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Abstract

Background: Ischemia time during partial nephrectomy (PN) is among the greatest
determinants of acute kidney injury (AKI). Whether this association is affected by
the preoperative risk of AKI has never been investigated.
Objective: To assess the effect of the interaction between the preoperative risk of
AKI and ischemia time on the probability of AKI during PN.
Design, setting, and participants: Data of 944 patients treated with on-clamp PN
for cT1 renal tumors were extracted from the Registry of Conservative and Radical
Surgery for Cortical Renal Tumor Disease (RECORD2) database, a prospective
multicenter project.
Outcome measurements and statistical analysis: We estimated the preoperative
risk of AKI (defined according to the risk/injury/failure/loss/end-stage [RIFLE]
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criteria) according to age, baseline renal function, clinical stage, preoperative aspects
and dimensions used for an anatomical (PADUA) score, and surgical approach.
Classification and regression tree (CART) analysis identified patients at “high”
and “low” risk of AKI. Finally, we plotted the probability of AKI over ischemia time
stratified by the preoperative risk of AKI.
Results and limitations: Overall, 235 (25%) patients experienced AKI after surgery.
At multivariable analysis, older patients, those with more complex tumors, those
with higher baseline function, and those treated with open surgery had an increased
risk of AKI (all p � 0.011). According to the first split at CART analysis, patients were
categorized as those with “high” and “low” risk of AKI having a probability of >40%
or <40%. For low-risk patients, the probability of AKI in case of <10 versus >20 min
of ischemia was 13% versus 28% (absolute risk increase 15%). The risk of AKI for high-
risk patients who had <10 versus >20 min of ischemia was 31% versus 77%. This
corresponds to an absolute risk increase of 45%. Limitations include retrospective
data analyses and lack of surgeons’ prior experience.
Conclusions: Ischemia time during PN has different implications for patients with
different health status. Clamp time seems less clinically relevant for patients in good
conditions who may endure prolonged ischemia with a mild increase in the risk of
AKI, whereas frail patients seem to be more vulnerable to ischemic damage even for
short clamp time. For individualized intra- and postoperative management, duration
of ischemia needs to be questioned in the context of the individual health status.
Patient summary: Functional sequelae related to ischemia time during partial
nephrectomy depend on baseline health status. The correlation between the dura-
tion of ischemia and baseline health status should be taken into account toward
individualized intra- and postoperative management.
© 2020 European Association of Urology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Acute kidney injury (AKI) occurs in approximately 20% of
partial nephrectomies [1–3]. It has been established that
AKI affects long-term renal function negatively [4,5], and
consequently, it has relevant implications in survival and
quality of life after surgery [6,7]. As such, many efforts have
been made to identify causal factors and predictors of AKI to
prevent its occurrence during surgery [8–11].

Ischemia time is among the greatest determinants of AKI,
and it is widely accepted that a warm ischemia shorter than
20–25 min might avoid functional consequences [12]. How-
ever, evidence of AKI after clampless procedures [13]
implies that other factors are involved in acute damage
during partial nephrectomy. This makes a strong argument
toward a multifactorial etiology of AKI, suggesting that both
the duration of ischemia and the individual risk contribute
to functional damage. However, the relative contribution of
each of these factors to the risk of AKI has never been
investigated. In this regard, it seems reasonable that
ischemia might have different implications according to
the individual health profile, that is, the same clamp time
might be more harmful for an 80-yr-old patient with several
comorbidities than for a healthy 50-yr-old individual. This
may be extremely relevant for surgical planning, but
unfortunately current literature on this topic is limited.
For this reason, we here sought to examine the relative
contribution of individual risk and ischemia time to the
probability of AKI after partial nephrectomy in a large multi-
institutional series.
2. Patients and methods

The Italian Registry of Conservative and Radical Surgery for Cortical
Renal Tumor Disease (RECORD2 project) is a prospective, observational
project promoted by the Italian Society of Urology, the collection criteria
of which were described previously [14].

