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GRAPHICAL ABSTRACT

ABSTRACT

Background. Unilateral nephrectomy is a relatively common
procedure in children which results in a solitary functioning

kidney (SFK). Living with an SFK predisposes to kidney
injury, but it remains unknown which children are most at
risk. We aimed to investigate kidney injury rates in patients
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KEY LEARNING POINTS

What is already known about this subject?
• Living with a solitary functioning kidney from childhood predisposes to long-term consequences such as proteinuria,
hypertension and a reduction in kidney function.

• Children who undergo nephrectomy may have a different risk for kidney injury than children with a solitary functioning
kidney from birth.

What this study adds?
• This systematic review and meta-analysis estimates that proteinuria, hypertension and a reduction in kidney function are
present in 15.3, 14.5 and 11.9% of patients who underwent nephrectomy during childhood, respectively.

• The indication for nephrectomy did not influence the proportions of affected patients, indicating that follow-up cannot be
tailored based on this factor.

What impact this may have on practice or policy?
• We recommend that all children who undergo nephrectomy should be screened for signs of kidney injury annually, with
no differentiation based on the indication for nephrectomy.

• Future studies should report large, unselected cohorts of patients who have undergone nephrectomy during childhood,
with high-quality information on kidney injury measures.

• The availability of outcome data on individual-patient level would help to stratify the care for patients with a solitary
functioning kidney based on risk categories.

who underwent unilateral nephrectomy in childhood and to
investigate differences among nephrectomies performed for a
congenital anomaly, malignancy or other condition.
Methods. MEDLINE and EMBASE were searched for studies
reporting kidney injury rates [i.e. proteinuria, hypertension
and/or a decreased glomerular filtration rate (GFR)] of patients
who underwent unilateral nephrectomy during childhood.
Studies including five or more patients with at least 12
months of follow-up were eligible. Analyses were performed
using random effects models and stratified by indication
for nephrectomy. Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) and Meta-analysis Of
Observational Studies in Epidemiology (MOOSE) guidelines
were used for reporting.
Results. Over 5000 unique articles were screened, of which
53 studies reporting on >4000 patients were included in
the analyses. Proteinuria, hypertension and a decreased GFR
were present in 15.3, 14.5 and 11.9% of patients, respectively.
Heterogeneity among the studies was large in several sub-
groups, impairing quantitative meta-analyses. However, none
of our analyses indicated differences in injury rates between
a congenital anomaly or malignancy as an indication for
nephrectomy.
Conclusions. Unilateral nephrectomy during childhood re-
sults in signs of kidney injury in >10% of patients, with
no clear difference between the indications for nephrectomy.
Therefore, structured follow-up is necessary in all childrenwho
underwent nephrectomy, regardless of the indication.

Keywords: CAKUT, chronic kidney disease, nephrectomy,
systematic review, Wilms tumour

INTRODUCTION
Each year, over 2000 children undergo a nephrectomy in the
US [1]. Approximately 75% of these procedures are performed
for benign disease, with indications such as multicystic

dysplastic kidney (MCDK) or non-functioning kidney due to
vesicoureteral reflux (VUR), duplex kidney or ureteropelvic
junction obstruction (UPJO) [1, 2]. A Wilms tumour is by
far the most common indication in the remaining 25% with
malignancies [1, 2].

After a unilateral nephrectomy, a solitary functioning
kidney (SFK) remains. As living with an SFK predisposes
to kidney injury due to glomerular hyperfiltration, lifelong
follow-up is warranted, although the estimated risk of kidney
injury varies greatly [3]. Studies report signs of kidney injury
in up to 50% of children with an SFK, with some reporting a
higher risk for an acquired SFK (i.e. after nephrectomy) than
for an SFK from birth (e.g. after unilateral renal agenesis)
[4, 5]. In addition, children undergoing nephrectomy for
a malignancy could be at higher risk for kidney injury
than children undergoing a nephrectomy for other reasons,
especially if they were additionally treated with nephrotoxic
chemotherapy or radiotherapy on the remaining kidney.

