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THORACIC: MESOTHELIOMA
Acute kidney injury after cytoreductive surgery and
hyperthermic intraoperative cisplatin chemotherapy for
malignant pleural mesothelioma
Tammy Hod, MD,a Katherin J. Freedberg, AB,a Shveta S. Motwani, MD,a,b Margaret Chen, BS,a

Gyorgy Frendl, MD, PhD,c David E. Leaf, MD, MMSC,a Shruti Gupta, MD, MPH,a

Suraj Sarvode Mothi, MPH,a William G. Richards, PhD,d Raphael Bueno, MD,d and
Sushrut S. Waikar, MD, MPHa,e
ABSTRACT

Objectives: Cytoreductive surgery with hyperthermic intraoperative chemo-
therapy with cisplatin has been used successfully to treat malignant pleural meso-
thelioma, a highly aggressive malignancy that is rapidly fatal in most cases. We
hypothesized that the combination of ischemic injury with nephrotoxic injury
from cisplatin would result in high rates of acute kidney injury.

Methods: We conducted an observational study in 503 patients to study the risks
and outcomes of acute kidney injury after surgical resection of malignant pleural
mesothelioma. Eligible subjects underwent extrapleural pneumonectomy or pleur-
ectomy/decortication with or without hyperthermic intraoperative chemotherapy.
Acute kidney injury was defined as an increase in creatinine of 26.5 mmol/L or
greater within 48 hours of surgery or a 50% or greater increase over 7 days.

Results: Acute kidney injury developed in 243 patients (48.3%). Severe acute kid-
ney injury requiring renal replacement therapy developed in 16 patients (3.2%). Ma-
jor significant predictors for acute kidney injury included male sex (odds ratio, 2.98;
P< .001), intraoperative cisplatin administration (odds ratio, 3.12; P< .001), previ-
ous cisplatin exposure (odds ratio, 1.96; P ¼ .02), hypertension (odds ratio, 1.57;
P ¼ .02), and longer surgical time (odds ratio, 1.15 per hour; P ¼ .02). Compared
with patients without acute kidney injury, those with severe acute kidney injury
had longer length of stay (26 vs 13 days) and a 2.71-fold increased risk of death in
multivariable-adjusted models.

Conclusions: Acute kidney injury is common after cytoreductive surgery with hy-
perthermic intraoperative chemotherapy with cisplatin and is associated with poor
long-term outcomes. Strategies to prevent postoperative acute kidney injury are
needed to improve multimodal treatment of malignant pleural mesothelioma. (J
Thorac Cardiovasc Surg 2021;161:1510-8)
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AKI is common after cytoreduc-
tive surgery with intrathoracic
cisplatin for MPM and is associ-
ated with poor long-term
outcomes.
PERSPECTIVE
Cytoreductive surgery with HIOC with cisplatin
has been used successfully to treat MPM. AKI is
a common complication after this procedure.
We identified risk factors that may help clinicians
who are counseling patients about their individual
risks of postoperative complications.

See Commentaries on pages 1519, 1520, and
1522.
tocols that include a combination of
Malignant pleural mesothelioma (MPM) is a rare but highly
aggressive malignancy of the pleura that is rapidly fatal in
most cases. Median survival in patients treated with stan-
dard of care chemotherapy (pemetrexed and cisplatin) is
approximately 12 months.1 Extended median survival of
18 to 23 months has been observed in some reports with
multimodality pro
cytoreductive surgery, systemic chemotherapy, and radio-
therapy.2,3 Selection for each treatment modality is deter-
mined on the basis of a patient’s stage and histologic
type, competing comorbidities, and personal preference
for aggressive treatment. Unfortunately, locoregional
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Abbreviations and Acronyms
AKI ¼ acute kidney injury
CI ¼ confidence interval
eGFR ¼ estimated glomerular filtration rate
EPP ¼ extrapleural pneumonectomy
HIOC ¼ hyperthermic intraoperative

