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Background: Acute kidney injury (AKI) is a frequent and
serious complication following cardiac surgery involving
cardiopulmonary bypass (CPB). Intraoperative perfusion
Published on 18 May, 2026 pressure, particularly mean arterial pressure (MAP) during
CPB, has been suggested as a potentially modifiable risk
factor influencing postoperative renal outcomes. However,
evidence regarding its association with AKIl in valve
replacement surgery remains limited. Aim and Objectives:
To evaluate the association between intraoperative mean
perfusion pressure and postoperative acute kidney injury in Valve Replacement patients.
To explore the changes in value of mean arterial pressure (AMAP) from preoperative to
intraoperative phases. To determine whether intraoperative MPP can serve as a
predictor of postoperative acute kidney injury. Materials and Methodology: This
Analytical Cross-Sectional Study included 56 adult patients who underwent valve
replacement surgery with CPB between October 2025 and December 2025. Preoperative,
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intraoperative, and postoperative data were collected from medical records.
Intraoperative perfusion variables, including mean and lowest MAP during CPB, were
recorded. Postoperative AKI was defined and staged according to the Kidney Disease:
Improving Global Outcomes (KDIGO) criteria. Descriptive statistics were used to
summarize patient characteristics. A p-value <0.05 was considered statistically
significant. Results: A total of 56 patients who underwent valve replacement surgery with
cardiopulmonary bypass and met the eligibility criteria were included in the study.
Postoperative AKl occurred in 29(51.8%). According to KDIGO staging, 24(42.9%)
developed stage 1 AKIl, 2(3.6%) developed stage 2 AKI, and 3(5.4%) developed stage 3
AKI. Lower intraoperative perfusion pressure was associated with an increased incidence
of postoperative AKI. On univariate logistic regression analysis, lowest intraoperative
MPP during CPB showed significant results as a predictor of AKI (odds ratio [OR] = 0.914;
95% Cl: 0.841-0.992; p = 0.032), indicating a higher risk of AKI with decreasing MPP
values. Delta MAP did not show a statistically significant association with AKI.
Conclusion: Lower mean arterial pressure during cardiopulmonary bypass was
associated with a higher incidence of postoperative acute kidney injury in patients
undergoing valve replacement surgery. Duration of MAP below 60 mmHg during CPB
demonstrated a borderline association. Although increasing age and reduced
postoperative urine output are also independent predictors of AKI. These findings
highlight the importance of maintaining adequate perfusion pressure during CPB and
closely monitoring high-risk patients to potentially reduce the risk of postoperative renal
dysfunction.

Keywords: Acute Kidney Injury, Cardiopulmonary Bypass, Central Venous Pressure, Delta
MAP, Mean Arterial Pressure , Mean Perfusion Pressure, Venous Congestion, Valve
Replacement Surgeries

Introduction

Acute kidney injury (AKI) is one of the most common and serious complications
following cardiac surgery, particularly in patients undergoing valve replacement
procedures. Cardiac surgery-associated acute kidney injury (CSA-AKI) is linked with
prolonged intensive care unit stay, increased healthcare costs, greater morbidity, and
higher postoperative mortality (Hobson et al., 2009). Even mild postoperative renal
dysfunction has been associated with poor short-term and long-term outcomes
(Chertow et al., 2005). The incidence of AKI after cardiac surgery ranges from 20% to
40%, depending upon patient-related risk factors, surgical procedures, and diagnostic
criteria used (Rosner & Okusa, 2006).
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Valve replacement surgeries commonly require cardiopulmonary bypass (CPB), during
which renal perfusion may be adversely affected because of non-pulsatile blood flow,
hemodilution, inflammatory responses, oxidative stress, and ischemia-reperfusion injury
(Lassnigg et al., 2004). Intraoperative hypotension and inadequate organ perfusion
during CPB are considered important contributors to postoperative renal dysfunction.
Among various hemodynamic parameters, mean perfusion pressure (MPP), defined as
the difference between mean arterial pressure (MAP) and central venous pressure (CVP),
is increasingly recognized as a better indicator of effective renal perfusion than MAP
alone (Saito et al., 2016).

The kidneys possess autoregulatory mechanisms that maintain renal blood flow
within a specific perfusion pressure range; however, prolonged reductions in MPP may
impair renal oxygen delivery and lead to ischemic tubular injury (Prowle et al., 2015).
Several studies have demonstrated an association between lower intraoperative
perfusion pressures and increased incidence of postoperative AKI in cardiac surgery
patients (Kanji et al., 2010). Nonetheless, the optimal target for intraoperative MPP
during valve replacement surgery remains unclear, and evidence regarding its
association with AKl is still limited and inconsistent.