We analyzed the data of 2314 patients diagnosed with a cT1 N0 M0
renal mass at computed tomography or magnetic resonance imaging,
and treated with partial nephrectomy from 2013 to 2016. For the scope of
this study, we focused on on-clamp procedures (n = 1235). The surgical
approach was selected according to surgeon’s choice. To mitigate
confounding by the established relationship between ischemia time and
tumor complexity, we excluded patients with preoperative aspects and
dimensions used for an anatomical (PADUA) score [15] �10 tumors
(n = 230). Patients with solitary kidney (n = 8), those who received cold
ischemia (n = 44), and those with missing covariates (age, n = 4;
preoperative renal function, n = 5) were also excluded, resulting in
944 patients eligible for analysis.

Our primary aim was to investigate whether the impact of warm
ischemia on the risk of acute injury might be affected by the individual
preoperative risk of AKI. AKI was defined according to the risk/injury/
failure/loss/end-stage (RIFLE) criteria [16] using postoperative renal
function up to the 3rd postoperative day.

Our statistical analysis involved four steps. First, differences in
baseline characteristics between patients who had AKI and those who
did not were assessed using the Kruskal-Wallis and chi-square tests. For
descriptive purposes, we included all the patients regardless of the
severity of the injury. To mitigate confounding, subsequent analyses did
not include patients who had stage 2–3 AKI (n = 24). Second, we used a
multivariable logistic regression (model 1) to calculate the individual
preoperative risk of AKI. Covariates consisted of age, clinical T stage (T1a
vs T1b), preoperative estimated glomerular function rate (eGFR), total
PADUA score [15] (continuous), and surgical approach (open vs



Table 1 – Descriptive characteristics of 944 patients treated with
on-clamp partial nephrectomy for T1 renal tumor.

No AKI
(N = 709; 75%)

AKI
(N = 235; 25%)

p value

Age (yr) 64 (54, 72) 66 (59, 73) 0.002
BMI (N = 940) 26 (23, 28) 26 (24, 28) 0.2
Sex
Male 433 (61%) 166 (71%) 0.008
Female 276 (39%) 69 (29%)

Preoperative eGFR 87 (72, 101) 88 (75, 103) 0.11
Hypertension 71 (10%) 31 (13%) 0.2
Diabetes 43 (6%) 9 (4%) 0.2
Charlson Comorbidity Index
0–1 97 (14%) 19 (8%) 0.068
2–4 394 (56%) 143 (61%)
5+ 218 (31%) 73 (31%)

ECOG score
0–1 678 (96%) 221 (94%) 0.6
2 29 (4%) 13 (5%)
3+ 2 (<1%) 1 (1%)

ASA score
1 129 (18%) 32 (14%) 0.12
2 457 (64%) 152 (65%)
3+ 121 (17%) 51 (22%)
Unknown 2 (<1%) 0

Side of lesion
Right 361 (51%) 135 (57%) 0.082
Left 348 (49%) 100 (43%)

Clinical T stage
T1a 563 (79%) 155 (66%) <0.0001
T1b 146 (21%) 80 (34%)

PADUA score
6 176 (25%) 35 (15%) 0.005
7–8 404 (57%) 146 (62%)
9 129 (18%) 54 (23%)

Surgical approach
Open 133 (19%) 84 (36%) <0.0001
Laparoscopic 204 (29%) 56 (24%)
Robotic 372 (52%) 95 (40%)

Ischemia time (min) 15 (11, 19) 18 (14, 22) <0.0001

AKI = acute kidney injury; ASA = American Society of. Anesthesiologists;
BMI = body mass index; ECOG = Eastern Cooperative Oncology Group;
eGFR = estimated glomerular function rate; PADUA = preoperative aspects
and dimensions used for an anatomical.
Data are presented as medians and interquartile ranges, and as frequencies
and proportions for continuous and categorical variables, respectively. The
number in parenthesis represents the number of patients with available
data.

Table 2 – Multivariable logistic regression for the prediction of
postoperative AKI in 920 patients treated with partial
nephrectomy for T1 renal tumor.

