
RISK ASSESSMENT AND
NOVEL TREATMENT OF 

CHRONIC KIDNEY DISEASE

STEFAN VAN VUUREN

2013147 proefschrift Stefan v Vuuren-2.indd   1 8-8-2013   13:24:22



© Stefan H. van Vuuren, 2013

All rights reserved. No part of this book may be reproduced, stored in a database or retrieval 
system, or published, in any form or in any way, electronically, mechanically, by print, photoprint, 
microfilm, or any other means without prior written permission of the author.

ISBN: 978-90-8891-685-4
Coverart:  Job Fermie en Stefan van Vuuren
Design and lay-out:  www.wenziD.nl | Wendy Schoneveld
Printed by:  Proefschriftmaken.nl; Uitgeverij BOXPress, ‘s-Hertogenbosch

Financial support for the publication is gratefully acknowledged and was provided by: 
Stichting Kindernierziekten Utrecht, University Medical Center Utrecht, Department of 
Pathology and Dako Benelux

2013147 proefschrift Stefan v Vuuren-2.indd   2 8-8-2013   13:24:22



Proefschrift
ter verkrijging van de graad van doctor aan de Universiteit Utrecht 

op gezag van de rector magnificus, prof.dr. G.J. van der Zwaan, 
ingevolge het besluit van het college voor promoties 

in het openbaar te verdedigen op 
donderdag 17 oktober des middags te 4.15 uur

door

Stefan Hendrik van Vuuren

geboren op 22 november 1983 te Gouda

RISICOBEOORDELING EN NIEUWE BEHANDELING VAN 
CHRONISCH NIERFALEN

(met een samenvatting in het Nederlands)

RISK ASSESSMENT AND
NOVEL TREATMENT OF 

CHRONIC KIDNEY DISEASE

2013147 proefschrift Stefan v Vuuren-2.indd   3 8-8-2013   13:24:22



Promotoren:  Prof. dr. R. Goldschmeding
 Prof. dr. T.P.V.M. de Jong

Co-promotoren:  Dr. T.Q. Nguyen
 Dr. R.J. Kok

2013147 proefschrift Stefan v Vuuren-2.indd   4 8-8-2013   13:24:22



Chapter 1 General introduction 7

Chapter 2 Size and volume charts of the fetal kidney, renal pelvis and adrenal 
gland
Ultrasound Obstet Gynecol 2012, 40:659-664

15

Chapter 3 Compensatory enlargement of a solitary functioning kidney during 
fetal development
Ultrasound Obstet Gynecol 2012, 40:665-668

37

Chapter 4 Compensatory growth of congenital solitary kidneys in pigs reflects 
increased nephron numbers rather than hypertrophy
PLoS One 2012, 7:e49735

47

Chapter 5 Urinary connective tissue growth factor is associated with human renal 
allograft fibrogenesis
Transplantation, in press

63

Chapter 6 Connective tissue growth factor increases the risk of cardiovascular 
events and mortality in patients with atherosclerotic vascular disease. 
The smart study.
Submitted

79

Chapter 7 Local treatment with rapamycin inhibits fibrotic response in UUO and 
has reduced systemic side effects compared to systemic treatment
Submitted

95

Chapter 8 Summary and future perspectives 113

Chapter 9 Samenvatting en toekomstperspectieven 123

Dankwoord
Curriculum vitae
List of publications

133
141
143

CONTENTS

2013147 proefschrift Stefan v Vuuren-2.indd   5 8-8-2013   13:24:22



1
2013147 proefschrift Stefan v Vuuren-2.indd   6 8-8-2013   13:24:23



 

CHAPTER 1

GENERAL INTRODUCTION
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Renal Development
The kidney is one of the most complex organs. On average, an adult human kidney contains 
almost one million1 functional filtration units, the nephrons, residing within the interstitium. 
A kidney contains over 25 distinct cell types, each of which must be specifically aligned to the 
others to ensure both normal development and ultimately, normal renal function. The 
development of the kidney can be described as the formation of two sets of tubules. The first 
of these, the uretric bud, undergoes branching morphogenesis and forms the collecting system 
of the kidney. The second tubules are the nephrons themselves, which arise via a mesenchyme-
to-epithelial transition induced by the first set of tubules2. In humans nephron development 
begins in the ninth week of gestation. The increase in nephron number is particularly rapid in 
the last trimester, continuing into the 36th week of gestation3.
In the human kidney it is not possible to (re)induce formation of new nephrons once 
nephrogenesis has completed. The growth of the kidney that occurs after the completion of 
nephrogenesis, called hypertrophy, is based on enlargement of the glomeruli, tubuli, collecting 
ducts and interstitium of the kidney4. 

Congenital Solitary Functioning Kidney
Patients with MultiCystic Kidney Dysplasia (MCKD) or unilateral renal agenesis (URA) have a 
congenital solitary functioning kidney (CSFK). The incidence of URA is 1 per 500-1,000 births5-7 
and of MCKD 1 per 4,300 births8. In patients with URA only one kidney is formed during fetal 
development. In a multicystic dysplastic kidney, there is a structural disorganisation of the 
renal tissue. The normal structure of the kidney is disrupted by multiple non-communicating 
cysts, which are separated by dysplastic parenchyma9. The renal function is maintained by the 
contralateral kidney10.
Many have observed compensatory enlargement of CSFKs in utero11-13. This observation raises 
the question whether the nephrons of a CSFK are necessarily hyperfiltrating and hypertrophic, 
or hyperplastic with more but normal nephrons. According to the hyperfiltration hypothesis, 
a reduced nephron number is associated with hyperfiltration and hypertrophy of the remaining 
nephrons leading to systemic hypertension, proteinuria and glomerulosclerosis14, 15. 

Chronic kidney disease
Kidney injury triggers inflammation, irrespective of insult type. The inflammatory response 
encompasses vascular activation16, infiltration of inflammatory cells into the renal interstitium17, 

18 and production of pro-inflammatory cytokines16, 19. Inadequate resolution of acute renal 
inflammation, and progression through chronic inflammation set the stage for the development 
of fibrosis, the final common pathway to chronic kidney disease (CKD). The rapid increase of 
patients with CKD worldwide urgently calls for adequate risk assessment and novel treatment. 

CCN-2 as biomarker
As the clinical course from fibrotic disorders varies between patients, there is need for risk 
assessment via non-invasive biomarkers that reflect activity of the fibrogenetic process and 
can help predict progression. CCN-2, also known as Connective Tissue Growth Factor CTGF, 
the second member of the CCN family of proteins (Cyr61/CTGF/Nov) is a key mediator of tissue 
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fibrogenesis. CCN-2 is quantifiable in body fluids and might be a valuable biomarker in chronic 
fibrotic disorders20. It is a 38-kDa cysteine-rich polypeptide, composed of an insulin growth 
factor binding domain (module 1), a von Willebrand factor type C repeat domain (module 2), 
a thrombospondin type I repeat domain (module 3), and a C-terminal cysteine knot (module 
4)21. CCN-2 production is induced by transforming growth factor β (TGF-β) in multiple cell 
types and mediates fibroblast proliferation and collagen synthesis in the extracellular matrix22. 
Elevated plasma CCN-2 levels have been reported in patients with type 1 diabetes, chronic 
kidney disease and chronic heart failure23-28. In patients with type 1 diabetes, plasma CCN-2 
was associated with increased urinary albumin excretion, hypertension and increased carotid 
intima media thickness , and in macroalbuminuric patients also with progression to end stage 
renal disease and increased mortality23, 24, 29. In patients with chronic heart failure, plasma 
CCN-2 related to NYHA class and echocardiographic parameters of diastolic dysfunction28. 
Urinary levels of CTGF correlated with the presence of chronic allograft nephropathy in human 
kidney transplant recipients25. In most clinical studies CCN-2 levels were associated with 
markers of disease severity and/or outcome, suggesting potential as a biomarker. To fully 
understand the potential for CCN-2 as a biomarker more research in various patient groups is 
needed.

Novel treatment
Patients suffering from CKD need to undergo lifelong renal replacement therapy, which is very 
expensive and puts a major burden on the quality of life. Renal transplantation is by far the 
best therapy, but for many kidney patients this is not an option because of the shortage of donor 
organs, incompatibility problems, and the effects of long-term use of immunosuppressive drugs. 
The majority of CKD patients depends on dialysis; a therapy that is based on the removal of 
small molecular waste products and the correction of electrolyte disturbances by passive 
diffusion over a semi-permeable membrane against a defined dialysis solution30. Yearly 20% 
of total number of patients needing dialysis dies.
To prevent the need for renal replacement therapy, it is desirable to develop a therapy that 
reverses or at least slows down the fibrotic process leading to CKD in an early phase of the 
process. However, a major disadvantage is that such therapies might lead to unwanted effects 
in other organs, especially when the drug is administered systemically. Moreover, systemic 
drug administration is associated with loss of therapeutic compound to irrelevant sites in the 
body31

A more elegant approach is to develop a therapy based on local delivery and/or a targeted 
system. Targeted treatment for the kidney mainly focuses to target specific cell types32-34. As 
for local delivery, the kidney capsule as implantation site is primarily investigated for pancreatic 
cell or islets transplantation in diabetic animal models 35. These cells have for example been 
encapsulated in microcapsules and their survival and function under the renal capsule have 
been studied 36, 37. The renal subcapsular area seems a good location to place a depot of a 
therapeutic compound to target the kidney 31.
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Outline of thesis
The first chapters of this thesis focus on the prenatal development of the kidney, with a 
particular focus on the development of a CSFK. We aim to unravel the process of compensatory 
enlargement in a CSFK. In Chapter 2, a prospective longitudinal study of normal human fetuses 
is described, focussing on size and growth of the fetal kidney, renal pelvis and adrenal gland. 
We constructed size charts with multilevel statistical analysis. In Chapter 3, we examinined 
timing and extent of compensatory enlargement in human fetuses with a CSFK without any 
other anomaly by comparing CSFK size with charts of normal kidney size. In Chapter 4, we 
determined glomerular size and volume of pigs with a CSFK with a 3-dimensional stereologic 
technique and compared this to the nephron volume and size of pigs with two kidneys. 
Currently, protocol biopsies or crude surrogate markers like longitudinal measurements of the 
glomerular filtration rate are the only clinical tools available to detect early signs of chronic 
allograft injury. Therefore, in Chapter 5, we studied the association between urinary CCN-2 
levels and renal allograft fibrosis during the first 2 years after transplantation. Histological and 
biochemical data were collected from 315 kidney transplant recipients enrolled in a protocol 
biopsy-based clinical program.
Emerging evidence also indicates a role for CCN-2 in the pathogenesis of cardiovascular disease. 
While being expressed only minimally in healthy tissue, CCN-2 is strongly upregulated in 
atherosclerotic plaques, in cardiac tissue after myocardial infarction, in cardiac fibrosis and in 
vascular and cardiac tissues in experimental hypertension. In Chapter 6, we investigated the 
association of plasma CCN-2 with cardiovascular risk and mortality in a high-risk population 
of patients with manifest atherosclerotic vascular disease. 
In Chapter 7, we administered microspheres loaded with the mTOR inhibitor rapamycin under 
the renal capsule and compared this with systemic delivery of rapamycin. In a wide variety of 
animal models, mTOR inhibitors inhibit interstitial inflammation, fibrosis, and loss of renal 
function associated with CKD38-44. Although rapamycin has great potential, the use of rapamycin 
and other mTOR inhibitors is associated with many systemic effects 45. We hypothesise that a 
local dose of rapamycin leads to a local therapeutic dose with little systemic consequences and 
explored the therapeutic potential of this local drug delivery system.
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CHAPTER 2

Ultrasound Obstet Gynecol 2012, 40:659-664

SIZE AND VOLUME CHARTS OF 
THE FETAL KIDNEY, RENAL PELVIS 

AND ADRENAL GLAND
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ABSTRACT

Objective
 To establish reference curves for size and volume of the fetal kidney, renal pelvis and adrenal 
gland as measured using ultrasound from the 15th week of gestation.

Methods
This was a prospective, longitudinal study of 96 fetuses in low-risk singleton pregnancies in 
which we performed serial ultrasound examinations at 4-week intervals. The length and 
anteroposterior and transverse diameters of both kidneys, the anteroposterior and transverse 
diameters of the renal pelvises and the length of the adrenal glands were measured three times 
at each examination, with the average used for further analysis. Reference charts were 
constructed using multilevel statistical analysis and comparisons were made with previously 
published charts derived from cross-sectional data. 

Results
Size charts for fetal kidney dimensions and volume, the dimensions of the renal pelvis and the 
length of the fetal adrenal gland are presented. The new charts showed differences in shape 
and narrower percentile bands in comparison to previously published reference ranges.

Conclusions
These new charts of measurements of the fetal kidney, renal pelvis and adrenal gland, from a 
prospective, longitudinal study, may be useful in the diagnosis and assessment of pathology of 
the kidney and adrenal gland.
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INTRODUCTION

The development of fetal kidneys plays a crucial role for normal neonatal outcome and 
knowledge of the normal range of dimensions of the fetal kidney, renal pelvis and adrenal gland 
is important for the identification of abnormalities. Various papers on intrauterine renal growth 
have been published, but many of these have suffered from methodological issues, such as the 
failure to validate gestational age by measuring crown–rump length1-7, not covering the whole 
of the second and third trimesters of pregnancy4, 5, 8-14, not measuring the kidney in three 
dimensions1, 2, 4, 5, 8, 14, 15 or using preterm infants16-18 or postmortem specimens16, 17, 19, 20. Several 
studies used a mixture of cross-sectional and longitudinal data1-3, 5-8, 10, 14, 15, 18-21.
Only limited data on reference values for fetal adrenal gland measurements have been 
published22-28; no studies covered the entire second and third trimesters and some used only 
postmortem specimens22, 23. Moreover, an ultrasound-validated gestational age was not used 
in any of these studies.
The distinction between size and growth is frequently ignored in studies using a mixture of 
cross-sectional and longitudinal data. Cross-sectional data can only be used for size reference 
curves, while longitudinal data obtained by measurements of fetuses on a series of occasions 
may be used for size and growth reference curves29-32. There are inevitably some data missing 
in any longitudinal study, which can cause difficulties when constructing nomograms. This 
problem can be overcome by the use of multilevel analysis33, which allows for the dependency 
of measurements in hierarchically structured data, whereas traditional regression analysis 
presupposes the independence of observations. Further advantages of multilevel analysis are 
that it can be use to examine separately the effects of variables relating to different levels (at 
the same time point) and it can also be used when measurements have been made at different 
time points.
The aim of this study was to construct reference curves for the fetal kidney, renal pelvis and 
adrenal gland, based on prospective longitudinal data.
 

METHODS

One hundred and one women with consecutive low-risk singleton pregnancies were asked, 
during a dating ultrasound scan (by crown–rump length (CRL)34), to participate in the study. 
After written informed consent had been obtained, the fetuses were divided in two groups in 
order of registration. One half was examined at 16, 20, 24, 28, 32, 36 and 40 weeks of gestation 
and the other half at 18, 22, 26, 30, 34, 38 and 42 weeks of gestation. Exclusion criteria were: 
chromosomal or congenital anomalies of the fetus, small-for-gestational age (SGA) or large-
for-gestational age (LGA) at birth (birth weight <2.3rd or >95th percentile, respectively, for 
gestational age35) and maternal disease that might affect fetal growth (diabetes mellitus or 
hypertension requiring treatment).
All examinations were performed by one operator (H.D.E.), using a Toshiba Power Vision 6000, 
type SSA 370 A (Toshiba, Tokyo, Japan) ultrasound machine, equipped with the 2.8–6-MHz 
PVM 375 AT multifrequency transabdominal transducer. The length of both left and right 
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kidneys was measured in a sagittal plane with the full length and the renal pelvis visible. The 
length of each adrenal gland was measured in the same plane by subtraction of the length of 
the kidney from the total length of the kidney including the adrenal gland (Figure 1). 
Perpendicular to this, in the largest sectional plane, the anteroposterior (AP) and transverse 
diameters of each kidney were measured by placing the callipers from outer border to outer 
border. In the same plane the maximal AP and transverse diameters of each renal pelvis were 
measured, placing the calipers on the inner borders of the renal tissue. All measurements were 
made in millimetres and repeated three times. To avoid possible bias, the operator was blinded 
to the display of previous measurements for each repeat. The three repeat measurements were 
averaged and stored in a database. 
The kidney volume (V) was calculated using the formula for an ellipsoid: V= (π/6)*L*D*TD, 
where L= kidney length, D = AP diameter and TD = transverse diameter. Measurements of the 
dimensions of the kidney and adrenal gland and the calculated kidney volumes from the left 
and right sides were compared and averaged prior to the construction of reference charts.
Multilevel statistical analysis was performed with the software program Mln (Multilevel Model 
Project, London, UK)33 and SPSS, Version 15 (IBM Corporation, New York, NY, USA) was used 
to construct nomograms. The serial measurements of the kidney and the renal pelvis were 
modeled against the gestational age, nested within the dataset of each fetus, resulting in a 
two-level model. By fitting a model using serial measurements the influence of random missing 
values is decreased. Reference charts were constructed and are reported using the mean and 
SD for the overall population derived from the multilevel modelling.

Figure 1. Diagram illustrating our method 
for measurement of the length of the fe-
tal adrenal gland (AB): the length of the 
kidney (BC) was subtracted from the total 
length of the kidney including the adrenal 
gland (AC), i.e. AB = AC – BC. In the studies 
by Hata et al.24, 25, fetal adrenal gland size 
was measured by placing the callipers at 
points A and D.
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Reproducibility of measurements
For analysis of intraobserver variation, one observer (H.D.E.) obtained two sets of measurements 
from an additional sample of 30 pregnancies (gestational age range 17+0 to 38+4 weeks) and 
for analysis of interobserver variation measurements were obtained in another 20 pregnancies 
(gestational age range 18+0 to 23+0 weeks) by two observers (Observer 1 (L.P.) and Observer 
2 (H.D.E.)). There were no exclusion criteria for this part of the study. Each observer repeated 
each measurement three times, with the average used for analysis, as described above. For the 
evaluation of interobserver variation, the observers were blinded to each other’s measurements.
Statistical analysis was performed using SPSS, Version 15. Bland–Altman plots36 were produced 
to examine bias and agreement in order to determine if there was good consistency between 
measurements. In addition, Cronbach’s alpha (α) and the intraclass correlation coefficient (ICC) 
were calculated.37 
 

RESULTS

Five fetuses were excluded due to postnatal findings: two were SGA and three had congenital 
anomalies (one each of triploidy, club foot and hydronephrosis with AP diameter of the renal 
pelvis >10mm). In all other fetuses no abnormalities were found on postnatal screening.
In the remaining 96 consecutive low-risk pregnancies, fetal measurements were obtained 
from both kidneys, both renal pelvises and both adrenal glands at a total of 596 separate 
examinations across gestation. The median number of scans per pregnancy was six (5.2% of 
the women had five scans, 68.8% had six scans and 26.0% had seven scans per pregnancy). 
In some cases the full set of examinations could not be performed because delivery occurred 
before the planned end of the study. Missing data occurred in some cases because we were 
not able to measure the renal pelvis in all dimensions (n=49 missing measurements from 596 
examinations).
Statistical analysis was first performed on all separate measurements from the right and left 
fetal kidneys and adrenal glands. In all cases measurements of the right and left sides were 
virtually identical (Figure S1 online). We found a high correlation between the left and right 
sides for the variables: kidney length (r = 0.985), AP diameter (r = 0.953) and transverse 
diameter (r = 0.932), and length of the adrenal gland (r = 0.959). There was no asymmetry 
between the right and left measurements of AP diameter of the renal pelvis: kappa = 0.642 
(Table S1). In only 4/574 comparisons between right and left AP diameters of the renal pelvis 
was there a difference of > 4 mm between the measurements.
The data for all right and left kidney, renal pelvis and adrenal gland measurements were 
therefore averaged to obtain the reference charts. In most cases a quadratic model with random 
intercept and random linear effect of gestational age gave the best fit (i.e. the intercept as well 
as the linear effect of gestational age differed between individuals). Details of the reference 
equations obtained for the mean and SD of each variable are given in Appendix S1. The size 
nomograms of the 5th, 50th and 95th fitted centiles for the length and AP and transverse diameters 
of the kidney are shown in Table S2, with the corresponding charts in Figures 2a–c. The data 
for the AP and transverse diameters of the renal pelvis are given in Table S3 and Figures 2d 
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Figure 2. Reference charts of kidney length (a), anteroposterior (AP) kidney diameter (b), transverse kidney 
diameter (c), AP diameter of the renal pelvis (d), length of the adrenal gland (e) and kidney volume (f), showing 
raw data (•) and fitted 5th (lower dashed line), 50th (solid line) and 95th (upper dashed line) centiles.
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and S2, those for the length of the adrenal gland are given in Table S4 and Figure 2e and data 
for the kidney volume are given in Table S5 and Figure 2f.
There was a strong linear correlation between kidney length and adrenal gland length  
(r = 0.870) (Figure S3). The length of the adrenal gland was on average 27% (range, 25–29%) 
of that of the kidney (ratio 2 : 7) and this relationship did not change with gestational age or 
kidney size.
Our new size and volume centile charts were compared with charts previously published by 
Chitty and Altman38 for kidney length, AP diameter, transverse diameter, AP renal pelvis 
measurements and kidney volume (Figures S4–S8). Chitty and Altman published the 3rd, 10th, 
50th, 90th and 97th centiles for each measurement, and so comparison was made by plotting 
equivalent centiles derived from our study against their charts. Our charts showed differences 
in shape and narrower percentile bands in comparison to the previously published reference 
ranges.

Reproducibility of measurements
All kidney dimensions and adrenal gland length could be measured at all examinations in the 
pregnancies recruited for the evaluation of measurement reproducibility. A summary of the 
analysis of intraobserver variation is shown in Table S6. High values were observed for alpha 
and ICC, with both above 0.9 for all different measurements. A summary of the interobserver 
analysis is given in Table S7. Here also, high values were observed for alpha and ICC, above 0.9 
and above 0.8, respectively, for all different measurements.
 

DISCUSSION

Longitudinal data obtained by measurements of fetuses on a series of occasions may be used 
to derive reference curves for size and growth29-32. Our charts of the fetal kidney and fetal renal 
pelvis were derived from longitudinal data obtained from prospective investigations that were 
carried out specifically for the development of centile charts for assessing renal size at a known 
gestational age between 16 and 42 weeks of gestation. Several charts of fetal kidney size have 
been published before, but a number of the previous studies have had shortcomings in their 
data collection or have suffered from methodological pitfalls and used incorrect methods in 
their design1-7, 13-15, 20, 21. Moreover, our study has the added advantage that the statistical analysis 
used is able to correct for missing data.
Chitty and Altman38 obtained their data on fetal kidney size from a cross-sectional study, 
including approximately 15–20 cases per week, with measurements performed only once for 
each fetus. The most obvious difference between our kidney size charts and those of Chitty 
and Altman38 is the generally narrower ranges that we found. The fact that we repeated each 
measurement three times at each examination may have resulted in the narrower ranges 
observed. We showed that the increase in renal volume during pregnancy is exponential until 
birth, while the charts provided by of Chitty and Altman38 suggest that the increase in renal 
volume tends to slow down at the end of pregnancy. With regards to the dimensions of the fetal 
renal pelvis, Chitty and Altman38 published a chart based on cross-sectional data from fetuses 
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measured once for the purpose of the study, but examined only a low number of fetuses at each 
week of gestation (mean, 7; range, 3–11). Their chart suggests linear growth of renal pelvis 
size, with a wide range, whereas we found a curvilinear relationship, with no increase in size 
from 32 weeks onwards, and a considerably narrower range (Figure S7). 
The adrenal glands are relatively large in the fetus in comparison to early in postnatal life. After 
delivery their size decreases rapidly and only increases again at the end of the first year of 
postnatal life, attaining maximum weight and size at adulthood39. The fetal adrenal gland has 
been the subject of only a few previous sonographic investigations22-28, 40, with the latest study 
published in the early 1990s. Insufficient resolution of equipment at that time resulted in an 
inability to obtain accurate data, especially during the second trimester24-27, 41. In the early 
1980s, Rosenberg et al.28 were able to identify the adrenal glands in only 12% of cases before 
26 weeks’ gestation and in 90% beyond that age. Around the same period, Jeanty et al.26 were 
unable to detect the adrenal gland in 30% of cases before 25 weeks’ gestation, and in 6.5% of 
cases at term. All previous reference charts have been constructed using cross-sectional data, 
and several charts showed evidence of methodological weaknesses such as the use of 
postmortem specimens22, 23 or the measurement of only one adrenal gland27.
We assessed the correlation between adrenal and kidney lengths since this may be of 
significance in high-risk pregnancies. Naeye42 found in postmortem  examinations that the fetal 
adrenal glands were relatively more reduced in weight than was body weight in cases of 
intrauterine growth restriction. Hata et al.24, 25 found a decrease in the calculated adrenal gland 
surface in growth-restricted fetuses and others have found small fetal adrenal glands when 
the mother was using glucocorticosteroids because of congenital adrenal hyperplasia40. There 
have been two case reports on the ultrasound diagnosis of congenital adrenal hyperplasia43, 44.
Direct comparison of previously published size charts for the adrenal gland with our own was 
not possible. Hata et al.24, 25 published two studies on this topic, but in one they gave no raw 
data and in the other we could not use the data because they measured the length of the adrenal 
gland in a different way to that used in the current study (see Figure 1). We chose to measure 
the size of the adrenal gland in line with the length of the kidney since this measurement can 
be standardized more easily, with the borders of the adrenal gland being more easily visualized 
at these points. Jeanty et al.26 gave averaged data with a range for every 5 weeks from 20 weeks’ 
gestation onwards and Lewis et al.27 published data between 30 and 39 weeks’ gestation but 
only provided information on the adrenal gland length in comparison with kidney length and 
biparietal diameter.
In conclusion, given that renal pathology often presents late in pregnancy, our reference charts 
for size and volume of the fetal kidney may be useful in cases of diagnostic problems. The same 
holds for cases of dilatation of the renal pelvis, which is a common sonographic finding in 
pregnancy. We observed that the ratio between the adrenal gland and kidney length of 2:7 does 
not change with gestational age, and this finding may also be useful for the detection and 
evaluation of abnormal growth.
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APPENDIX S1

Size charts
Below are the multilevel analysis models for the mean curve and standard deviation (SD) with 
time (t) defined as gestational age in weeks minus 15 used for the calculations for the kidney, 
renal pelvis and adrenal gland size charts.