Although the high rate of kidney injury led to recommen-
dations highlighting the need for follow-up of children with
an SFK, the frequency of follow-up is largely opinion-based
[3]. Follow-up could be individualized if more information
on risk factors for kidney injury were made be available [6].
Therefore, we addressed the following research questions in a
systematic review and meta-analysis of the literature: (i) what
is the prevalence of kidney injury in children who underwent
a unilateral nephrectomy and, (ii) does the indication for
nephrectomy influence the rate of kidney injury?

MATERIALS AND METHODS
Review methods
Prior to the initiation of the systematic review, a protocol

was created with detailed information on the research ques-
tion, search strategy, inclusion and exclusion criteria and risk
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of bias assessment. Furthermore, we defined how to investigate
heterogeneity and when meta-analysis would be performed
and registered the protocol on the PROSPERO website
(registration number CRD42019129501). The PRISMA and
MOOSE checklists were used to aid transparent reporting of
the review [7, 8].

Search strategy
Our search strategy was formulated with the assistance of

a professional librarian and aimed at identifying all relevant
articles on paediatric nephrectomy (a complete search strategy
is included as Supplementary material). We first searched the
MEDLINE and EMBASE libraries in March 2019 and used
the snowballing technique to identify relevant studies from
the reference list of selected articles. Since no randomized
clinical trials on the subject of our review were expected, trial
registers and the Cochrane library were not searched. The
identified studies were imported into EndNote and duplicates
were removed using the methods of Bramer et al. [9]. In
September 2020, bothMEDLINE and EMBASE were searched
again to update our database with the most recent articles.

Selection of eligible studies
After deduplication, the articles were imported into Rayyan

for title/abstract screening by two independent reviewers
(S.G.W. and A.G.) [10]. In case of disagreement, a third re-
viewer (M.F.S.) was consulted. Articleswere considered eligible
if they: (i) reported on children (0–18 years) who underwent
a unilateral simple or radical nephrectomy, (ii) reported at
least one of the outcomes related to kidney injury (defined
as proteinuria, hypertension, a decreased eGFR and/or use
of antihypertensive or antiproteinuric medication), (iii) mea-
sured the outcomes at least 12 months after nephrectomy, (iv)
included at least five patients and (v) were available in English.
Studies including only children undergoing nephrectomy for
hypertension were excluded since it would not be possible
to determine whether hypertension during follow-up was
pre-existing or a consequence of living with an SFK in
these children. To avoidmisclassification of tumour-associated
hypertension as hypertension caused by living with an SFK,
only outcomes measured after at least 1 year of follow-up were
taken into account.

Data extraction
Full text screening and data extraction were performed in

duplicate by the same two reviewers.We extracted information
on study characteristics (e.g. study type, in- and exclusion cri-
teria, duration of follow-up), the indications for nephrectomy
and themeasurement of the outcomes using a predefined form.
We grouped the indications for nephrectomy into congenital
anomalies (i.e. MCDK, hydronephrosis, obstructive uropathy,
VUR and congenital not otherwise specified), malignancies
and mixed/other (e.g. trauma or calculi). If a study included
nephrectomies for both congenital anomalies and malignan-
cies, subgroups by indication were created within individual

studies. If this was not possible, study outcomes were reported
under the mixed/other indication groups. Data on children
whodid not undergonephrectomywere not extracted.Authors
were contacted to provide more information when ambiguity
about the patients who underwent nephrectomy was present.
If the available data permitted, kidney injury was defined as
the presence of albuminuria or proteinuria (in our article
combined and referred to as proteinuria), hypertension, an
eGFR <60 mL/min/1.73 m2, or the use of antihypertensive
and/or antiproteinuric medication. Generally, the outcome
definitions from the studies were applied. When individual
eGFR values were reported, the numbers of patients with
an eGFR <60 and an eGFR <90 mL/min/1.73 m2 were ex-
tracted. A selection of items from the Newcastle-Ottawa Scale
was used to assess the quality of the studies [11].

