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ABSTRACT
Childhood cancer survivors (CCS) are at risk of kidney dysfunction. Recently, the shrunken pore syn-
drome (SPS) has been described, which is characterized by selectively impaired filtration of larger mol-
ecules like cystatin C, while filtration of smaller molecules like creatinine is unaltered. It has been
associated with increased mortality, even in the presence of a normal estimated glomerular filtration
rate (eGFR). The aim of this study was to evaluate the prevalence of SPS in CCS exposed to potentially
nephrotoxic therapy. In the Dutch Childhood Cancer Survivor Study (DCCSS)-LATER 2 Renal study, a
nationwide cross-sectional cohort study, 1024 CCS �5 years after diagnosis, aged �18 years at study,
treated between 1963-2001 with nephrectomy, abdominal radiotherapy, total body irradiation, cis-
platin, carboplatin, ifosfamide, high-dose cyclophosphamide or hematopoietic stem cell transplantation
participated, and 500 age- and sex-matched controls form Lifelines. SPS was defined as an eGFRcys/
eGFRcr ratio <0.6 in the absence of non-GFR determinants of cystatin C and creatinine metabolism
(i.e. hyperthyroidism, corticosteroids, underweight). Three pairs of eGFR-equations were used; CKD-
EPIcys/CKD-EPIcr, CAPA/LMR, and FAScys/FASage. Median age was 32 years. Although an eGFRcys/eGFRcr
ratio <0.6 was more common in CCS (1.0%) than controls (0%) based on the CKD-EPI equations, most
cases were explained by non-GFR determinants. The prevalence of SPS in CCS was 0.3% (CKD-EPI
equations), 0.2% (CAPA/LMR) and 0.1% (FAS equations), and not increased compared to controls. CCS
treated with nephrotoxic therapy are not at increased risk for SPS compared to controls. Yet, non-GFR
determinants are more common and should be taken into account when estimating GFR.
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Introduction

Due to remarkable progress in cancer treatment, more than
80% of pediatric cancer patients will become long-term sur-
vivor [1]. However, this growing group of childhood cancer
survivors (CCS) is vulnerable to developing health problems
in the long term [2].

One of the late effects that can occur is chronic kidney dis-
ease (CKD), with a prevalence ranging from 2.4% to 32%

among CCS exposed to nephrotoxic therapy [3]. Since CKD is
a well-known risk factor for cardiac disease and is associated
with a high mortality [4], it is essential to monitor kidney
function in CCS and detect abnormal kidney function at an
early stage where adequate medical interventions can be taken.

A key component in assessing kidney function is the
glomerular filtration rate (GFR).

The current KDIGO guideline recommends eGFR meas-
urement using the creatinine-based Chronic Kidney Disease
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in Children (CKiDScr) [5] and the CKD-EPI equation in
adults [6,7]. Yet, it is known that serum creatinine concen-
trations are affected by muscle mass, dietary creatine intake
from meat and fish, and variable tubular secretion [8,9].
This leads to an over- or underestimation of eGFR in cer-
tain clinical conditions. Cystatin C is not influenced by
these determinants and has been demonstrated to be benefi-
cial alongside or as an alternative to serum creatinine [7,10].
Recognized interactions with cystatin C metabolism are
glucocorticoid medication and thyroid dysfunction [11,12].

Cystatin C and creatinine can therefore be complementary
in assessing kidney function. In line with this concept, recent
studies have demonstrated that combining both markers,
either in a two-marker equation or by calculating the mean of
a cystatin C and a creatinine-based eGFR, yields better preci-
sion and accuracy than a single parameter eGFR [13]. Direct
comparison of the cystatin C and the creatinine-based eGFR
can be diagnostic to identify extra-renal conditions affecting
GFR estimation, the so-called ‘Lund approach’ formulated by
Grubb and co-workers [14]. It has long been known that cys-
tatin C is more strongly associated with cardiovascular and
all-cause mortality than serum creatinine [15,16]. Since the
molecular mass of creatinine (113Da) is considerably smaller
than cystatin C (13,300Da), Grubb et al. proposed the con-
cept of ‘shrunken pore syndrome’ (SPS), leading to a rise in
cystatin C out of proportion to creatinine [17]. In this con-
cept, the increase in cystatin C reflects the accumulation of a
wide range of LMW proteins involved in atherosclerosis and
inflammatory pathways leading to excess cardiovascular and
all-cause mortality [18]. Commonly, SPS is defined as an
eGFRcys/eGFRcreat ratio < 0.6 in the absence of extrarenal
factors affecting cystatin C (e.g. hyperthyroidism, high-dose
glucocorticoid treatment) or creatinine (e.g. low muscle mass,
limb amputations) metabolism. The prevalence of SPS ranges
from 0.2% to 36% in various study populations [18], includ-
ing sick or healthy persons [17,19], patients undergoing car-
diac surgery [20], elective coronary artery bypass grafting
[21], patients with heart failure [22] and in children [23].