Kidney length = 1.461916t – 0.007772t2 + 12.791867
SD Kidney length =  √(0.008566t2+ 2.728440)

Kidney anteroposterior (AP) diameter =  0.942371t – 0.012431t2 + 7.657408
SD kidney AP diameter =  √(0.006669t2+ 2.424251)

Kidney transverse diameter  = 1.125965t – 0.012136t2 + 7.503854
SD kidney transverse diameter =  √(0.006949t2+ 3.294909)

Renal pelvis AP diameter  =  0.211405t – 0.004506t2 + 1.567779
SD renal pelvis AP diameter = √(0.001089t2+ 0.754502)

Renal pelvis transverse diameter  =  0.376424t – 0.008920t2 + 1.895464
SD renal pelvis transverse diameter = √(0.001973t2+ 1.536206)

Adrenal gland length = 0.443449t – 0.005587t2 + 3.754839
SD adrenal gland length = √(0.000176t2+ 0.487992)

Kidney volume (mm3) = 144.954t+19.742t2+413.207
SD Kidney volume = √(24044.650 + 2*1243.749t2 +22.101t4) +   √(217.456t2)
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Figure S1. Correlations of left and right kidney length measurements with gestational age and between both 
sides. (left kidney r  = 0.939; right kidney r  = 0.948 and both sides r  = 0.985).

Table S1. Comparison of measurements between right and left renal pelvis anteroposterior diameters.

Right renal pelvis (mm)

Left renal pelvis (mm) 0 to < 2 2 to < 4 4 to < 6 6 to < 8 8 to < 10 Total

0 to < 2 43 19 - - - 62

2 to < 4 31 227 43 5 - 306

4 to < 6 2 65 73 9 - 149

6 to < 8 - 7 10 8 2 27

8 to <10 - 1 1 1 - 3

Total 76 319 127 23 2 547

Kappa = 0.642
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Table S2. Fitted centiles of the size fetal kidney length, anteroposterior diameter, transverse diameter and 
perimeter with the number of fetuses for exact weeks between 16 and 42 weeks of gestational age (GA).

GA N
fetuses

fitted centiles
kidney length

fitted centiles
kidney anteroposterior 

diameter

fitted centiles
kidney transverse diameter

5th 50th 95th SD 5th 50th 95th SD 5th 50th 95th SD

16
49

11,5 14,2 17,0 1,65 6,0 8,6 11,2 1,56 5,6 8,6 11,6 1,82

17 12,9 15,7 18,4 1,66 6,9 9,5 12,1 1,57 6,7 9,7 12,7 1,82

18
47

14,3 17,1 19,9 1,67 7,8 10,4 13,0 1,58 7,7 10,8 13,8 1,83

19 15,7 18,5 21,3 1,69 8,6 11,2 13,9 1,59 8,8 11,8 14,9 1,85

20
48

17,1 19,9 22,7 1,72 9,4 12,1 14,7 1,61 9,8 12,8 15,9 1,86

21 18,4 21,3 24,2 1,74 10,2 12,9 15,6 1,63 10,7 13,8 16,9 1,88

22
48

19,7 22,6 25,6 1,77 10,9 13,6 16,4 1,66 11,6 14,8 17,9 1,91

23 21,0 24,0 27,0 1,81 11,6 14,4 17,2 1,69 12,5 15,7 18,9 1,93

24
49

22,3 25,3 28,4 1,85 12,3 15,1 18,0 1,72 13,4 16,7 19,9 1,96

25 23,5 26,6 29,8 1,89 12,9 15,8 18,7 1,76 14,3 17,5 20,8 2,00

26
47

24,7 27,9 31,1 1,94 13,6 16,5 19,5 1,80 15,1 18,4 21,8 2,03

27 25,9 29,2 32,5 1,99 14,1 17,2 20,2 1,84 15,8 19,3 22,7 2,07

28
49

27,1 30,5 33,9 2,04 14,7 17,8 20,9 1,88 16,6 20,1 23,6 2,11

29 28,3 31,7 35,2 2,10 15,2 18,4 21,6 1,93 17,3 20,9 24,4 2,16

30
47

29,4 33,0 36,5 2,16 15,7 19,0 22,3 1,98 18,0 21,7 25,3 2,20

31 30,5 34,2 37,9 2,22 16,2 19,6 22,9 2,03 18,7 22,4 26,1 2,25

32
48

31,6 35,4 39,2 2,28 16,6 20,1 23,5 2,09 19,3 23,1 26,9 2,30

33 32,7 36,6 40,5 2,35 17,1 20,6 24,1 2,14 20,0 23,8 27,7 2,36

34
45

33,8 37,8 41,7 2,41 17,4 21,1 24,7 2,20 20,5 24,5 28,5 2,41

35 34,8 38,9 43,0 2,48 17,8 21,5 25,3 2,26 21,1 25,2 29,2 2,46

36
49

35,9 40,1 44,3 2,55 18,1 22,0 25,8 2,32 21,6 25,8 30,0 2,52

37 36,9 41,2 45,5 2,62 18,5 22,4 26,3 2,38 22,1 26,4 30,7 2,58

38
46

37,9 42,3 46,8 2,69 18,7 22,8 26,8 2,44 22,6 27,0 31,3 2,64

39 38,8 43,4 48,0 2,77 19,0 23,1 27,2 2,50 23,1 27,5 32,0 2,70

40
24

39,8 44,5 49,2 2,84 19,2 23,4 27,7 2,57 23,5 28,1 32,6 2,76

41 40.7 45,5 50,4 2,92 19,4 23,8 28,1 2,63 23,9 28,6 33,2 2,83

Total 96 fetuses
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Table S3. Fitted centiles of the size of the anteroposterior and transverse diameter of the fetal renal pelvis 
with the number of fetuses for exact weeks between 16 and 42 weeks of gestational age (GA).

GA
N

fetuses
Fitted centiles pelvis  

anteroposterior diameter
N

fetuses
Fitted centiles pelvis  
transverse diameter

5th 50th 95th SD 5th 50th 95th SD

16
28

0,34 1,77 3,21 0,87
28

-0,74 2,26 5,26 1,82

17 0,54 1,97 3,41 0,87 -0,40 2,61 5,62 1,82

18
31

0,72 2,16 3,60 0,87
32

-0,08 2,94 5,97 1,83

19 0,89 2,34 3,79 0,88 0,21 3,26 6,30 1,85

20
42

1,05 2,51 3,97 0,88
42

0,48 3,55 6,63 1,86

21 1,20 2,67 4,14 0,89 0,73 3,83 6,94 1,88

22
45

1,34 2,83 4,31 0,90
45

0,95 4,09 7,24 1,91

23 1,47 2,97 4,47 0,91 1,15 4,34 7,53 1,93

24
48

1,59 3,11 4,62 0,92
48

1,32 4,56 7,80 1,96

25 1,70 3,23 4,76 0,93 1,47 4,77 8,06 2,00

26
46

1,79 3,35 4,90 0,94
47

1,60 4,96 8,31 2,03

27 1,88 3,46 5,03 0,95 1,71 5,13 8,55 2,07

28
49

1,96 3,55 5,15 0,97
49

1,79 5,28 8,77 2,11

29 2,02 3,64 5,27 0,98 1,86 5,42 8,98 2,16

30
47

2,08 3,73 5,37 1,00
47

1,90 5,53 9,17 2,20

31 2,12 3,80 5,47 1,02 1,92 5,63 9,35 2,25

32
48

2,15 3,86 5,57 1,03
48

1,92 5,72 9,52 2,30

33 2,18 3,91 5,65 1,05 1,90 5,78 9,67 2,36

34
45

2,19 3,96 5,73 1,07
45

1,85 5,83 9,80 2,41

35 2,19 3,99 5,79 1,09 1,79 5,86 9,92 2,46

36
49

2,19 4,02 5,85 1,11
49

1,71 5,87 10,03 2,52

37 2,17 4,04 5,91 1,13 1,60 5,86 10,12 2,58

38
46

2,14 4,05 5,95 1,15
46

1,48 5,83 10,19 2,64

39 2,11 4,05 5,99 1,18 1,33 5,79 10,25 2,70

40
24

2,06 4,04 6,01 1,20
24

1,17 5,73 10,29 2,76

41 2,00 4,02 6,03 1,22 0,99 5,65 10,32 2,83
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Figure S2. Size chart of the transverse diameter of the renal pelvis with fitted 5th, 50th and 95th centiles and 
the raw data.

Figure S3. Scatter from the data of the kidney and adrenal gland length with the fitted correlation line (r = 
0,870)
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Table S4. Fitted centiles of the size of the fetal adre-
nal gland with the number of fetuses for exact weeks 
between 16 and 42 weeks of gestational age (GA).

GA
N

fetuses fitted centiles adrenal length

5th 50th 95th SD

16
49

3,0 4,2 5,3 0,70

17 3,5 4,6 5,8 0,70

18
47

3,9 5,0 6,2 0,70

19 4,3 5,4 6,6 0,70

20
48

4,7 5,8 7,0 0,70

21 5,1 6,2 7,4 0,70

22
48

5,4 6,6 7,7 0,70

23 5,8 6,9 8,1 0,71

24
49

6,1 7,3 8,5 0,71

25 6,5 7,6 8,8 0,71

26
47

6,8 8,0 9,1 0,71

27 7,1 8,3 9,5 0,72

28
49

7,4 8,6 9,8 0,72

29 7,7 8,9 10,1 0,72

30
47

8,0 9,1 10,3 0,73

31 8,2 9,4 10,6 0,73

32
48

8,5 9,7 10,9 0,73

33 8,7 9,9 11,1 0,74

34
45

8,9 10,2 11,4 0,74

35 9,2 10,4 11,6 0,75

36
49

9,4 10,6 11,8 0,75

37 9,6 10,8 12,1 0,76

38
46

9,7 11,0 12,3 0,76

39 9,9 11,2 12,4 0,77

40
24

10,1 11,3 12,6 0,77

41 10,2 11,5 12,8 0,78

Total 96 fetuses

Table S5. Fitted centiles of the kidney volume with 
the number of fetuses for exact weeks between 16 
and 42 weeks of gestational age (GA).

GA N
fetuses

fitted centiles
kidney volume (ml.)

5th 50th 95th SD

16
49

0,08 0,41 0,75 0,20

17 0,23 0,58 0,92 0,21

18
47

0,40 0,78 1,17 0,23

19 0,59 1,03 1,47 0,27

20
48

0,80 1,31 1,82 0,31

21 1,03 1,63 2,23 0,36

22
48

1,29 1,99 2,69 0,42

23 1,58 2,40 3,21 0,49

24
49

1,90 2,84 3,78 0,57

25 2,24 3,32 4,40 0,66

26
47

2,60 3,84 5,07 0,75

27 2,99 4,40 5,80 0,85

28
49

3,41 5,00 6,59 0,96

29 3,85 5,63 7,42 1,08

30
47

4,31 6,31 8,31 1,21

31 4,80 7,03 9,26 1,35

32
48

5,31 7,79 10,26 1,50

33 5,85 8,58 11,32 1,66

34
45

6,41 9,42 12,42 1,82

35 7,00 10,29 13,59 2,00

36
49

7,61 11,21 14,81 2,18

37 8,25 12,16 16,08 2,37

38
46

8,90 13,16 17,41 2,58

39 9,59 14,19 18,79 2,79

40
24

10,29 15,26 20,23 3,01

41 11,03 16,38 21,73 3,24

Total 96 fetuses
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Figure S4. Comparison of 3rd, 50th and 97th centiles for kidney length measurements obtained in this study (solid 
lines) and the 3rd, 50th and 97th centiles of Chitty (dashed lines).

Figure S5. Comparison of 3rd, 50th and 97th centiles for kidney anteroposterior diameter obtained in this study 
(solid lines) and the 3rd, 50th and 97th centiles of Chitty (dashed lines).
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Figure S6. Comparison of 3th, 50th and 97th centiles for kidney transverse diameter obtained in this study (solid 
lines) and the 3th, 50th and 97th centiles of Chitty.

Figure S7. Comparison of 10th, 50th and 90th centiles for anteroposterior renal pelvis measurements obtained in 
this study (solid lines) and the 10th, 50th and 90th centiles of Chitty (dashed lines). 
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Figure S8. Comparison of 3rd, 50th and 97th centiles for kidney volume estimation obtained in this study (solid 
lines) and the 3rd, 50th and 97th centiles of Chitty (dashed lines).
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Table S6. Intraobserver variation in length and anteroposterior (AP) and transverse diameter measurements 
of the kidney and in length of the adrenal gland.

Variable    Mean ± SD (mm) Cronbach’s α ICC (95% CI)

Right kidney length 22,706 ± 3.486 0.956 0.955 (0.924–0.976)

Left kidney length 22,413 ± 3.434 0.970 0.969 (0.947–0.983)

Right kidney AP diameter 15,217 ± 2.292 0.912 0.911 (0.850–0.952)

Left kidney AP diameter 15,190 ± 2.232 0.919 0.918 (0.862–0.956)

Right kidney transverse diameter 15,172 ± 2.238 0.933 0.931 (0.883–0.963)

Left kidney transverse diameter 15,412 ± 2.391 0.939 0.937 (0.893–0.967)

Right adrenal gland length  5,316 ± 1.259 0.935 0.931 (0.885–0.963)

Left adrenal gland length  5,275 ± 1.345 0.930 0.928 (0.879–0.962)

ICC, intraclass correlation coefficient.

Table S7. Interobserver variation in length and anteroposterior (AP) and transverse diameter measurements 
of the kidney and in length of the adrenal gland

Variable Mean ± SD (mm) Cronbach’s α ICC (95% CI)

Observer 1   Observer 2

Right kidney length 34.320 ± 8.155 34.530 ± 8.043 0.997 0.9822 (0.967–0.992)

Left kidney length 33.823 ± 7.782 34.115 ± 7.611 0.999 0.9928 (0.987–0.997)

Right kidney AP diameter 19.936 ± 3.848 19.090 ± 3.907 0.992 0.9513 (0.912–0.978)

Left kidney AP diameter 19.260 ± 4.271 18.960 ± 4.032 0.998 0.9392 (0.891–0.997)

Right kidney transverse diameter 23.411 ± 5.754 23.460 ± 5.955 0.996 0.9786 (0.961–0.990)

Left kidney transverse diameter 22.676 ± 5.043 22.045 ± 5.200 0.978 0.9445 (0.900–0.972)

Right adrenal gland length 8.916 ± 2.068 8.696 ± 1.841 0.986 0.9094 (0.841–0.957)

Left adrenal gland length 8.921 ± 1.975 8.738 ± 1.803 0.971 0.8481 (0.744–0.926)
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COMPENSATORY ENLARGEMENT OF 
 A SOLITARY FUNCTIONING KIDNEY  

DURING FETAL DEVELOPMENT

CHAPTER 3
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ABSTRACT 

Objective
To determine the time of onset and degree of compensatory enlargement of the solitary 
functioning kidney (SFK) in fetuses with unilateral renal agenesis (URA) or unilateral multicystic 
kidney dysplasia (MCKD).

Methods
This was a retrospective study of fetuses with MCDK or URA diagnosed prenatally and 
confirmed postnatally in the period from January 1999 to May 2011. Fetuses with any other 
congenital anomalies were excluded. Measurements of kidney length were retrieved from our 
prenatal ultrasound database, and a nomogram was established and compared to that for 
normal kidney length.

Results
In total, 67 fetuses were identified, 60 with MCDK and seven with URA, from which we obtained 
147 kidney length measurements from our database. Mean gestational age at time of 
measurements was 29.7 (range, 18.4-36.7) weeks. Compensatory enlargement, defined as 
renal length >95th percentile for gestational age, was demonstrated in 87% of the MCKD cases 
and 100% of the URA cases (88% of cases overall). We estimated the mean enlargement for a 
SFK (defined as difference from the 50th percentile for normal renal length) at 36 weeks’ 
gestation to be 23.1% (9.25 mm), with the mean value for a SFK 11.4% (5.04 mm) greater than 
the normal 95th percentile at this gestational age. Compensatory growth of SFKs is demonstrated 
from the 20th week of gestation and onwards.

Conclusion
Compensatory enlargement of SFKs occurs in almost 90% of fetuses with MCKD or URA, and 
may be observed from the 20th week of gestation onwards.
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INTRODUCTION

In adults, compensatory renal hypertrophy is known to occur after removal of one kidney.1 
Nephrogenesis is complete before birth, and thus compensatory growth of the remaining kidney 
in adults is known to be caused by hypertrophy and hyperfiltration of nephrons with a 
theoretical risk of proteinuria, hypertension and chronic renal failure.2, 3 In experimental 
research in sheep, removal of a kidney in utero during the last trimester has been proven to be 
associated with an increase in nephron endowment, but not in an increase in mean glomerular 
volume.4 
The reported incidence of unilateral renal agenesis (URA) is 1 per 500–1,000 births5-7 and that 
of multicystic dysplastic kidney disease (MCKD) is 1 per 4,300 births8. A low nephron 
endowment has been found to be associated with an increased risk of developing hypertension 
and chronic renal failure as an adult9, 10, making the subject of compensatory enlargement 
during fetal development clinically relevant. Most cases of URA that are diagnosed clinically 
might more correctly be termed renal aplasia, since it has been shown that aplastic kidneys 
detected on fetal ultrasound can regress prenatally or in the first years after birth.7, 11-13

It has been shown that in human fetuses with URA14 or MCKD15 the size of the solitary 
functioning kidney (SFK) is increased, but there is limited information available on the timing 
and magnitude of the increase. We therefore conducted a study to construct nomograms for 
SFKs in fetuses with URA or MCKD and to examine the timing and extent of compensatory 
enlargement, as we hypothesized that this might provide clues to the origin of enlargement.
 

METHODS

A retrospective search was performed using the database of the obstetric department of our 
tertiary referral hospital, considering the period from January 1999 to May 2011. The year 
1999 was chosen as the lower limit because, by that time, a protocol had been established for 
the routine measurement of renal length in all fetuses with a SFK by an experienced sonographer 
guided by a pediatric urologist. Gestational age was validated by measurement crown–rump 
length. Fetuses were included in which unilateral MCKD or URA was diagnosed on antenatal 
ultrasound and confirmed postnatally with ultrasound, scintigraphy or histology. Fetuses with 
oligohydramnios, anhydramnios, bilateral urinary tract anomalies and multiple organ defects 
were excluded.
In order to determine the timing and extent of enlargement of the SFK in affected fetuses, we 
performed a multivariate analysis for the length of a SFK according to gestational age. A 
nomogram for fetal SFK length was constructed and compared with nomograms of normal 
fetal renal length.16 Compensatory enlargement was defined as SFK length >95th percentile of 
normal kidney length according to gestational age. Mean enlargement was defined as the mean 
SFK length above the 50th percentile of normal kidney length according to gestational age. 
Statistical analysis was performed using SPSS, Version 15 (IBM Corporation, New York, NY, 
USA). 
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RESULTS

In total, 67 fetuses were included in the study, 60 with unilateral MCKD and seven with URA. 
The SFK was on the right side in 39 cases (58%), including 33 (55%) of the cases of MCKD and 
six (86%) of the cases of URA.
A total of 147 longitudinal measurements were available for analysis. In none of the fetuses 
was any additional abnormality found during postnatal screening. Kidney length was measured 
once in 16 cases; twice in 32 cases; three times in 12 cases, four times in four cases and five 
times in three cases. The average number of measurements per fetus was 2.2 and the mean 
gestational age at the time of measurement was 29.7 (range 18.4 – 36.7) weeks.
Figure 1 displays all individual SFK length measurements in comparison to reference percentiles 
for normal kidney length. The SFK demonstrated compensatory enlargement (i.e. at least one 
measurement >95th percentile for normal length) in 59 of the 67 (88%) cases, including 52 of 
the 60 MCKD cases (87%) and all seven (100%) of the URA cases. At 36 weeks’ gestation the 
estimated mean enlargement of a SFK was 23.1% (9.25 mm), with the mean value for a SFK 
11.4% (5.04 mm) greater than the 95th percentile for a normal kidney at this gestational age 
(Tables 1–2).
Both for individual fetuses and for the estimated population mean, compensatory enlargement 
of SFKs was demonstrated from the 20th week of gestation onwards (Figure 1 and Table 1). 
There was no correlation between underlying pathology of the SFK and the degree of 
compensatory enlargement of the kidney.
 

Figure 1. Measurements of kidney length (•) 
in fetuses with solitary functioning kidneys 
(SFK), with 5th, 50th and 95th percentiles de-
rived from multivariate modeling (·····). Also 
shown are the 5th, 50th and 95th percentiles for 
kidney length in normal fetuses (—)16.
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DISCUSSION

Compensatory enlargement of the SFK in fetuses affected by unilateral renal pathology during 
development in utero has not been studied extensively. In 1993, Glazebrook et al. 17, in a study 
reporting measurements of prenatal renal length in 21 affected fetuses and matched controls, 
concluded that there was strong evidence for compensatory renal growth of the SFK during 
fetal development. In 2000 Hill et al. 18, in a study including 14 cases of URA and 22 of MCKD, 
reported that 44% of fetuses with unilateral kidney disease displayed compensatory 
enlargement, with a point of onset which may occur as early as 22 weeks of gestational age. 
However, this observation regarding the timing of onset was based only on one measurement.
We found compensatory enlargement of the SFK as early as the 20th week of gestation. It is 
unclear whether compensatory enlargement is caused by hyperplasia or hypertrophy of 
glomeruli. In sheep, the removal of one kidney in the third trimester was found to cause 

Table 1. Mean fetal kidney length for a solitary functioning kidney (SFK) in comparison to the median (P50) 
and 95th percentile (P95) for a normal fetal kidney16. 

