2) 0.1844 df =1
anesthesia (n)
DBP < 50 mm Hg during 133 (288) 15 (46.9) 00309 df=1
anesthesia (n)

AKI - acute kidney injury; df — degrees of freedom; MAP — mean arterial pressure; SBP — systolic blood pressure; DBP — diastolic blood pressure; * according
to European Society of Cardiology and European Society of Anaesthesiology recommendations.” General + epidural anesthesia, procedure risks,
oncological procedures, catecholamine use, MAP < 60 mm Hg, SBP > 160 mm Hg, and DBP < 50 mm Hg were tested with x? test, whereas catecholamine
dose, procedure duration, fluid dose, MAP, and minimal, maximal and median pulse pressure during anesthesia were tested using Mann-Whitney test.

Table 3. Correlation between pulse pressure and systolic blood pressure, diastolic blood pressure and mean arterial pressure

Median pulse pressure

Median pulse pressure
I CONGEEEY))

R=0604; p < 0.01
R=-0623;p <001
R=0447;p < 001

Variable

AKI () (n = 462)
R=0649; p < 001
R=-0214;p <001
R=0446; p < 0.01

Median systolic blood pressure
Median diastolic blood pressure

Pre-induction pulse pressure

AKI —acute kidney injury. The values are Spearman’s rank correlation coefficients.

In patients who developed AKI, PP more negatively cor-
related with DBP than in patients without AKI (Table 3).

Maximal PP registered over the course of the proce-
dure was associated with the outcome (AUROC = 0.728;
p < 0.001), with a cutoff point >84 mm Hg (Fig. 2).

In univariable analyses, all PP thresholds, except
for >50 mm Hg, were statistically significant predictors
of AKI (Fig. 3). In multivariable logistic regressions, PP
values >80, >84, >85, and >90 mm Hg were included
in the final statistical models. It was discovered that
PP > 90 mm Hg predicted AKI with the highest accuracy,
even after the adjustment for various confounding fac-
tors, including intraoperative hypertension (Table 4). Low
DBP (<50 mm Hg) and high SBP (>160 mm Hg) were not
significant in the multivariable models.

Discussion

The main finding of our exploratory study is that in-
creasing intraoperative values of PP were associated with
the occurrence of postoperative AKI. This association
persisted after adjusting for confounding factors (most
importantly: high SBP and low DBP). We found a cutoff
point of >84 mm Hg of maximal PP to be associated with
AKI. In regards to the predetermined thresholds, PP above
80 mm Hg and onward was linked to AKI. Pulse pressure
above 90 mm Hg, out of all PP thresholds applied, appeared
to be the best predictor of postoperative AKIL.

To our knowledge, this is the first study investigating
the role of intraoperative PP in abdominal surgery in such
a complex manner. It is known that increased ambulatory
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maximal pulse pressure

100
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=
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AUC =0.728
<0.001
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100-specificity

Fig. 2. The receiver operating characteristic (ROC) curve analysis of maximal
pulse pressure (PP) values registered over the course of procedure

AUC - area under the curve.

PP is strongly associated with cardiovascular events, not
only in the general population but also in cardiac surgery
setting, irrespective of the presence of chronic arterial hy-
pertension.®2223 Pulse pressure stands as a proxy for general
vascular health and reflects cardiovascular risk better than
isolated measurements of either SBP or DBP.2* Generally,
a value of PP is determined by stroke volume, left ventricle
contractility and arterial compliance. Interestingly, pre-
induction PP values (a reflection of baseline PP) alone were
not significantly related to the outcome. In studies by Abbott

>90 mm Hg
>85 mm Hg
>84 mm Hg
>80 mm Hg
>75 mm Hg
>70 mm Hg
>65 mm Hg
>60 mm Hg

pulse pressure threshold

>55mm Hg
>50 mm Hg

0.1 1
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et al. and Mitrev et al., it was found that increasing values
of ambulatory and pre-induction PP were significantly re-
lated to the increased occurrence of postoperative MI and
AKI.>% It must be remembered, however, that those studies
were performed among cardiac surgery patients with pre-ex-
isting cardiac morbidities, and the effect of preoperative PP
might have been more significant than in the noncardiac set-
ting. The fact that in our cohort pre-induction PP was not as-
sociated with AKI, gave us more space to explore the impact
of intraoperative values. Nevertheless, intraoperative PP pos-
itively correlated with the pre-induction values. The negative
correlation between PP and DBP was especially interesting,
since it was 2 times stronger in patients with the compro-
mised outcome. Lowered DBP is known to decrease coronary
perfusion and could be associated with the development
of hypoperfusion-induced organ injury.2¢2” However, after
taking into account low DBP (<50 mm Hg) in multivariate
analyses, PP thresholds remained significant and low DBP
was not included in the models.

We discovered that patients who experienced AKI ex-
hibited higher values of PP, and the ORs varied, depend-
ing on the threshold applied. Contrary to our hypothesis,
Ahuja et al., in a large cohort of 23,000 patients, found
that PP below 35 mm Hg was linked to postoperative MI
and AKL! Indeed, in our cohort, the AKI group experi-
enced lower minimal PP compared to the non-AKI group
(median 25 mm Hg compared to 30 mm Hg). Low PP
is thought to predict cardiovascular events in patients
with impaired cardiac function: decreased contractil-
ity of left ventricle causes SBP to achieve lower values
and negatively impact the value of PP. It must be remem-
bered that Ahuja et al. explored only the lowest values
of PP and called for further research regarding high
intraoperative PP.