Data analysis
For three outcomemeasures (proteinuria, hypertension and

eGFR), sufficient studies were available to perform quantitative
analyses. The number of participants with the specific outcome
was divided by the number of participants at risk in the
particular study to calculate the proportion of affected patients.
The proportions of affected patients from the individual
studies were combined in meta-analyses using random effect
models for all three outcomes separately. Between-study
heterogeneity was assessed using the I2 statistic and we
established amaximumheterogeneity of 75% in our protocol to
avoid overinterpreting meta-analyses results on incomparable
studies leading to spurious conclusions [12, 13]. The Paule–
Mandel method was used to calculate the heterogeneity τ 2 and
to assign weights to the studies [14]. The method by Hartung,
Knapp, Sidik and Jonkmanwas used to adjust test statistics and
confidence intervals since this method reduces type 1 errors
in case of substantial heterogeneity and/or a small number of
studies [15]. Subgroup analyses were performed to compare
the different indication groups (i.e. congenital, malignancy
and mixed/other) and to investigate other potential sources of
heterogeneity, including follow-up duration (<7.5 years, 7.5–
15 years and ≥15 years), way of reporting (mean or median),
study design (cohort or cross-sectional), size of the study
(≤10, 11–49 or ≥50 participants) and year of publication
(before or after 2010). Meta-regression analyses were used to
evaluate the effect of these factors on estimated proportions
and heterogeneity in multivariate analyses. All analyses were
performed using R software (version 3.5.1).

RESULTS
Study selection
Our initial search yielded 7237 results, of which 2087

were duplicates. The title and abstract of 5150 articles were
screened for eligibility and 4832 articles were excluded. From
the remaining 318 articles, 26 had to be excluded because no
full-text article was available (e.g. conference presentations),
while 227 were excluded after reading the full text because
they did not fulfil the inclusion criteria. At this stage, 65
studies were selected for data extraction, during which four
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7237 articles identified
• 3979 Pubmed
• 3258 EMBASE

2087 duplicates
removed

4858 removed
• 4832 irrelevant
• 26 no full text

242 removed
• 227 irrelevant
• 4 less than 5 patients
• 4 insufficient reporting
• 7 duplicate cohort

3 added
• 1 from references
• 2 updated search
  (Sept 2020)

5150 articles screened
on title and abstract

292 full-text articles
read and assessed

50 articles selected
for analyses

53 articles selected
for analyses

FIGURE 1: Flowchart of article selection.

additional studies [16–19] had to be excluded because of an
insufficient number of patients with nephrectomy from whom
datawere available, four studies [20–23]were excluded because
of insufficient reporting of outcomes and seven studies [24–
30] were removed because a more recent article about the
same cohort was available. This resulted in 50 articles for the
initial analyses. Reference searching (n = 1) and the updated
search in September 2020 (n = 2) yielded three more suitable
articles, leading to a total of 53 articles included for analyses
(Figure 1).

Study characteristics
The selected studies were published between 1969 and

2019 and consisted of cohort (n = 31) and cross-sectional
(n = 22) studies (Table 1). Five studies reported on patients
with a congenital indication for nephrectomy only, 34 reported
on patients with a malignancy only and 14 on both types

of patients or patients with other indications. For seven of
the studies reporting on both types of patients, we were able
to create subgroups by indication, resulting in a total of 69
studies and subgroups for analyses. In total, 4045 patients were
included of whom 648 had congenital anomalies, 3293 had
malignancies and 104 had other indications for nephrectomy
(Table 2).

Large differences in the in- and exclusion criteria, outcome
assessment and definitions of kidney injury were present
among the included studies (Table 1). A total of 21 studies
excluded patients with a form of contralateral (i.e. in the SFK)
disease and six used some form of kidney injury as exclusion
criterion (e.g. patients with GFR <90 mL/min/1.73 m2 were
excluded). Two studies did not report how proteinuria was
measured and 13 had missing information on the method of
blood pressure measurement used. Of studies that did report
their measurement details, some used office blood pressure
measurements (n= 17) whereas others used ambulatory blood
pressure monitoring (ABPM) (n = 4). Urinalysis was reported
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Table 3. Proportions of affected patients and estimated heterogeneity

Outcome Subgroup
Number of
studies

Total
number of
patients

Number of
patients
with

outcome

Calculated
affected

proportion
(%)

Estimated
affected
propor-
tion*
(%)