Solitary functioning kidney length

Normal fetal kidney length Mean enlargement (mm (%))

GA  
(weeks)

P50 
(mm)

P95 
(mm)

Mean 
(mm)

Compared to normal 
P50 

Compared to normal 
P95

18 17.11 19.87 18.60 1.49 (8.7) -1.27 (-6.4)

19 18.52 21.31 20.63 2.12 (11.4) -0.67 (-3.2)

20 19.91 22.74 22.63 2.72 (13.7) -0.11 (-0.5)

21 21.28 24.16 24.58 3.30 (15.5)  0.42 (1.8)

22 22.64 25.57 26.50 3.86 (17.0)  0.93 (3.6)

23 23.99 26.98 28.38 4.39 (18.3)  1.40 (5.2)

24 25.32 28.37 30.22 4.90 (19.4)  1.85 (6.5)

25 26.63 29.76 32.02 5.39 (20.2)  2.26 (7.6)

26 27.93 31.13 33.79 5.85 (21.0)  2.65 (8.5)

27 29.22 32.50 35.51 6.29 (21.5)  3.01 (9.3)

28 30.48 33.86 37.20 6.71 (22.0)  3.34 (9.9)

29 31.74 35.20 38.85 7.11 (22.4)  3.65 (10.4)

30 32.97 36.53 40.46 7.48 (22.7)  3.92 (10.7)

31 34.19 37.85 42.03 7.83 (22.9)  4.17 (11.0)

32 35.40 39.16 43.56 8.16 (23.1)  4.40 (11.2)

33 36.59 40.46 45.06 8.47 (23.1)  4.60 (11.4)

34 37.76 41.74 46.51 8.75 (23.2)  4.77 (11.4)

35 38.92 43.01 47.93 9.01 (23.1)  4.92 (11.4)

36 40.06 44.27 49.31 9.25 (23.1)  5.04 (11.4)

Mean values for SFK length are derived from multivariate modeling. GA, gestational age.
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hyperplasia of the glomeruli in the remaining kidney.4 Whether compensatory enlargement of 
the SFK during fetal development is caused by hyperplasia or hypertrophy will have clinical 
consequences for the patients in later life, because there is a relationship between a low number 
of glomeruli and later cardiovascular disease.9 
Since patients with a SFK have a considerable risk of having other urogenital anomalies7, 19, it 
is unknown whether the hyperfiltration is caused by a low nephron endowment or other 
pathological changes. An early onset of compensatory enlargement of the SFK suggests 
hyperplastic growth.4 Mansoor et al.20 demonstrated that where compensatory enlargement 
was not evident at birth, it tended to occur in most cases by the age of 1 year and 8 months. 
Further studies including in-vivo estimation of the glomerular endowment are needed to 
answer whether new nephrons are formed or whether there is hyperplastic growth after birth.
This study we used normal fetal renal growth charts derived from a prospective longitudinal 
study16 for comparison and have shown that compensatory enlargement of an SFK can be 
observed starting from the 20th week of gestation. Compensatory enlargement was found to 
occur in 88% of affected cases overall. Using older charts of Chitty and Altman.21  would have 

Table 2. Fitted centiles of the renal length of a solitary functioning kidney (SFK) for exact weeks, with the 
number of fetuses observed, between gestational ages (GA) of 18 and 37 weeks.

Fitted centiles for SFK length (mm)

GA 
(weeks)

n
fetuses 5th 50th 95th SD   

18 1 12.27 18.60 24.93 3.84

19 1 14.22 20.63 27.05 3.89

20 9 16.10 22.63 29.15 3.96

21 16 17.92 24.58 31.24 4.04

22 5 19.69 26.50 33.31 4.13

23 13 21.39 28.38 35.37 4.23

24 2 23.04 30.22 37.40 4.35

25 7 24.64 32.02 39.41 4.48

26 4 26.18 33.79 41.39 4.61

27 3 27.66 35.51 43.36 4.76

28 10 29.10 37.20 45.29 4.91

29 6 30.49 38.85 47.20 5.07

30 10 31.83 40.46 49.09 5.23

31 12 33.12 42.03 50.94 5.40

32 13 34.36 43.56 52.76 5.58

33 11 35.56 45.06 54.56 5.76

34 9 36.71 46.51 56.32 5.94

35 10 37.81 47.93 58.05 6.13

36 5 38.88 49.31 59.74 6.32
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suggested that only 29 (28 MCKD and 1 URA) of the 67 cases (43%) in our study demonstrated 
compensatory enlargement of the SFK, and the mean SFK length observed would be considered 
enlarged but not to show compensatory enlargement >95th percentile.
We did not find any significant difference in the pattern of compensatory enlargement between 
the MCKD and URA groups. However, the URA group is too small to draw any firm conclusions 
regarding the differences between the groups in rate and extent of compensatory enlargement 
during fetal development. A remarkable finding in this study was the observed distribution of 
the underlying pathology in these cases with an SFK. The reported incidence of URA is 1 per 
500–1,000 births5-7 and that of MCKD is 1 per 4,300 births8. Yet, in our database we only found 
seven fetuses with URA and 60 fetuses with MCKD. The reported postnatal incidence of MCKD 
could be an underestimation, or it could be that the relatively higher incidence found in this 
study is due to the fact that it was performed in a tertiary hospital with a mixture of routinely 
scanned and referred patientsIt is known that aplastic kidneys detected on fetal ultrasound 
can regress prenatally or in the first years after birth7, 11-13. It is possible that more cases of URA 
are missed prenatally, whereas MCKD is more easily detected by the virtue of its characteristic 
appearance. 
There are a number of limitations to our study, including the fact that it was performed 
retrospectively. This resulted in variation in the number of measurements per patient, from 
one to five, and clustering of the data at 20–25 and 30–35 weeks’ gestation. Ultrasound 
examinations were performed by different operators guided by different pediatric urologists, 
and in the majority of cases only kidney length measurements could be obtained. Another 
limitation is that our data mainly cover the period from 18 to 30 weeks’ gestation. We were 
able to include only fetuses from the 18 weeks’ gestation onwards, with few fetuses from 
18–20 weeks, making it hard to draw accurate conclusions about these early stages and the 
timing of onset of compensatory enlargement. However, this does not interfere with the main 
objective of the study, since the most active stage of nephrogenesis occurs in the last trimester 
between the 26th  and 35th week of gestation.22 With newer ultrasound machines showing fetal 
anatomy with adequate clarity, it should be possible to study the SFK in affected cases from 
the first trimester in the future.
The duration and frequency of follow-up for patients with unilateral kidney disease is still a 
topic of discussion. Some nephrologists argue for lifelong follow-up23, while others consider 
patients with one single functional kidney as healthy as those with two kidneys, without any 
need for follow-up. Although a lot of studies have focused on SFK, none have reported long-term 
follow-up including patients in whom the dysplastic remnant was removed in the first years 
of life. It is therefore not possible at this time to make conclusions regarding the role of this 
dysplastic remnant.
In conclusion, this study has demonstrated that compensatory enlargement of a SFK occurs in 
the majority of fetuses affected by unilateral kidney pathology, and may be observed from the 
20th week of gestation and onwards. 
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ABSTRACT

Background
Patients with unilateral MultiCystic Kidney Dysplasia (MCKD) or unilateral renal agenesis 
(URA) have a congenital solitary functioning kidney (CSFK) that is compensatory enlarged. 
The question whether this enlargement is due to increased nephron numbers and/or to 
nephron hypertrophy is unresolved. This question is of utmost clinical importance, since 
hypertrophy is associated with a risk of developing hypertension and proteinuria later in life 
with consequent development of CKD and cardiovascular disease. 

Methods
In a cohort of 32,000 slaughter pigs, 7 congenital solitary functioning kidneys and 7 control 
kidneys were identified and harvested. Cortex volume was measured and with a 3-dimensional 
stereologic technique the number and volume of glomeruli was determined and compared.  

Results
The mean total cortex volume was increased by more than 80% and the mean number of 
glomeruli per kidney was 50% higher in CSFKs than in a single control kidney, equaling 75% 
of the total nephron number in both kidneys of control subjects. The mean total glomerular 
volume in the CSFKs was not increased relative to the controls.

Conclusion
Thus, in pigs, compensatory enlargement of a CSFK is based on increased nephron numbers. 
Extrapolation of these findings to the human situation suggests that patients with a CSFK might 
not be at increased risk for developing hyperfiltration-associated renal and cardiovascular 
disease in later life due to a lower nephron number.
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BACKGROUND

Patients with unilateral MultiCystic Kidney Dysplasia (MCKD) or unilateral renal agenesis 
(URA) have a congenital solitary functioning kidney (CSFK). Many have observed compensatory 
enlargement of CSFKs in utero.1-3 This observation raises the question whether the nephrons 
of a CSFK are necessarily hyperfiltrating and hypertrophic, with the associated risk of 
developing hypertension and kidney failure at later age, or hyperplastic, with more but normal 
nephrons. Analysis of a single case of CSFK by Maluf4 suggested already an increase in nephron 
number in a CSFK, but, considering the 12.8 fold variation of nephron numbers seen in healthy 
individuals5, it is difficult to extrapolate this observation to other CSFK patients.
According to the hyperfiltration hypothesis, a reduced nephron number is associated with 
hyperfiltration and hypertrophy of the remaining nephrons leading to systemic hypertension, 
proteinuria and glomerulosclerosis.6, 7 Indeed, a 50% reduction in the number of nephrons in 
adults with two kidneys, is a risk factor for the development of hypertension.8

A number of studies in human adults with either URA or surgical loss of one kidney in childhood 
have reported an increased incidence of hypertension even when the remaining kidney was 
considered “normal”.9-11 However, it should be realized that other risk factors might have 
confounded these results. In particular, patients with a CSFK and low birth weight are known 
to have low nephron numbers12, which makes them prone to developing microalbuminuria 
due to hyperfiltration.13 Also patients being overweight and having a CSFK are more prone to 
develop renal failure and proteinuria,14 which might be largely weight-dependent, since obesity-
related hyperfiltration is known to improve considerably upon weight reduction.15 Thus, for 
development of hyperfiltration and associated health risks, nephron number in relation to total 
body mass appears to be more important than absolute nephron number. Moreover, some of 
the studies cited had also included patients in whom the dysplastic kidney had not been 
removed, and might have been the source of systemic hypertension as well as glomerular 
hyperfiltration in the contralateral kidney.
Nephron development in humans begins in the ninth week of gestation. Proliferation of 
nephrons is particularly rapid in the last trimester, continuing into the 36th week of gestation16. 
In an ultrasound study we have demonstrated that compensatory enlargement occurs in 88% 
of the fetuses with a CSFK. This compensatory enlargement is being evident from the 20th week 
of gestation onward, and results in a mean enlargement of 11.3% in length by the 37th week of 
gestation17. Thus, early unilateral disturbance of kidney development might allow for at least 
some compensatory increase in nephron number (i.e. hyperplasia) of the CSFK, but it is unclear 
whether this would be sufficient to eliminate the (patho-) physiological stimulus for glomerular 
hyperfiltration and nephron hypertrophy.
In this study, widely available pig kidneys, comparable to human kidneys in structure, relative 
size and function were used as a model for human kidneys.18 
Because current technology does not allow for accurate determination of nephron size and 
number in human patients with a CSFK, we set out to explore this issue in a comparative 
analysis in slaughterhouse pigs with one or two kidneys.
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METHODS

Study objects
The CSFKs and the control kidneys were obtained by veterinary supervisors responsible for 
the official meat inspection (H. Rooijakkers and P. van Krieken) from 26 week old pigs that 
were slaughtered for meat consumption (VION Boxtel B.V.) and were stored on ice for 1-2 days. 
In a cohort of 32,000 slaughter pigs, 7 were identified to have a congenital monokidney without 
other anomalies. For comparison 7 kidneys were harvested from random control pigs in the 
same cohort. 

Number and volume estimation
The number and volume of glomeruli were estimated with use of a modified 3-dimensional 
approach presented by the group of Kerstin Amann.8 After halving the kidneys, they were 
immersed and fixated in formaldehyde. After weighing, the entire kidney was cut into 2-mm 
slices in a cranial-to-caudal direction, and the medullary pyramids were removed from the 
cortex. The cortex was weighed, and the cortical volume was determined using the volume-
replacement method. To avoid bias, fifteen random blocks of 6 by 6 mm throughout the entire 
cortex were dissected for further analysis from 15 random 2 mm slices. The blocks (of 6 by 6 
by 2 mm) were embedded in paraffin and serially sectioned (3μm) and PAS stained. Shrinkage 
due to embedding was measured. 
Every first and eighth section from each block was selected for analysis.  An area touching the 
left and bottom side of the section plane measuring 4.18 by 3.53 mm (1280 by 1080 pixels) of 
the selected sections was photographed using a Nikon Eclipse E800 microscope with a Nikon 
DXM1200 digital camera using the Nikon ACT-1 software version 2.70 (Nikon Netherlands, 
Lijnden, The Netherlands). The photographs (original magnification 20x) were analyzed full 
screen on a 22 inch HP Compaq LA2205 WG screen.
Only those glomeruli were counted that appeared in the first plane but not in the eighth plane, 
and that did not touch the forbidden lines (bottom and right).
To estimate the mean glomerular volume per kidney, we outlined Bowman’s capsule of each 
individual glomerulus in the first plane using the image analysis software ImageJ (v1.44o 
Rasband WS, U. S. National Institutes of Health, Bethesda, Maryland U) to determine the total 
glomerular area found in the section. The sampling volume was calculated by multiplying total 
tissue area by the thickness of the section (e.g., 3μm * 8 sections = 24μm). A correction for 
tissue shrinkage (29%) was made, and the resulting volume, multiplied by the weight of the 
fixed kidney, yielded the mass of the portion of the cortex being examined (mexam). The weight 
of the cortex being examined was divided by the weight of the total cortex (Mtotal) to calculate 
the ratio. The number of glomeruli was calculated using the following equation: number = 1 : 
(mexam : Mtotal) * ∑Q-, where Q- is the number of glomeruli found in the first section but not in 
the eight section. 
Nephron volume was calculated by dividing total kidney volume by the number of glomeruli.
The number of papillae of CSFKs was determined by close inspection of the pyelum in a 
longitudinally halved kidney and compared to the number of papillae of control kidneys. Of 
these halved kidneys the total area, the cortical area, the pyelum area and the surface area of 
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the medullary pyramids was determined using ImageJ ((v1.44o) Rasband WS, U. S. National 
Institutes of Health, Bethesda, Maryland U).

Histologic examination of the kidney
In addition to the stereologic analysis, all kidneys were examined by light microscopy. The 
number of heavily sclerosed glomeruli per 100 glomeruli in the cortex was counted. 

Glomerular cell number  
To estimate the number of cells within the glomeruli, 3µm thick slides were stained for WT-1 
(NCL-L-WT1-562, Leica) to distinguish the podocytes from the other glomerular cells. For each 
kidney, the number of podocytes and the total cell number were determined in 10 glomerular 
tuft cross sections. (Count tool, Adobe Photoshop CS5)

Intra- and inter- observer variation
For determination of intra- and inter-observer variation, two investigators familiar with the 
3-D stereologic method, both examined one kidney three times, being unaware of the kidney 
being CSFK or control. The coefficient of variation was calculated. 

Statistical analysis
The results are expressed as mean +/- standard deviation. The statistical significance of results 
was calculated with a student’s t-test. 
 

RESULTS

Number and volume estimation
The mean total weight of the CSFKs was 84 percent higher than that of control kidneys 
 (Table 1). The cortex weight and volume were 81 and 83 percent higher in the CSFKs than in 
the control kidneys (Table 1, Figure 1). The mean number of glomeruli counted per field was 
4.31 +/- 2.41. The mean number of glomeruli counted per pig was 64.77 +/- 19.14. The mean 
number of glomeruli was 50 percent higher in the CSFKs than in the control kidneys, but the 
mean glomerular volume was not increased (Table 1). The mean number of glomeruli in the 
CSFKs was 2,301,441 +/- 330,670 compared to 1,536,302 +/- 538,809 in the control kidneys.
As shown in figure 2A, the increase in cortex volume (83%) of CSFKs exceeded their increase 
in glomerular number (50%).  As illustrated in figure 2B, the total cortical volumes and 
glomerular numbers of CSFKs were, although generally lower, mostly within the range of two 
controls. In figure 2C, the median of the number of glomeruli per mm3 for CSFKs and control 
kidneys are shown. In CSFKs, the mean number (8.51) of glomeruli per mm3 did not differ 
significantly from the mean number (10.13) of glomeruli per mm3 in the control kidneys 
(p=0.21). The higher number of glomeruli in combination with a comparable microanatomy 
(Figure 3) resulted in a 52 percent higher total glomerular volume in the CSFKs than in the 
control kidneys (Table 1). The mean total glomerular volume was in the CSFKs 19,175 mm3 
+/- 5,066 mm3 compared to 12,654 mm3 +/- 5,040 mm3 in the control kidneys. 
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As demonstrated in Table 1, mean volume of individual nephrons in CSFKs 0.14 mm3 +/- 0.02 
was comparable to that of control kidneys 0.13 mm3 +/- 0.05. The number of papillae per 
kidney in CSFKs (11.4 +/- 1.52) was increased by 39% compared to control kidneys (8.2 +/- 
0.45). The total surface area in CSFKs was 105.2 cm2 +/- 21.0 compared to 71.6 cm2 +/- 9.3 in 
control kidneys. The percentage surface area comprised of total of cortex, medullary pyramids, 
and pyelum was 54.2% +/- 4.8; 17.6% +/- 3.9; and 27.5% +/- 5.4 in CSFKs and 51.9% +/- 5.3; 
20.6 +/- 3.3; and 27.5 +/- 3.0 in control kidneys respectively.

Histologic examination of the kidney
There was no difference (p=0.76) between the percentage of sclerosed glomeruli in CSFKs 
(mean 0.57%) and the control kidneys (mean 0.71%). 

Glomerular cell number 
As shown in table 1 and figure 4 the mean number of cells per glomerular tuft cross section in 
CSFKs (141.9 +/- 29.4) was comparable to the number found in control kidneys (128.5 +/- 
20.2). Also the number of podocytes per cross section and per total glomerular cell number 
was comparable in CSFKs and control kidneys (23.4 +/- 5.7; 16.6% +/- 3.1, and 22.0 +/- 3.5; 
17.3% +/- 2.6, respectively).

Intra- and inter- observer variation
Intraobserver coefficients of variation were 1.19 percent and 2.72 percent, respectively, and 
interobserver coefficient of variation was 3.00 percent.  
 

Figure 1. Macroscopic view of 
a solitary kidney compared to 
a control kidney. Representa-
tive demonstration of size of a 
normal kidney (left) compared 
to a solitary kidney (right). 
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Figure 2. Correlation between number of glomeruli and cortex volume. A. Comparison between number of 
glomeruli and cortex volume per kidney of congenital solitary functioning kidneys (CSFKs, closed circles) and 
control kidneys (open circles) at 26 weeks of age with regression line for control kidneys (solid line, R=0.697, 
P=0.082). B. Comparison between number of glomeruli and cortex volume per pig at 26 weeks of age. Pigs with 
a CSFK are depicted by closed circles, and control pigs by open circles. Values for control pigs are extrapolated 
from one to two kidneys. Regression lines are shown for control kidneys (solid line, R=0.697, P=0.082) and for 
controls as CSFKs together (dotted line, R=0.577, P=0.31). C. Comparison between median number of glom-
eruli per mm3 in CSFKs and control kidneys. Median number of glomeruli per mm3 in CSFKs was 8.95 (range 
6.39-10.42) and in control kidneys 11.46 (range 5.97-13.34).
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Figure 3. Microanatomy of a solitary kidney compared to a control kidney. Representative pictures of the mi-
croanatomy of a normal kidney (left) compared to a solitary kidney (right). The upper pictures demonstrate an 
overview of the microanatomy of the glomeruli and tubules (original magnification 100x). The lower pictures 
demonstrate a detailed view of the glomeruli (original magnification 200x).

Figure 4. Podocytes in glomerular tuft 
cross section. Representative pictures WT-1 
stained glomerular tuft cross sections of a 
normal kidney (left) compared to a solitary 
kidney (right). The pictures demonstrate 
an overview of the ratio of podocytes (red) 
versus the number of other glomerular cells 
(blue, original magnification 200x).
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DISCUSSION

In this study we found evidence that, in pigs, compensatory enlargement of a CSFK is largely 
due to an increased number of nephrons, which averaged 150% of the mean number of 
glomeruli in a single control kidney, or 75% of the mean total number in control subjects. This 
75% clearly overlaps with the wide variation (from 210,332 to 2,702,079) in total nephron 
numbers per kidney found in healthy individuals with two kidneys5.  
The increase in cortex volume (83%) of CSFKs exceeded their increase in glomerular number 
(50%), which suggests hypertrophy of nephrons. However, the increase of nephron volume by 
13% in CSFKs was not significant (p=0.43), and the most critical parameter, glomerular volume, 
was increased by only 4%, which was also not significant (p=0.56). Moreover, the total cortical 
volumes and glomerular numbers of CSFKs were, although generally lower, mostly within the 
range of controls. The number of glomeruli per mm3 does not differ significantly between CSFKs 
and control kidneys. The glomerular size, the mean number of cells, podocytes and the 
percentage of podocytes per glomerular tuft cross section were all comparable in both groups. 
Based on our observations the increase in nephron volume of the CSFK is due to the wide 
variation in nephron volume and the majority of the compensatory enlargement is due to 
nephron hyperplasia.  
Remarkably, this increase in kidney weight (84%) and nephron number (50%) in pig CSFKs 
in our analysis corresponds nicely with previously observed increase in kidney weight (80%) 
and nephron number (56%) in a single human case of CSFK reported by Maluf.4 
Douglas-Denton et al.19 reported on incomplete compensation for nephron loss in male ovine 
fetuses that underwent unilateral nephrectomy at 100 days of gestation and were sacrificed 
after 27 to 34 days. They observed a 45 percent increase in the number of nephrons in the 
kidneys from the unilaterally nephrectomized, as compared to sham operated sheep, leaving 
a deficit of 27% in total nephron number. Remarkably, and in contrast to our own observations 
in CSFK pigs, the mean glomerular volume in the unilaterally nephrectomized sheep was 26 
percent lower than in controls and total glomerular volume per individual kidney was 
comparable in both groups. This apparent discrepancy might relate to the fact that in the cited 
study19 fetal kidneys were investigated, while we analyzed kidneys from 26 week old pigs, 
suggesting that compensatory growth (i.e. normalization of glomerular size) is largely due to 
an increase in nephron number during fetal development while hypertrophic glomerular 
growth occurs after birth. 
Moreover, in a related study, female sheep that underwent fetal unilateral nephrectomy at 100 
days of gestation had elevated blood pressure at 6 and 12 months of age as compared to sham 
operated sheep.20 From clinical studies it is learned that apparently the compensatory growth 
is enough to maintain a normal blood pressure during life for most subjects with a CSFK.21 
In contrast to the increase in glomerular number by 50% in this study and the increase by 45% 
demonstrated by Douglas-Denton et al.19, Amakasu et al. demonstrated a more limited, 26% 
increase of glomerular number in rats.22 However, both male and female rats evaluated in that 
study had generally more extensive developmental defects of the URA than most human cases 
of CSFK and than the pigs we studied.  Specifically, several males had undescended testis with 
agenesis and hypoplasia of the accessory organs, while complete and partial agenesis of the 
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uterine horn was observed in several female rats.23 In addition to the increase of glomerular 
number the rats also demonstrated pathological changes associated with progressive renal 
insufficiency.22 Although it is a beautifully executed study, the unilateral urogenital anomalies 
rat strain with multiple congenital defects might not be the best model for patients with a CSFK, 
especially for those without additional anomalies. 
One of the most intriguing observations we made when evaluating the structural morphology 
was the 1.39 fold higher number of medullary papillae in the CSFKs as compared to normal 
control kidneys. This suggests an impact of unilateral kidney agenesis or dysplasia on uretric 
bud arborization at an early stage in the development of the contralateral kidney. Nephron 
number is known to be influenced by ureteric bud arborization downstream of PAX224, RET25 
and the ALD-H1A226 activity. In addition, a recent study27 provides evidence that effects of the 
OSR1 allele are additive with genes that alter ureteric bud branching. 
We acknowledge several limitations of this study. First, the glomerular function of the kidneys 
we studied was not known. Although glomerular function would make the results more 
appealing, due to the extensive size of the cohort (32,000) and legislation on animal experiments 
we were unable to perform functional analysis. Second, the pathogenesis of the CSFKs remains 
doubtful (e.g. URA or MCKD). Future studies including separation of the two groups could 
provide useful information. Third, the tissue samples were embedded in paraffin, which caused 
29% tissue shrinkage. This extensive shrinkage is thought not to interfere with the results 
obtained because of isometric shrinkage of all structures. Strength of this study is the size of 
the cohort from which the kidneys were obtained.
In summary, our study demonstrates that the total nephron number of CSFK pigs is comparable 
to the nephron number of healthy pigs, and mean compensatory hypertrophy and subsequent 
hyperfiltration is limited. This might raise the question whether it is mandatory to subdue 
CSFK patients to long term follow up. However, the considerable interindividual difference in 
nephron number observed in CSFK pigs and human subjects suggests that a yet unknown 
percentage of human CSFK patients is at risk for developing hyperfiltration and hypertrophy-
associated renal and cardiovascular disease. As for now, non-invasive determination of nephron 
number and size, and detection of hyperfiltration before occurrence of associated renal damage 
are not yet feasible. Until it is possible to identify which of the patients with a CSFK are at risk 
long-term follow-up is still indicated. 
Since we see a correlation between the kidney volume and the number of nephrons, a good 
first step would be to monitor the kidney volume of a solitary kidney for compensatory 
enlargement during pregnancy and compare them to the appropriate charts28.
In conclusion, the mechanism underlying hyperplasia and hypertrophy in CSFKs remains 
unknown but might include as yet unknown feedback governing branching morphogenesis in 
early papillary bud arborization. Elucidation of relevant cellular signalling pathways might 
help to identify opportunities for future diagnostic and intervention tools to identify subjects 
at risk and maybe support increase of nephron numbers in CSFKs beyond the danger zone. 
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ABSTRACT

Background
Connective tissue growth factor (CTGF) is a key mediator of tissue fibrogenesis in kidney 
disease. Its involvement in renal allograft fibrosis was recently demonstrated in a mouse model.