Most previous research has focused predominantly on patients undergoing
coronary artery bypass grafting (CABG), whereas fewer studies have specifically
evaluated patients undergoing valve replacement surgeries. Moreover, limited evidence
is available from single-center studies conducted in developing healthcare settings,
where perioperative management practices and patient characteristics may differ
substantially from those reported in Western populations.

|dentifying modifiable intraoperative risk factors such as mean perfusion pressure
is essential for improving renal outcomes in cardiac surgical patients. Better
understanding of the relationship between intraoperative MPP and AKI may help
clinicians optimize hemodynamic management and develop renal-protective strategies
during valve replacement surgeries. Therefore, this single-center analytical cross-
sectional study aims to evaluate the association between intraoperative mean perfusion
pressure and the development of acute kidney injury in patients undergoing valve
replacement surgeries.

Methodology

This analytical cross-sectional study was conducted to evaluate the association between
intraoperative mean perfusion pressure (MPP) during cardiopulmonary bypass (CPB)
and postoperative acute kidney injury (AKI) in patients undergoing valve replacement
surgery. The study was carried out at the Armed Forces Institute of Cardiology /
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National Institute of Heart Diseases, a tertiary care cardiac center in Rawalpindi, Pakistan,
from October 2025 to December 2025. Data were collected from 56 adult patients
undergoing valve replacement surgery.

Adult patients undergoing valve replacement surgery with CPB and fulfilling the
eligibility criteria were included after informed consent. Inclusion criteria included
patients aged 18 years or above, both male and female, undergoing isolated or
combined valve replacement surgery using CPB. Patients with chronic kidney disease
stage =3, preoperative serum creatinine >2.0 mg/dL, combined valve replacement with
CABG, off-pump cardiac surgery, or preoperative dialysis were excluded from the study.
The study population was divided into two groups based on postoperative renal
outcomes: patients who developed postoperative AKI and patients who did not develop
postoperative AKI. The sample size was calculated using the WHO sample size calculator
with 95% confidence level and 80% study power, resulting in 56 patients, with 28
patients in each group. A non-probability consecutive sampling technique was
employed.

The primary exposure variable was intraoperative MPP calculated as:

MPP = MAP - CVP

The primary outcome variable was postoperative AKI diagnosed according to KDIGO
criteria. Other variables included age, gender, body mass index, CPB duration, aortic
cross-clamp time, hematocrit, urine output, and blood transfusion. Data were collected
using a structured proforma including demographic, perioperative, and postoperative
variables. Baseline MAP and CVP were recorded, and intraoperative MPP was calculated
during CPB. Postoperatively, serum creatinine and urine output were monitored for 72
hours to diagnose AKI. Data were analyzed using IBM SPSS version 23. Continuous
variables were expressed as mean * standard deviation or median with interquartile
range, while categorical variables were presented as frequencies and percentages. The
association between intraoperative MPP and postoperative AKI was assessed using the
Mann-Whitney U test and logistic regression analysis. A p-value <0.05 was considered
statistically significant.

Approval for the study was obtained from the Institutional Ethical Review Board
of AFIC/NIHD, Rawalpindi. Written informed consent was obtained from all participants,
and confidentiality was maintained by assigning coded identification numbers to
patients.

RESULTS
A total of 56 patients who underwent valve replacement surgery between October 2025
and December 2025 and fulfilled the eligibility criteria were included in the study.
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The mean age of the study population was 47.7 + 14.48 years. Median body weight was
65 kg (58-75), while mean height and body mass index (BMI) were 150 + 8.38 cm and
1.29 + 0.19, respectively. The mean cardiopulmonary bypass (CPB) flow rate was 3.53 +

0.44 L/min.

Table I: Demographic Profile of Study Population (n=56)
Variables Mean + SD
Age (years) 47.7 + 1448
Height (cm) 150 + 8.38
BMI 1.29 + 0.19
Flow rate (L/min) 3.53+044

Among the participants, 29 (51.8%) were male and 27 (48.2%) were female. Mitral valve
replacement (MVR) was the most common procedure performed in 24 (42.9%) patients,
followed by aortic valve replacement (AVR) in 15 (26.8%) patients. Double valve
replacement (DVR) was performed in 11 (19.6%) patients, while mini MVR, mini AVR, and
Bentall procedures accounted for smaller proportions.

Preoperative assessment showed a median baseline serum creatinine of 0.99
mg/dL (0.75-1.10). Mean preoperative MAP was 94.69 + 14.71 mmHg, while median
CVP was 19.50 mmHg (12.25-28.75). Beta blockers 41 (73.2%) and diuretics 47 (83.9%)
were the most frequently used medications preoperatively.