chemotherapy
IQR ¼ interquartile range
KDIGO ¼ Kidney Disease Improving Global

Outcomes
MPM ¼ malignant pleural mesothelioma
P/D ¼ pleurectomy/decortication
RRT ¼ renal replacement therapy
SCr ¼ serum creatinine
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recurrence after treatment is common, highlighting the need
for more aggressive local measures to eradicate micro-
scopic tumor deposits. At our institution, we have previ-
ously demonstrated in several early-phase prospective
trials the feasibility and safety of hyperthermic intraopera-
tive chemotherapy (HIOC) involving cisplatin with or
without gemcitabine, with reports of survival up to
35 months.4,5 Intraoperative administration of high-dose
chemotherapy to the pleural and peritoneal cavities after
surgical resection is performed to enhance drug delivery
and eliminate residual microscopic disease after macro-
scopic resection, while attempting to minimize systemic ab-
sorption. Hyperthermia increases the penetration of
chemotherapy at the pleural and peritoneal surfaces and en-
hances cytotoxicity to tumor cells.6,7 Despite its survival
benefits, patients are at risk for a number of potential com-
plications after surgery with HIOC, including acute kidney
injury (AKI) and chronic kidney disease.8

AKI is common in the postoperative setting and has been
demonstrated to occur in up to 30% of patients receiving
high-dose intravenous cisplatin therapy.9 AKI is associated
with increased mortality, higher medical costs, longer
length of stay, and higher risk of developing chronic kidney
disease and cardiovascular disease.10,11 Postoperative AKI
has been studied most extensively in the settings of cardiac
surgery, after which even small increases in postoperative
serum creatinine (SCr) concentrations portend an increased
risk of death.12 AKI after surgery is attributed to ischemic
injury, cytokine release, hemolysis, and oxidative stress,
all of which can cause tubular injury, a major pathological
correlate of ischemic AKI.13 Tubular injury is also the hall-
mark of cisplatin nephrotoxicity, which is often used in an-
imal models of AKI and is thought to occur as the result of
direct cytotoxicity.14-16 The combination of ischemic injury
with nephrotoxic injury from HIOC would be expected to
result in high rates of AKI, but has not been well studied.
In this study, we sought to characterize the risk and
The Journal of Thoracic and Car
outcomes of AKI after surgical resection of MPM with or
without HIOC. We hypothesized that AKI would be more
common in those treated with HIOC and that AKI would
be associated with a higher risk of adverse events,
including longer length of stay and increased mortality.
MATERIALS AND METHODS
We studied patients who had undergone surgical resection for MPM at

Brigham and Women’s Hospital between 2006 and 2015. Prospective

informed consent was obtained from all patients for a study involving urine

sample collection for biomarker evaluations for AKI. Data were obtained

electronically from the Research Patient Data Registry and by review of

progress notes. The prospective biosample collection study and the retro-

spective data analysis were both approved by the Partners Health Care

Human Research Committee. Inclusion criteria for surgical therapy or in-

traoperative chemotherapy included the following: age 18 years or more,

Karnofsky performance status greater than 70, normal liver function

(aspartate aminotransferase< 80 IU/L, total bilirubin< 1.9 mg/dL, pro-

thrombin time<15 seconds), SCr less than 1.5 mg/dL, estimated glomer-

ular filtration rate (eGFR) greater than 45 mL/min, partial pressure of

carbon dioxide less than 45 mm Hg at room air, partial pressure of oxygen

greater than 65 mm Hg at room air, predicted postoperative forced expira-

tory volume in 1 second greater than 0.8 L by pulmonary function tests and

quantitative ventilation-perfusion scans, and grossly normal cardiac func-

tion by electrocardiography and echocardiography (left ventricular ejection

fraction>45%).