Methods
We prospectively studied the association between urinary CTGF levels (CTGFu) and renal 
allograft fibrosis during the first 2 years after transplantation. Histological and biochemical 
data were collected from 315 kidney transplant recipients enrolled in a protocol biopsy-based 
clinical program. 

Results
At 3, 12 and 24 months after transplantation, urinary CTGF levels were independently 
associated with the degree of interstitial fibrosis in protocol biopsies, scored according to the 
revised 1997 Banff criteria. In a subgroup of 164 patients with pristine biopsies at 3 months, 
higher CTGFu levels at 3 months were associated with moderate and severe interstitial fibrosis 
developed at 24 months after transplantation. 

Conclusions
As it is readily quantifiable in urine, a role for urinary CTGF as a non-invasive candidate  
biomarker and predictor of human renal allograft fibrogenesis deserves further study.
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INTRODUCTION

Chronic renal allograft failure rates have not improved proportionally to better 1-year graft 
survival rates obtained in the last two decades through use of immunosuppressive drug 
combinations that effectively control early acute rejection1. Indeed, annual graft attrition rates 
of 4% offset the initial benefits of lower acute rejection incidences2, 3. Graft loss without patient 
death often is a complex multifactorial process in which both immunological and non-
immunological causes play a role, with only limited therapeutic options available1.  Common 
histological features of failing allografts are interstitial fibrosis and tubular atrophy (IF/TA). 
IF/TA can occur from ongoing alloimmune injury, ischemic injury, arterial hypertension, drug 
toxicity, infection and recurrent disease. Irrespective of the original cause(s), fibrosis 
represents the final pathway of tissue injury and leads to distortion of the functional 
architecture, thereby compromising adequate cell signaling, repair mechanisms and 
homeostasis4.
Connective tissue growth factor (CTGF, also known as CCN-2), the second member of the CCN 
family of proteins (Cyr6/CTGF/Nov), is a key mediator of tissue fibrogenesis. CTGF is a 38kDa 
cysteine-rich polypeptide, composed of an insulin growth factor binding domain (module 1), 
a von Willebrand factor type C repeat domain (module 2), a thrombospondin type I repeat 
domain (module 3), and a C-terminal cysteine knot (module 4)5. CTGF production is induced 
by transforming growth factor β (TGF-β) in multiple cell types and mediates fibroblast 
proliferation and collagen synthesis in the extracellular matrix6. CTGF is also upregulated by 
angiotensin II, oxidative stress, endothelin-1, hyperglycaemia, advanced glycation end 
products, hypoxia and mechanical stretch7-11.  While CTGF has profibrotic effects very similar 
to TGF-β, it probably does not share the immunomodulatory properties of the latter12. 
Increased CTGF expression has been reported in multiple fibrotic disorders, including diabetic 
and non-diabetic chronic kidney disease, peritoneal fibrosis in peritoneal dialysis, idiopathic 
pulmonary fibrosis, liver fibrosis, scleroderma, cardiomyopathy and atherosclerotic 
plaques13-18. CTGF’s involvement in renal graft fibrosis was demonstrated in a mouse model 
of chronic kidney allograft damage. CTGF was highly expressed in tubular epithelial cells along 
with α-smooth muscle actin as a marker of myofibroblasts and hence epithelial-to-
mesenchymal transition (EMT), and transcriptionally associated with other markers of 
fibrosis19. Additionally, tubular CTGF expression measured by quantitative PCR was 
upregulated and preceded IF/TA in a Fisher to Lewis rat model of allogeneic kidney 
transplantation and urinary CTGF concentrations correlated positively with the degree of 
interstitial fibrosis, highlighting the potential of CTGF as both a mediator and a marker of 
renal allograft fibrosis20. Finally, using a chronic allograft nephropathy model of renal fibrosis, 
Luo et al. demonstrated that delivery of siRNA targeted to CTGF via the caudal vein effectively 
prevented fibrosis in rats21.
Currently, protocol biopsies or crude surrogate markers like longitudinal measurements of 
the glomerular filtration rate are the only clinical tools available to detect early signs of chronic 
allograft injury. There is a great need for non-invasive biomarkers that can help predict chronic 
allograft dysfunction.  As it is readily quantifiable in urine, CTGF is an attractive candidate 
biomarker for non-invasive monitoring of ongoing fibrosis and early prediction of poor renal 
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allograft outcomes. We performed a prospective study on the association between urinary 
CTGF levels and renal allograft fibrosis during the first 2 years after transplantation, based 
on histological data collected from a protocol biopsy-based clinical program.

 
MATERIALS AND METHODS

Study population
Data were prospectively collected from a cohort of 441 consecutive adult renal allograft 
recipients, who received a single kidney graft between March 2004 and June 2009 and were 
treated with an immunosuppressive drug regimen consisting of tacrolimus in combination 
with mycophenolate mofetil and oral methylprednisolone, as described previously22. Patients 
with high immunological risk (n=168) received induction therapy with basiliximab (91%) or 
anti-thymoglobulin (9%).  
From this cohort, patients were selected for the current analysis based on the availability of 
both blood and urine samples and an adequate renal protocol biopsy at 3 months (n=315; 
71.4%), 12 months (n=300; 68%) and 24 months (n=225; 51%) after transplantation. Reasons 
for non-availability of a protocol biopsy were: refusal (44.3%), medical contra-indication (26%), 
graft loss or patient death (20%) or other (9.7%). There were 18 death-censored graft losses 
during the first 2 years after transplantation, caused by acute rejection (n = 8), polyoma 
nephropathy (n = 5), surgical complication (n = 3) and IF/TA (n = 2).  Additionally, 8 patients 
died with a functioning graft during the first 2 years after transplantation at a mean of 13.5 
months after transplantation.  Blood and urine samples were available for all patients with a 
functioning allograft during follow-up. Demographic and post transplantation parameters of 
excluded patients did not differ significantly from those included (data not shown). Written 
informed consent was obtained from all patients, and the study was approved by the 
institutional review board and ethics committee.

Histology and renal function
Tissue cylinders were obtained by real-time ultrasound-guided percutaneous renal transplant 
biopsy using  a Biopty™ gun with a 16-gauge needle. The cylinder was fixed in buffered formalin 
and embedded in paraffin for routine light microscopic examination. Slides containing 4-10 
paraffin sections (2-3µm) were routinely stained with hematoxylin and eosin (HE), with 
Periodic Acid Schiff (PAS) and with a silver methenamine method. The severity of histological 
lesions was semi-quantitatively scored according to revised 1997 Banff criteria23-25. The degree 
of interstitial fibrosis (ci-score) was classified as either normal (ci = 0), mild (ci = 1), moderate 
(ci = 2) or severe (ci = 3). All biopsies were reviewed by one blinded pathologist (EL), 
independently of clinical information. Acute rejection was defined as biopsy-proven rejection 
during the first 3 months after transplantation. Delayed graft function was defined as the need 
for dialysis therapy in the first week after transplantation. Estimated glomerular filtration rate 
(eGFR) was calculated with the Modification of Diet in Renal Disease (MDRD) formula26.  
Proteinuria was measured as g/g creatinine in a 24-hour urine collection. 
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Enzyme-linked immunosorbent assay for urinary CTGF
24-hour urine collection samples were retrieved before the renal biopsy was  performed and 
immediately stored at -80°C. Urinary and plasma CTGF concentrations were determined by a 
sandwich enzyme-linked immunosorbent assay (FibroGen, South San Francisco, CA), using 
two monoclonal antibodies against distinct epitopes on the N-terminal part of human CTGF, 
detecting both full length CTGF and the N-fragment, as described earlier27. The detection limit 
of the assay was 18.6 pmol/L, and intra- and interassay variations were < 1% and 11%, 
respectively. Urinary CTGF was corrected for creatinine excretion to account for sampling errors 
and different hydration states and is expressed as pmol/g creatinine. Data on plasma CTGF 
concentrations are not further reported as they did not provide additional information to the 
measurements of urinary CTFG concentrations.

Tacrolimus blood levels
Tacrolimus pre-dose trough levels were measured at the time of protocol biopsy. Whole blood 
tacrolimus concentrations were determined using a microparticulate enzyme immunoassay 
(Tacrolimus II™ MEIA/IMx analyzer, Abbott Laboratories, Illinois). 

Statistical analysis
Data were collected prospectively. Urinary CTGF values were not normally distributed and 
were defined as median (interquartile range: Q1; Q3) and normalized by log transformation 
for subsequent analysis. Descriptive statistics for other variables were defined by means ± 
standard deviations and percentages, unless stated otherwise.  One-way ANOVA or Kruskall-
Wallis test and linear regression were performed for continuous variables, and the Chi-square 
test to assess the association between categorical data. Correlations between continuous 
variables were assessed by Pearson or Spearman correlation, as appropriate. Multiple logistic 
regression analysis with backward elimination was performed to assess the independent effects 
of correlates on ci-score (dichotomized to 0 or > 0) as response variable. The following variables 
were considered for all multivariate analyses: donor and recipient age and sex, deceased vs. 
living donor, induction therapy, acute rejection, delayed graft function, diabetic kidney disease,  
eGFR and proteinuria. Parameters with a p-value < 0.2 in univariate analysis were subsequently 
included in the multivariate model. Statistical significance was defined as a two-sided p value 
< 0.05. Data analysis was performed using SAS software (SAS 9.3; SAS Institute, Cary, NC).

 
RESULTS

Demographics and evolution of allograft histology
Recipient and donor demographics and transplant-related characteristics are summarized in 
Table 1. The study cohort (n=315) consisted of 191 male and 124 female transplant recipients 
with a mean recipient age of 53.0 ± 13.2 years and donor age of 45.7 ± 15.1 years. There were 
21 recipients of living donor grafts and 294 recipients of deceased donor grafts.  The incidence 
of delayed graft function and acute rejection during the first 3 months after transplantation 
were 12.1% and 18.1% respectively.
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Table 1. Recipient and donor demographics and trans-
plant-related characteristics of kidney allograft recipients. 
Data are shown as mean ± SD or number (%).

N = 315

Donor age (y) 45.7 ± 15.1

Recipient age (y) 53.0 ± 13.2

Donor sex (female) 130 (41.7)

Recipient sex (female) 124 (39.4)

Deceased donors 294 (93.3)

Induction therapy 112 (35.6)

Acute rejection 57 (18.1)

Delayed graft function 38 (12.1)

Cold ischemia time (hours) 14.5 ± 5.4

Kidney disease

    - Glomerulonephritis 97 (30.8)

    - Congenital 70 (22.2)

    - Diabetic nephropathy 35 (11.1)

    - Interstitial nephritis 32 (10.1)

    - Hypertensive/vascular 31 (9.9)

    - Unknown/other 50 (15.9)

Table 2. Overview of histological data, renal function, proteinuria and CTGFu at different time points after 
transplantation. a There was a progressive increase in interstitial fibrosis (ci-score; p < 0.01) and tubular at-
rophy (ct-score; p < 0.01) during follow-up. Data are shown as n (%), mean ± SD and median (IQR) for CTGFu. 

Month 3 Month 12 Month 24

N biopsies 315 300 225

N glomeruli/biopsy 31.0 ± 16.8 26.7 ± 15.2 27.5 ± 15.6

ci-scorea   0.4 ± 0.72 0.69 ± 0.81 0.99 ± 0.93

ct-scorea 0.67 ± 0.56 1.02 ± 0.52 1.17 ± 0.63

ci, n (%)

0  225 (71.4) 149 (49.6) 79 (35.1)

1   61 (19.4) 107 (35.7) 90 (40)

2-3 29 (9.2)   44 (14.7) 56 (24.9)

Proteinuria (g/g) 0.17 ± 0.03 0.18 ± 0.05 0.19 ± 0.06

eGFR (mL/min/1.73m2) 49.9 ± 16.3 54.2 ± 17.3 53.3 ± 17.4

CTGFu (pmol/g) 285.3 (173.7; 539.7) 241.9 (142.7; 477.6) 229.5 (155.1 – 483.8)
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A total number of 840 adequate protocol biopsies were scored according to the revised 1997 
Banff criteria. In the first 2 years after transplantation, there was a progressive accumulation 
and persistence of chronic histological damage, with a significant increase in interstitial fibrosis 
(ci-score) and tubular atrophy (ct-score) (see Table 2). 
Mean eGFR was 49.9 ± 16.3 mL/min/1.73m2 at 3 months, 54.2 ± 17.3 mL/min/1.73m2 at 12 
months and 53.3 ± 17.4 mL/min/1.73m2 at 24 months after transplantation. At all different 
time points after transplantation, there was a significant association between ci-score (0 vs. 1 
vs. 2-3) and eGFR (p<0.01). Low levels of proteinuria were measured at all time points, with 
a numerical increase over time that was not significant. The level of proteinuria was not 
associated with ci-score at any time point after transplantation. Mean tacrolimus trough levels 
were 11.5 ± 3.9 ng/mL, 9.6 ± 2.9 ng/mL and 8.7 ± 2.6 ng/mL at 3, 12 and 24 months respectively.

Urinary CTGF values
Urinary CTGF/creatinine ratios (CTGFu) were 285.3 pmol/g (173.7; 539.7) at 3 months, 241.9 
pmol/g (142.7 – 477.6) at 12 months and 229.5 pmol/g (155.1 – 483.8) at 24 months after 
transplantation. CTGFu was significantly higher at 3 months compared to 12 and 24 months 
(p= 0.02 and p <0.01 resp.). The correlations between CTGFu and demographic factors, 
transplant-related characteristics, renal function and proteinuria were subsequently analyzed 
(see Table 3). 
Univariate analysis revealed a significant correlation or association between CTGFu and donor 
age, history of delayed graft function, history of acute clinical rejection, eGFR and proteinuria 
at all different time points. Patients who received a renal transplant for diabetic nephropathy 
had higher CTGFu at 3 months compared to patients with other indications for transplantation. 
This difference abated at 1 year after transplantation. Female donor sex was associated with 
significantly higher CTGFu values at 3 and 12 months compared to male donor sex. CTGFu 
levels did not correlate with recipient sex, deceased or living donor organ state, use of induction 
therapy, tacrolimus trough levels and systolic blood pressure values. In multivariate analysis, 
at 3 months, CTGFu correlated with donor age (p<0.01) and proteinuria (p<0.01) while at 12 
and 24 months after transplantation CTGFu correlated with donor age (p <0.01 and p = 0.02 
resp.), eGFR (p=0.02) and proteinuria (p<0.01).

Urinary CTGF as a marker of allograft fibrosis
In a cross-sectional analysis, the presence of interstitial fibrosis (ci = 0 vs. ci > 0) was associated 
with higher CTGFu levels at all time points after transplantation; 264.6 pmol/g (169.3; 470.9)  
vs. 397.5 pmol/g (213.2; 1030.8) at 3 months (p=0.001); 212.6 pmol/g (123.5; 334.2) vs. 292.8 
pmol/g (165.5; 715.4)  at 12 months (p=0.001) and 203.2 pmol/g (134.8; 317.9) vs. 306.0 
pmol/g (168.7; 753.7) at 24 months (p<0.001). Additionally, CTGFu levels were associated 
with the degree of fibrosis, being lowest in patients with biopsies showing no signs of interstitial 
fibrosis, intermediate in patients with mild fibrosis and highest in those with moderate and 
severe fibrosis, a relationship that was statistically significant at 3, 12 and 24 months after 
transplantation (see Figure 1). In a multivariate logistic regression analysis, only eGFR 
(OR=0.97, 95% CI, 0.96 – 0.99; p=0.003), donor age (OR=0.97, 95%CI, 0.95-1.00; p=0.025) and 
CTGFu (OR = 1.15, 95% CI, 1.05 – 1.27; p = 0.004) were independently associated with the 
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presence of interstitial fibrosis at 24 months after transplantation. Figure 2 shows the results 
of a ROC analysis for CTGFu as a marker of fibrosis at 24 months after transplantation.

Urinary CTGF as a predictor of allograft fibrosis
To assess the potential of CTGFu as an early predictor of allograft fibrosis, we studied the 
association between CTGFu values at 3 months and the presence of interstitial fibrosis 
subsequently developed at 24 months in a subgroup of 164 transplant recipients with pristine 
protocol biopsies (ci = 0) at 3 months, for whom a 24 months follow-up biopsy was available. 
Significantly higher CTGFu values were measured at 3 months in 34 recipients who subsequently 
developed moderate or severe interstitial fibrosis (ci > 1) at 24 months, compared to 130 
recipients who did not (363.2 (224.0; 1163.1) vs. 244.2 (171.9; 406.8); p < 0.01. See Figure 3 
for between group comparisons). In a multivariate logistic regression analysis, only 3 month 
CTGFu (OR = 1.08, 95%CI, 1.02 – 1.14 ;p < 0.01) and donor age (OR = 1.04, 95% CI, 1.01 – 1.07; 
p = 0.03) were significantly associated with a ci-score > 1 at 24 month follow-up. Figure 2 shows 
the results of a ROC analysis for CTGFu as a predictor of fibrosis at 24 months after 
transplantation. Finally, CTGFu at 3 months was associated with renal allograft function (eGFR) 
at 24 month follow-up (r = -0.21; p = 0.007) in univariate analysis. However, this finding could 
not be replicated in multivariate analysis.
 

Figure 1.  Increased severity of interstitial fibrosis (0 vs. 1 vs. 2-3) is associated with a significantly higher CT-
GFu level.  At 3 months:  262.2 pmol/g (167.1; 465.7) vs. 381.7 pmol/g (203.9; 584.8) vs. 377.8 pmol/g (219.7; 
1309.7); p < 0.01. At 12 months: 207.2 pmol/g (123.4; 321.9) vs. 269.2 pmol/g (152.0; 599.8) vs. 386.4 pmol/g 
(170.7; 888.7); p < 0.01. At 24 months: 200.9 pmol/g (133.4; 314.4) vs. 289.0 pmol/g (189.1; 481.1) vs. 339.4 
pmol/g (142.3; 998.1); p < 0.01. 
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DISCUSSION

This prospective observational cohort study clearly demonstrated a relationship between 
urinary CTGF concentrations and the presence and extent of interstitial fibrosis in kidney 
allografts at different time points after transplantation. In addition, in transplant recipients 
with no signs of interstitial fibrosis at 3 months, higher 3 month CTGFu concentrations were 
associated with moderate and severe interstitial fibrosis developed at 24 months. These 
findings confirm earlier data, from animal studies, in human transplant recipients and 
strengthen the potential of CTGF as a modifiable risk factor and therapeutic target of renal 
allograft fibrogenesis. Our data support further testing of a role for urinary CTGF as a potential 
biomarker and predictor of human renal allograft fibrogenesis.  
CTGF is primarily a direct downstream early response gene induced by TGF-β but it can also 

Figure 3.  At 3 months, CTGFu levels are 
significantly higher in patients who devel-
op moderate to severe  interstitial fibrosis 
at 24 months after transplantation: 243.5 
pmol/g (164.3; 396.7) vs. 257.2 pmol/g 
(188.4; 415.8) vs. 363.2 pmol/g (224.0; 
1163.1) for ci-score 0 vs. 1 vs. 2-3 at 24 
month follow-up. * p = 0.37, ** p  = 0.03, 
*** p < 0.01.

Figure 2.  ROC  analysis. A. CTGFu as a marker of interstitial fibrosis at 24 months after trans-
plantation (AUC = 0.63; p < 0.01). B. CTGFu at 3 months as a predictor of moderate to severe 
fibrosis (ci > 1) at 24 months follow-up (AUC = 0.65; p < 0.01).
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be induced by other stimuli including angiotensin II, oxidative stress, endothelin-1, 
hyperglycaemia, advanced glycation end products, hypoxia and mechanical stretch7-11. CTGF 
displays multiple biological functions in a variety of cell types, including adhesion, migration, 
differentiation, proliferation, hypertrophy, angiogenesis, extracellular matrix deposition and 
remodeling, and cell-matrix interactions6. Additionally, in vitro studies showed that CTGF is 
capable of inducing EMT, independently of TGF-β19. CTGF appears to have pro-sclerotic 
properties in rodent models of fibrotic kidney disease and in human kidney disease16, 28. 
The importance of CTGF in the progression of renal allograft fibrosis has recently been 
demonstrated in a mouse model19. Cheng et al. showed that CTGF was highly expressed in 
tubular epithelial cells of murine allografts, along with α-smooth muscle actin, a marker of 
myofibroblasts and EMT, and was transcriptionally associated with other markers of fibrosis 
like type I collagen and fibronectin. Additionally, the authors demonstrated that urinary CTGF 
levels strongly correlated with renal pathology in a small group of human transplant recipients 
(n=29), being highest in patients with biopsies demonstrating IF/TA. In another study, using 
a Fisher to Lewis allogenic rat kidney transplant model,  typical morphological changes 
including IF/TA appeared at week 8, while CTGF expression in tubular epithelium was 
upregulated early and urinary CTGF was markedly elevated from week 4 post-transplantation20. 
These findings from animal studies provide indirect support for our observations in human 
transplant recipients.
CTGFu correlated with the degree of proteinuria and while CTGF may be freely filtered in 
glomeruli and reabsorbed in proximal tubules like other low molecular weight proteins29, it is 
important to note that proteinuria was very limited in our cohort of transplant recipients and 
that CTGFu was associated with interstitial fibrosis independently of the degree of proteinuria. 
In addition, CTGF protein expression experiments using immunohistochemistry and 
immunoblotting techniques and CTGF mRNA expression using oligonucleotide-primed in situ 
DNA synthesis and quantitative polymerase chain reaction, have previously demonstrated that 
CTGF localizes within tubular epithelial cells19. This is compatible with the observation that 
also in (experimental) diabetic kidney disease, a significant proportion of CTGFu appears to 
derive from intrarenal production. Finally, Nguyen et al. described a strong association between 
CTGFu and gender in patients with diabetic nephropathy27. Our data indicate a similar 
association with donor gender (at 3 and 12 months) but not with recipient gender after 
transplantation. These findings seem to suggest that local tubular epithelial CTGF production 
inside the allograft (and native kidney) is the major contributor to total urinary CTGF excretion. 
A limitation of the present study is that no urinary tubular dysfunction parameters were 
measured in order to assess the contribution of tubular reabsorption defects to urinary CTGF 
excretion. Interestingly, in patients with diabetic nephropathy, higher CTGFu values were 
measured at 3 months after transplantation compared to patients with a different underlying 
kidney disease. This finding could be explained by the contribution of CTGFu produced from 
the native kidneys in diabetics with a substantial residual renal function.
Despite increasing severity of interstitial fibrosis, absolute CTGFu values at 24 months post-
transplantation were significantly lower compared to the 3 month measurements. The lower 
concentration of CTGFu at 24 months could reflect decreased fibrogenic activity in this more 
advanced stage of fibrotic disease. Therefore, CTGFu concentrations may not only reflect the 

2013147 proefschrift Stefan v Vuuren-2.indd   73 8-8-2013   13:24:34



CHAPTER 574  |

extent of scarring but even more that of an ongoing, active fibrogenesis (i.e. the dynamic process 
of fibrosis development). Information gathered from longer follow-up measurements of CTGFu 
together with histological evaluations will potentially shed more light on this assumption. From 
a clinical point of view, the latter information is much more relevant, because it offers the 
theoretical possibility for early therapeutic intervention and monitoring of anti-fibrogenic 
trials.
The complexity of CTGF’s function lies within two functionally distinct structural domains; the 
N-terminal domain mediating myofibroblast differentiation and collagen synthesis, and the 
C-terminal domain mediating fibroblast proliferation30. The most commonly applied assays 
detect either the full-length and the N-fragment or the full-length and the C-fragment, which 
hampers comparison between studies. The clinical significance of the individual fragments is 
not known. In the present study, CTGF was determined by a sandwich enzyme-linked 
immunosorbent assay, using monoclonal antibodies against two distinct epitopes on the 
N-terminal part, measuring both N-terminal and full-length CTGF. Clinical implementation and 
comparison between studies will require validation of the different testing methods and inter-
test comparisons. 
Multivariate analyses showed a significant association between CTGFu and the presence and 
future development of renal allograft fibrogenesis at any given degree of renal function. 
However, ROC analyses showed only weak predictive power of CTGFu regarding both outcomes. 
Therefore a clinically useful cut-off value could not be determined. This lack of sufficient 
predictive power is at least partly due to the fact that only sparse and fixed CTGFu measurements 
were performed in this observational study. It would be interesting to investigate whether 
earlier and more frequent measurements of CTGFu (within the first 3 months after 
transplantation) would strengthen the potential predictive value of this test as a prerequisite 
to apply CTGFu measurements in a prospective trial setting. Indeed, from these observations, 
it appears that early high CTGF production is associated with late fibrosis and a prospective 
study will primarily have to focus on the optimal timing and number of CTGFu assessments. 
Secondly, CTGFu measurements at the time of specific clinical events (DGF, BPAR, UTI, …) are 
mandatory to determine its specificity and sensitivity. Both protocol and indication renal 
biopsies can be used in order to minimize verification bias. These concerns are all addressed 
in a planned prospective study.
In conclusion, the findings of this prospective observational cohort study support further testing 
of a role for urinary CTGF as a marker and potential predictor of human renal allograft 
fibrogenesis. Further validation studies in larger patient cohorts are required to assess the 
clinical relevance of these findings and to subsequently identify the optimal frequency and 
time points after transplantation for measuring CTGFu. As novel anti-fibrotic agents such as 
humanized neutralizing anti-CTGF monoclonal antibodies are currently being tested in diabetic 
nephropathy, the usefulness of CTGFu as a non-invasive biomarker for therapeutic monitoring 
also deserves further attention. 
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ABSTRACT

Objectives
Aim of this study is to investigate the association of connective tissue growth factor (CTGF/
CCN2) with cardiovascular risk and mortality in patients with manifest vascular disease.