A significant proportion of patients with SPS have nor-
mal kidney function. Even without decreased GFR and albu-
minuria, SPS is associated with increased mortality [19].
This prompted us to evaluate the prevalence of and risk fac-
tors for SPS in our nationwide cross-sectional cohort study
on CCS treated with potentially nephrotoxic treatment com-
pared to matched controls from the general population.

Methods

Study population

The Dutch Childhood Cancer Survivor Study (DCCSS)
LATER cohort (1963–2001) part 2; clinical visit and ques-
tionnaire study is a nationwide cross-sectional cohort study.
Inclusion criteria were survivorship of childhood cancer �
5 years after diagnosis and treatment in one of the Dutch
seven pediatric oncology centers between 1963 and 2001
from 0 to 17 years old. Additional selection criteria for the
current sub-study were as follows: (1) age � 18 years at the
time of study, (2) sufficient understanding of the Dutch

language to provide informed consent, and (3) exposure to
potentially nephrotoxic therapy – that is, (a) nephrectomy
(unilateral, partial bilateral), (b) radiotherapy involving one
or both kidneys in the field (abdominal, total body irradi-
ation (TBI), in nephrectomized patients radiotherapy in the
field of the remnant kidney), (c) chemotherapy; cisplatin,
carboplatin, ifosfamide or high-dose (HD)-cyclophospha-
mide � 1 g/m2 per single dose or � 10 g/m2 in total, or (d)
allogeneic hematopoietic stem cell transplantation (HSCT).
For HD-cyclophosphamide, information regarding a single
dose was incomplete. If cumulative cyclophosphamide dose
was <10 g/m2, CCS were only selected if they had been
treated according to ALL7 & ALL8 protocol [24,25]. In
these protocols, the high single doses were well documented
and traceable. Furthermore, CCS with a history of kidney
transplantation or pregnancy at the time of study visit were
excluded from the study cohort.

Controls

Data of 500 age- and sex-matched controls from Lifelines
were used as a comparison. Lifelines is a multi-disciplinary
prospective population-based cohort study examining the
health and health-related behavior of 167,729 persons living
in the North of the Netherlands in a unique three-generation
design. It employs a broad range of investigative procedures
to assess biomedical, socio-demographic, behavioral, physical,
and psychological factors that contribute to the general popu-
lation’s health and disease, with a particular focus on multi-
morbidity and complex genetics fields [26,27]. The same
exclusion criteria applied for the control group, with the add-
itional exclusion criteria of a history of cancer. Controls were
selected randomly from the eligible study cohort. Moreover,
frequency matching was performed, so the frequency of age
and sex was equal for CCS and controls.

Data collection

Demographic, diagnosis and treatment details were collected
for all survivors, except those refusing data storage. The partic-
ipating CCS, data on medical history and questionnaires were
obtained, and laboratory testing was performed. Participants’
length was measured using a Holtain stadiometer (Holtain Ltd,
Crymych, Dyved, Great Britain) and weight was measured
using an electronic scale (SECA, Hamburg, Germany). Body
mass index (BMI) was calculated by dividing weight by height
squared. Ethical approval was given by the institutional review
board of Emma Children’s Hospital of the Amsterdam
University Medical Centers (NL35046.018.11). Written
informed consent was obtained from every participant.

We collected demographic data from the controls, ques-
tionnaires, physical examination, and laboratory testing
results. For both CCS and controls blood and urine samples
were collected in the morning on the same day. Serum cre-
atinine (mg/dl) was determined in the clinical laboratories
of the participating centers using an enzymatic isotope dilu-
tion mass spectrometry (IDMS) traceable method. Cystatin
C (mg/l) was measured centrally for CCS on a BNProSpec
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nephelometer (Siemens Healthcare) until July 2018, after
that on an Atellica neph 630 system nephelometer (Siemens
Healthcare) until December 2019, and last on a Rochel/
Hitachi Cobas C 701 analyzer (CobasA Roche Cobas 6000
(C502) analyzer (Cobas) was used for the controls. All
methods were traceable to the International Federation of
Clinical Chemistry standard [28].

Glomerular filtration rate equations

GFR was estimated from serum creatinine and cystatin C
concentrations according to the following eGFR equations:
The CKD-EPI 2021 creatinine equation without race (CKD-
EPIcr) [29], the CKD-EPI cystatin C equation (CKD-EPIcys)
[30], the FAS-creatinine equation based on age (FASage)
[31], the FAS-cystatin C equation (FAScys) [32], the Lund-
Malm€o Revised (LMR) equation based on creatinine [33]
and the cystatin C-based Caucasian, Asian, Pediatric, and
Adult (CAPA) cohorts equation [34]. A summary of these
equations is presented in Table 1.