Patients underwent extrapleural pneumonectomy (EPP) or pleurec-

tomy/decortication (P/D) with or without HIOC. EPP consisted of en

bloc resection of the lung, pleura, ipsilateral diaphragm, and pericardium,

followed by reconstruction of the diaphragm and pericardium with a pros-

thetic patch made of Gore-Tex (WL Gore and Associates, Flagstaff,

Ariz).17 The choice of EPP or P/D was based on preoperative or intraoper-

ative assignment by the surgeon as appropriate to the patient’s disease

burden, physiologic fitness, and potential for macroscopic complete resec-

tion. The use of HIOC versus no HIOC was based on enrollment in phase

I/II trials or off-study based on prior established safety parameters and

cisplatin maximal tolerated doses.4,5 Patients were admitted the night

before surgery and hydrated with 150 mL/h of normal saline. After resec-

tion of the entire specimen, patients treated with HIOC received intraoper-

ative intracavitary lavagewith a solution of 175 to 225mg/m2 cisplatin and/

or 900 mg/m2 gemcitabine in dialysate (Baxter, Deerfield, Ill) maintained

at 42�C, as previously described.5,18 Intravenous sodium thiosulfate was

administered intraoperatively to promote binding of the absorbed cisplatin

(4 g/m2 followed by a 12 g/m2 infusion), and patients were given liberal

fluid replacement intraoperatively to maintain intravascular volume. Ami-

fostine, a cytoprotective agent used to prevent nephrotoxicity,13 was also

administered intravenously to patients who received cisplatin at a dose of

910 mg/m2 before intrathoracic cisplatin and 500 mg/m2 2 hours later.

All patients had a thoracic epidural catheter placed for pain control, with

all surgical procedures performed under general anesthesia.

We defined baseline SCr as the value measured the day before surgery,

before hydration with intravenous normal saline overnight. If no SCr value

was available from the day before surgery, we designated the SCr value on

themorning of the surgery as the baseline. Preoperative GFRwas estimated

using the Chronic Kidney Disease Epidemiology Collaboration equation.19

Using SCr values from the entire hospital stay, we defined AKI using the

Kidney Disease Improving Global Outcomes (KDIGO) definition: an in-

crease in SCr of 0.3 mg/dL or greater within 48 hours of surgery or a

50% or greater increase over 7 days.20 We defined stages of AKI using

the KDIGO definitions based on SCr increases: stage 1, 0.3 mg/dL or

greater within 48 hours or 50% to 99% increase over baseline; stage 2,

100% to 199% increase over baseline; stage 3, 200% or greater over base-

line or increase in SCr to 4.0 mg/L or greater or initiation of renal
diovascular Surgery c Volume 161, Number 4 1511
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replacement therapy (RRT). We reviewed billing codes and progress notes

to ascertain requirements for RRT (continuous venovenous hemofiltration

or hemodialysis) during the index hospitalization. We reviewed progress

notes and telephone encounters from the electronic medical record along

with data from the Social Security Death Index for vital status.

Statistical Analysis
Descriptive statistics were summarized and presented as frequencies,

mean � standard deviation, or median with interquartile range (IQR).

We assessed all variables for normality and log-transformed as appropriate.

We compared continuous variables with Kruskal–Wallis test or analysis of

variance as appropriate, and categoric variables with chi-square tests

(Fisher exact if n< 5 in cells). Predictors for incident AKI (Y/N) were

selected on the basis of clinical and biological relevance. To identify signif-

icant risk factors for AKI from among these candidate predictors, we

considered several automated selection procedures such as stepwise, back-

ward elimination, forward selection, and best subset regression. Because

all results were similar, we present results from a stepwise forward selec-

tion algorithm (with P � .05 for entry and stay criteria). Complete data

were available for all covariates except for estimated blood loss, which

was missing in 14.3% and for which multivariate normal imputation was

used for univariate logistic regression models using PROC MI in SAS

(SAS Institute Inc, Cary, NC). We assessed differences in the rate of death

on the basis of the occurrence and severity of AKI using Kaplan–Meier

curves and the log-rank test, followed by multivariable-adjusted Cox pro-

portional hazards models adjusted for age, sex, serum albumin, hyperten-

sion, diabetes, type and duration of surgery, and use of cisplatin before

or during surgery.

We confirmed no violations of the proportional hazards assumption us-

ing the Kolmogorov-type supremum test, and the functional forms of the

covariates were assessed by checking martingale residuals. Statistical tests

were 2-tailed. All statistical analyses were performed using SAS software

(version 9.4, SAS Institute Inc).

RESULTS
Study Population Characteristics

The cohort consisted of 503 patients with a mean age of
67.1 � 10.1 years and baseline eGFR of 85.5 � 24.8 mL/
min/1.73 m2. The majority were male and white. The surgi-
cal procedures were EPP in 241 patients (47.9%) and P/D in
262 patients (52.1%). Cisplatin HIOC was administered in
412 individuals (81.9%) as a single agent (n¼ 170) or with
gemcitabine (n ¼ 242).