Background
CTGF plays a key role in tissue fibrogenesis and growing evidence indicates a pathogenic role 
in cardiovascular disease. 

Methods
Prospective cohort study in 1227 patients with manifest vascular disease (mean age 59.0±9.9 
years). Plasma CTGF was measured by ELISA. Linear regression analysis was performed to 
quantify the association between CTGF and cardiovascular risk factors. Results are expressed 
as beta (β) regression coefficients with 95% confidence intervals (CI). The relation between 
CTGF and the occurrence of new cardiovascular events and mortality was assessed with Cox 
proportional hazard analysis. Adjustments were made for potential confounding factors.  

Results
Plasma CTGF was positively related to total cholesterol (β 0.040;95%CI 0.013-0.067) and LDL 
cholesterol (β 0.031;95%CI 0.000-0.062) and inversely to glomerular filtration rate (β 
-0.004;95%CI -0.005 to -0.002). CTGF was significantly lower in patients with cerebrovascular 
disease. During a median follow-up of 6.5 years (IQR 5.3-7.4) 131 subjects died, 92 experienced 
an ischemic cardiac complication and 45 an ischemic stroke. CTGF was associated with an 
increased risk of new vascular events (HR 1.21;95%CI 1.04-1.42), ischemic cardiac events (HR 
1.41;95%CI 1.18-1.67) and all-cause mortality (HR 1.18;95%CI 1.00-1.38) for every 1 nmol/L 
increase in CTGF. No relation was observed between CTGF and the occurrence of ischemic 
stroke. 

Conclusions
In patients with manifest vascular disease, elevated plasma CTGF confers an increased risk of 
new cardiovascular events and all-cause mortality. 
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INTRODUCTION

Connective tissue growth factor (CTGF/CCN2) is a key mediator of tissue fibrogenesis in various 
chronic diseases1. Emerging evidence also indicates a role of CTGF in the pathogenesis of 
cardiovascular disease. While being minimally expressed in healthy tissue, CTGF is strongly 
upregulated in atherosclerotic plaques, in cardiac tissue after myocardial infarction, in cardiac 
fibrosis and in vascular and cardiac tissues in experimental hypertension. CTGF is expressed 
by many cell types, including endothelial cells, vascular smooth muscle cells, fibroblasts and 
cardiac myocytes. Depending on cell type and pathological context, CTGF is involved in various 
biological processes, including extracellular matrix production, proliferation, apoptosis, 
chemotaxis and angiogenesis. CTGF is upregulated by stimuli involved in cardiovascular 
damage, including angiotensin II, oxidative stress, endothelin-1, hyperglycaemia, advanced 
glycation end products, transforming growth factor β and mechanical stretch2-4.
Elevated plasma CTGF has been reported in patients with type 1 diabetes mellitus (DM), chronic 
kidney disease and chronic heart failure5-10. In patients with type 1 diabetes, plasma CTGF was 
associated with increased urinary albumin excretion, hypertension and increased carotid intima 
media thickness (cIMT) and in macroalbuminuric patients also with progression to end stage 
renal disease and increased mortality7, 8, 11. In patients with chronic heart failure plasma CTGF 
related to brain natriuretic peptide, NYHA class and echocardiographic parameters of diastolic 
dysfunction10.
Thus far, plasma CTGF has not been studied in patients with clinically manifest vascular disease. 
Considering the role of CTGF in the pathogenesis of cardiovascular fibrosis, we hypothesized 
that plasma CTGF may reflect cardiovascular disease burden and may identify vascular patients 
at the highest risk of recurrent cardiovascular events. Therefore, in the present study we aimed 
to investigate the association of plasma CTGF with cardiovascular risk and mortality in a high-
risk population of patients with manifest atherosclerotic vascular disease.
 

METHODS

Study design and patients. We used data from patients enrolled in the Second Manifestations 
of ARTerial disease (SMART) study, an ongoing prospective single-centre cohort study in 
patients with manifest atherosclerotic disease or cardiovascular risk factors that started in 
September 199612. Patients aged 18-80 years, newly referred to the University Medical Center 
(UMC) Utrecht with manifest atherosclerotic disease or a cardiovascular risk factor, underwent 
a vascular screening program including a questionnaire, laboratory assessments and non-
invasive screening for manifestations of atherosclerotic disease and cardiovascular risk factors 
other than the qualifying diagnosis. Patients with terminal malignant disease, those not 
independent in daily activities (Rankin scale >3) or not sufficiently fluent in Dutch were 
excluded. The rationale and design of the study, including the criteria for the various 
manifestations of atherosclerotic disease, have been described in detail12. The Medical Ethics 
Committee approved the study, and all participants gave their written informed consent. 
For the current study, data of 1256 participants with clinically manifest atherosclerotic disease 
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(coronary heart disease, cerebrovascular disease, peripheral arterial disease or abdominal 
aortic aneurysm), included between June 2001 and January 2006, were considered. Twenty-
eight patients were excluded from analysis because there was no sample available for CTGF 
measurement and in one patient CTGF measurement was unreliable, leaving 1227 patients for 
analysis.  

Data acquisition
All baseline measurements were performed on a single day at the UMC Utrecht. Medical history, 
use of current medication and current and past cigarette smoking behaviour were derived from 
a standardized questionnaire described previously12. Height, weight and blood pressure were 
measured. Glomerular filtration rate (GFR) was estimated by the abbreviated Modification of 
Diet in Renal Disease equation13. Ultrasound measurements of cIMT and abdominal adipose 
tissue were performed as described12, 14. Electrocardiographic left ventricular hypertrophy 
(LVH) was assessed by the Sokolow-Lyon voltage criterion (SV1 + RV5/6 > 3.5 mV)15 and the 
Cornell voltage criterion (RaVL + SV3 > 2.0 mV in women and >2.8 mV in men)16. Patients 
meeting either criterion were considered to have LVH. For 46 patients no valid electrocardiogram 
was available.
Blood samples were collected after an overnight fast. Plasma total cholesterol, low density 
lipoprotein (LDL)-cholesterol, high density lipoprotein (HDL)-cholesterol, triglycerides, 
homocysteine and creatinine were determined as described12. High sensitivity C-reactive 
protein (hsCRP) was measured by immunonephelometry (Nephelometer Analyzer BN II, Dade-
Behring, Marburg, Germany). HsCRP measurements below the lower limit of detection of 0.2 
mg/l were set at 0.2 mg/l. 
Plasma CTGF was determined by sandwich ELISA, using two monoclonal antibodies (FibroGen 
Inc, San Francisco, CA, USA) against two distinct epitopes on the aminoterminal part of CTGF, 
detecting both full length CTGF and the N-fragment, as described8. The detection limit of the 
assay was 0.02 nmol/L and intra- and interassay variations were <1 and 10%, respectively. 
Urine albumin and creatinine were determined as described12. The albumin-to-creatinine ratio 
(ACR) was used to esti¬mate albuminuria. Microalbuminuria was defined as ACR ≥3.5 and <25 
mg/mmol (female) or ≥2.5 and <25 mg/mmol (male) and macroalbuminuria as ACR ≥25 mg/
mmol17.

Follow up
Patients received a questionnaire every 6 months to provide information on hospitalization 
and outpatient clinic visits. Outcomes of interest for this study were a composite endpoint of 
vascular death, ischemic stroke and ischemic cardiac complications (Table 1). All cause 
mortality was recorded as well. If a possible event was reported, original source documents 
were retrieved and reviewed. All possible events were audited by 3 independent physicians of 
the End Point Committee. If a patient had multiple events, the first event was used for analysis. 
Follow-up duration (years) was defined as the period between study inclusion and date of first 
cardiovascular event, date of death, date of loss to follow-up or the preselected date of 1 March 
2010. From 1996 until 1 march 2010, 52 (4%) patients were lost to follow-up due to migration 
or discontinuation of the study. 
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Data analysis
Continuous variables are expressed as mean ± standard deviation (SD) when normal distributed 
or as median (interquartile range (IQR)) in case of skewed distribution. Categorical variables 
are expressed as numbers (percentage).  
The relation between various patient characteristics and plasma CTGF was quantified with 
linear regression analysis  with CTGF as the dependent variable. Adjustments were made for 
age, gender and estimated GFR (eGFR), which are all considered as potential confounding 
factors in the relationship between the various patient variables and CTGF. The natural 
logarithm of CTGF was used to get a normal distribution that allowed parametric analysis. 
Results are expressed as beta (β) regression coefficients with 95% confidence intervals (95%CI) 
denoting the change in plasma CTGF for every change in each individual patient characteristic. 
Cox proportional hazards analysis was performed to estimate hazard ratios (HRs) with 95% 
confidence intervals for the occurrence of a new vascular event and all cause mortality 
associated with every 1 nmol/L increase in plasma CTGF. Three models were used. In model 
1 the unadjusted association between plasma CTGF and cardiovascular events and mortality 
was examined. In model 2 adjustments were made for age, gender and eGFR, since eGFR was 
independently associated with plasma CTGF and is also related to cardiovascular outcome. In 
model 3 additional adjustments were made for diabetes mellitus, systolic and diastolic blood 
pressure, total cholesterol, use of renin angiotensin aldosterone system (RAAS) blockers and 
use of statins, which are all considered as potentially confounding factors in the relation 
between CTGF and vascular events. To investigate whether the relation between CTGF and new 
vascular events and between CTGF and all-cause mortality was modified by gender, we included 
these interaction terms in the Cox model. If the p-value of the interaction term was <0.05 effect-
modification was considered to be present. Next, the study population was divided into tertiles 
of plasma CTGF and HRs for the occurrence of cardiovascular events and mortality were 
estimated for each tertile using the lowest plasma CTGF tertile as reference. In addition, one 

Table 1. Definition of study outcome events 

Ischemic cardiac complication Myocardial infarction, sudden death or fatal congestive heart failure

Ischemic stroke Relevant clinical features that caused an increase in impairment of at 
least one grade on the modified Rankin scale, with or without a new 
relevant ischemic lesion at brain imaging

Vascular death Death caused by myocardial infarction, stroke, sudden death (unex-
pected cardiac death occurring within 1 hour after onset of symp-
toms, or within 24 hours given convincing circumstantial evidence), 
congestive heart failure, rupture of abdominal aortic aneurysm or 
death from another vascular cause

Composite vascular outcome event A composite of stroke, ischemic cardiac complication, vascular mor-
tality, retinal infarction or bleeding or fatal rupture of abdominal aor-
tic aneurysm

Nonvascular death Death caused by infection, cancer, unnatural death, or death from 
another nonvascular cause.

All-cause mortality Death of a vascular or non-vascular cause

2013147 proefschrift Stefan v Vuuren-2.indd   83 8-8-2013   13:24:35



CHAPTER 684  |

minus survival plots based on Cox regression analysis were made for each CTGF tertile with 
adjustment for the same confounding variables as included in model 3 (gender, age, eGFR, DM, 
blood pressure, total cholesterol, use of RAAS blockers and use of statins). 
Single imputation methods were used to reduce missing covariate data for smoking (n=8 
(<1%)), use of statins (n=48 (4%)), systolic blood pressure (n=1 (<1%)), diastolic blood 
pressure (n=1 (<1%)), body mass index (n=1 (<1%)), abdominal adipose tissue (n=8 (<1%)), 
intima media thickness (n=25 (2%)), eGFR (n=14 (1%)), total cholesterol (n=16 (1%)), LDL-
cholesterol (n=21 (2%)), HDL-cholesterol (n=21 (2%)), triglycerides (n=19 (2%)), 
homocysteine (n=18 (1%)) and albuminuria (n=107 (9%)), since incomplete case analysis 
leads to loss of statistical power and possibly bias. P < 0.05 was considered significant (two-
tailed). All analyses were performed with SPSS software (version 16.0; SPSS Inc., Chicago, 
Illinois, USA).

RESULTS 

Baseline characteristics
In Table 2 the baseline characteristics of the study population are presented. Mean age was 
59.0 ± 9.9 years and 80% was male. The majority of the patients had an eGFR >60 ml/
min/1.73m2 (n=1074 (88%)). Median plasma CTGF was 1.18 nmol/L with a range of 0.18-6.47 
nmol/L.

Relationship between plasma CTGF and patient characteristics
Compared to patients with other vascular disease localizations, plasma CTGF was lowest in 
patients with cerebrovascular disease. Plasma CTGF was inversely related to eGFR, adjusted 
for age and gender (β -0.004 using the natural logarithm of CTGF; 95%CI -0.005 to -0.002), 
which implies that for every 1 mL/min/1.73m² increase in eGFR plasma CTGF decreased with 
0.4% (95%CI 0.2 to 0.5) (Table 3). Plasma CTGF was positively associated with both total 
cholesterol (β 0.040; 95%CI 0.013 to 0.067) and LDL cholesterol (β 0.031; 95%CI 0.000 to 
0.062) concentrations, after adjustment for age, gender and eGFR. Plasma CTGF was not related 
to DM, blood pressure or pulse pressure, BMI or abdominal adipose tissue, left ventricular 
hypertrophy, cIMT, smoking, use of RAAS blockers, hsCRP or albuminuria. There were no 
indications for presence of a J-shaped relationship between these variables and plasma CTGF. 

CTGF and risk of cardiovascular events and mortality
During a median follow-up of 6.5 years (IQR 5.3-7.4) (total number of follow-up years 7637), 
131 subjects died (of whom 73 due to a cardiovascular cause), 92 experienced an ischemic 
cardiac complication and 45 an ischemic stroke. After adjustment for age, gender and eGFR, 
every 1 nmol/L increase in plasma CTGF was associated with an increased risk of all vascular 
events (HR 1.21; 95%CI 1.04-1.41), ischemic cardiac events (HR 1.39; 95%CI 1.17-1.65) and 
all-cause mortality (HR 1.19; 95%CI 1.02-1.39) (Table 4). Additional adjustment for DM, blood 
pressure, total cholesterol, use of RAAS blockers and use of statins did not substantially change 
these associations (model 3). Additional analyses adjusting for factors that were possibly in 
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Table 2. Baseline characteristics of the study population (n=1227) 

Characteristic
Age (years) 59.0 ± 9.9
Male gender, n (%) 986 (80)
Hypertension (ever or current), n (%) 638 (52)
Diabetes mellitus, n (%) 199 (16)
        Type 1, n (%) 6 (1)
        Type 2, n (%) 193 (16)
Smoking
        Former, n (%); current, n (%) 578 (47); 438 (36)
        Pack years 20.2 (6.1-34.2)
Medication
Blood pressure lowering agents, n (%) 914 (75)
        RAAS blocker, n (%) 409 (33)
Statin, n (%) 786 (64)
Anti-platelet agents, n (%) 933 (76)
Measurements
Systolic blood pressure (mmHg) 142 ± 22
Diastolic blood pressure (mmHg) 82 ± 12
Pulse pressure (mmHg) 58 (50-69)
Body mass index (kg/m2) 26.9 ± 3.8
Abdominal adipose tissue (cm) 9.5 ± 2.6
Intima media thickness (mm) 0.90 (0.75-1.07)
eGFR (mL/min/1.73m2) 78.1 (67.3-88.8)
Left ventricular hypertrophy*, n (%) 294 (25)
Laboratory measurements
Lipids
        Total cholesterol (mmol/L) 4.9 ± 1.0
        LDL cholesterol (mmol/L) 2.9 ± 0.9
        HDL cholesterol (mmol/L) 1.3 ± 0.4
        Triglycerides (mmol/L) 1.50 (1.10-2.11)
HsCRP (mg/L) 2.0 (0.9-4.1)
Homocysteine (µmol/l.) 12.8 (10.5-15.5)
Albuminuria
        Microalbuminuria, n (%) 233 (19)
        Macroalbuminuria, n (%) 39 (3)
Plasma CTGF (nmol/L) 1.18 (0.89-1.64)
Localization of vascular disease†
Cerebrovascular disease, n (%) 293 (24)
Coronary artery disease, n (%) 755 (62)
Aneurysm abdominal aorta, n (%) 112 (9)
Peripheral arterial disease, n (%) 279 (23)
Data are expressed as mean ± SD, median (interquartile range) or absolute number (percentage). *A valid 
ECG was available in 1181 patients. †Patients could be classified into one or more categories. 
CTGF = connective tissue growth factor; eGFR = estimated glomerular filtration rate; HDL = high density lipo-
protein; hsCRP = high-sensitivity C-reactive protein; LDL = low density lipoprotein; RAAS = renin-angiotensin-
aldosterone system
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Table 3. Relation between various patient characteristics and plasma CTGF (n=1227) 

Characteristic β (95% CI)* Change in CTGF (%) (95% CI)†
Age (years) 0.003 (0.000 to 0.006) 0.3 (0.0-0.6)
Gender (male=1) -0.053 (-0.125 to 0.018) -5.2 (-11.8 to 1.8)
Hypertension (ever or current) (yes=1) 0.009 (-0.049 to 0.066) 0.9 (-4.8 to 6.8)

Diabetes mellitus (yes=1) 0.039 (-0.116 to 0.037) 4.0 (-11.0 to 3.8)

        Type 1 (yes=1) 0.019 (-0.386 to 0.423) 1.9 (-32.0 to 52.7)
        Type 2 (yes=1) -0.041 (-0.118 to 0.037) -4.0 (-11.1 to 3.7)
Smoking 
        Smoking status‡ 0.019 (-0.006 to 0.044) 1.9 (-0.6 to 4.5)
        Pack years 0.001 (0.000 to 0.002) 0.1 (0.0 to 0.2)
Medication
RAAS blocker (yes=1) -0.004 (-0.067 to 0.059) -0.4 (-6.5 to 6.1)
Statin (yes=1) -0.031 (-0.091 to 0.029) -3.1 (-8.7 to 2.9)
Measurements
Systolic blood pressure (per 10 mmHg) -0.001 (-0.015 to 0.012) -0.1 (-1.5 to 1.2)
Diastolic blood pressure (per 10 mmHg) -0.010 (-0.034 to 0.014) -1.0 (-3.3 to 1.4)
Pulse pressure (per 10 mmHg) 0.009 (-0.011 to 0.030) 0.9 (-1.1 to 3.0)
Body mass index (kg/m2) -0.003 (-0.011 to 0.004) -0.3 (-1.1 to 0.4)
Abdominal adipose tissue (cm) 0.000 (-0.011 to 0.012) 0.0 (-1.1 to 1.2)
Intima media thickness (mm) 0.004 (-0.097 to 0.090) -0.4 (-9.2 to 9.4)
eGFR (mL/min/1.73m2) -0.004 (-0.005 to -0.002) -0.4 (-0.5 to -0.2)
Left ventricular hypertrophy§ (yes=1) -0.027 (-0.095 to 0.041) -2.7 (-9.1 to 4.2)
Laboratory measurements
Lipids
        Total cholesterol (mmol/L) 0.040 (0.013 to 0.067) 4.1 (1.3 to 6.9)
        LDL cholesterol (mmol/L) 0.031 (0.000 to 0.062) 3.1 (0.0 to 6.4)
        HDL cholesterol (mmol/L) 0.051 (-0.029 to 0.130) 5.2 (-2.9 to 13.9)
        Triglycerides (mmol/L) 0.023 (-0.002 to 0.048) 2.3 (-0.2 to 4.9)
HsCRP (mg/L) 0.002 (-0.002 to 0.005) 0.2 (-0.2 to 0.5)
Homocysteine (µmol/L) 0.003 (-0.002 to 0.008) 0.3 (-0.2 to 0.8)
Albuminuria‖ 0.020 (-0.036 to 0.077) 2.0 (-3.5 to 8.0)
Localization of vascular disease
Cerebrovascular disease (yes=1) -0.083 (-0.149 to -0.018) -8.0 (-13.8 to -1.8)
Coronary artery disease (yes=1) 0.010 (-0.048 to 0.068) 1.0 (-4.7 to 7.0)
Aneurysm abdominal aorta (yes=1) 0.001 (-0.098 to 0.101) 0.1 (-9.3 to 10.6)
Peripheral arterial disease (yes=1) 0.060 (-0.007 to 0.127) 6.2 (-0.7 to 13.5)
Adjustment for age, gender and eGFR. *Data are expressed as beta regression coefficient (β) with 95% CI. 
The natural logarithm of CTGF will increase with β and CTGF will be multiplied by eβ if the variable increases 
by 1 unit or changes from 0 to 1 for a dichotomous variable. †Relative change in CTGF (with CI) if the pa-
tient variable increases by 1 unit or changes from 0 to 1 for a dichotomous variable. ‡Never=0, former=1, 
current=3. §N=1181. ‖Normoalbuminuria=0, microalbuminuria=1, macroalbuminuria=2. CI = confidence 
interval; CTGF = connective tissue growth factor; eGFR = estimated glomerular filtration rate; HDL = high 
density lipoprotein; hsCRP = high-sensitivity C-reactive protein; LDL = low density lipoprotein; RAAS = renin-
angiotensin-aldosterone system.
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the causal pathway (cIMT, pulse pressure, hsCRP, left ventricular hypertrophy and albuminuria) 
also did not markedly alter the HRs (data not shown). The risk of ischemic stroke associated 
with plasma CTGF was not significantly increased (HR 0.88; 95%CI 0.61-1.27).  The relation 
between CTGF and subsequent vascular events and between CTGF and all-cause mortality was 
not modified by gender (p-values for interaction 0.335 for all vascular events and 0.223 for 
all-cause mortality).
We further assessed the relationship between plasma CTGF and cardiovascular events and 
mortality by dividing the study population into tertiles of plasma CTGF (Figure 1, Table 5). 
Compared to patients in the lowest tertile of plasma CTGF, patients in the highest tertile had a 
61% higher risk of developing a new cardiovascular event and a 75% higher risk of dying from 
any cause, after adjustment for age, gender and eGFR (Table 5). HR for nonvascular death in 
the highest tertile did not reach significance when the lowest tertile was used as reference, but 
was significantly higher when the lowest and middle tertile were combined into a single 
reference group (HR 1.79; 95%CI 1.06-3.03).  