Odds ratio 95% Confidence
interval

p value

Age 1.03 1.02, 1.05 <0.0001
Clinical T stage
T1a Ref
T1b 1.88 1.35, 2.62 0.0002

PADUA score 1.20 1.05, 1.37 0.007
Preoperative eGFR 1.02 1.01, 1.03 0.003
Surgical approach
Open Ref
Laparoscopic 0.47 0.26, 0.84 0.011
Robotic 0.39 0.25, 0.60 <0.0001

AKI = acute kidney injury; eGFR = estimated glomerular function rate;
PADUA = preoperative aspects and dimensions used for an anatomical.
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laparoscopic vs robotic). Assuming that the planned surgical technique
was confirmed after surgery, we also explored the inclusion of the type of
resection (enucleation vs enucleoresection [17]) as a proxy of preserved
parenchyma (model 2; Supplementary Table 1). Since data from different
institutions are correlated, we incorporated institution clustering in our
analysis using the cluster option in Stata statistical software. The model
was corrected for overfit using 10-fold cross validation. To assess the
relationship between preoperative risk and ischemia time (ie, that
the distribution of ischemia time was homogeneous regardless of the
preoperative risk), we used a nonparametric LOWESS function (Supple-
mentary Fig. 1). Calibration plot analyses assessed the accuracy of the
model (Supplementary Fig. 2). Third, the individual probability of AKI
derived from model 1 was used as the independent variable for
classification and regression tree (CART) analysis in an effort to identify
the most meaningful cutoff(s) for the identification of patients who will
and will not experience AKI after surgery. According to the first split at
CART analysis, we then stratified patients into groups of “high” and “low”

risk of AKI. Finally, to visualize our findings, we plotted the preoperative
probability of AKI over the duration of ischemia stratified by preopera-
tive risk using a nonparametric curve fitting method.

All analyses were conducted using Stata 14 (Stata Corp., College
Station, TX, USA).

3. Results

The descriptive characteristics of our cohort are described in
Table 1. Overall, 235 (25%) patients had postoperative AKI.
Acute injury was more frequent for older patients, those
treated with open surgery, and those who had more
complex tumors. Ischemia during surgery was longer
among patients who experienced postoperative AKI.

Table 2 describes our preoperative model to predict AKI.
At multivariable analysis, age (odds ratio [OR]: 1.03; 95%
confidence interval [95% CI]: 1.02, 1.05; p < 0.0001),
preoperative eGFR (OR: 1.02; 95% CI: 1.01, 1.03; p = 0.003),
clinical T1b stage (OR: 1.88; 95% CI: 1.35, 2.62; p = 0.0002),
and higher PADUA score (OR: 1.20; 95% CI: 1.05, 1.37;
p = 0.007) were associated with an increased risk of AKI.
Conversely, laparoscopic (OR: 0.47; 95% CI: 0.26, 0.84;
p = 0.011) and robotic (OR: 0.39; 95% CI: 0.25, 0.60;
p < 0.0001) surgery had a lower probability of AKI than
open surgery. After cross validation, the discrimination
accuracy of this model (area under the curve) was 67% (95%
CI: 63%, 71%) in our cohort.

The individual nomogram-derived probability of AKI was
used as the independent variable for CART analysis.
According to the first split at CART analysis, patients were
considered to be at a “high” risk of AKI if their preoperative
probability was >40%; patients who had a baseline
probability of <40% were considered to be at a “low” risk.

Figure 1 shows the observed likelihood of AKI over warm
ischemia time. We can see that the relationship between the
duration of ischemia and probability of AKI was different
according to the preoperative risk of AKI. As an example, in
case of <10 versus >20 min of ischemia, low-risk patients
had a risk of AKI of 13% (95% CI: 10%, 17%) versus 28% (95%
CI: 22%, 34%) (absolute risk increase 15%; 95% CI: 7%, 22%).
By contrast, the risk of AKI for high-risk patients who had
<10 versus >20 min of ischemia was 31% (95% CI: 17%, 51%)
versus 77% (95% CI: 63%, 89%). This corresponds to an
absolute risk increase of 45% (95% CI: 19%, 68%).