Occurrence of Acute Kidney Injury
AKI developed in approximately half of the patients, the

majority of which was KDIGO stage 1. RRT during the in-
dex hospitalization was required in 16 patients (3.2%).
Table 1 shows clinical characteristics according to the pres-
ence or absence of AKI and its severity. AKI was more com-
mon in men than in women (54.6% vs 28.0%, P<.001), in
patients who underwent EPP compared with pleurectomy
(53.9% vs 43.1%, P ¼ .02), and in those who received in-
traoperative cisplatin with or without gemcitabine
compared with no cisplatin (53.6% vs 24.2%, P<.001).
There was no significant difference in AKI between sub-
jects who received cisplatin as a single agent intraopera-
tively versus those who received cisplatin with
gemcitabine (54.7% vs 52.9%, P ¼ .72). AKI was most
1512 The Journal of Thoracic and Cardiovascular Sur
frequently nonoliguric (Table 2); the median urine output
of the 16 patients who required RRTwas 1520 mL/24 hours
(range, 203-6495 mL/24 hours) on the day of RRT initia-
tion. All patients who required RRT had received intraoper-
ative cisplatin. Patients who developed AKI had greater
estimated blood loss in the operating room (median 1500
vs 1200 mL, P< .001) and longer surgery time (median
7.6 vs 7.1 hours, P<.001). From the stepwise multivariable
logistic regression models, significant predictors for inci-
dent AKI included male sex, intraoperative cisplatin admin-
istration, prior cisplatin exposure, hypertension, higher
baseline eGFR, and longer total surgery time (Table 3). A
Hosmer–Lemeshow test for the multivariable model was
not significant (P¼ .67) indicating good model calibration.
Outcomes After Acute Kidney Injury
The median length of stay was 13 days (IQR, 10-17) in

those without AKI compared with 14 days (IQR, 10-20),
15 days (IQR, 11-22.0), and 26 days (IQR, 17-45) in those
with AKI stage 1, 2, and 3, respectively. A total of 347 pa-
tients (68.9%) died after a total follow-up time of 908
person-years. The death rate (per 100 person-years) was
32.9, 41.4, 51.6, and 106 in those without AKI and with
AKI stages 1, 2, and 3, respectively. Figure 1 shows
Kaplan–Meier curves for time to death according to the
presence and severity of AKI. AKI stages 1, 2, and 3 were
associated with a 1.15 (95% confidence interval [CI],
0.90-1.47), 1.25 (95% CI, 0.79-1.98), and 2.71-fold (95%
CI, 1.65-4.45) increased risk of death in multivariable-
adjusted models, respectively. Although this study was
not designed to study treatment effects, we found that the
use of HIOC with cisplatin was associated with a greater
risk of AKI but a lower risk of death (Table 4). Figure 2 de-
scribes the main results of the study.
DISCUSSION
In this retrospective review of a prospectively assembled

cohort study of patients undergoing cytoreductive surgery
with or without HIOC for MPM, we found evidence in sup-
port of our hypothesis that AKI would be common with
HIOC and associated with adverse events. Our results
showed that approximately half of patients developed post-
operative AKI, and 3.2% required RRT. The risk of AKI in
this cohort exceeds the risk reported in other postoperative
settings such as cardiac surgery and is noteworthy consid-
ering that the baseline level of kidney function was rela-
tively normal (preexisting chronic kidney disease is a
relative contraindication to cytoreductive surgery). By com-
parison, the risk of postoperative AKI requiring RRT after
cardiac surgery is approximately 1% and is almost exclu-
sively seen in those with preexisting CKD.21 Male sex, pre-
vious exposure to cisplatin, and intraoperative cisplatin
administration were independently associated with a higher
gery c April 2021



TABLE 1. Demographic and clinical characteristics of patients according to the development of acute kidney injury

No AKI

(n ¼ 260)

Any AKI

(n ¼ 243) P value*

AKI stage

1 (n ¼ 189)

AKI stage

2 (n ¼ 32)

AKI stage

3 (n ¼ 22)

Demographics

Mean age, y 66.9 � 10.6 67.3 � 9.5 .63 67.4 � 9.7 69.6 � 7.4 63.1 � 9.5

Male sex No. (%) 175 (67.3) 210 (86.4) <.001 164 (86.8) 28 (87.5) 18 (81.8)

White race No. (%) 255 (98.1) 236 (97.1) .68 184 (97.4) 32 (100.0) 20 (90.9)

Medical history No. (%)

Diabetes mellitus 43 (16.5) 32 (13.2) .35 20 (10.6) 8 (25.0) 4 (18.2)