Table 4. Hazard ratios for new vascular events and all-cause mortality for each increase of plasma CTGF with 
1 nmol/L (n=1227)

Hazard ratio (95% CI)

# Events Model I Model II Model III

Ischemic cardiac complication 92* 1.44 (1.22-1.71) 1.39 (1.17-1.65) 1.41 (1.18-1.67)

Ischemic stroke 45* 1.01 (0.72-1.42) 0.88 (0.61-1.27) 0.88 (0.61-1.28)

Vascular death 73* 1.31 (1.07-1.60) 1.13 (0.91-1.40) 1.11 (0.89-1.38)

All vascular events 153* 1.30 (1.12-1.50) 1.21 (1.04-1.41) 1.21 (1.04-1.42)

Nonvascular death 57* 1.31 (1.04-1.64) 1.25 (0.99-1.57) 1.26 (1.00-1.60)

All cause mortality 131* 1.31 (1.13-1.52) 1.19 (1.02-1.39) 1.18 (1.00-1.38)

Model I = univariate; model II = adjustment for age, gender and estimated glomerular filtration rate; model 
III = model II with additional adjustment for type I and type II diabetes mellitus, systolic and diastolic blood 
pressure, total cholesterol, use of RAAS blockers and use of statins. *One deceased patient was not classi-
fied as vascular or nonvascular death. CI = confidence interval; CTGF = connective tissue growth factor; RAAS 
= renin-angiotensin-aldosterone system.
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Figure 1. Cumulative percentage of study population with a new cardiovascular event or death according to 
tertiles of plasma CTGF. Adjustments were made for age, gender, estimated glomerular filtration rate, diabetes 
mellitus, blood pressure, use of RAAS blockers, total cholesterol and use of statins. (A) Ischemic cardiac compli-
cation. (B) Ischemic stroke. (C) Vascular death. (D) Vascular events. (E) All cause mortality. 
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DISCUSSION

The main finding of the present study is that plasma CTGF is associated with an increased risk 
of new cardiovascular events and mortality in patients with clinically manifest atherosclerotic 
vascular disease, independent of established cardiovascular risk factors. 
This is the first study evaluating the cardiovascular risk and mortality risk of elevated plasma 
CTGF in a large population of patients with manifest vascular disease. Plasma CTGF has been 
studied in patients with type I DM and was found to be an independent predictor of all-cause 
mortality in patients with diabetic nephropathy7. We recently found a positive association 

Table 5. Hazard ratios of plasma CTGF tertiles for new vascular events and all cause mortality 

Plasma CTGF Tertile 1 Tertile 2 Tertile 3

Median (range) 
(nmol/L)

0.78 (0.18-0.98)
n=409

1.18 (0.98-1.48)
n=409

1.85 (1.48-6.47)
n=409

Model # Events   # Events   # Events  

Ischemic cardiac 
complication 

I 23 1.00 (reference)  27 1.22 (0.70-2.13)  42 2.02 (1.22-3.37)

II 1.00 (reference) 1.19 (0.68-2.08) 1.89 (1.13-3.17)

III 1.00 (reference) 1.17 (0.67-2.05) 1.93 (1.15-3.23)

Ischemic stroke I 11 1.00 (reference) 17 1.57 (0.74-3.36) 17 1.63 (0.77-3.49)

II 1.00 (reference) 1.37 (0.64-2.95) 1.28 (0.59-2.77)

III 1.00 (reference) 1.29 (0.60-2.78) 1.25 (0.57-2.73)

Vascular death I 17 1.00 (reference) 21 1.30 (0.68-2.46) 35* 2.32 (1.30-4.15)

II 1.00 (reference) 1.15 (0.60-2.18) 1.81 (1.00-3.27)

III 1.00 (reference) 1.12 (0.59-2.13) 1.83 (1.00-3.34)

All vascular 
events
 
 

I 39 1.00 (reference) 49 1.31 (0.86-2.00) 65 1.83 (1.23-2.73)

II  1.00 (reference) 1.22 (0.80-1.87) 1.61 (1.08-2.41)

III  1.00 (reference) 1.19 (0.78-1.82) 1.61 (1.08-2.42)

Nonvascular 
death
 
 

I 17 1.00 (reference) 14 0.86 (0.42-1,74) 26* 1.73 (0.94-3.19)

II  1.00 (reference) 0.81 (0.40-1.65) 1.62 (0.87-3.00)

III  1.00 (reference) 0.79 (0.39-1.61) 1.58 (0.85-2.95)

All cause  
mortality
 
 

I 34 1.00 (reference) 35 1.08 (0.67-1.72) 62* 2.06 (1.35-3.13)

II  1.00 (reference) 0.98 (0.61-1.58) 1.75 (1.15-2.69)

III  1.00 (reference)   0.94 (0.58-1.51)   1.72 (1.21-2.65)

Model I = univariate; model II = adjustment for age, gender and estimated glomerular filtration rate; model 
III = model II with additional adjustment for type I and type II diabetes mellitus, systolic and diastolic blood 
pressure, total cholesterol, use of RAAS blockers and use of statins. *One deceased patient was not classified 
as vascular or nonvascular death. CI = confidence interval; CTGF = connective tissue growth factor; RAAS = 
renin-angiotensin-aldosterone system.
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between plasma CTGF and risk of all-cause mortality in end stage renal disease patients on 
hemodialysis (submitted). In line with these findings, we observed a robust relationship 
between plasma CTGF and risk of death in the current study population of patients with 
manifest vascular disease. CTGF was associated with both vascular and nonvascular death. 
This might be explained by CTGF as a key determinant of activity of tissue fibrogenesis, and 
fibrosis as the common final pathway of chronic diseases of diverse etiology. Besides fibrosis, 
CTGF has been implicated in various other pathological processes, such as ischemia, 
inflammation and metabolic derangements18-20. 
In addition to the association with mortality, we found a clear association between CTGF and 
risk of new cardiovascular events and, in particular, of ischemic cardiac complications. This 
finding raises the question whether CTGF has a causal role in atherosclerosis and ischemic 
heart disease or merely reflects a large cardiovascular disease burden. In atherosclerotic 
plaques and fibrotic myocardium CTGF expression is strongly upregulated3 and high plasma 
CTGF levels may result from high CTGF release into the circulation. In the current study, 
however, plasma CTGF was not associated with surrogate markers of atherosclerotic burden 
such as cIMT21 and pulse pressure22, nor with left ventricular hypertrophy which is linked to 
cardiac fibrosis23. In vitro studies suggest a role for CTGF in atherogenesis. CTGF was shown 
to increase vascular smooth muscle cell proliferation and migration which may contribute to 
neointima formation24. High CTGF levels promoted extracellular matrix production by vascular 
smooth muscle cells24 and mediated adherence and migration of monocytes and activated 
platelets25-27. CTGF has been implicated in hypertension induced organ damage via mechanical 
stress induced CTGF gene expression in endothelial cells, vascular smooth muscle cells and 
cardiomyocytes28-30. Cardiac CTGF expression is increased after ischemic-reperfusion injury 
and is associated with replacement and reactive fibrosis following myocardial infarction3. 
Myocardial overexpression of CTGF in transgenic mice promoted age-dependent development 
of cardiac hypertrophy31 and enhanced pressure-overload induced cardiac fibrosis32. Additional 
evidence for a pathogenic role of CTGF in cardiovascular disease comes from a study in 
experimental diabetes, which showed that neutralizing anti-CTGF antibody therapy prevented 
and reversed arterial stiffening, cardiac dysfunction and hypertension33. Future studies should 
clarify the role of CTGF in the pathogenesis of cardiovascular disease and should evaluate 
whether anti-CTGF therapies are beneficial. 
Our finding that CTGF is associated with total and LDL cholesterol may suggest that CTGF is 
involved in the pathway through which lipoproteins promote the development of atherosclerotic 
vascular disease. This is supported by previous observations that treatment of human aortic 
endothelial cells with LDL induced CTGF gene expression34 and that HMG-CoA reductase 
inhibitors inhibited CTGF induction in human umbilical cord endothelial cells exposed to non-
uniform shear stress35. 
Remarkably, while the association with the composite endpoint of vascular events was evident, 
we did not observe an increased risk of ischemic stroke in patients with higher baseline plasma 
CTGF. Plasma CTGF was lower in patients with previous cerebrovascular disease, but 
stratification for prior cerebrovascular disease did not substantially change the results. 
Although our study provides no proper explanation for the discrepancy between cerebrovascular 
and other vascular events, it is interesting to note that in a previous study we observed an 

2013147 proefschrift Stefan v Vuuren-2.indd   90 8-8-2013   13:24:36



CTGF INCREASES THE RISK OF CARDIOVASCULAR EVENTS AND MORTALITY |  91

6

C
H

A
PTER |

association between CTGF levels in carotid plaques from patients undergoing carotid 
endarteriectomy and stable plaque characteristics36.

Study limitations
We acknowledge several limitations of this study. First, we measured CTGF only once at 
baseline. However, it is not known to what extent CTGF levels vary over time in the individual 
patient. Second, recruitment was conducted at a single center and the study population included 
mainly Caucasian patients. Both facts limit the generalization of our results to a wider-ranging 
population with manifest vascular disease. 
Strengths of the present study are the large number of well-described patients with various 
manifestations of atherosclerotic vascular disease and the virtually complete follow-up. 

CONCLUSIONS

Elevated plasma CTGF increases the risk of cardiovascular events and all-cause mortality in 
patients with manifest vascular disease. CTGF may therefore be regarded as a novel marker to 
identify vascular patients at the highest risk of recurrent cardiovascular events and mortality. 
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ABSTRACT

Background
Inadequate resolution of inflammation triggered by kidney injury sets the stage for the 
development of fibrosis, the final common pathway of chronic kidney disease (CKD). The rapid 
increase of CKD prevalence worldwide urgently calls for new therapies. Available therapies 
encompassing systemic treatment are associated with serious side effects. By administering a 
local depot of rapamycin-loaded microspheres intrarenally we aim to achieve a local therapeutic 
effect with reduced systemic side-effects.

Methods
F344/DuCrl rats underwent unilateral ureteral obstruction (UUO) of the left kidney and were 
sacrificed after 7 days. To achieve local intrarenal therapy with less systemic consequences we 
injected a depot of rapamycin-loaded microspheres under the kidney capsule and compared 
its effects with those of the administration of an equal systemic dose by daily i.p. injections. 

Results
Microsphere depots were easily identifiable under the kidney capsule. Both systemic and local 
rapamycin treatment reduced intrarenal mTOR activity, myofibroblast accumulation, expression 
of fibrotic genes, and T-lymphocyte infiltration. Upon local treatment, inhibition of mTOR 
activity and reduction of myofibroblast accumulation were limited to the immediate vicinity 
of the subcapsular pocket, while T-cell reduction was widespread. In contrast to systemically 
administered rapamycin, local treatment did not induce drug-related weight loss and did not 
inhibit mTOR activity in the non-UUO kidney.

Conclusion
Subcapsular delivery of rapamycin-loaded microspheres successfully inhibited local fibrotic 
response in UUO with less systemic effects. However, penetration of the therapeutic effect was 
limited. 
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BACKGROUND

Kidney injury triggers inflammation, irrespective of insult type. The inflammatory response 
encompasses vascular activation1, infiltration of inflammatory cells into the renal interstitium2, 3 
and production of pro-inflammatory cytokines1, 4. Inadequate resolution of acute renal 
inflammation and progression through chronic inflammation set the stage for the development 
of fibrosis, the final common pathway to chronic kidney disease (CKD). The worldwide rapid 
increase in the number of patients with CKD urgently calls for new therapies. Most therapies 
encompass a systemic treatment holding great potential, but side-effects cause discontinuation 
amongst users5.  
Evidence exists that the mTOR pathway plays an important role in the mechanisms underlying 
the progression of CKD. In all eukaryotic organisms mTOR is present and functions as an 
intracellular nutrient sensor that controls protein synthesis, cell growth and metabolism 6. 
There are two mTOR complexes (mTORC1 and mTORC2). The well-known mTOR inhibitor 
rapamycin inhibits interstitial inflammation, fibrosis, and loss of renal function associated with 
CKD in a wide variety of animal models7-13.  Rapamycin exclusively binds and inhibits mTORC1, 
but does not inhibit with mTORC2 14. Signalling of mTORC1 is activated in myofibroblasts from 
fibrotic kidneys15 and rapamycin can ameliorate kidney fibrosis by blocking the mTOR signalling 
in interstitial myofibroblasts, suggesting a possible role for mTORC1 activation in myofibroblasts 
in promoting kidney fibrosis16. Within lymphocytes, where  mTOR is involved in the second 
phase of T-cell activation, rapamycin blocks IL-2-driven T cell cycle progression while preserving 
T cell survival 5, 17. When rapamycin binds intracellularly to its target, the FKBP12 protein, the 
signal transduction pathway required for the progression of cytokine-stimulated T cells from 
the G1 into the S phase is inhibited, thus suppressing interleukin-driven T-cell proliferation.
Although rapamycin has great therapeutic potential, the use of rapamycin and other mTOR 
inhibitors is associated with many systemic effects. The systemic effects of rapamycin may 
account for the 20%-40% dropout rate in clinical phase III trials5. In rats rapamycin induces 
decreased food intake and concomitant weight loss18. Although some side effects of rapamycin 
are easily managed, there is an urgent need for renoprotective approaches that are better 
tolerated. Targeted treatment for the kidney mainly focuses on nanomedicines and conjugates 
that accumulate in specific kidney cell types, such as podocytes19 and proximal tubular cells20. 
Alternatively, kidney-restricted action is achieved via local injection after an invasive surgical 
procedure, either via renal blood vessels or via the ureter21. Another approach is local injection 
of a depot under the renal capsule, as has recently been investigated by Dankers et al. for a 
hydrogel based system22. Subcapsular implantation has also been investigated for pancreatic 
cell or islet transplantation in diabetic animal models23. These cells have for example been 
encapsulated in microcapsules and their survival and function have been studied under the 
renal capsule24, 25. 
In the present study we developed rapamycin-loaded microspheres and delivered these 
microspheres under the renal capsule, as a drug releasing depot that releases rapamycin in a 
sustained manner. We compared the effects of renally delivered rapamycin to daily systemically 
administered rapamycin. We hypothesise that a local dose of rapamycin leads to a local 
therapeutic concentration with little systemic consequences.
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MATERIALS AND METHODS

Formulation of microspheres
Polymeric microspheres were prepared using a SynBiosys multiblock copolymer consisting of 
20% w/w of poly(DL-lactide-PEG1000) with a molecular weight of 2000 g/mole and 80% w/w 
poly(L-lactide) with a molecular weight of 4000 g/mole (InnoCore Pharmaceuticals, The 
Netherlands). Microspheres were prepared by a single emulsion membrane emulsification 
technique using an Iris-20 microsieve membrane (Nanomi BV, The Netherlands), which is a 
microfabricated membrane with uniform pores. 
Placebo (drug-free) microspheres were prepared from a 20% w/v polymer solution in 
dichloromethane. Prior to emulsification, the SynBioSys solution was filtered through a 0.2 
mm PTFE filter. The membrane-emulsified microparticles were collected into an aqueous 
solution containing 4% polyvinylalcohol (PVA) as emulsifier. The collected dispersion of 
microparticles was left to stir at room temperature for at least 3 hours to evaporate the solvent. 
The hardened microspheres were concentrated by filtration and washed repeatedly with 
ultrapure water containing 0.05% Tween20. For rapamycin-loaded SynbioSys microspheres, 
rapamycin was co-dissolved with the SynbioSys polymer to achieve a 20% w/w SynbioSys and 
5% w/w rapamycin solution, which was used to prepare microspheres as described above. 
Placebo microspheres and rapamycin-loaded microspheres were stored at -20°C until 
evaluation.
Microspheres were characterised in terms of particle size distribution by optical microscopy, 
Coulter Multisizer (Beckman Coulter) and scanning electron microscopy (SEM). Rapamycin 
loading was determined by HPLC, after destruction of the particles with acetonitrile.

In vitro rapamycin release 
Release of rapamycine was studied in triplicate under sink conditions, using 10 mg of 
rapamycin-loaded microspheres. Samples were suspended in 2.0 ml PBS supplemented with 
0.5% SDS and incubated at 37°C under mild shaking using a shaking water bath. At 
predetermined time points, samples were centrifuged for 1 min at 5000 rpm. Subsequently, 
1.8 ml of the supernatant was sampled and refreshed with 1.8 ml of fresh buffer. Released 
rapamycin was determined by HPLC. 

Unilateral Ureteral Obstruction
All experiments were performed with the approval of the Experimental Animal Ethics 
Committee of the University of Utrecht. Female F344/DuCrl rats, weighing 169-196 grams, 
underwent unilateral ureteral obstruction (UUO) of the left kidney by permanent ligation of 
the ureter. Rats were anesthetized by inhalation of isoflurane (4% induction, 1.5-3% 
maintenance) and were given carprofen analgesia (5 mg./kg. s.c.) for 24h with 12-hour 
intervals. Rats were housed in standard cages in a room with constant temperature on a 12h 
light-dark cycle. Animals were fed standard animal chow ad libitum and had free access to 
water.
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Subcapsular therapy
To compare the therapeutic effect of rapamycin-loaded microspheres to that of intraperitoneally 
injected free rapamycin, ureter-obstructed rats were divided into four groups. The first group 
(n=6) was injected daily intraperitoneally with a vehicle solution (4.8% PEG400, 4.8% 
TWEEN80, 4.0% ethanol), starting on the day of UUO induction. The second group (n=6) was 
injected daily intraperitoneally with 2 mg/kg rapamycin in vehicle. In the remaining two groups 
we created two triangular subcapsular pockets of 25µl on the ventral side on the left kidney 
with a 26G blunt Hamilton needle (Chrom8 International, the Netherlands), that was also used 
to inject either placebo microspheres (10mg/50µl; n=6 rats) or rapamycin-loaded microspheres 
(10 mg microspheres containing 2 mg rapamycin/50µl depot; n=9 rats). The microspheres 
were dissolved in a sterilized carrier solution consisting of 0.6% carboxymethylcellulose, 5% 
mannitol and 0.1% tween20. After subcapsular injection of the microspheres, the puncture 
holes in the renal capsule were sealed with fibrin glue (Tissucol©, Baxter, Utrecht, The 
Netherlands). Rats were sacrificed 7 days after UUO.

Histology and immunohistochemistry
Kidneys were paraffin-embedded and cut into 3µm sections. Staining for α-SMA (Sigma, A2457) 
was performed to assess the accumulation of myofibroblasts. Staining for p-S6 ribosomal 
protein (Cell Signaling Technology, #2211), a downstream target of mTOR, was used as readout 
for mTOR activity. Staining for CD3 positive T-Lymphocytes (Dako, A452) was performed to 
assess the infiltration of CD3 positive T-lymphocytes. Stained sections were scanned (Nikon, 
Aperio scanscope XT 120) and five 20x random sections per kidney were analysed. In the locally 
treated groups we scored ten random fields; five at the ventral side of the kidney near the 
microsphere depot and five at the dorsal side distant from the depot (Figure 3A). Surface of 
stained areas of α-SMA positive cells and CD3 positive cells was calculated using ImageJ (ImageJ, 
Rasband, National Institutes of Health, USA). Slides stained for p-S6 were scored blinded on 
intensity of staining (arbitrary scale 0-4). 

Quantative PCR
Total RNA was extracted with TRIzol (Life technologies, California, U.S.) from five frozen tissue 
sections of 20µm. Subcapsular depots were carefully removed to minimize for possible 
interference of the microspheres in the PCR reaction. After cDNA synthesis, expression of 
fibronectin and α-SMA was assessed by quantative real time PCR using TaqMan Gene Expression 
Assays with pre-designed probes and primers (Applied Biosystems, Foster City, CA, USA). PCR 
was carried out in a LightCycler 480II (Roche, Woerden, The Netherlands) with an initial step 
at 95°C followed by 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. GAPDH mRNA 
expression was used as an endogenous control.

Statistics
Data are represented as mean +/- SEM. Differences between groups were analysed by one-way 
ANOVA with Bonferroni correction for multiple comparisons. The statistical analysis was 
performed using GraphPad Prism 5 (GraphPad Software, San Diego, USA). 
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RESULTS

In vitro rapamycin release
Rapamycin was released in a diffusion-related manner, amounting to >80% cumulative release 
after 7 days (Figure 1). During 12 days of incubation at 37°C, the microspheres remained largely 
intact as is expected in view of the degradation kinetics of the used polymer. 

Subcapsular depot integrity after 7 days of UUO
At the moment of sacrificing the animals, 7 days after UUO, we inspected the integrity of the 
subcapsular depots visually. Subcapsular depot integrity was confirmed in a study with near-
infrared labeled microspheres in UUO rats, which were retained under the renal capsule 
exclusively at day 7 after UUO (suppl. Figure  1; Kazazi et al., manuscript in preparation). Depots 
of NIR-labelled BSA-loaded microspheres were still detectable under the renal capsule without 
spread of the microspheres outside of the pockets.

Activity of mTOR pathway 
Staining of tissue sections for p-S6 revealed mTOR activity in the obstructed kidney. Daily 
treatment with rapamycin i.p. (2 mg/kg/day) for 7 days reduced mTOR pathway activation 
(p<0.001 vs vehicle, Figure  2.). Moreover, in locally treated kidneys, i.e. in rats treated with a 
total dose of 2 mg rapamycin formulated in Synbiosys microspheres, mTOR activity was lower 
in the renal tissue near the subcapsular pocket than in systemically vehicle treated rats 
(p<0.001). Placebo-loaded microspheres did not affect mTOR activity. At a larger distance from 
the subcapsular pockets, i.e. at the dorsal side of the kidney, mTOR pathway activity was still 
reduced although less pronounced (p<0.05 vs Veh IP). These results suggest a local effect of 
the inhibition of mTOR, as could also be observed when inspecting a complete transversal 
section of the kidney (suppl. Figure 2). 

Figure 1. In vitro release of rapamycin from ra-
pamycin SynbioSys microspheres.
Rapamycin release upon incubation in PBS at 
37°C occurred in a diffusion-based sustained 
release manner, and predicts that the drug will 
be evenly released during the 7-day interval in 
the in vivo study with UUO rats.
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Figure 2. mTOR activity in UUO kidneys. A. Schematic overview of kidney cross-section demonstrating loca-
tion of near and distant in respect to the subcapsular pocket (circles represent microspheres, left-hand side of 
panel) B. Visual assessment of staining intensity (4 point scale). Bars demonstrate means and SEM, * p<0.001 
vs Veh IP, Veh caps (near) and Veh caps (distant), # p<0.05 vs Veh IP, p<0.01 vs Rapa IP and Rapa caps (near). C. 
Representative pictures of staining for phospho-S6 ribosomal protein (5x, magnified insert 20X). Arrowheads 
point towards depot.
Abbreviations: ip= compound administered by ip injection; caps= compound delivered subcapsular from MSP.
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Fibrosis
In the entire kidney excluding the subcapsular pocket, expression of the fibrosis-associated 
extracellular matrix gene fibronectin was reduced to a similar extent by subcapsular rapamycin 
delivery as by i.p rapamycin (Figure 3). A trend of α-SMA expression reduction was present 
in rats with systemic rapamycin treatment, but not in rats with local rapamycin treatment 
(Figure 3). Staining of tissue sections for α-SMA revealed a reduction of myofibroblast 
accumulation in the entire UUO kidney in systemically treated animals (p<0.001). Similarly, 
there was a reduction of myofibroblasts accumulation near the subcapsular depot containing 
rapamycin microspheres (p<0.001), but not distant from the depot. Placebo microspheres did 
not reduce myofibroblast accumulation nearby or further away from the depot (Figure 4). 
These results suggest a local penetration of the rapamycin and this could explain the 
heterogeneous gene expression profile (Figure 3).

Inflammation
Both systemic and local rapamycin treatment reduced the infiltration of CD3 positive 
T-lymphocytes (p<0.05) compared to systemic vehicle treatment, as well as compared to 
placebo microspheres (Figure 5). Local rapamycin treatment resulted in T-lymphocyte 
infiltration both near the rapamycin depot and at more distant parts of the kidney transection.