Table II: Preoperative Baseline Assessment of Study Population (n=56)
Preoperative Medications Yes n (%) No n (%)
ACE inhibitors 3(5.4) 53 (94.6)
ARBs 11 (19.6) 45 (80.4)
Beta blockers 41 (73.2) 15 (26.8)
Antiplatelet medication 5(8.9) 51 (91.1)
Diuretics 47 (83.9) 9(16.1)
Anticoagulants 9 (16.1) 47 (83.9)
Inotropes/Vasopressors 1(1.8) 55 (98.2)
Nitrates 6 (10.7) 50 (89.3)
Cardiac glycosides 10 (17.9) 46 (82.1)
Anti-allergic drugs 4 (7.1) 52 (92.9)
Antibiotics 6 (10.7) 50 (89.3)
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Preoperative Medications Yes n (%) No n (%)

Lipid lowering drugs 11 (19.6) 45 (80.4)

Proton pump inhibitors 11 (19.6) 45 (80.4)

Variables Mean £ SD

Lowest hemoglobin during CPB (g/dL) 9.02 + 1.03

MAP mean during CPB (mmHg) 67.92 + 5.75

Lowest MAP during CPB (mmHg) 43.96 + 5.82

Delta MAP 26.76 + 15.22

Hypertension was the most prevalent comorbidity, observed in 22 (39.3%) patients,
followed by diabetes mellitus in 11 (19.6%). Previous general anesthesia exposure was
present in 6 (10.7%) patients, while COPD and history of stroke were each present in 1
(1.8%) patient.

Intraoperative assessment demonstrated a median CPB duration of 150.5 minutes
(112.0-193.25) and median aortic cross-clamp time of 104 minutes (74.25-140.75).
Median mean perfusion pressure (MPP) during CPB was 57.0 mmHg (53.0-62.0), while
the lowest MPP recorded was 37.0 mmHg (30.0-41.75). Mean MAP during CPB was
67.92 £ 5.75 mmHg, and the lowest MAP was 43.96 + 5.82 mmHg. The total duration of
MAP below 60 mmHg during CPB was 28.0 minutes (17.25-48.75).

Peak lactate during CPB had a median value of 3.05 mmol/L (2.40-4.22), while the
lowest hemoglobin level during CPB was 9.02 + 1.03 g/dL. Mean delta MAP was 26.76 +

15.22 mmHg.

Table Il Intraoperative Clinical and Perfusion Parameters (n=56)
Variables Median (IQR)

CPB duration (min) 150.5 (112.0-193.25)
X-clamp time (min) 104 (74.25-140.75)
CVP during CPB (mmHg) 9.0 (7.25-12.00)
Mean MPP during CPB (mmHg) 57.0 (53.0-62.0)
Lowest MPP during CPB (mmHg) 37.0 (30.0-41.75)
Total minutes MAP <60 mmHg during CPB 28.0 (17.25-48.75)
Peak lactate on CPB (mmol/L) 3.05 (2.40-4.22)
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Postoperative assessment demonstrated a median post-CPB MAP of 76.0 mmHg (68.0—
88.0). Median serum creatinine at 24 hours postoperatively was 1.21 mg/dL (0.89-1.59),
while postoperative day 2 and day 3 creatinine levels were 1.12 mg/dL (0.86-1.61) and
1.01 mg/dL (0.76-1.56), respectively. Median peak serum creatinine within 7
postoperative days was 1.31 mg/dL (0.92-1.79).

Median urine output before CPB was 200 mL (100-400), increasing to 1550 mL
(1100-2300) during CPB. Mean urine output during the first 24 postoperative hours was
4504.80 + 997.43 mL. Renal replacement therapy was required in only 1 (1.8%) patient.
Table IV: Postoperative Clinical Outcomes (n=56)

Variables Median (IQR)
Post-CPB MAP (first 30 min, mmHg) 76.0 (68.0-88.0)
Urine output pre-CPB (mL) 200 (100-400)
Urine output during CPB (mL) 1550 (1100-2300)
Serum creatinine peak 24h (mg/dL) 1.21 (0.89-1.59)
Creatinine postoperative day 2 1.12 (0.86-1.61)
Creatinine postoperative day 3 1.01 (0.76-1.56)
Serum creatinine peak 7 days (mg/dL) 1.31 (0.92-1.79)
Lactate first 30 min (mmol/L) 4.60 (3.10-7.02)

According to KDIGO staging, 27 (48.2%) patients did not develop AKI, while 24 (42.9%)
developed KDIGO stage 1 AKI. KDIGO stage 2 and stage 3 AKI were observed in 2 (3.6%)
and 3 (5.4%) patients, respectively. Overall, 29 (51.8%) patients developed postoperative
AKI.