Hypertension 125 (48.1) 139 (57.2) .05 109 (57.7) 21 (65.6) 9 (40.9)

Coronary artery disease 34 (13.1) 31 (12.8) .99 27 (14.3) 4 (12.5) 0 (0.0)

Prior cisplatin exposure 46 (17.7) 49 (20.2) .55 37 (19.6) 7 (21.9) 5 (22.7)

Prior asbestos exposure 170 (65.4) 169 (69.5) .39 131 (69.3) 26 (81.2) 12 (54.5)

Current/prior smoking 146 (49.6) 146 (60.0) .57 114 (60.3) 22 (68.8) 10 (45.5)

Baseline renal function

Mean SCr, mmol/L 80.4 � 24.8 78.7 � 20.3 .32 80.4 � 21.2 73.4 � 21.2 74.3 � 16.8

Mean eGFR, mL/min/1.73 m2 82.2 � 22.7 89.1 � 26.6 .002 87.7 � 26.9 95.0 � 27.1 92.4 � 22.0

Medications No. (%)

RAAS inhibitors 74 (28.5) 74 (30.5) .70 57 (30.2) 13 (40.6) 4 (18.2)

Beta-blockers 73 (28.1) 70 (28.8) .93 58 (30.7) 7 (21.9) 5 (22.7)

Calcium channel blockers 31 (11.9) 35 (14.4) .49 27 (14.3) 7 (21.9) 1 (4.5)

Diuretics 49 (18.8) 42 (17.3) .74 34 (18.0) 5 (15.6) 3 (13.6)

Statins 96 (36.9) 90 (37.0) 1.0 69 (36.5) 14 (43.8) 7 (31.8)

Proton pump inhibitors 57 (21.9) 34 (14.0) .03 29 (15.3) 4 (12.5) 1 (4.5)

NSAIDs 27 (10.4) 30 (12.3) .58 24 (12.7) 4 (12.5) 2 (9.1)

Surgery details

EPP No. (%) 111 (42.7) 130 (53.5) 97 (51.3) 13 (40.6) 20 (90.9)

Pleurectomy No. (%) 37 (14.2) 21 (8.6) <.001 16 (8.5) 4 (12.5) 1 (4.5)

Radical pleurectomy No. (%) 112 (43.1) 92 (37.9) 76 (40.2) 15 (46.9) 1 (4.5)

Mean length of surgery, h 7.1 (2.0) 7.8 (1.6) <.001 7.8 (1.6) 7.7 (1.4) 7.4 (1.5)

Mean estimated blood loss, mL 1472 (1022) 1697 (1202) .04 1694 (1277) 1765 (977) 1621 (740)

Intraoperative chemotherapy

None 60 (23.1) 19 (7.8) 14 (7.4) 4 (12.5) 1 (4.5)

Cisplatin only 77 (29.6) 93 (38.3) <.001 72 (38.1) 11 (34.4) 10 (45.5)

Gemcitabine only 9 (3.5) 3 (1.2) 3 (1.6) 0 (0.0) 0 (0.0)

Cisplatin and gemcitabine 114 (43.8) 128 (52.7) 100 (52.9) 17 (53.1) 11 (50.0)

AKI, Acute kidney injury; SCr, serum creatinine; eGFR, estimated glomerular filtration rate; RAAS, renin angiotensin aldosterone system;NSAID, nonsteroidal anti-inflammatory

drug; EPP, extrapleural pneumonectomy. *Comparing no AKI with any AKI.
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risk of AKI. Patients who developed severe AKI had a
longer length of hospital stay and higher risk of death.

AKI rates are highly variable among patients undergoing
cytoreductive surgery without HIOC. EPP is a more exten-
sive surgery than P/D, involving en bloc resection of the
lung, ipsilateral diaphragm, pericardium, and parietal
pleura, and is therefore associated with a high rate of post-
operative complications. In a study from our institution on
adverse events associated with EPP without HIOC, Sugar-
baker and colleagues18 reported that 9 of 328 patients
(2.7%) developed postoperative AKI, defined as the need
for RRT. Patients with a baseline SCr less than 2 mg/dL
were deemed ineligible for EPP. AKI was thought to result
in the death of 1 patient and was associated with acute res-
piratory distress syndrome and multiple organ dysfunction.
The Journal of Thoracic and Car
Other studies of postoperative morbidity and mortality after
neoadjuvant chemotherapy and EPP have not reported sig-
nificant renal complications, which suggests that HIOC
with cisplatin may play a role in the increased risk of AKI
in this population.22,23