Shrunken pore syndrome

SPS was defined as an eGFRcys/eGFRcr ratio < 0.6 in the
absence of known non-renal factors affecting serum creatin-
ine and/or cystatin C (i.e. hyperthyroidism, glucocorticoid
treatment, underweight as a proxy for low muscle mass,
limb amputations) [17]. Corticosteroid use was evaluated
using questionnaires. Hyperthyroidism was defined as free
thyroxine 4 (fT4) > 24 pmol/L. Underweight was classified

as BMI < 18.5 kg/m2. Low muscle mass was defined as a
BMI <18.5 or having a history of limb amputation.

Statistical analyses

Descriptive analyses were used to summarize demographic
and treatment variables. For comparison of continuous vari-
ables, the independent sample t-test was used in case of nor-
mal distribution and the Mann–Whitney U-test in case of
non-normality. The comparison of the mean eGFR-ratios
for the three equation pairs within CCS and controls was
performed using the Friedman test. For comparison of nom-
inal variables, the chi-squared test was used or the Fisher
exact test (if the number of cases in one cell was less than
5). In addition, chi-squared tests were used to evaluate the
prevalence of SPS. Values are expressed as mean ± SD or as
median (interquartile range (IQR)) if not normally distrib-
uted for continuous variables and number (%) for qualita-
tive variables. IBM SPSS Statistics 25.0 (IBM Corp., Foster
City, CA, USA) was used for the statistical analyses.

Results

Study population

For the DCCSS-LATER 2 Renal study a total of 1,024 CCS
participated and 500 controls (Figure 1). The most common
diagnoses in the study cohort were leukemia (31.0%) and
Wilms tumor (24.8%) (Table 2). CCS were particularly
exposed to the following oncological treatments: ifosfamide
(29.1%), HD-cyclophosphamide (27.0%) and nephrectomy

Table 1. Overview of the estimated glomerular filtration rate equations used in this study.

2021 CKD-EPIcr without race
Female sCr � 0.7 eGFR CKD�EPIcr ¼ 144� sCr

0:7

� ��0:241
�0:994age

sCr > 0.7 eGFR CKD�EPIcr ¼ 144� sCr
0:7

� ��1:200
�0:994age

Male sCr � 0.9 eGFR CKD�EPIcr ¼ 142� sCr
0:9

� ��0:302
�0:994age

sCr > 0.9 eGFR CKD�EPIcr ¼ 142� sCr
0:9

� ��1:200
�0:994age

2012 CKD-EPIcys
Female sCys � 0.8 eGFR CKD�EPIcys ¼ 133� sCys

0:8

� ��0:499
�0:996age�0:932

sCys > 0.8 eGFR CKD�EPIcys ¼ 133� sCys
0:8

� ��1:328
�0:996age�0:932

Male sCys � 0.8 eGFR CKD�EPIcys ¼ 133� sCys
0:8

� ��0:499
�0:996age

sCys > 0.8 eGFR CKD�EPIcys ¼ 133� sCys
0:8

� ��1:328
�0:996age

FASage
Age 18-40 years eGFR FASage ¼ 107:3=ðScr=Q�Þ

> 40 years eGFR FASage ¼ 107:3
ðsCr=Q�Þ � 0:9880age�40

�with Q being the sex-specific median concentration of creatinine in a healthy population.
Q¼ 0.70mg/dL for females and Q¼ 0.90mg/dL for males.

FAScys
Age 18-40 years eGFR FAScys ¼ 107:3=ðsCys=Q�Þ

> 40 years eGFR FAScys ¼ 107:3
sCys=Q� � 0:9880age�40

�with Q being the median concentration of cystatin C in a healthy population. Q¼ 0.82mg/L for
all sex and ages< 70 years.