Patients who developed postoperative AKI had significantly lower intraoperative mean
perfusion pressure compared to those without AKI [56 (50-58) vs 60 (56-62), p=0.00].
Table V: Comparison of Intraoperative Mean Perfusion Pressure According to AK/
Status (n=56)

No AKlI Median AKI Present Median

Variable value

(IQR) (IQR) P
Mean intraoperative MPP 60 (56-62) 56 (50-58) 0.00
(mmHg)

Univariate and multivariable logistic regression analyses were performed to identify
predictors of postoperative AKI. Increasing age was independently associated with
postoperative AKI (AOR 1.07, 95% ClI 1.01-1.15, p=0.024). Urine output during the first
24 postoperative hours was protective against AKI (AOR 0.99, 95% CI 0.99-1.00,
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p=0.043). Total duration of MAP below 60 mmHg during CPB showed a borderline
significant association with AKI (AOR 1.06, 95% CI 0.99-1.12, p=0.055).
Table VI: Independent Predictors of Postoperative AKI (n=56)

Variable UOR 95% Ci p-value AOR 95% CIi p-value
Age 1.069 1.02-1.11 0.00* 1.07 1.01-1.15 0.024
Gender (male) 0.565 0.19-1.62 0.29 —_ - —
Hypertension 0.833 0.28-2.44 0.74 —_ - —
CPB time 1.006 0.99-1.01 0.22 — — —
X-clamp time 1.003 0.99-1.01 0.63 - — —
Total minutes MAP <60 mmHg  1.065 1.02-1.10 0.00*  1.06 0.99-1.12 0.055
Delta MAP 1.02 0.98-1.05 0.28 - — —
Lowest Hb during CPB 0.769 0.45-130 0.32 —_ - —
Peak lactate during CPB 1.275 0.88-1.84 0.19 — — —
Postoperative lactate 1.506 1.14-198 0.00* — — —
Postoperative HCT 0.84 0.70-1.00 0.05* — — —
Baseline serum creatinine 7.291 0.65-80.67 0.10 —_ - —
Urine output first 24 hrs 0.999 0.99-1.00 0.00* 0.99 0.99-1.00 0.043

Patients who developed AKI had significantly lower intraoperative mean perfusion
pressure compared with those without AKI. Increasing age and reduced postoperative
urine output were identified as independent predictors of postoperative AKI, while
prolonged duration of MAP below 60 mmHg during CPB demonstrated a borderline
significant association.
DISCUSSION
Our single-center analysis found that postoperative AKI occurred in 29(51.8%) of valve
replacement patients. Crucially, lower intraoperative mean perfusion pressure (MPP) was
significantly associated with AKI (p=0.009), and multivariate analysis identified older age
and reduced urine output as independent predictors. These findings suggest that
hemodynamic management during cardiopulmonary bypass (CPB) strongly influences
renal outcomes in this population. In particular, maintaining adequate perfusion
pressure appears to be an important, modifiable factor in mitigating AKI risk.

The AKI incidence we observed 29(51.8%) is at the upper end of previously
reported ranges (typically 5-30%) (Kanji et al. 2010). Differences in patient mix, AKI
definitions, and surgical complexity may explain this disparity. Nevertheless, our
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identified risk factors align with the literature. For example, age is a well-known
predictor of renal injury — Hu et al. noted that patients older than 65 were more likely to
develop postoperative AKI (Hu et al. 2020). Similarly, intraoperative oliguria (low urine
output) often reflects poor renal perfusion and has been associated with worse
outcomes. These parallels with established risk factors support the validity of our
findings and suggest our cohort is comparable to other high-risk groups.