HIOC is now commonly used after surgical resection
with EPP or P/D to improve locoregional control at sites
with potential microscopic disease and reduce the risk of
recurrence.4 The technique has been used in the setting of
a number of malignancies with pleural and peritoneal
involvement, including peritoneal mesothelioma,24 thy-
moma,25 and ovarian cancer.26 Despite its associated sur-
vival benefits, we found that the risk of AKI was higher
among patients receiving high-dose cisplatin HIOC.
Although most of the events were mild (KDIGO stage 1
diovascular Surgery c Volume 161, Number 4 1513



TABLE 2. Urine output at the time of severe acute kidney injury

Time to AKI stage 3

(days after surgery)

Urine output at time of

AKI stage 3 (mL/24 h)

Time to RRT initiation

(days after surgery)

Urine output at time of

RRT initiation (mL/24 h)

Patient 1 - - 16 3575

Patient 2 - - 20 6495

Patient 3 3 1335 - -

Patient 4 3 4755 9 1035

Patient 5 2 3855 5 1155

Patient 6 5 7160 - -

Patient 7 2 Nonoliguric* 9 1830

Patient 8 2 4000 8 562

Patient 9 2 3255 13 203

Patient 10 3 3920 9 2424

Patient 11 3 815 11 1550

Patient 12 5 1805 - -

Patient 13 2 6310 6 978

Patient 14 4 2278 - -

Patient 15 2 2000 8 1450

Patient 16 4 2160 - -

Patient 17 17 1310 21 1520

Patient 18 - - 14 2690

Patient 19 3 1673 5 3000y
Patient 20 3 Nonoliguric* - -

Patient 21 20 Oliguric* 35 2440

Patient 22 12 Nonoliguric* 16 1450

AKI, Acute kidney injury; RRT, renal replacement therapy. *Exact urine output not reported in the medical chart. yApproximate urine output extrapolated from chart report of 20

to 30 mL/h.
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AKI), severe AKI requiring RRT was observed in 3.2% of
patients. These findings have been observed in other
studies. A single-center study comparing cytoreductive sur-
gery with or without hyperthermic intraperitoneal cisplatin
found that AKI occurred in 10 of 32 (31.2%) versus 4 of 34
(11.7%) in those who did versus not receive hyperthermic
intraperitoneal cisplatin.27 In a phase 1 clinical trial de-
signed to establish the maximum tolerated dose of HIOC af-
ter EPP or P/D, 3 of 19 patients receiving high-dose
cisplatin (225 mg/m2) and gemcitabine therapy developed
grade 4 AKI (life-threatening, requiring RRT).5 The fre-
quency of severe AKI prompted protocol review and reduc-
tion in the dose of cisplatin to 175 mg/m2. Although there
were fewer severe AKI events among patients treated with
the lower dose of cisplatin in combination with 1000 to
1200 mg/m2 of gemcitabine (n ¼ 29), there were still 2 re-
ported cases of grade 1 (mild) and 1 case of grade 4 AKI.
The observed rates of AKI are not just isolated to patients
with MPM. In a multicenter, phase 3 trial of HIOC in stage
III epithelial cancer, 245 patients were randomized to cyto-
reductive surgery with or without the addition of HIOCwith
1514 The Journal of Thoracic and Cardiovascular Sur
cisplatin.26 Among those patients undergoing surgery
alone, 3 experienced AKI (2%), compared with 5 patients
(4%) in the surgery with HIOC.