95% Confidence
interval (%) I2

Proteinuria Overall 42 1537 248 16.1 15.3 (11.6–20.0) 59%
Congenital 7 151 25 16.6 15.9 (5.3–39.0) 57%
Malignancy 26 906 136 15.0 13.9 (9.1–20.6) 69%
Mixed 9 480 87 18.1 18.6 (16.2–21.3) 0%

Hypertension Overall 43 3039 427 14.1 14.5 (10.5–19.8) 83%
Congenital 6 133 11 8.3 11.2 (3.1–33.4) 46%
Malignancy 27 2362 293 12.5 13.3 (8.6–20.2) 86%
Mixed 10 544 123 22.6 19.2 (9.6–34.8) 70%

GFR Overall 55 1983 262 13.2 11.9 (8.6–16.2) 80%
Congenital 10 217 29 13.4 12.8 (3.9–34.7) 72%
Malignancy 35 1324 204 15.4 11.6 (7.6–17.4) 81%
Mixed 10 442 29 6.6 9.3 (5.3–16.1) 47%

*Estimated using random-effect meta-analyses. The I2 statistic was used to quantify between study heterogeneity [12].
GFR, glomerular filtration rate

for a single random sample (n = 11) and for 24 h urine
collection (n= 11). To estimate or measure GFR, some studies
used creatinine based GFR estimations (n = 15) while others
used clearances based on GFR measurements (n = 33). Only
five studies reported on antihypertensive medication use.

Outcomes
All outcomes were reported in more than 10% of the

included patients: proteinuria was reported in 16.1% (248
of 1537 patients, 42 studies), hypertension in 14.1% (427 of
3039 patients, 43 studies) and a decreased eGFR in 13.2%
(262 of 1983 patients, 55 studies) (Table 3). Antihypertensive
or antiproteinuric medication use was reported for 13.7% of
patients (60 of 437), but in only five studies. Therefore, this
outcome was not considered for further separate analyses.

Meta-analyses confirmed that signs of kidney injury were
present in a considerable proportion of patients. The estimated
proportions of patients with proteinuria, hypertension and
a decreased eGFR were 15.3, 14.5 and 11.9%, respectively
(Table 3, Figures 2–4). Because the heterogeneity was larger
than 75% in 2 out of the 9 indication subgroups, results of
our meta-analyses should be interpreted with care. Neverthe-
less, no differences in kidney injury rates across indication
subgroups were visible and confidence intervals were largely
overlapping.

Differences in follow-up duration, way of reporting (i.e.
mean or median), study design, size of the study and year
of publication were all regarded as potential confounding
factors and contributors to the large heterogeneity. However,
sensitivity analyses in which subgroups were made for these
variables did not substantially change point estimates for
the affected proportions or decrease heterogeneity in most
subgroups (Supplementary data, Tables S1–S3). The only
statistically significant difference was seen between the pro-
portions of patients with hypertension in studies published
before or after 2010, which were 10 and 20%, respectively
(P = 0.02, Supplementary data, Table S2). Meta-regression

including all potential confounders explained 0–21% of the
heterogeneity and did not result in statistically significant
differences between patients with congenital or malignant
indications for nephrectomy for any outcome (Supplementary
data, Tables S1–S3). As can be expected, the cut-off used to
define an abnormal GFR was strongly associated with the
affected proportion of patients in both univariate analyses and
meta-regression (Supplementary data, Table S3).

We hypothesized that the effect of follow-up duration
on kidney injury rates could be substantial and was not
sufficiently corrected for by creating tertiles of follow-up
duration. Therefore, we plotted the proportion of patients
affected with the different outcomes against the median (or
mean, if the median was not available) duration of follow-up
for each study, as well as the proportion of patients with any
outcome (Figure 5). No specific trends were visible in these
scatterplots and separating studies reporting mean or median
follow-up duration did not change these results.

DISCUSSION
In this systematic review, we found that many studies were
performed on the prevalence of signs of kidney injury in pa-
tients who have undergone a nephrectomy during childhood.
The estimated proportions of patients with proteinuria, high
blood pressure and a decreased eGFR were 15.3, 14.5 and
11.9% of patients, respectively, which clearly indicates that
children undergoing a nephrectomyneed long-term follow-up.
Our results indicated no differences between children with a
congenital anomaly or malignancy as an indication for their
nephrectomy. However, these results cannot be used to rule
out the possibility of subgroups and should be interpreted with
care due to the large heterogeneity among the studies included.