LMR
Female pCr < 150 eGFR LMR¼ ex �0.0158 � age þ 0.438 � ln (age) with x¼ 2.50þ 0.0121 � (150-Scr)

pCr � 150 eGFR LMR¼ ex �0.0158 � ag þ 0.438 � ln (age) with x¼ 2.50-0.926 � ln(pCr/150)
Male pCr < 180 eGFR LMR¼ ex �0.0158 � age þ 0.438 � ln (age) with x¼ 2.56þ 0.00968 � (180-pCr)

pCr � 180 eGFR LMR¼ ex �0.0158 � age þ 0.438 � ln (age) with x¼ 2.56-0.926 � ln(pCr/180)
CAPA eGFR CAPA¼ 130 � cystatin C-1.069 � age-0.117 � 7

CAPA: Caucasian, Asian, pediatric and adults cohorts [34]; CKD-EPIcr: Chronic Kidney Disease Epidemiology Collaboration creatinine equation [29]; CKD-EPIcys:
Chronic Kidney Disease Epidemiology Collaboration cystatin C equation [30]; eGFR: estimated glomerular filtration rate in ml/min/1.73m2; FASage: Full Age
Spectrum creatinine equation based on age [31]; FAScys: Full Age Spectrum cystatin C equation [32]; LMR: Lund-Malm€o Revised equation [33]; pCr: plasma cre-
atinine concentration in mmol/L; sCR: serum creatinine concentration in mg/dl; sCys: serum cystatin C concentration in mg/l.
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Figure 1. Flowchart study cohort. DCCSS: Dutch Childhood Cancer Survivor Study; IC: informed consent.

Table 2. Baseline characteristics study cohort.

Underlying
cohort

Invited study
population

Non-
participantsb Participants Controls

Characteristics N¼ 6,165 N¼ 1,881 N¼ 787 N¼ 1,024 N¼ 500

Sex, n (%)
Male 3,433 (55.7) 1,009 (53.6) 484 (61.5) 505 (49.3) 241 (48.2)
Female 2,731 (44.3) 872 (46.4) 303 (38.5) 519 (50.7) 259 (51.8)
Transgender 1 (0.01) 0 (0) 0 (0) 0 (0) 0 (0)

Primary childhood cancer (ICCC), n (%)
Leukemias, myeloproliferative diseases and
myelodysplastic diseases

2,094 (34.0) 569 (30.2) 225 (28.6) 317 (31.0) –

Lymphomas and reticuloendothelial neoplasms 1,062 (17.2) 150 (8.0) 68 (8.6) 79 (7.7) –
CNS and miscellaneous intracranial and
intraspinal neoplasms

844 (13.7) 121 (6.4) 55 (7.0) 62 (6.1) –

Neuroblastoma and other peripheral nervous
cell tumors

324 (5.3) 94 (5.0) 28 (3.6) 65 (6.3) –

Retinoblastoma 33 (0.5) 2 (0.1) 1 (0.1) 1 (0.1) –
Renal tumors 596 (9.7) 476 (25.3) 200 (25.4) 254 (24.8) –
Hepatic tumors 52 (0.8) 34 (1.8) 22 (2.8) 12 (1.2) –
Bone tumors 370 (6.0) 148 (7.9) 67 (8.5) 78 (7.6) –
Soft tissue and other extraosseous sarcomas 450 (7.3) 168 (8.9) 72 (9.1) 92 (9.0) –
Germ cell tumors, trophoblastic tumors, and
neoplasms of gonads

232 (3.8) 99 (5.3) 41 (5.2) 52 (5.1) –

Other malignant epithelial neoplasms and
malignant melanomas

102 (1.7) 18 (1.0) 8 (1.0) 10 (1.0) –

Other and unspecified malignant neoplasms 6 (0.1) 2 (0.1) 0 (0) 2 (0.2) –
Age at diagnosis (yr), n (%)�
0-4 2,727 (45.3) 994 (52.9) 417 (53.1) 537 (52.4) –
5-9 1,628 (27.1) 476 (25.3) 198 (25.2) 265 (25.9) –
10-14 1,285 (21.4) 312 (16.6) 128 (16.3) 171 (16.7) –
15-17 376 (6.3) 98 (5.2) 43 (5.5) 51 (5.0) –

Treatment period, n (%)
1963-1969 119 (1.9) 20 (1.1) 6 (0.8) 14 (1.4) –
1970-1979 978 (15.9) 130 (6.9) 54 (6.9) 72 (7.0) –
1980-1989 1,931 (31.3) 477 (25.4) 184 (23.4) 272 (26.6) –
1990-1999 2,541 (41.2) 1,093 (58.1) 479 (60.9) 576 (56.3) –
2000-2001 596 (9.7) 161 (8.6) 64 (8.1) 90 (8.8) –

Age at participation/invitation (yr), n (%)#

<18 49 (1.2) 0 (0) 0 (0) 0 (0) 0 (0)
18-30 1,313 (32.9) 640 (39.1) 205 (37.8) 381 (37.2) 182 (36.4)
30-40 1,511 (37.9) 709 (43.3) 244 (45.1) 446 (43.6) 216 (43.2)
>40 1,118 (28.0) 286 (17.5) 92 (17.0) 197 (19.2) 102 (20.4)