Fig. 1 – Relationship between observed AKI and ischemia time stratified
by preoperative risk of AKI. The red line represents preoperative risk
>40% and the dashed line represents preoperative risk �40%.
AKI = acute kidney injury.
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4. Discussion

We noted that the functional damage related to ischemia
seems to be related to the probability of having AKI
estimated before surgery. In other words, the same duration
of ischemia might have different implications according to
the individual risk of functional harm.

Ever since partial nephrectomy has gained popularity,
considerable research has focused on determining the
safety threshold for intraoperative ischemia time. Accord-
ing to a recent systematic review [12], a 20–25 min cutoff
can fairly separate patients who develop and do not develop
functional decline after partial nephrectomy. This is
important to assess the general contribution of ischemia
to functional damage, but the adoption of a specific
threshold may be problematic on an individual basis. In a
typical study, the association between outcome and
ischemia is investigated in the overall cohort after adjusting
for confounding. This raises two critical issues. First, stating
that an ischemia shorter than 20 min will be without
consequences might not be correct for all the patients.
Surgical planning cannot rely on the one-size-fits-all
approach but should take into account individual char-
acteristics. In the era of individualized surgery, it seems
remarkable that we focus on postoperative features such as
preserved parenchyma, but virtually nothing looking at the
preoperative risk of functional loss. Our findings suggest
that ischemia time cannot be considered an absolute value,
but rather that the right surgery should be given to the right
patient according to the risk of functional harm. This entails
a second critical point, that is, a clear need for the
standardization of functional profile before, during, and
after renal surgery. While tumor complexity guides indica-
tion for surgery (eg, radical vs partial nephrectomy), we
have to bear in mind that the final goal of partial
nephrectomy is to preserve renal function, and as such,
an appropriate estimation of functional risk is necessary to
optimize ischemia time. Similarly, any given duration of
ischemia should be considered in light of individual health
status if personalized management after surgery is con-
templated, with the final goal of referring patients at a high
risk of functional deterioration to a tailored, multidisciplin-
ary evaluation. Although the general recommendation
toward shortening ischemia time still holds true [12],
surgeons should consider a more granular approach based
on the assessment of functional profile. In this context, our
study represents a benchmark to implement the assess-
ment of functional risk in future investigations.

It is noteworthy that we did not include comorbidities in
our preoperative model. Although prior investigators
observed an association between AKI and diabetes [18],
hypertension [10,19], or smoking status [10], there are
reasons to believe that this relationship might be more
apparent than real. First, other papers failed to confirm
these findings [10,20,21], suggesting that the established
association between medical conditions and renal function
[5] might not hold true when taking into account a one-time
event such as surgical AKI. Among possible explanations,
the majority of studies on this issue included patients with
solitary kidney in whom adaptive phenomena might
influence functional profile, particularly in case of AKI.
Therefore, it is plausible that the same conclusions may not
be applicable to patients with two functional units
[4,22,23]. Moreover, patients are usually classified as those
having a condition even if they are on drug therapy and
measurement parameters have normalized at the time of
surgery. It is thus unclear how we should consider, say, a
patient with hypertension that is perfectly controlled by
medical therapy. Since there is evidence that microvascular
changes related to high blood pressure are reversible [24], it
is reasonable that hypertension might not affect the age-
related renal function of such patient. For these reasons, we
are confident that the relative contribution of comorbidities
to renal function is reflected into age and preoperative
eGFR, which are included in our risk estimation.