OR (95% CI)
5.63[2.40; 13.25]*
6.19 [2.86; 13.34]*
6.45 [3.07; 13.56]*
5.79(2.77;12.13]*
4.21[2.03; 8.75]*
3.71[1.74; 7.88]*
3.96 [1.68; 9.34]*
4.55[1.57; 13.19]*
4.80[1.13; 20.401*
4.19[0.56; 31.30]

10 100

odds ratio

Fig. 3. Pulse pressure thresholds and their relationship with acute kidney injury. The box represents odds ratio (OR) whereas the whiskers represent

confidence intervals (Cls). The asterisk represents statistically significant values
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Table 4. Multivariate logistic regression models in predicting the occurrence of acute kidney injury (AKI)

Variable*
PP >80 mm Hg (1/0) PP > 84 mm Hg (1/0) PP > 85 mm Hg (1/0) PP >90 mm Hg (1/0)
OR=261 OR=3.13 OR=3.17 OR=4.03
PUlse Dressure 95% Cl: [1.13; 6.05] 95% Cl: [1.35-7.22] 95% Cl: [1.33-7.54] 95% Cl: [1.53-10.62]
P =096 B=114 B=1.15 B=139
p =0.0245 p=0.0011 p = 0.0090 p = 0.0048
OR=3.13 OR=3.07 OR=3.20 OR=4.20
Chronic arterial 95% ClI: [1.17-8.35] 95% Cl: [1.29-7.06] 95% Cl: [1.21-8.46] 95% ClI: [1.56-11.35]
hypertension (1/0) B=1.14 B=1.12 B=1.16 =143
p=00226 p =0.0079 p=00192 p = 0.0046
OR = 1.006 OR =1.006 OR =1.007 OR = 1.007
Procedure duration (per 95% Cl: [1.003-1.008] 95% Cl: [1.003-1.009] 95% Cl: [1.003-1.009] 95% Cl: [1.003-1.009]
1 min) B =0.0062 B =0.0063 B = 0.0066 B = 0.0066
p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001
OR=6.72 OR=6.59 OR=593 OR=6.14
Chronic kidney 95% Cl: [1.71-26.45] 95% Cl: [1.66-26.17] 95% Cl: [1.47-23.84] 95% Cl: [1.54-24.53]
disease (1/0) B=1.90 3=188 =178 B=1.81
p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001
Intraoperative ONS2n
0, . —
hypotension not included not included not included 95% %'Pdoé 604]
(MAP < 60 mm Hg) (1/0) p=00102
0.861; 0.866; 0.862; 0.880;
AUROC (0.828-0.891); (0.83-0.89); (0.83-0.89); (0.85-0.91);
p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001
5 x> =349; =771; x> =4.68; x> =3.87;
e e—Leesiiony Es b = 08995 D= 04621 b =07887 p=08768

PP — pulse pressure; MAP — mean arterial pressure; AUROC — area under the receiver operating characteristics; OR — odds ratio; 95% Cl — 95% confidence
interval; B - coefficient; p — p-value. * Variables that failed to be significant in the multivariable models were as follows: PP > 50 mm Hg, PP > 55 mm Hg,

PP > 60 mm Hg, PP > 65 mm Hg, PP > 70 mm Hg, PP > 75 mm Hg, age, American Society of Anesthesiologists (ASA) lll/IV/V, Charlson comorbidity index
(CCl), adjunction of regional anesthesia, procedure risk (Il), oncological procedure, catecholamine use, systolic blood pressure (SBP) >160 mm Hg, diastolic

blood pressure (DBP) <50 mm Hg, SBP (per 1 mm Hg).

High PP could influence systemic circulation in numer-
ous ways. First, kidneys have a high resting blood flow.
With the increase of PP, perfusion of this organ becomes
more pulsatile and it is thought to damage endothelium and
smooth muscle and induce shear stress, which can cause
plaque to rupture and form thrombosis.?8-3° Additionally,
high PP can decrease flow-mediated vasodilation.3! What
is also worth mentioning is that increased PP causes aortic
lumen to decrease, which results in ventricular-aortic de-
coupling, characterized by cardiac output that is too great
to be accommodated by aortic lumen (leading to the im-
paired cardiac output with preserved systolic function).>3?

Limitations

The abovementioned findings should be analyzed with
caution due to possible confounding factors. First, the vast
majority of patients had their BP measured with the oscil-
lometric method. Due to an imperfect algorithmic method
of distinguishing SBP and DBP, such patients have a higher
risk of discrepancy between the registered and real BP.
The discrepancy, especially in SBP, is more often expressed
in patients with stiffer arteries and higher PPs.** In a study
by Kayrak et al.,, oscillometric measurements led to the un-
derestimation of PP in a group of patients with isolated

systolic hypertension (but not in subjects with mixed hy-
pertension).3* Secondly, the true association between high
intraoperative PP and AKI is, to a certain extent, determined
by the preoperative PP values. Despite the fact that pre-induc-
tion PP was not significantly related to the outcome in our
analysis, it is possible that intraoperative PP is only a reflec-
tion of the overall cardiovascular condition and does not im-
pair organ perfusion in a short-term period (such as the du-
ration of surgical procedure). Thirdly, pre-induction BP value
was defined as baseline MAP. It is possible that such mea-
surement does not represent the true baseline, as it could be
influenced by stress or premedication. Additionally, the BP
measurements were recorded in 5-minute intervals, and
therefore, a risk of underrecognition of PP changes exists.
Finally, our analysis was restricted to a limited population
of abdominal patients, which reduces the generalizability
of our results into all noncardiac surgery settings.

Conclusions

High intraoperative PP may be associated with AKI
in patients undergoing abdominal surgery. However, the ef-
fect of high PP should be confirmed in other noncardiac
populations to prove the generalizability of our results.
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