Systemic effects 
To demonstrate that the action of the subcapsular rapamycin depot is restricted to the treated 
kidney, we also investigated possible effects of rapamycin release from depots implanted in 
the UUO kidney on the non-obstructed kidney, i.e. the control kidney, which had not received 
a subcapsular depot. While systemic rapamycin administration strongly inhibited mTOR activity 
in the non-obstructed kidney (p<0.001), there was only a slight reduction of mTOR activity in 
the rapamycin microspheres treated group compared to the locally vehicle treated group 
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Figure 3. Gene expression determined by qPCR. Expression of fibrosis-associated extracellular matrix mol-
ecules was determined by qPCR. Bars show means and SEM. * p<0.05 compared to veh caps. Abbreviations: 
ip= compound administered by ip injection; caps= compound delivered subcapsular from MSP.
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Figure 4. Myofibroblast accumulation in UUO kidneys. A. Representative pictures of staining for aSMA (5x, 
magnified insert 20X). B. Surface area of positive cells as percentage of total surface area. Bars demonstrate 
means and SEM, * p<0.001 vs Veh IP, p< 0.01 vs Veh caps (near) and p<0.001 Veh caps (distant) and Rapa caps 
(distant), # p<0.001 vs Veh IP, p<0.05 vs Veh Caps (near), p<0.001 vs Veh Caps (distant) and Rapa caps distant. 
Arrowheads point towards depot. Abbreviations: ip= compound administered by ip injection; caps= compound 
delivered subcapsular from MSP.
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Figure 5. T-lymphocyte infiltration in UUO kidneys. A. Representative pictures of staining for CD3 (5x, magni-
fied insert 20X). B. Surface area of positive cells as percentage of total surface area. Bars demonstrate means 
and SEM, * p<0.05 vs Veh IP, p< 0.01 vs Veh caps (near) and p<0.001 Veh caps (distant), # p<0.05 vs Veh IP, 
p<0.01 vs Veh Caps (near), Veh Caps (distant) and + p<0.01 vs Veh caps (distant). Arrowheads point towards 
depot. Abbreviations: ip= compound administered by ip injection; caps= compound delivered subcapsular 
from MSP.
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(p<0.05). There was no difference between both vehicle treated groups (suppl. Figure 3). 
To obtain further evidence to support the predominant local activity of subcapsular rapamycin 
microspheres, we demonstrated the absence of drug-related weight loss. All animals lost weight 
during the one-week interval after UUO, due to surgery and the induction of renal disease. 
Animals treated systemically with rapamycin, however, lost 6% more weight than animals in 
all the other groups, including the rapamycin microspheres group (p<0.001, Figure 6).

 
DISCUSSION

The most important finding in our study is the successful blocking of mTOR pathway activation 
in the UUO kidney of animals treated with rapamycin microspheres injected locally under the 
renal capsule. Reduction of mTOR-activity was also observed in non-obstructed (contralateral) 
kidneys from animals treated systemically with rapamycin, but not in the group treated with 
a subcapsular rapamycin depot. Although this systemic inhibition of mTOR in the control kidney 
is not necessarily harmful per se, the observed systemic weight loss in the rapamycin i.p. treated 
group illustrates the severe side-effects of this type of drug. The absence of such systemic 
toxicity is an important advantage of our new approach of local subcapsular implantation of 
rapamycin-loaded microspheres.  
Fibroblasts are believed to be the major source of myofibroblasts. They play an important role 
in maintaining homeostasis of interstitial matrix and adjacent tissues under physiologic 
conditions through matrix production, cytokine secretion, and direct contact with other cell 
types15, 26. Upon activation by profibrotic factors, fibroblasts can be activated to differentiate 
towards a myofibroblast phenotype by expressing α-SMA and other markers. We observed a 
reduction of myofibroblast accumulation in the entire UUO kidney in systemically treated 
animals and a more restricted reduction near the subcapsular pocket containing rapamycin-
loaded microspheres. These findings match well with the pattern seen upon staining for p-S6 
as a marker of mTOR signalling activity. 
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Chen et al.16 demonstrated that rapamycin inhibits kidney fibrosis by blocking mTOR signalling 
in interstitial myofibroblasts. Although immunohistochemical staining is at best 
semi=quantitative it is remarkable that the reduction of p-S6 staining extended over a longer 
distance from the subcapsular pocket than the reduction of α-SMA staining. Therefore, the 
extent of mTOR inhibition in areas more remote from the rapamycin-loaded microspheres in 
the current formulation appears not to be sufficient to completely inhibit myofibroblast 
accumulation. This spatially restricted efficacy was also reflected by the fact that, in whole 
kidney lysates, α-SMA mRNA expression was not significantly reduced in locally treated rats. 
In contrast, fibronectin expression was reduced in whole kidney lysates of both locally and 
systemically treated rats. This might suggest that fibronectin requires a lower dose for effective 
downregulation than α-SMA. 
Inhibition of T-lymphocyte infiltration was evident throughout the kidney, including the areas 
most remote from the pockets containing rapamycin-loaded microspheres. This suggests that 
a lower dose of rapamycin is enough to inhibit T-lymphocyte activation compared to the dose 
needed to inhibit the myofibroblast accumulation. 
The procedure of administering drugs in a depot under the renal capsule causes little damage 
to the renal tissue22, and the two injected depots in this study did not further damage the 
obstructed kidney as well. 
The limitation of (part of) the therapeutic effect to the area near the depot would be a serious 
drawback, since this would require application of multiple depots, especially in the much larger 
kidneys of human patients. Since little is known about fluid streams and about diffusion and 
conductive transport of solutes in the kidney interstitium, it remains to be established how the 
observation made in this study with rapamycin-loaded microspheres in the high pressure 
ureteral obstruction model would compare to applications involving drugs with other 
physicochemical characteristics, as well as other models that might more genuinely represent 
human acute and chronic kidney diseases.
In conclusion, we have obtained proof of principle that, in a model of CKD, subcapsular delivery 
of drug-loaded microspheres can successfully inhibit inflammatory and fibrotic responses with 
reduced systemic adverse effects. This novel delivery system offers important opportunities 
for future development of local drug therapy in kidney diseases and beyond.
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Supplement Figure 1. Ex vivo Imaging of subcapsular depot in obstruct-
ed kidney at day 7 after UUO. IRdye800-labeled polymeric microspheres 
were injected under the renal capsule of UUO rats and excised 7 days 
after UUO. Localisation of microspheres was imaged using an Odyssey im-
ager and is displayed in blue. Black line illustrates border of renal tissue 
and perirenal fat.

Supplement Figure 2. Localization of 
mTOR inhibition in respect to depot.
Representative picture of staining 
for phospho-S6 ribosomal protein 
(1x). Depot is located at left hand-
side (ventral side in situ). This figure 
clearly demonstrates the local effect 
of mTOR activity inhibition near the 
depot. Arrows point at depot. Black 
ink line was added during sacrifice to 
mark ventral side of kidney.
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Supplement Figure 3. mTOR activity in non-obstructed kidneys. A. Representative pictures of staining for 
Phospho-S6 ribosomal protein (5x, magnified insert 20X). B. Visual assessment of staining intensity (4 point 
scale). Bars demonstrate means and SEM, * p<0.001 vs all other groups, # p<0.05 vs Veh caps. 
Abbreviations: ip= compound administered by ip injection; caps= compound delivered subcapsular from MSP.
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SUMMARY AND FUTURE PERSPECTIVES

Kidney injury triggers inflammation, irrespective of insult type. The inflammatory response 
encompasses vascular activation1, infiltration of inflammatory cells into the renal interstitium2,3 
and production of pro-inflammatory cytokines1,4. Inadequate resolution of acute renal 
inflammation, and progression through chronic inflammation set the stage for the development 
of fibrosis, the final common pathway to chronic kidney disease (CKD). The rapid increase of 
patients with CKD worldwide urgently calls for adequate risk assessment and innovative 
treatment. 
In this thesis we address three major challenges. In Chapters 2-4, we try to differentiate patients 
with a CSFK at risk for developing CKD from those not at risk. In Chapters 5-6, we use the 
biomarker CCN-2 to detect patients at risk for clinical events associated with fibrosis (e.g. renal 
allograft fibrosis, cardiovascular events). In Chapter 7, we use a local antifibrotic therapy to 
prevent fibrogenesis without the therapy causing systemic side effects.

Size charts of the normal fetal kidney
Chapter 2 demonstrates new charts of measurements of the fetal kidney, renal pelvis and 
adrenal gland. Our charts were obtained from longitudinal data derived from prospective 
investigations in 96 fetuses with gestational age corrected for crown rump length. Investigations 
were done specifically for the development of the centile charts for comparing renal size at a 
known gestational age between 16 and 42 weeks of gestation. Charts for size and volume of 
the kidney may be useful in case of diagnostic problems. We observed that the increase of renal 
volume during pregnancy is exponential until birth, while previous charts suggested that renal 
volume increase tends to slow down at the end of pregnancy. Regarding the fetal renal pelvic 
dimensions, previous charts suggest linear growth of renal pelvis size, with a wide range, 
whereas ours was curvilinear, with no increase in size from 32 weeks onwards and a 
considerably narrower range.  Adrenal glands are relatively large in the fetus in comparison 
to early in postnatal life. After delivery their size decreases rapidly and increases again at the 
end of the first year, attaining maximum weight and size at adulthood. The ratio of 2 : 7 between 
the adrenal gland and kidney length that does not change with gestational age is a useful tool 
to monitor adrenal growth in high risk pregnancies.

Compensatory enlargement of a solitary functioning kidney during fetal development
In Chapter 3, we present a retrospective study done in the database of the obstetric department 
of our tertiary referral hospital from January 1999 till May 2011. All measurements of renal 
length in fetuses with a solitary kidney were done by an experienced ultrasonographer guided 
by a paediatric urologist. Gestational age was validated by measuring crown-rump length. We 
used our previously constructed fetal renal growth charts to compare growth of a CSFK to 
growth of a normal kidney.
In total 67 fetuses were included, 60 with unilateral MCKD and 7 with unilateral agenesis. The 
SFK was located on the right-hand side in 39 cases (58%) (33 cases (55%) in MCKD; 6 cases 
(89%) in URA). This study demonstrates compensatory enlargement of the CSFK as early as 
the 20th week of gestation, occurring in 88% of the cases. 
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Another remarkable finding in this study is the number of fetuses with MCKD compared to 
URA. The incidence of URA is 1 per 500-1,000 births5-7 and of MCKD 1 per 4300 births8. It is 
known that aplastic kidneys found by fetal ultrasound, can regress prenatally or in the first 
years after birth.7, 9-11 Based on incidence we would expect more URA than MCKD. In our 
database we only found 7 fetuses with URA and 60 fetuses with MCKD. The post-natal incidence 
of MCKD could be an underestimation, or the incidence found is this study is due to the fact 
that the study is performed in a tertiary hospital with a mixture of routinely scanned and 
referred patients. It is possible that more cases of URA are missed, whereas MCKD is more 
easily detected by the virtue of its appearance.  

Nephron endowment of a congenital solitary functioning kidney
Chapter 4 focuses on the question whether the fetal compensatory enlargement in a CSFK is 
due to increased nephron numbers and/or to nephron hypertrophy. This question is of utmost 
clinical importance, since hypertrophy is associated with a risk of developing hypertension 
and proteinuria later in life with consequent development of CKD and cardiovascular disease. 
We found evidence that, in pigs, compensatory enlargement of a CSFK is largely due to an 
increased number of nephrons, which averaged 150% of the mean number of glomeruli in a 
single control kidney, or 75% of the mean total number in control subjects. This 75% clearly 
overlaps with the wide variation (from 210,332 to 2,702,079) in total nephron numbers per 
kidney found in healthy individuals with two kidneys12.  
The increase in cortex volume (83%) of CSFKs exceeded their increase in glomerular number 
(50%), which suggests hypertrophy of nephrons. However, the increase of nephron volume by 
13% in CSFKs was not significant (p=0.43), and the most critical parameter, glomerular volume, 
was increased by only 4%, which was also not significant (p=0.56). Moreover, the number of 
glomeruli per mm3 does not differ significantly between CSFKs and control kidneys. The 
glomerular size, the mean number of cells, podocytes and the percentage of podocytes per 
glomerular tuft cross section were all comparable in both groups. Based on our observations 
the increase in nephron volume of the CSFK is due to the wide variation in nephron volume 
and the majority of the compensatory enlargement is due to nephron hyperplasia.  
One of the most intriguing observations during evaluation of the structural morphology was 
the 1.39 fold higher number of medullary papillae in the CSFKs as compared to normal control 
kidneys. This suggests an impact of unilateral kidney agenesis or dysplasia on uretric bud 
arborization at an early stage in the development of the contralateral kidney. 
Our study demonstrates that the total nephron number in CSFK pigs is comparable to the 
nephron number in healthy pigs. Thus, mean compensatory hypertrophy and subsequent 
hyperfiltration is limited. This might raise the question whether it is mandatory to subdue 
CSFK patients to long term follow up. However, the considerable interindividual difference in 
nephron number observed in CSFK pigs and human subjects suggests that a yet unknown 
percentage of human CSFK patients is at risk for developing hyperfiltration and hypertrophy-
associated renal and cardiovascular disease. As for now, non-invasive determination of nephron 
number and size, and detection of hyperfiltration before occurrence of associated renal damage 
are not yet feasible. Until it is possible to identify which of the patients with a CSFK are at risk 
long-term follow-up is still indicated. 
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CCN-2 as a biomarker of ongoing renal allograft fibrosis
Chapter 5 describes a study of the association between urinary CCN-2 and renal allograft 
fibrosis in 315 kidney transplant recipients. These patients were enrolled in a protocol biopsy-
based clinical program during the first two years after transplantation were studied 
prospectively. 
In this study, we clearly demonstrate a relationship between urinary CCN-2 concentrations 
and the presence and extent of interstitial fibrosis in kidney allografts at 3, 12 and 24 months 
after transplantation. In addition, in transplant recipients with no signs of interstitial fibrosis 
at 3 months, higher 3 month CCN-2 concentrations were associated with moderate and severe 
interstitial fibrosis developed at 24 months. These findings confirm earlier data, from animal 
studies, in human transplant recipients and strengthen the potential of CCN-2 as a modifiable 
risk factor and therapeutic target of renal allograft fibrogenesis.
Urinary CCN-2 correlated with the degree of proteinuria. While CCN-2 may be freely filtered 
in glomeruli and reabsorbed in proximal tubules, it is important to note that proteinuria was 
very limited in our cohort of transplant recipients and that urine CCN-2 was associated with 
interstitial fibrosis independently of the degree of proteinuria. Nguyen et al.13 described a 
strong association between urine CCN-2 and gender in patients with diabetic nephropathy. 
Our data indicate a similar association with donor gender (at 3 and 12 months) but not with 
recipient gender after transplantation. These findings seem to suggest that local tubular 
epithelial CCN-2 production inside the allograft (and native kidney) is the major contributor 
to total urinary CCN-2 excretion. 
Despite increasing severity of interstitial fibrosis, absolute urine CCN-2 values at 24 months 
post-transplantation were significantly lower compared to the 3 month measurements. The 
lower concentration of urine CCN-2 at 24 months could reflect decreased fibrogenic activity 
in this more advanced stage of fibrotic disease. Therefore, urine CCN-2 concentrations may not 
only reflect the extent of scarring but even more that of an ongoing, active fibrogenesis. 
Multivariate analyses showed a significant association between urine CCN-2 and the presence 
and future development of renal allograft fibrogenesis at any given degree of renal function. 
However, ROC analyses showed only weak predictive power of urine CCN-2 regarding both 
outcomes. Therefore a clinically useful cut-off value could not be determined. This lack of 
sufficient predictive power is at least partly due to the fact that only sparse and fixed CCN-2 
measurements were performed in this observational study. It would be interesting to investigate 
whether earlier and more frequent measurements of CCN-2 (within the first 3 months after 
transplantation) would strengthen the potential predictive value of this test as a prerequisite 
to apply CCN-2 measurements in a prospective trial setting. Indeed, from these observations, 
it appears that early high CCN-2 production is associated with late fibrosis and a prospective 
study will primarily have to focus on the optimal timing and number of CCN-2 assessments. 
Secondly, CCN-2 measurements at the time of specific clinical events are mandatory to 
determine its specificity and sensitivity. Both protocol and indication renal biopsies can be 
used in order to minimize verification bias. These concerns are all addressed in a planned 
prospective study.
The findings of this prospective observational cohort study support further testing of a role 
for urinary CCN-2 as a marker and potential predictor of human renal allograft fibrogenesis. 
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Further validation studies in larger patient cohorts are required to assess the clinical relevance 
of these findings and to subsequently identify the optimal frequency and time points after 
transplantation for measuring urine CCN-2. As novel anti-fibrotic agents such as humanized 
neutralizing anti-CCN-2 monoclonal antibodies are currently being tested in diabetic 
nephropathy, the usefulness of urine CCN-2 as a non-invasive biomarker for therapeutic 
monitoring also deserves further attention. 

CCN-2 in patients with manifest vascular disease
In Chapter 6, we investigated the determinants of plasma CCN-2 in patients with manifest 
vascular disease. The main finding of this study is that plasma CCN-2 is associated with an 
increased risk of new cardiovascular events and mortality in patients with clinically manifest 
atherosclerotic vascular disease, independent of established cardiovascular risk factors. 
This is the first study evaluating the cardiovascular risk and mortality risk of elevated plasma 
CCN-2 in a large population of patients with manifest vascular disease. Plasma CCN-2 has been 
studied in patients with type I DM and was found to be an independent predictor of all-cause 
mortality in patients with diabetic nephropathy14. We observed a robust relationship between 
plasma CCN-2 and risk of death in the patients with manifest vascular disease. CCN-2 was 
associated with both vascular and nonvascular death. This might be explained by CCN-2 as a 
key determinant of activity of tissue fibrogenesis, and fibrosis as the common final pathway of 
chronic diseases of diverse etiology. Besides fibrosis, CCN-2 has been implicated in various 
other pathological processes, such as ischemia, inflammation and metabolic derangements15-17. 
In addition to the association with mortality, we found a clear association between CCN-2 and 
risk of new cardiovascular events and, in particular, of ischemic cardiac complications. This 
finding raises the question whether CCN-2 has a causal role in atherosclerosis and ischemic 
heart disease or merely reflects a large cardiovascular disease burden. 
CCN-2 is associated with total and LDL cholesterol, this may suggest that CCN-2 is involved in 
the pathway through which lipoproteins promote the development of atherosclerotic vascular 
disease. 
Remarkably, while the association with the composite endpoint of vascular events was evident, 
we did not observe an increased risk of ischemic stroke in patients with higher baseline plasma 
CCN-2. Plasma CCN-2 was lower in patients with previous cerebrovascular disease, but 
stratification for prior cerebrovascular disease did not substantially change the results. 
Although our study provides no proper explanation for the discrepancy between cerebrovascular 
and other vascular events, it is interesting to note that in a previous study we observed an 
association between CCN-2 levels in carotid plaques from patients undergoing carotid 
endarteriectomy and stable plaque characteristics18.
Elevated plasma CCN-2 increases the risk of cardiovascular events and all-cause mortality in 
patients with manifest vascular disease. CCN-2 may therefore be regarded as a novel marker 
to identify vascular patients at the highest risk of recurrent cardiovascular events and mortality. 

Local treatment with rapamycin
Finally in Chapter 7, we administered microspheres (MSP) loaded with the mTOR inhibitor 
rapamycin under the renal capsule and compared with systemic delivery of rapamycin. We 
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demonstrate successful blocking of mTOR pathway activation in the UUO kidney of animals 
treated with a rapamycin microspheres locally deposited under the renal capsule. Reduction 
of mTOR-activity was also observed in the non-obstructed (contralateral) kidneys of the animals 
treated with systemic rapamycin doses, but not of the group treated with subcapsular rapamycin 
depot. Although this systemic inhibition of mTOR in the control kidney is not necessarily 
harmful per se, the observed systemic weight loss in the rapamycin i.p. treated group illustrates 
the severe side-effects of this type of drug. The absence of such systemic toxicity is an important 
advantage of our new approach of local subcapsular implantation of rapamycin loaded 
microspheres.  
We observed a reduction of myofibroblast accumulation in the entire UUO kidney in systemically 
treated animals and a more restricted reduction near the subcapsular pocket containing 
rapamycin loaded microspheres. This matches well with the pattern seen upon IHC staining 
for p-S6 as a marker of mTOR signalling activity. 
Therefore the extent of mTOR inhibition in areas more remote from the rapamycin loaded 
microspheres in the current formulation appears not to be sufficient to completely inhibit 
myofibroblast accumulation. This spatially restricted efficacy was also reflected by the fact 
that, in whole kidney lysates, α-SMA mRNA expression was not significantly reduced in locally 
treated rats. In contrast, fibronectin expression was reduced in whole kidney lysates of both 
locally and systemically treated rats, which might relate to differences between these genes in 
terms of magnitude of local response or different minimal required dose for effective 
downregulation. 
Moreover, inhibition of T-lymphocyte infiltration was evident throughout the whole kidney. 
This suggests that a lower dose of rapamycin is enough to inhibit T-lymfocyte activation 
compared to dose needed to inhibit the myofibroblast accumulation. 
The procedure of administering drugs in a depot under the renal capsule causes little damage 
to the renal tissue19, and the two injected depots in this study did not further damage the 
obstructed kidney as well. 
We have obtained proof of principle that subcapsular delivery of drug-loaded microspheres 
can successfully inhibit inflammatory and fibrotic responses in a model of CKD, and that this 
was associated with reduced systemic adverse effects. This novel local delivery method offers 
great potential for future experiments, especially models for kidney transplantation in 
combination with multiple drug depots to overcome the local penetration are of great interest.

FUTURE PERSPECTIVES

Compensatory enlargement of a CSFK, in pig, is largely due to the increase in nephron number. 
On average a pig with a CSFK has 75% of the nephrons of a pig with two kidneys. There is a 
wide variation (from 210,332 to 2,702,079) in total nephron numbers per kidney found in 
healthy individuals with two kidneys12. It is unknown how many nephrons are needed to 
maintain a sufficient kidney function, without the remaining nephrons to hyperfiltrate. As for 
now, non-invasive determination of nephron number and size, and detection of hyperfiltration 
before occurrence of associated renal damage is not yet feasible. However, recently multiple 
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research groups20-22 were able to label the glomerular basement membrane in rats using cationic 
ferritin. By labelling the basement membrane they were able to determine the number of 
glomeruli with MRI. MRI techniques will get more advanced in the near future and allow 
determination of human glomerular number in vivo. We recently started a study in which we 
use a similar technique and determine nephron number in rats. Ultimately we want to 
determine nephron number in humans.
The time needed to optimise this method for the human situation allows for setting up a 
prospective study, where fetuses with a CSFK in utero will be included and followed up until 
adulthood. During the fetal period multiple ultrasound investigations will be needed to 
adequately monitor compensatory enlargement of the kidney in all dimensions (e.g. estimate 
kidney volume). After birth patients are followed up and besides standard kidney function 
parameters we will also test biomarkers like CCN-2. This study will make it possible to 
determine patients at risk for CKD later in life at a young age. Early detection of patients at risk 
for CKD enables clinicians to start (local) treatment in an earlier phase.
Our results with CCN-2 as a biomarker are very promising. Our studies suggest that CCN-2 
could be used as a prediction tool to demonstrate active fibrotic processes in the human before 
fibrotic tissue has developed. To further explore the full potential of CCN-2 as a biomarker, 
comparative studies with other biomarkers in larger patient cohorts are needed. But also future 
experiments, e.g. using altered CCN-2 expression or anti-CCN-2 therapy in experimental models, 
are needed to evaluate the pathogenic role of CCN-2 in fibrosis. We are currently planning a 
prospective study where we measure CCN-2 more frequently within the first three months 
after kidney transplantation to investigate whether this would strengthen the predictive value 
of CCN-2 as a prerequisite to apply CCN-2 measurements in a prospective trial setting.
In the final chapter of this thesis a local treatment based on rapamycin loaded microspheres 
is described. Further experiments were more depots are placed in models that allow functional 
monitoring of the kidney, are needed to evaluate the therapeutic efficacy. Especially experiments 
where recipients receive donor kidneys treated with depots of rapamycin placed under the 
renal capsule and experiments in models for CSFK are of great interest.
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Schade aan de nier zorgt voor het ontstaan van een ontstekingsreactie, ongeacht de oorzaak 
van deze schade. Deze ontstekingsreactie omvat vasculaire activatie1, infiltratie van 
ontstekingscellen in het renale interstitium2, 3 en productie van pro-inflammatoire cytokines1, 4. 
Onvolledige afremming van acute nierontsteking en progressie naar chronische nierontsteking 
zorgen voor de ontwikkeling van fibrose, de uiteindelijke gezamenlijke weg naar chronisch 
nierfalen. De snelle wereldwijde stijging van patiënten met chronisch nierfalen vraagt om 
adequate risicobeoordeling en nieuwe behandelingen van chronisch nierfalen.
In dit proefschrift worden drie grote uitdagingen met betrekking tot chronisch nierfalen 
aangegaan. In hoofdstuk 2-4 proberen we onderscheid te maken tussen patiënten met een 
congenitale mononier die risico lopen om chronisch nierfalen te ontwikkelen en patiënten die 
dit risico niet lopen. In hoofdstuk 5-6 gebruiken we de biomarker CCN-2 om patiënten te 
detecteren die risico lopen op met fibrose geassocieerde ziekten (bv. fibrose van de donornier, 
cardiovasculaire gebeurtenissen). In hoofdstuk 7 passen we een lokale antifibrotische therapie 
toe om de vorming van fibrose tegen te gaan zonder dat deze therapie systemische bijwerkingen 
veroorzaakt.