Heterogeneity is a common problem in meta-analyses of
observational studies and is an issue that requires careful ex-
amination [12]. In our study, several underlying reasons could
be identified, including the study in- and exclusion criteria,
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FIGURE 2: Forest plot with proportions of patients with proteinuria for different indications for nephrectomy.

methods of outcome assessment, criteria used to determine the
presence of kidney injury and duration of follow-up.

The detailed in- and exclusion criteria of most studies likely
resulted in a selected study population: whereas data from a
US registry showed that 74% of paediatric nephrectomies was
for a benign indication,>80% of the patients in our systematic
review had a malignant indication [1]. Since studies often
excluded patients with contralateral anomalies or bilateral

disease, the included patients likely represent a relatively
healthy subset. We do not expect that this was a result of a
narrow search strategy since we identified over 5000 unique
articles and reference searching identified only one additional
article.

The assessment of the study outcomes is also an important
factor in explaining heterogeneity. Three main indicators of
kidney injury were selected for this study. Proteinuria is an

2466 Sander Groen in ‘t Woud et al.



FIGURE 3: Forest plot with proportions of patients with hypertension for different indications for nephrectomy.

early marker of kidney damage and can be measured using
24-h urine collection, which is considered to be the most
reliable method, or spot urines, which is more convenient and
has been shown to yield reliable results as well [82]. Hyper-
tension is a key component of glomerular hyperfiltration and
the consequence of kidney injury. Although blood pressure
measurement using ambulatory blood pressure monitoring
is more accurate than office blood pressure [83, 84], it was

used in four studies only [45, 46, 60, 75]. This may have
led to measurement errors in the studies included in this
systematic review. The probability of a measurement error
is probably even larger when determining GFR, for which
many different measurement techniques and estimations were
used [85]. Furthermore, different cut-offs for GFR were used,
with a much lower proportion of affected patients in studies
using a cut-off of 60 mL/min/1.73 m2 than in studies using
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FIGURE 4: Forest plot with proportions of patients with a decreased estimated glomerular filtration rate (eGFR) for different indications for
nephrectomy.
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FIGURE 5: Scatterplots of study follow-up duration and percentage of affected individuals for the main outcomes [(A) proteinuria, (B)
hypertension, (C) decreased estimated glomerular filtration rate, (D) any sign of kidney injury (studies with at least one affected participant
only)], separated by indication for nephrectomy. Squares represent studies with congenital indication for nephrectomy only, circles represent
studies with malignant indications, triangles represent studies with mixed indications. Filled symbols represent studies reporting median
follow-up duration, empty symbols represent mean follow-up duration.

90 mL/min/1.73 m2 (6.0 and 26.6%, respectively). Given these
issues, it is not surprising that heterogeneity was larger for
hypertension (83%) and a decreased GFR (80%) than for
proteinuria (59%).

We attempted to correct for follow-up duration and several
additional sources of variation by creating subgroups and
performing meta-regression analyses. We expected that the
follow-up duration would be a main determinant of the
number of patients with kidney injury, since hyperfiltration is
considered to be the main mechanism behind kidney injury
in patients who are living with an SFK. However, creating
subgroups based on follow-up duration did not substantially
reduce heterogeneity, follow-up duration was not statistically
significantly associated with estimated proportions in meta-
regression analyses and no clear associations between follow-
up duration and the proportion of affected patients was visible
in our scatterplots including all studies (Figure 5). Since
this was an unexpected finding, we investigated whether an
effect of follow-up was visible when focussing on only the
larger studies with over 50 included patients. The variance
explained by follow-up duration was much larger, especially
when focussing only on patients with a tumour as an indication

for nephrectomy (Figure 6). As such, the effect of follow-
up duration in our overall analyses is probably diluted and
confounded by the many small studies with widely varying
results that were given equal weight as the larger studies.
An additional factor could be the definition of follow-up,
which we defined as age at outcome assessment minus age
at nephrectomy. Children with congenital indications for
nephrectomy may have lived with a unilateral malfunctioning
or non-functioning kidney before nephrectomy, however, and
might be prone to kidney injury at an earlier age as a result.