Follow-up time since childhood cancer diagnosis (yr),
n (%)
10-20 981 (15.9) 328 (17.4) 133 (16.9) 186 (18.2) –
20-30 1,931 (31.3) 1,078 (57.3) 469 (59.6) 569 (55.6) –
30-40 1,393 (22.6) 351 (18.7) 136 (17.3) 197 (19.2) –
40-50 460 (7.5) 112 (6.0) 48 (6.1) 61 (6.0) –
50-60 46 (0.7) 12 (0.6) 1 (0.1) 11 (1.1) –

(continued)
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(26.3%). The median age at diagnosis was 4.7 years (inter-
quartile range [IQR] 1.3 to 8.1), the median age at study
was 32.0 years (IQR 26.6 to 37.4) and the median follow-up
duration was 25.6 years (IQR 21.1 to 30.1). The median age

of controls was 32.6 years (IQR 27.4 to 37.8). Underweight
was more common in CCS (4.6%) than controls (0.8%),
p< .001. In addition, current corticosteroid use was seen in
CCS (2.1%) but not in controls (0%), p¼ .014. Subsequent

Table 2. Continued.

Underlying
cohort

Invited study
population

Non-
participantsb Participants Controls

Characteristics N¼ 6,165 N¼ 1,881 N¼ 787 N¼ 1,024 N¼ 500

Surgery, n (%)a

No 2,912 (47.2) 694 (36.9) 281 (35.7) 385 (37.6) –
Yes 3,185 (51.7) 1,182 (62.8) 503 (63.9) 637 (62.2) –
Missing 68 (1.1) 5 (0.3) 3 (0.4) 2 (0.2) –

Radiotherapy, n (%)a

No 3,608 (58.5) 1,177 (62.6) 533 (67.7) 596 (58.2) –
Yes 2,527 (41.0) 703 (37.4) 254 (32.3) 427 (41.7) –
Missing 30 (0.5) 1 (0.05) 0 (0) 1 (0.1) –

Chemotherapy, n (%)a

No 1,123 (18.2) 35 (1.9) 15 (1.9) 20 (2.0) –
Yes 5,005 (81.2) 1,845 (98.1) 771 (98.0) 1004 (98.0) –
Missing 37 (0.6) 1 (0.05) 1 (0.1) 0 (0) –

Hematopoietic stem cell transplantation, n (%)a�
No 5,532 (89.7) 1,624 (86.4) 698 (88.8) 863 (84.3) –
Autologous stem cell transplant 155 (2.5) 90 (4.8) 34 (4.3) 56 (5.5) –
Allogenic stem cell transplant 231 (3.7) 153 (8.1) 51 (6.5) 95 (9.3) –
Missing 98 (1.6) 13 (0.7) 3 (0.4) 10 (1.0) –

Therapy, n (%)
No treatment 61 (1.0) 0 (0) 0 (0) 0 (0) –
Surgery only 575 (9.3) 17 (0.9) 8 (1.0) 9 (0.9) –
Chemotherapy only (± surgery) 2,967 (48.1) 1,160 (61.7) 525 (66.7) 587 (57.3) –
Radiotherapy only (± surgery) 484 (7.9) 18 (1.0) 7 (0.9) 11 (1.1) –
Chemotherapy and radiotherapy (± surgery) 2,030 (32.9) 684 (36.4) 246 (31.3) 416 (40.6) –
Missing 48 (0.8) 2 (0.1) 1 (0.1) 1 (0.1) –

Potentially nephrotoxic cancer treatment, n (%)a

Nephrectomy 622 (10.1) 492 (26.2) 207 (26.3) 264 (25.8) –
Unilateral 605 (97.3) 478 (97.2) 204 (98.6) 255 (96.6) –
Bilateral partial 17 (2.7) 14 (2.9) 3 (1.5) 9 (3.4) –
Radiotherapy renal area 467 (7.6) 273 (14.5) 90 (11.4) 175 (17.1) –
Total body irradiation 221 (3.6) 143 (7.6) 52 (6.6) 85 (8.3) –
Ifosfamide 714 (11.6) 524 (27.9) 206 (26.2) 300 (29.3) –
HD-cyclophosphamide 833 (13.5) 504 (26.8) 208 (26.4) 278 (27.1) –
Cisplatin 457 (7.4) 328 (17.4) 142 (18.0) 175 (17.1) –
Carboplatin 422 (6.9) 284 (15.1) 125 (15.9) 151 (14.7) –
Hematopoietic stem cell transplantation 231 (3.8) 153 (8.1) 51 (6.5) 95 (9.3) –

BMI (kg/m2), n (%)
<18.5 47 (4.6) 4 (0.8)
20-25 – – – 582 (56.8) 270 (54.0)
25-30 – – – 284 (27.7) 169 (33.8)
>30 – – – 92 (9.0) 57 (11.4)
Missing – – – 19 (1.9) 0 (0)