AKI and its association with higher mortality can be
attributed to factors intrinsic to the surgery itself, as well
as to the direct toxic effects of cisplatin. AKI is common af-
ter major surgery and has been associated with increased
length of stay and higher mortality.28,29 We found that stage
3 AKI portended a greater risk of death. The majority of pa-
tients requiring RRT (all of whom received cisplatin) had
preserved urine output, which is common with cisplatin
nephrotoxicity.30 Despite intrathoracic administration of
cisplatin, there is systemic absorption of the heated solution
lavaged through the thoracic cavity; the proximal tubules,
which are already at risk of injury from factors related to
major surgery, are therefore exposed to the cytotoxic effects
of cisplatin. The extent of cisplatin absorption into the cir-
culation during HIOC has been studied previously,31 with
one report suggesting that one-third of the intrathoracic
administered dose reaches the systemic circulation within
90minutes of perfusion32 and another reporting comparable
gery c April 2021



TABLE 3. Risk factors for acute kidney injury, defined as an increase in serum creatinine of at least 0.3 mg/dL within 48 hours or surgery or

greater than 50% increase in serum creatinine over 7 days

Univariate logistic regression Stepwise logistic regression

OR (95% CI) P value OR (95% CI) P value

Age 1.00 (0.98-1.01) .63 - -

Male (vs female) 3.09 (1.97-4.84) <.0001 2.98 (1.85-4.80) <.0001

Diabetes mellitus (vs no) 0.76 (0.47-1.25) .29 - -

Previous cisplatin exposure (vs no) 1.17 (0.75-1.84) .48 1.96 (1.17-3.27) .02

Hypertension (vs no) 1.44 (1.02-2.05) .04 1.57 (1.06-2.32) .02

Coronary artery disease (vs no) 0.97 (0.57-1.63) .91 - -

Baseline eGFR (per 10 mL/min/1.73 m2) 1.01 (1.00-1.02) .002 1.01 (1.00-1.02) .032

Current smoker (vs no) 1.21 (0.83-1.75) .36 - -

Prior smoker (vs no) 1.01 (0.56-1.82) .77 - -

EPP (vs other) 1.55 (1.08-2.19) .02 - -

Intraoperative cisplatin (vs no) 3.62 (2.16-6.09) <.0001 3.12 (1.77-5.5) <.0001

Total surgical time (per hour) 1.25 (1.12-1.39) <.0001 1.15 (1.02-1.28) .02

Estimated blood loss (per L) 0.85 (0.71-1.02) .08 - -

Albumin (per g/dL) 0.84 (0.56-1.26) .40 - -

Statins (vs no) 1.01 (0.70-1.44) .98 - -

NSAIDs (vs no) 1.21 (0.70-2.11) .49 - -

Beta-blockers (vs no) 1.04 (0.70-1.52) .85 - -

PPIs (vs no) 1.73 (1.08-2.75) .02 - -

RAAS inhibitors (vs no) 1.01 (0.75-1.61) .62 - -

Calcium channel blockers (vs no) 1.24 (0.74-2.09) .41 - -

OR, Odds ratio;CI, confidence interval; eGFR, estimated glomerular filtration rate; EPP, extrapleural pneumonectomy; NSAID, nonsteroidal anti-inflammatory drug; PPI, proton

pump inhibitor; RAAS, renin angiotensin aldosterone system.
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FIGURE 1. Long-term mortality after cytoreductive surgery with or without heated intraoperative chemotherapy with cisplatin, based on the occurrence

and severity of AKI. AKI was defined as an increase in SCr of 0.3 mg/dL or greater within 48 hours of surgery or a 50% or greater increase over 7 days.

Stages of AKI were defined as stage 1, 0.3 mg/dL or greater within 48 hours or 50% to 99% increase over baseline; stage 2, 100% to 199% increase over

baseline; stage 3, 200% or greater over baseline or increase in SCr to 4.0 mg/L or greater or initiation of RRT.

The Journal of Thoracic and Cardiovascular Surgery c Volume 161, Number 4 1515

T
H
O
R

Hod et al Thoracic: Mesothelioma



TABLE 4. Outcomes in those who did versus did not receive

hyperthermic intraoperative chemotherapy with cisplatin

HIOC with cisplatin

No Yes

N 91 412

Risk of AKI 22 (24.2%) 221 (53.6%)

Median LOS 14 d (IQR, 10-21) 13.5 d (IQR, 10-20)

Risk of death 73 (80.2%) 274 (66.5%)

HIOC, Hyperthermic intraoperative chemotherapy; AKI, acute kidney injury; LOS,

length of stay; IQR, interquartile range.
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levels in plasma after HIOC compared with intravenous
administration of a similar dose of cisplatin.33

We identified certain clinical and demographic character-
istics that were associated with a higher risk of AKI. For
instance, men were at substantially higher risk of postoper-
ative AKI than women. The literature on sex differences in
AKI risk is variable. In 2 meta-analysis studies reporting
sex-stratified data on the incidence of AKI in hospitalized
individuals, men were reported to have 1.23-fold higher
Cytoreductive surgery for 
malignant pleural mesothelioma