Differences in study type could also have affected our
results. Some studies reported on a cohort of patients that
had systematically been followed after nephrectomy, whereas
others called back individuals for a one-time assessment
of kidney injury. However, limiting our analyses to cohort
studies did not change our results substantially. Also, several
smaller studies were included, in which greater variation
due to chance can be expected. Nonetheless, the study size
was not statistically associated with the affected proportion
of patients in meta-regression analyses. Lastly, the studies
included were published between 1969 and 2019 and contain
patients undergoing nephrectomy from 1936 onwards. Since
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FIGURE 6: Scatterplots of study follow-up duration and percentage of affected individuals for the main outcomes [(A) proteinuria, (B)
hypertension, (C) estimated glomerular filtration rate <90 mL/min/1.73 m2, (D) any sign of kidney injury)] in studies with at least 50
participants and malignancy as indication for nephrectomy. Filled symbols represent studies reporting median follow-up duration, empty
symbols represent mean follow-up duration.

major advances in surgical techniques and diagnostic possi-
bilities were made during this time period, the long timespan
undoubtedly influenced our results. In sensitivity analyses
with studies published after 2010 only, however, the estimated
proportion of patients with hypertension increased (from 9.7
to 19.6%). Although rather speculative, the stricter application
of guidelines on how blood pressure should be measured
adequately could have played a role in this difference.

A common approach to deal with heterogeneity in meta-
analyses of observational studies is to create subgroups [12].
Although we planned several subgroup analyses a priori, these
did not decrease heterogeneity substantially in most cases.
Another possible approach is to perform meta-regression
analyses, in which several possible mediators can be taken into
account. Despite the inclusion of six potential contributors
to heterogeneity, only a minor part (0–21%) of heterogeneity
could be explained. Lastly, individual patient data meta-
analyses could be a solution, but we refrained from this
option because of the large number of cohorts that were pub-
lished >10 years ago. Despite the limitations in interpretation

of the meta-analyses that come with the large between-study
heterogeneity, this systematic review benefits from its large
number of included studies and considerable sample size. We
showed that more than 10% of patients exhibit some form of
kidney injury after undergoing a nephrectomy in childhood,
which stresses the importance of a standardized follow-up
protocol for these patients and high-quality research into the
topic.

Our results show that no indication subgroup remains
sufficiently free from kidney injury to justify discharge from
follow-up. Although not all patients will develop kidney injury
after nephrectomy, stratification is not yet possible, which is
similar to patients living with a congenital SFK [6]. Therefore,
we recommend to perform screening for kidney injury in
line with that performed in patients with congenital SFK,
consisting of a yearly measurement of blood pressure and
proteinuria and 5-yearly estimation of the GFR [86]. More
frequent GFR estimation may be needed in circumstances
that increase the demand on the kidney, such as during
rapid pubertal growth or pregnancy and in individuals with
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obesity. Local practice patterns can guide whether follow-up
is performed by a paediatric urologist or nephrologist, or a
general care physician.

For future studies, we highly recommend reporting out-
comes according to existing guidelines for the measurement
and classification of hypertension and kidney function to over-
come the limitations we encountered while summarizing the
available evidence [84, 87]. Furthermore, structured follow-up
of all patients undergoing unilateral nephrectomy in childhood
as recommended above will likely lead to more available data
on a less selected population. Ideally, these data should be
registered in a centralized facility such as the registries of the
European Reference Networks (ERNs) (e.g. ERKReg or the
ERN eUROGEN registry) and made available for research,
since the availability of these data would bring tailored follow-
up based on individual risk factors a step closer to clinical
practice.

In conclusion, this systematic review and meta-analysis
showed that signs of kidney injury were common in a large
and heterogeneous population of patients that underwent
nephrectomy in childhood. No difference was observed
between nephrectomy for benign or malignant conditions.
These results indicate that standardized follow-up is needed
in all patients who underwent nephrectomy during childhood.
More widespread and uniform reporting of data is needed to
facilitate the estimation of the risk of kidney injury in specific
subpopulations and tailor clinical care accordingly.
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