Current corticosteroid treatment, n (%)
No – – – 1003 (97.9) 500 (100)
Yes – – – 21 (2.1) 0 (0)

eGFR (ml/min/1.73m2), mean (SD)c

CKD-EPI-2021cr – – – 104.3 (19.0) 107.9 (13.6)
CKD-EPI-2012cys 102.8 (19.5) 103.7 (13.9)
FASage – – – 99.6 (20.1) 101.5 (14.8)
FAScys – – – 104.8 (20.4) 104.6 (15.5)
LMR 88.3 (14.8) 90.5 (9.8)
CAPA 98.8 (21.7) 98.9 (16.4)
CKD-EPIcys- CKD-EPIcr ratio 1.0 (0.16) 0.97 (0.15)
FAScys-FASage ratio 1.07 (0.19) 1.05 (0.18)
CAPA-LMR ratio 1.12 (0.20) 1.10 (0.18)

aFor primary cancer and recurrences.
bNon-participants includes refusers and non-responders. CCS with informed consent without participation (n¼ 53), being pregnant (n¼ 8) or with a history of
kidney transplantation (n¼ 9) were not included in this table because they were willing to participate.
cFor participants with complete creatinine and cystatin C measurement.�Missing for survivors refusing registration, n¼ 149.
#Missing for survivors refusing participation, n¼ 2,174.
BMI: body mass index; CAPA: Caucasian, Asian, pediatric and adults cohorts; CCS: childhood cancer survivors; CKD-EPIcr: Chronic Kidney Disease Epidemiology
Collaboration creatinine equation; CKD-EPIcys: Chronic Kidney Disease Epidemiology Collaboration cystatin C equation; eGFR: estimated glomerular filtration rat;
FASage: Full Age Spectrum creatinine equation; FAScys: Full Age Spectrum cystatin C equation; HD: high dose; LMR: Lund-Malmo Revised equation; n: number;
SD: standard deviation, yr: year.
Bold¼ p-value <0.05.
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analyses in this study were performed on participants in
whom both creatinine and cystatin C had been measured.
This includes 934 CCS (91.2%) and 500 controls (100%).
The distribution of variables between CCS and controls was
equal in participants in whom both parameters had been
measured compared to the total study population. The
mean eGFRcys/eGFRcr ratios were higher in CCS than con-
trols for all three equation pairs; for the CKD-EPI pair 1.00
in CCS vs. 0.97 in controls (p¼ .003), for the FAS pair 1.07
vs. 1.05 (p¼ .025), and for the CAPA-LMR pair 1.12 vs.
1.10 (p¼ .023). The distribution of the mean eGFR ratios
was different between the three eGFR equation pairs both in
CCS (p< .001) and in controls (p< .001).

Shrunken pore syndrome

A GFRcys/GFRcr ratio <0.6 was seen more often in CCS
(1.0%) than controls (0%) when using the CKD-EPI equa-
tions. For the other GFR-equations pairs, the prevalence was
lower and not significantly different among CCS and con-
trols. For the FAS equations this was 0.2% and 0.2%,
respectively, for CAPA/LMR 0.5% and 0% (Table 3).

However, the majority of these findings can be linked to
non-GFR determinants (Table 4) and do not reflect SPS: Of
the nine CCS with a GFRcys/GFRcr ratio <0.6 using the
CKD-EPI equations, two had hyperthyroidism, one used
corticosteroids, one had a combination of hyperthyroidism
and corticoid use, and one had underweight. Of the two
CCS with a GFRcys/GFRcr ratio <0.6 using the FAS equa-
tions, one was known with both hyperthyroidism and corti-
coid use. Last, regarding the CAPA/LMR pair, in three out
of five CCS the decreased GFRcys/GFRcr ratio could be
explained by hyperthyroidism (n¼ 2) or a combination of
hyperthyroidism and corticoid use (n¼ 1).

The prevalence of SPS for the different equation pairs
comparing CCS and controls was not significantly different:
CKD-EPI equations 0.3% vs. 0%, FAS equations 0.1% vs.
0.2%, and CAPA/LMR 0.2% vs. 0%.