Our study is not devoid of limitations. Although we
adjusted for patient and tumor characteristics, we cannot
entirely rule out potential residual confounding from
known and unknown variables. This may help explain the
association between surgical approach and AKI resulted
from our multivariable model. A potential reason might be
the lack of surgeon’s experience among our covariates. To
address this issue, we excluded patients with complex renal
masses that might have resulted in longer ischemia for less
experienced surgeons. Moreover, we performed sensitivity
analysis on patients receiving surgery at institutions with an
annual caseload of >20 procedures, with no meaningful
differences in results (Supplementary Table 2). A second
limitation concerns the definition of AKI. There is evidence
that new biomarkers or preoperative proteinuria might
improve the sensitivity for the detection of subclinical AKI
[11]. Accordingly, the lack of such information in our study
might have resulted in underestimation of AKI. Moreover,
according to a recent consensus definition [25], AKI should
be investigated up to 7 d after surgery, while our dataset
included renal function up to the 3rd postoperative day. It
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could thus be hypothesized that some cases of AKI might
have been missed. However, there is evidence that the
majority of acute injuries occur in the first 3 d after surgery
[4], and therefore, we are confident that the small number
of patients who might have contributed to this bias did not
affect our results. Finally, we have to acknowledge that our
analyses did not include the evaluation of parenchymal
mass reduction [26,27], a morphologic measure of renal
functional parenchyma. Although such construct was not
available for the analyses, our results were not altered in
sensitivity analysis, including a proxy of spared parenchy-
ma, that is, the extension of surgical resection. For these
reasons, we are confident that our findings were not a
consequence of the lack of parenchymal mass reduction in
our analyses.

Our results have implications for empirical research.
Evidence that outcomes of surgery are influenced by
surgical experience [28,29] suggests that the inclusion of
such a feature might improve risk stratification. It would not
be surprising that the probability of functional damage
might be lowered using the surgical approach a surgeon is
more confident with [30]. This suggests that a surgeon’s
prior experience should be taken into consideration for
preoperative counseling. In this regard, valuable standardi-
zation of experience is provided by surgical curricula [31]. In
addition, our results suggest that more serious attention
should be paid to functional profile before partial nephrec-
tomy. Many efforts have been made to identify patients at
risk of functional loss [1,8,9,32–34], and it seems so far
established that AKI should be prevented as it is associated
with long-term function [4,35,36]. A quite generic recom-
mendation is for preoperative correction of medical
conditions. This intervention is surely beneficial for
patients, but it is unlikely to influence surgical strategy,
let alone that chronic comorbidities are difficult to eradicate
in few months from diagnosis to surgical treatment.
Moreover, there is evidence that acute damage is often
related with intraoperative factors such as operative time,
blood loss, and ischemia time [8,9], and this is consistent
with our finding that surgical approach affects the risk of
AKI. For this reason, it seems reasonable to optimize
technical aspects of surgery according to the individual risk
of AKI, which, in turn, has to be estimated before surgery.
Accordingly, systematic research is required to identify
critical aspects of partial nephrectomy that are associated
with AKI. In addition, other implementations should be
investigated. For instance, serum creatinine may be
inadequate for gauging side-specific renal function. This
is extremely relevant for renal surgery as the affected
kidney might be, say, the one less contributing to global
function, resulting in a risk/benefit ratio in favor of radical
rather than partial nephrectomy. Conversely, more efforts
for partial nephrectomy might be considered if surgery was
needed in the kidney with the highest contribution to global
function. In this regard, imaging modalities such as renal
scintigraphy might be of added value for preoperative
planning. However, current literature on this issue is limited
and mainly focused on the assessment of function after
surgery [37]. It is reasonable that the implementation of
renal scintigraphy to preoperative counseling might result
in more accurate risk stratification, thereby improving
surgical planning and likely translating into better surgery.
We intend to investigate these possibilities in future
studies.

5. Conclusions

A given duration of ischemia during partial nephrectomy
has different implications for patients with different health
status. Clamp time seems to be less clinically relevant for
patients in good conditions who may endure prolonged
ischemia with a mild increase of AKI risk, whereas frail
patients seem to be more vulnerable to ischemia damage
and may require additional interventions in the postopera-
tive period. This should be taken into account toward
individualized management before and after partial ne-
phrectomy.
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