Our finding that lower perfusion pressure correlates with AKI is consistent with
prior studies. Hu et al. (2020) reported that prolonged reductions in MPP during bypass
were independently associated with AKI. Kanji et al. (2010) likewise found that a large
intraoperative MAP drop (=26 mmHg below baseline) nearly tripled AKI odds (OR~2.8).
Similarly, Velho et al. showed that even brief periods of MAP <50 mmHg on CPB
significantly increased postoperative AKI risk (Velho et al. 2022). Taken together, these
studies underscore that inadequate arterial perfusion — especially relative to a patient’s
baseline — predisposes to renal injury. Our results reinforce this link by demonstrating a
statistically significant association between lower intraoperative MPP and AKI incidence.
Physiologically, the kidneys depend on the pressure gradient between the arterial inflow
and venous outflow to drive filtration. Renal perfusion pressure (RPP) is essentially the
difference between MAP and renal venous pressure. Under normal conditions, intrinsic
autoregulatory mechanisms adjust vascular tone to keep renal blood flow and GFR
relatively constant over a wide range of RPP (Panwar et al. 2025). However, during CPB
and critical illness, autoregulation can be impaired. If MPP falls below the auto
regulatory threshold, renal blood flow and glomerular filtration rate decline, leading to
ischemic injury in the renal cortex and medulla (Patel et al. 2015). In practical terms,
prolonged or severe hypotension during bypass often drops MPP into a range where
the kidney cannot compensate. Compounding this, CPB-related factors such as
nonpulsatile flow, hemodilution, hypothermia, and inflammation further reduce oxygen
delivery to renal tissue. As noted in one study, episodes of MAP below typical targets
(55-60 mmHg) — especially when coupled with anemia or volume shifts — are dangerous
because they exceed the limits of auto regulation (Patel et al. 2015). Thus, low
intraoperative MPP directly translates into renal hypoperfusion and tubular injury,
providing a plausible mechanism for the associations we observed.

These findings carry clear clinical implications. They suggest that careful
monitoring and optimization of perfusion pressure on CPB could mitigate AKI risk. In
practice, this means avoiding sustained hypotension and considering patient-specific
targets. For instance, Hu et al. emphasized that maintaining MAP at or near a patient'’s
baseline on bypass is important for kidney protection (Hu et al. 2020). Likewise, recent
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perioperative AKI guidelines note that “optimizing renal perfusion via maintenance of
systemic blood pressure may decrease the risk” of AKI (Balakrishna et al. 2023).
Therefore, perfusion teams should use vasopressors or pump flow adjustments to keep
MAP (and thus MPP) within an adequate range during bypass, especially in older or
hypertensive patients whose kidneys may demand higher perfusion pressures.
Monitoring CVP (when possible) is also useful, since elevated venous pressure markedly
reduces MPP. A goal-directed perfusion strategy — for example, titrating blood pressure
to =10-20% above baseline or avoiding MAP <60-65 mmHg — might improve renal
outcomes. While definitive targets require further research, our data reinforce the
concept that “pressure-guided” perfusion management is an actionable approach to
prevent CSA-AKI.(Balakrishna et al. 2023; Hu et al. 2020)

Conclusion

Lower intraoperative mean perfusion pressure was linked to the occurrence of
postoperative acute kidney injury in patients undergoing valve replacement surgery.
Duration of MAP below 60 mmHg during CPB demonstrated a borderline association.
Although increasing age and reduced postoperative urine output are also independent
predictors of AKI. These findings emphasize the importance of optimizing intraoperative
perfusion strategies and closely monitoring high-risk patients to potentially improve
renal outcomes following cardiopulmonary bypass.

Limitations

This study has several limitations. The single-center, cross-sectional design limits causal
inference and generalizability. With a relatively small sample of valve surgeries, the study
may be underpowered to detect some associations and may not reflect outcomes in
other cardiac surgery populations (e.g. CABG or combined procedures). Potential
confounders — such as pre-existing chronic kidney disease, use of nephrotoxic drugs, or
intraoperative transfusions — may not have been fully controlled, which could bias
results. The observational methodology also means we can only report associations; we
cannot prove that low MPP causes AKI or that intervening on MPP will change outcomes.
Finally, urine output and creatinine changes are imperfect and sometimes delayed
markers of renal injury. Despite these limitations, the strong association we observed
between perfusion pressure and AKI provides a valuable hypothesis-generating insight.
Future Recommendations

Larger multicenter studies should be conducted to validate the association between
intraoperative mean perfusion pressure and postoperative acute kidney injury in valve
replacement surgeries. Including a larger and more diverse patient population would
improve the generalizability of results.
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The role of central venous pressure and venous congestion in the development of AKI
should be examined in greater detail. Studies focusing on strategies to reduce elevated
CVP during CPB, such as optimized fluid management and ultrafiltration, may help
improve renal perfusion and outcomes.

Future research should incorporate advanced renal biomarkers such as neutrophil
gelatinase-associated lipocalin (NGAL) and cystatin C to detect early or subclinical
kidney injury. These biomarkers may help clarify the temporal relationship between
perfusion pressure changes and renal damage.

Long-term follow-up studies are recommended to assess the impact of
intraoperative perfusion pressure on long-term renal function, hospital length of stay,
and mortality, as this study focused primarily on early postoperative outcomes.
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