Table 3. Prevalence of participants with a eGFRcys/eGFRcr ratio <0.6.

eGFRcys / eGFRcr <0.6 CCS Controls p-value

CKD-EPIcys / CKD-EPIcr 9/934 (1.0%) 0/500 (0%) .03
FAScys / FASage 2/934 (0.2%) 1/500 (0.2%) 1.00
CAPA / LMR 5/934 (0.5%) 0/500 (0%) .17

CAPA: Caucasian, Asian, pediatric and adults cohorts; CCS: childhood cancer
survivors; CKD-EPIcr: Chronic Kidney Disease Epidemiology Collaboration cre-
atinine equation; CKD-EPIcys: Chronic Kidney Disease Epidemiology
Collaboration cystatin C equation; eGFRcr: estimated glomerular filtration rate
based on creatinine; eGFRcys: estimated glomerular filtration rate based on
cystatin C; FASage: Full Age Spectrum creatinine equation; FAScys: Full Age
Spectrum cystatin C equation; LMR: Lund-Malm€o Revised equation.

Table 4a. Overview of childhood cancer survivors with a CKD-EPIcys/CKD-EPIcr ratio <0.6.

Age Sex Diagnosis Treatment
FU-time
(yr)

CKD-EPIcys/
CKD-EPIcr Classification CKD-EPIcr CKD-EPIcys ACR FT4 BMI

31a M Rhabdomyosarcoma RT abdominalþ ifosfamide 27 0.49 SPS 126 62 0.5 17.00 38
43b F Lymphoid leukemia HD-cyclophosphamide 33 0.50 SPS 99 49 17.2 16.50 30
50 M Wilms tumor Nephrectomyþ RT abdominal 49 0.58 SPS 98 56 2.1 18.60 32
45 F Neuroblastoma Nephrectomyþ RT abdominal 42 0.58 Underweight 101 59 1.1 18.20 18
24 M Neuroblastoma Carboplatinþ ifosfamide 23 0.57 Hyperthyreoidism 120 69 4.5 26.10 19
34c F Myelodysplastic syndrome Total body irradiation 24 0.49 Hyperthyreoidism 110 54 2.3 35.10 25
23d F Astrocytoma Carboplatin 21 0.49 Steroidsþ hyperthyreoidism 131 65 2.0 29.20 26
36 F Osteosarcoma Cisplatin 28 0.51 Steroidsþ amputation 40 20 – 13.40 25
45e F Wilms tumor Nephrectomyþ RT abdominal 41 0.57 Hyperthyreoidism 15 9 – 45.50 21

ACR: albumin-to-creatinine ratio; BMI: body mass index; CKD-EPIcr: Chronic Kidney Disease Epidemiology Collaboration creatinine equation; CKD-EPIcys: Chronic Kidney
Disease Epidemiology Collaboration cystatin C equation; HD: high-dose; FT4: free thyroxine 4; FU: follow-up; RT: radiotherapy; SPS: shrunken pore syndrome; yr: year.
a,b,c,d,e: participants identified with eGFRcys/eGFRcr ratio <0.6 with different glomerular filtration estimating equations pairs.

Table 4b. Overview of patients with a FAScys/FAScr ratio <0.6.

Age Sex Diagnosis Treatment
FU-time
(yr)

FAScys/
FAScreat Classification FAS-age FAS-cys ACR FT4 BMI

31a M Rhabdomyosarcoma RT abdominalþ ifosfamide 27 0.51 SPS 133 68 0.5 17.00 38
23b F Astrocytoma Carboplatin 21 0.54 Steroidsþ hyperthyreodism 133 72 2.0 29.20 26
Controls
22 M NA NA NA 0.45 SPS 213 96 0.7 20.20 20

ACR: albumin-to-creatinine ratio; BMI: body mass index; FASage: Full Age Spectrum creatinine equation; FAScys: Full Age Spectrum cystatin C equation; FT4: free
thyroxine 4; FU: follow-up; RT: radiotherapy; SPS: shrunken pore syndrome; yr: year.
a,b: participants identified with eGFRcys/eGFRcr ratio <0.6 according with different glomerular filtration estimating equations pairs.

Table 4c. Overview of childhood cancer survivors with a CAPA/LMR ratio <0.6.

Age Sex Diagnosis Treatment
FU-time
(yr)

CAPA/
LMR Classification LMR CAPA ACR FT4 BMI

31a M Rhabdomyosarcoma RT abdominalþ ifosfamide 27 0.54 SPS 110 59 0.5 17.00 38
43b F Lymphoid leukemia HD-cyclophosphamide 33 0.59 SPS 86 51 17.2 16.50 30
34c F Myelodysplastic syndrome Total body irradiation 24 0.59 Hyperthyreoidism 93 56 2.2 35.10 25
23d F Astrocytoma Carboplatin 21 0.59 Steroidsþ hyperthyreodism 112 66 2.0 29.20 26
45e F Wilms tumor Nephrectomyþ RT Abdominal 41 0.47 Hyperthyreodism 16 7 – 45.50 21