N = 503

• 81% hyperthermic intraoperative
  chemotherapy with cisplatin
• 43% extrapleural pneumonectomy
• 57% pleurectomy
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FIGURE 2. We examined the risk of AKI in patients undergoing cytoreduc

cisplatin. Overall, 48% of patients developed AKI, defined as an increase in S

increase over 7 days. Stages of AKI were defined as stage 1, 0.3 mg/dL or greate

199% increase over baseline; stage 3, 200% or greater over baseline or increase

did not develop AKI, those with stage 3 AKI had a 2.71-fold increased risk of

1516 The Journal of Thoracic and Cardiovascular Sur
odds of AKI and 2.19-fold higher odds of AKI requiring
dialysis than women.34,35 In experimental models of
ischemia–reperfusion injury, male rodents are more suscep-
tible to kidney injury than female rodents, possibly from
testosterone’s effect on reducing ischemia-induced activa-
tion of nitric oxide synthases.36 Similar sex-related differ-
ences in susceptibility to cisplatin toxicity have also been
reported in other animal models.37 In addition to male
versus female sex, we found that previous exposure to
cisplatin was associated with a higher risk of AKI. This
may reflect prior subclinical tubular injury from cisplatin
toxicity, rendering the proximal tubule vulnerable to further
damage. Our finding that higher eGFR was associated with
a higher risk of AKI was surprising and is likely due to con-
founding from muscle mass, with lower muscle mass and
cachexia leading to lower SCr (and higher eGFR) for any
given level of kidney function.38
Study Limitations
Our study evaluates the incidence of AKI at one of the

pioneer centers for multimodality therapy for MPM. There
Intraoperative cisplatin
(n = 412)

No intraoperative
cisplatin (n = 91)

AKI No AKI AKI No AKI

ngth of stay 15 days 13 days 11.5 days 14 days

%) 69% 63% 91% 77%

221 (54%) 191 (46%) 22 (24%) 69 (76%)

Time (Yrs.)
0 1

P < .0001

2 3

No AKI Stage 1 Stage 2 Stage 3
Acute Kidney Injury (AKI):

tive surgery for MPM with or without intraoperative chemotherapy with

Cr of 0.3 mg/dL or greater within 48 hours of surgery or a 50% or greater

r within 48 hours or 50% to 99% increase over baseline; stage 2, 100% to

in SCr to 4.0 mg/L or greater or initiation of RRT. Compared with thosewho

death.
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are several limitations to our study to consider. Generaliz-
ability is limited because this report is from a single center
that performs a technically demanding and complex surgi-
cal procedure with intraoperative chemotherapy in a patient
population with a rare malignancy and limited life expec-
tancy. Nevertheless, the frequency and nature of AKI,
which likely occurred from a combination of ischemic
and/or nephrotoxic injury, may help inform risk prediction
in other types of AKI. The data used in this study were
not collected specifically for investigating risk factors for
AKI or for comparing survival differences across treatment
strategies; therefore, information on variables such as intra-
operative hypotension, vasopressor requirement, and
diuretic administration, and oncology-specific data were
not available. The protocol at our institution includes both
prophylactic thiosulfate and amifostine administration as
the standard of care in all patients receiving intrathoracic
cisplatin. We were accordingly unable to compare the asso-
ciation between prophylactic thiosulfate or amifostine and
the development of AKI. Nevertheless, our finding of an as-
sociation between the severity of AKI and adverse out-
comes, including longer length of stay and increased
postoperative mortality, highlights the importance of AKI
prevention when using multimodality therapies to treat
MPM. Our finding that a survival benefit with HIOC with
cisplatin was limited to those who did not develop AKI
also underscores the importance of prevention strategies
to reduce the risk of AKI. Other strategies for AKI preven-
tion should be tested in this high-risk patient population.

CONCLUSIONS
Our study highlights risk factors, incidence, and out-

comes of AKI after cytoreductive surgery with or without
HIOC for MPM. Given the highly aggressive nature and
poor prognosis of MPM, along with the potential of multi-
modality therapies to extend overall survival, strategies
geared toward prevention and early recognition of AKI
would have important implications for the care of these
complex patients.
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