ACR: albumin-to-creatinine ratio; BMI: body mass index; CAPA: Caucasian, Asian, pediatric and adults cohorts; HD: high-dose; FT4: free thyroxine 4; FU: follow-up;
LMR: Lund-Malm€o Revised equation; SPS: shrunken pore syndrome; yr: year.
a,b,c,d,e: participants identified with eGFRcys/eGFRcr ratio <0.6 with different multiple glomerular filtration estimating equations pairs.
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Discussion

Since its description as a possible explanation for the superior-
ity of cystatin C as a predictor for all-cause mortality in 2015,
the prevalence of SPS has been studied in several cohorts [18].
The present study is the first to examine SPS in a population
of CCS treated with potentially nephrotoxic therapy and a
matched control group of the general population. We found a
low prevalence of an eGFRcys/eGFRcr ratio <0.6 both in CCS
and controls. Also, the low eGFRcys/eGFRcr ratio in CCS could
often be attributed to non-GFR determinants like hyperthy-
roidism or corticosteroid use. The prevalence of SPS in CCS
was 0.3% when using the CKD-EPI equations, 0.1% when
using the FAS equations, and 0.2% when using the CAPA and
LMR equation pair, and it did not increased compared to the
prevalence in the matched control group.

These prevalences are low compared to existing literature.
For the CKD-EPI equation pair, the reported prevalence of
SPS (defined as a ratio <0.6) ranges from 0.7 to 19%
[19–21,35], from 4.8 to 10% for the FAS equation pairs
[19,23] and from 0.2 to 11% for the CAPA-LMR equations
[17,19–21,35]. This might be due to differences in studied
cohorts like age and health status. Previous studies assessed
SPS in patients for whom eGFR was requested [17], in
patients undergoing elective coronary artery bypass grafting
[21], in healthy Swiss volunteers [35] and in cardiac surgery
patients [20]. In these cohorts, the mean age of participants
was above 60 years, while our study population had a mean
age of 32 years. Our study’s low prevalence of SPS in both
CCS and controls might suggest that SPS is less prevalent in
young subjects than previously observed. Still den Bakker
et al. found a prevalence of 4.8% in children, much higher
than in our cohort and comparable to that in adults [23].

The concept of SPS was prompted by the observation of
a selective decrease in the elimination of 5-30 kDa proteins
in the last trimester of pregnant women [36], which was
more pronounced in pre-eclampsia [37]. Since endothelial
dysfunction is a critical component in pre-eclampsia [38] as
in the radiation toxicity [39,40], we hypothesized that SPS
might be more prevalent in CCS exposed to radiotherapy.
In this study, we aimed to identify risk factors for SPS based
on oncological treatment, but the low number of partici-
pants with SPS hampered risk factor analyses.

It should be noted that the CCS with SPS had an eGFRcr >
90ml/min/1.73m2. Solely based on eGFR, these CCS would not
be considered at risk for increased mortality. Yet, previous stud-
ies indicate that a reduced eGFRcys/eGFRcr ratio is associated
with increased mortality independent of the GFR [19–21,35].
More research is needed to fully understand the underlying
mechanism of SPS and its clinical impact, especially in young
adults. In addition, it should be noted that hyperthyroidism and
corticosteroid use were more common in our cohort of CCS
than in controls, which has also been described by others
[41,42]. These are essential non-GFR determinants to consider
when assessing this population’s kidney function.

The prevalence of SPS also depends on which GFR equa-
tion pair is used to calculate the eGFRcys/eGFRcr ratio.
Similar to previous reports, we observed a higher prevalence
of SPS using the CKD-EPI equations compared to the

CAPA and LMR equations or the FAS equations [19–21,35].
This is likely a consequence of the higher mean eGFRcys/
eGFRcr ratio of CAPA/LMR and the FAS equations com-
pared to the CKD-EPI equations. This means that the CKD-
EPI equations are more sensitive to detecting SPS than the
other eGFR pairs. We performed additional analyses using
an eGFRcys/eGFRcr ratio cut-off of 0.7 (Supplementary
Figure 1). As expected, this yielded more cases of SPS, but
in this analysis, too, the number of CCS meeting the defin-
ition of SPS was not significantly different from controls.

Our study has several limitations. First, we could not
relate SPS with adverse mortality outcomes in our study
population. Second, due to the low prevalence we could not
perform regression analyses and evaluate potential risk fac-
tors. Third, the cross-sectional study design precluded ana-
lysis of intrapersonal variations of eGFRcys/eGFRcr.

In conclusion, we did not find an increased prevalence of
SPS in CCS treated with potentially nephrotoxic therapy in
comparison with controls from the general population. Yet,
in the evaluation of kidney function it should be borne in
mind that non-GFR determinants affecting eGFR estimation
like underweight, hyperthyroidism and corticosteroid use
are more common in CCS.
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