Maattabellen van de normale foetale nier
In Hoofdstuk 2 presenteren we nieuwe maattabellen voor het meten van de foetale nier, het 
nierbekken en de bijnier. Onze maattabellen zijn verkregen uit longitudinale gegevens die zijn 
verkregen uit prospectieve onderzoeken in 96 foetussen, waarbij de zwangerschapsduur is 
gecorrigeerd voor de kruin-stuitlengte. Deze onderzoeken zijn specifiek uitgevoerd voor het 
ontwikkelen van maattabellen om de grootte te kunnen vergelijken bij een zwangerschapsduur 
tussen de 16 en 42 weken. Deze maattabellen van de nier zijn nuttig als er zich diagnostische 
problemen voordoen. Wij observeerden dat de toename in het volume van de nier exponentieel 
is tot aan de geboorte, terwijl eerdere maattabellen suggereerden dat deze toename afnam aan 
het einde van de zwangerschap. Eerdere maattabellen suggereren lineaire groei van het 
nierbekken met een grote spreiding. Wij laten een curvilineaire groei zien met een kleinere 
spreiding, waarbij de grootte na de 32 week niet meer toeneemt. 
De bijnieren in de foetus zijn relatief gezien groot vergeleken met de bijnieren in de periode 
na de geboorte. Na de geboorte neemt de grootte snel af en de grootte neemt weer toe aan het 
einde van het eerste levensjaar, waarna de maximale grootte wordt bereikt op de volwassen 
leeftijd. De ratio van 2 : 7 tussen de bijnier en de nierlengte veranderd niet tijdens de 
zwangerschap en is een handig hulpmiddel om de groei van de bijnier te monitoren tijdens de 
zwangerschap.

Compensatoire vergroting van een congenitale mononier tijdens de foetale ontwikkeling
In Hoofdstuk 3 beschrijven we een retrospectieve studie uitgevoerd met de gegevens uit de 
periode vanaf januari 1999 tot en met mei 2011, afkomstig uit de database van de afdeling 
obstetrie uit het UMC Utrecht. Alle nierlengtemetingen in foetussen met een mononier in deze 
database zijn uitgevoerd door een ervaren echoscopist begeleid door een kinderuroloog, 
waarbij zwangerschapsduur was vastgesteld door kruin-stuitmeting. We hebben de 
maattabellen voor niergrootte van de normale nier gebruikt om de lengte van de mononieren 
te vergelijken.
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Er werden in 67 foetussen geïncludeerd, waaronder 60 met unilaterale MCKD (multicysteuze 
nierziekte) en 7 met unilaterale nieragenesie. De mononier zat in 39 gevallen (58%) aan de 
rechterzijde (33 bij MCKD (55%); 6 bij nieragenesie (89%). In deze studie zien we 
compensatoire vergroting vanaf de 20e week van de zwangerschap, compensatoire vergroting 
wordt gezien bij 88% van de gevallen.
Een andere opvallende bevinding in deze studie is het gevonden aantal foetussen met MCKD 
in verhouding tot het aantal met nieragenesie. De incidentie van nieragenesie is 1 per 500-1.000 
geboortes5-7 en van MCKD is 1 per 4.300 geboortes8. Het is bekend dat aplastische nieren 
gevonden tijdens prenatale echografie tijdens en in de eerste jaren na de zwangerschap in 
regressie kunnen gaan.7, 9-11 Op basis van de incidentie verwachten we meer foetussen met 
nieragenesie dan met MCKD. In onze database vonden we slechts 7 foetussen met nieragenesie 
en 60 met MCKD. De post-natale incidentie van MCKD zou een onderschatting kunnen zijn, of 
de incidentie die is gevonden in deze studie is vertekend omdat de studie is uitgevoerd in een 
tertiair ziekenhuis waarbij er een mix is van verwezen en routine matig gescande patiënten. 
Ook is het mogelijk dat er meer gevallen van nieragenesie zijn gemist, omdat MCKD makkelijker 
echografisch te herkennen is. 

Aantal nefronen in een congenitale mononier
Of de compensatoire vergroting die wordt gezien in een mononier wordt veroorzaakt door een 
toename in aantal (hyperplasie) en/of een toename in grootte (hypertrofie) van nefronen 
behandelen we in hoofdstuk 4. Dit is zeer belangrijk, omdat hypertrofie in verband wordt 
gebracht met een verhoogd risico op het ontwikkelen van hypertensie en proteïnurie later in 
het leven, met daarop volgend het ontwikkelen van chronisch nierfalen en cardiovasculaire 
ziektes. We hebben bewijs gevonden dat in varkens de compensatoire vergroting voornamelijk 
komt door een toename van het aantal nefronen. Procentueel gezien was het nefronenaantal 
per mononier 150% van dat van een normale nier, met andere woorden; een patiënt met een 
mononier heeft 75% van het aantal nefronen vergeleken met een patiënt met twee gezonde 
nieren. Deze 75% heeft een duidelijke overlap met het aantal nefronen van een gezonde nier, 
waarbij een grootte spreiding van het aantal wordt gezien (van 210.332 tot 2.702.079) 12.
De toename van het cortex volume (83%) van de mononier is groter dan de toename van het 
aantal nefronen (50%), dit suggereert hypertrofie. Echter, de toename in het nefronvolume 
van 13% was niet significant (p=0.43) en de toename in glomerulair volume van 4% was ook 
niet significant (p=0.56). Tevens is er ook geen significant verschil in het aantal glomeruli per 
mm3 tussen mononieren en normale nieren. De glomerulaire grootte, het gemiddelde aantal 
cellen, podocyten en het percentage podocyten per glomerulaire dwarsdoorsnede waren 
allemaal vergelijkbaar in beide groepen. Op basis van onze observaties concluderen we dat de 
toename in het nefronvolume van de mononieren komt door de grote variatie in nefronvolume 
en het grootste deel van de compensatoire vergroting komt door hyperplasie. Een van de meest 
opmerkelijke observaties was de toename van het aantal papillen van de mononieren (1.39 
maal meer papillen). Dit suggereert dat er al vroeg in de zwangerschap extra vertakkingen 
worden geformeerd.
Onze studie laat zien dat het totale aantal nefronen in varkens met een mononier vergelijkbaar 
is met het aantal nefronen in een gezond varken. Hierdoor is de compensatoire hypertrofie en 
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de daaruit volgende hyperfiltratie minimaal. Hierdoor kan men zich afvragen of het nog nodig 
is om patiënten met een mononier langdurig te vervolgen. Echter is er bij gezonde personen 
een grote spreiding van het aantal nefronen, hierdoor is te verwachten dat een deel van de 
patiënten risico loopt om hyperfiltratie en hypertrofie-geassocieerde renale en cardiovasculaire 
ziektes te ontwikkelen. Op het moment is het nog niet mogelijk om het aantal en de grootte 
van de nefronen niet-invasief te bepalen. Totdat het mogelijk is de patiënten met een mononier 
die risico lopen te identificeren is follow-up van deze patiënten geïndiceerd.

CCN-2; biomarker van fibrose in donornieren
In hoofdstuk 5 is een studie beschreven over de associatie tussen urine CCN-2 en fibrose in 
de donornier in 315 transplantatiepatiënten. Deze patiënten zijn in de 2 jaar na de transplantatie 
prospectief bestudeerd in een studie waarbij protocollair biopten van de nier werden genomen. 
In deze studie laten we duidelijk zien dat er een relatie is tussen urine CCN-2 concentraties en 
de aanwezigheid en ernst van de interstitiële fibrose in de donornieren 3, 12 en 24 maanden 
na de transplantatie. In patiënten zonder tekenen van interstitiële fibrose 3 maanden na de 
transplantatie waren hogere CCN-2 concentraties geassocieerd met matige en ernstige 
interstitiële fibrose 24 maanden na de transplantatie. Deze bevindingen bevestigen eerdere 
data uit dierstudies en versterken het potentieel van CCN-2 als een therapeutisch doel om 
fibrose in een donornier te behandelen. Ondanks dat de ernst van de interstitiële fibrose 
toenam, waren de absolute CCN-2 urine waarden 24 maanden na de transplantatie significant 
lager dan de metingen op 3 maanden. Deze lagere concentratie van urine CCN-2 zou kunnen 
wijzen op een lagere fibrotische activiteit in deze ver gevorderde fase van fibrose. Daarom lijkt 
de urine CCN-2 waarde niet alleen representatief te zijn voor de uitgebreidheid van de 
verlittekening, maar eerder van actieve fibrosevorming. 
Multivariate analyse liet een significantie associatie tussen urine CCN-2 en de toekomstige 
ontwikkeling van fibrose in de donornier zien onafhankelijk van de nierfunctie. Echter lieten 
ROC-analyses een zwakke voorspellende waarde van urine CCN-2 zien op beide uitkomsten. 
Daarom kon een klinisch bruikbare afkapwaarde niet worden bepaald. Het gebrek aan 
voorspellende waarde komt op zijn minst doordat er in deze observationele studie maar 
enkele metingen zijn gedaan op vooraf bepaalde tijdspunten. Het zou interessant zijn om 
te onderzoeken of eerdere en meer frequentere metingen van CCN-2 (in de eerste 3 maanden 
na de transplantatie) de voorspellende waarde zouden kunnen versterken, dit als een 
vereiste om CCN-2 metingen toe te passen in een prospectieve trial. Op basis van deze 
observaties lijkt een hoge CCN-2 concentratie geassocieerd met latere fibrose en een 
prospectieve trial zal moeten focussen op de optimale timing en het aantal van CCN-2 
metingen. Ten tweede zijn CCN-2 bepalingen bij klinische gebeurtenissen nodig om de 
sensitiviteit en specificiteit te bepalen. Zowel protocollaire en indicatie biopten kunnen 
worden gebruikt om verificatie bias te voorkomen. Al deze factoren worden meegenomen 
in een geplande prospectieve studie.
De bevindingen van deze prospectieve observationele cohortstudie ondersteunen toekomstige 
experimenten naar de rol van urine CCN-2 als een marker en mogelijke voorspeller van fibrose 
in de humane donornier. Validatiestudies in grotere groepen patiënten zijn nodig om de 
klinische relevantie van deze bevindingen en de frequentie en tijdspunten van de metingen te 
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bepalen. Ook de rol van CCN-2 als niet-invasieve marker van therapeutische monitoring van 
anti-CCN-2 therapie verdient verdere aandacht.
 
CCN-2 in patiënten met vasculaire aandoeningen
In hoofdstuk 6 onderzochten we de rol van plasma CCN-2 bij patiënten met manifest vaatlijden. 
De belangrijkste conclusie van deze studie is dat plasma CCN-2 is geassocieerd met een 
verhoogd risico op nieuwe cardiovasculaire complicaties en mortaliteit bij patiënten met 
klinisch manifeste atherosclerotische vaatziekte, onafhankelijk van bestaande cardiovasculaire 
risicofactoren.
Dit is de eerste studie ter evaluatie van het cardiovasculaire en sterfte risico door een verhoogd 
plasma CCN-2 in een grote populatie van patiënten met manifest vaatlijden. Plasma CCN-2 is 
onderzocht bij patiënten met type I DM en bleek een onafhankelijke voorspeller van de totale 
mortaliteit bij patiënten met diabetische nefropathie14 zijn. Wij namen een sterke relatie tussen 
plasma CCN-2 en risico van overlijden bij patiënten met manifest vaatlijden waar. CCN-2 is 
geassocieerd met zowel vasculaire en niet-vasculaire dood. Dit kan worden verklaard doordat 
CCN-2 een belangrijke determinant van de activiteit van fibrosevorming is en doordat fibrose 
de uiteindelijk gemeenschappelijke route van chronische aandoeningen van uiteenlopende 
etiologie is. Naast fibrose is CCN-2 is betrokken bij diverse andere pathologische processen, 
zoals ischemie, ontsteking en metabolische veranderingen15-17. Naast de associatie met 
mortaliteit, vonden we een duidelijk verband tussen CCN-2 en het risico op nieuwe 
cardiovasculaire complicaties en in het bijzonder ischemische cardiale complicaties. Deze 
bevinding roept de vraag op of CCN-2 een causale rol heeft bij atherosclerose en ischemische 
hartziekte of slechts een grote cardiovasculaire ziektelast weerspiegelt. CCN-2 is geassocieerd 
met totaal en LDL cholesterol, dit kan suggereren dat CCN-2 betrokken is bij de route via welke 
lipoproteïnen de ontwikkeling van atherosclerotische vasculaire ziektes beïnvloeden.
Terwijl de associatie met het samengestelde eindpunt van vasculaire gebeurtenissen duidelijk 
was, hebben we geen verhoogd risico op ischemische beroerte bij patiënten met een hogere 
uitgangswaarde van het plasma CCN-2 geobserveerd. Plasma CCN-2 was lager bij patiënten 
met een cerebrovasculaire aandoening, maar stratificatie voor cerebrovasculaire aandoeningen 
veranderde de resultaten niet. Verhoogd plasma CCN-2 verhoogt het risico op cardiovasculaire 
gebeurtenissen en totale mortaliteit bij patiënten met manifest vaatlijden. CCN-2 kan daarom 
worden beschouwd als een nieuwe marker om patiënten met vasculair lijden met het hoogste 
risico op terugkomende cardiovasculaire gebeurtenissen en mortaliteit te identificeren.

Lokale behandeling met rapamycine
In hoofdstuk 7 hebben we microsferen (MSP) geladen met de mTOR-remmer rapamycine 
onder het nierkapsel geplaatst en vergeleken met systemische toediening van rapamycine. We 
laten succesvolle blokkering van mTOR activering zien in de geobstrueerde nieren van dieren 
behandeld met microsferen onder het nierkapsel. Vermindering van mTOR-activiteit werd ook 
waargenomen in de niet-geobstrueerde (contralaterale) nieren de systemisch behandelde 
dieren, maar niet die van de groep behandeld met microsferen. Hoewel systemische remming 
van mTOR in de contralaterale nieren niet noodzakelijkerwijs schadelijk is, illustreert het 
waargenomen gewichtsverlies in de met microsferen behandelde groep de ernstige 
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bijwerkingen van systemische behandeling. Het ontbreken van dergelijke systemische toxiciteit 
is een belangrijk voordeel van onze nieuwe aanpak, waarbij we de nier lokaal behandelen door 
microsferen onder het nierkapsel te plaatsten. We zagen een vermindering van myofibroblast 
accumulatie in de gehele geobstrueerde nier in de systemisch behandelde dieren en een meer 
lokale vermindering in de buurt van de subcapsulaire pocket met rapamycine geladen 
microsferen bij de lokaal behandelde dieren. Dit past goed bij het patroon gezien in IHC kleuring 
voor p-S6 als een marker van mTOR activiteit.
Daarom lijkt de mate van remming van mTOR in gebieden verder van het depot van microsferen 
in de huidige formulering ontoereikend te zijn om myofibroblast accumulatie volledig te 
remmen. Deze lokale werkzaamheid uit zich ook in het feit dat in lysaten van de gehele nier 
α-SMA mRNA expressie niet significant verminderd is in de lokaal behandelde ratten. 
Daarentegen was de fibronectine expressie verminderd in zowel lokaal als systemisch 
behandelde ratten. Dit zou kunnen duiden op een verschillende minimale dosering om voor 
een effectieve downregulatie te zorgen. 
Daarbij was remming van T-lymfocyt infiltratie duidelijk in de hele nier. Dit suggereert dat een 
lagere dosis van rapamycine nodig is om T-lymfocyte activatie te remmen in vergelijking tot 
de benodigde dosis om myofibroblast accumulatie te remmen.
De toediening van geneesmiddelen in een depot onder het nierkapsel veroorzaakt weinig 
schade aan de nier19 en de twee depots geïnjecteerd in dit onderzoek zorgden ook niet voor 
meer schade aan de geobstrueerde nier. 
We hebben in deze studie bewijs verkregen dat afgifte van medicatie vanuit microsferen 
geplaatst onder het nierkapsel inflammatoire en fibrotische reacties kan remmen in een model 
van CKD, en dat dit gepaard met verminderde systemische bijwerkingen. Deze nieuwe lokale 
methode voor afgifte biedt mooie mogelijkheden voor toekomstige experimenten, met name 
modellen voor niertransplantatie in combinatie met meerdere depots voor een verhoogde 
penetratie zijn erg interessant. 

TOEKOMSTPERSPECTIEVEN

Compensatoire vergroting van een mononier is -in varkens- grotendeels te wijten aan de 
toename van het aantal nefronen. Gemiddeld heeft een varken met een mononier 75% van de 
nefronen van een varken met twee nieren. Er is een grote variatie (van 210.332 tot 2.702.079) 
in het totale aantal nefronen per nier bij gezonde personen met twee nieren12. Het is onbekend 
hoeveel nefronen nodig zijn om een voldoende nierfunctie te handhaven, zonder dat de 
overgebleven nefronen gaan hyperfiltreren. Op dit moment is niet-invasieve bepaling van het 
aantal en de grootte van nefronen, en de detectie van hyperfiltratie vóór het optreden van de 
hiermee geassocieerde nierschade nog niet mogelijk. Recent zijn meerdere 
onderzoeksgroepen20-22 in staat geweest om de glomerulaire basaalmembraan bij ratten met 
cationische ferritine te labelen. Door het labelen van de basaalmembraan waren ze in staat om 
het aantal glomeruli te bepalen met behulp van MRI. MRI-technieken zullen geavanceerder 
worden in de nabije toekomst, hierdoor zal bepaling van het aantal nefronen in mensen 
mogelijk worden. Wij zijn onlangs begonnen met een studie waarin we gebruik maken van een 
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soortgelijke techniek om het nefronenaantal bij ratten te bepalen. Uiteindelijk willen we het 
nefronenaantal bepalen in de mens.
De tijd die nodig is om deze methode te optimaliseren voor de menselijke situatie biedt de 
mogelijkheid voor het opzetten van een prospectieve studie, waarbij foetussen met een 
mononier tijdens de zwangerschap worden opgevolgd totdat de patiënten volwassen zijn. 
Tijdens de foetale periode zullen meerdere echografische onderzoeken nodig zijn om adequaat 
compensatoire groei van de nier in alle dimensies (bv. schatting nier volume) in kaart te 
brengen. Na de geboorte zullen de patiënten worden opgevolgd, waarbij we naast de standaard 
nierfunctie parameters ook biomarkers zoals CCN-2 zullen testen. Deze studie zal het mogelijk 
maken om patiënten met een verhoogd risico op CKD op latere leeftijd al op jonge leeftijd te 
identificeren. Dit geeft clinici de mogelijkheid om in een eerdere fase te starten (lokale) 
behandeling.
Onze resultaten met CCN-2 als een biomarker zijn veelbelovend. Onze studies suggereren dat 
CCN-2 kan worden gebruikt om actieve fibrotische processen aan te tonen in patiënten voordat 
er fibrotisch weefsel is gevormd. Om het volledige potentieel van CCN-2 als een biomarker 
verder te verkennen zijn vergelijkende studies met andere biomarkers in grotere 
patiëntcohorten nodig. Maar ook experimenten met bijvoorbeeld aangepaste CCN-2 expressie 
of anti-CCN-2 therapie in experimentele modellen zijn nodig om de pathogenese van CCN-2 in 
fibrose in kaart te brengen. We zijn momenteel bezig met een prospectieve studie waarin we 
CCN-2 vaker binnen de eerste drie maanden na een niertransplantatie meten om te onderzoeken 
of dit de voorspellende waarde van CCN-2 zou versterken. Dit als een voorwaarde om CCN-2 
metingen toe te passen in een prospectieve studie.
In het laatste hoofdstuk van dit proefschrift wordt een lokale behandeling op basis van 
rapamycine geladen microsferen beschreven. Vervolg experimenten waarbij meer depots 
worden geplaatst in modellen die functionele monitoring van de nier mogelijk maken zijn nodig 
om de therapeutische effectiviteit te beoordelen. Vooral experimenten waarbij patiënten 
donornieren krijgen behandeld met depots van rapamycine onder het nierkapsel en 
experimenten in modellen met mononieren zijn van groot belang.
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Prof. dr. R. Goldschmeding, beste Roel, meestal sta je achteraan in rijtjes met namen, dit keer 
vooraan… Enorm bedankt dat je mij de kans hebt gegeven om dit project te doorlopen en naar 
eigen inzicht in te vullen. Ik heb genoten van mijn tijd in de niergroep onder jouw supervisie. 
Je hebt een groot talent voor het genereren van nieuwe inzichten en staat altijd open voor 
nieuwe samenwerkingen. Fijn dat je al mijn manuscripten hebt beoordeeld ook al was dit 
meestal in de nacht voor de deadline. Je bent echt een professor in “hart en nieren”.

Prof. dr. T.P.V.M. de Jong, beste Tom, bedankt voor je ondersteuning bij het onderzoek. Dat mijn 
wetenschappelijke stage tijdens mijn opleiding is uitgemond in dit proefschrift heb ik aan jou 
te danken. Zonder jou was ik nooit in contact gekomen met Roel en Tri. Ik zal ons bezoek aan 
Boxtel nooit vergeten.
Als ik je zou mogen typeren zou ik de stelling die ik heb geleend van Einstein gebruiken. Ieder 
die op je werkkamer komt voor een overleg zal begrijpen waarom…

Dr T.Q. Nguyen, Trí thân mến, cảm ơn anh vì những giúp đỡ vô điều kiện trong thời gian này. 
Anh đã giúp tôi nhiều hơn những gì tôi đáng được nhận. Những sự mong đợi trái ngược với 
chiều cao của anh. Anh là một trong những trỗ dựa to lớn nhất của tôi trong viêc hình thành 
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tijd en beten gescheeld. Je bent een enorme aanvulling op de niergroep. Jammer dat ze jouw 
waarde in Lelystad nu ook op prijs weten te stellen. Je zult met je vertrek een enorm gat 
achterlaten. Ik ben blij dat je niet eerder bent vertrokken.

Roel Broekhuizen, orakel van het pathologielab, maar ook een enorme ciniclown. Bijna een 
jaar hebben we elkaar verveeld met de CTGF ELISA, het was een mooie tijd. Fijn dat je altijd 
klaar stond om een vraag te beantwoorden. Ik zal je presentatie op rijm niet snel vergeten. 
Hopelijk weet je jouw talent tijdens het feest beter te benutten dan enkel een tekst te schrijven 
op een Nederlandstalig nummer uit grootmoeders tijd…

Ook de rest van de niergroep wil ik graag bedanken.
Lucas, bedankt voor de samenwerking. Mooie tijden gehad, vooral de ASN in Philly was 
geweldig. Ook onze eerste cursus in Groningen zal ik niet snel vergeten. Vooral m.b.t. een zekere 
amazone. Ik wens je veel succes met het afronden van je promotie en je studie geneeskunde. 
Beste Ellen, jij neemt nu het stokje over. Veel succes bij het voorzitten van de werkbesprekingen. 
Er zijn weleens personen die kunnen divergeren, waardoor die uit kan lopen…
Pathologen in spé Jan-Willem en Amelie. 
Jan-Willem, fijn om met je samen gewerkt te hebben. Alleen jammer dat je zo’n enorme 
voorliefde hebt voor Apple-producten. Ik hoop dat je nu je voor de 2e keer vader bent geworden 
nog tijd overhoud voor jezelf. 
Amélie, bedankt voor je adviezen aan het begin van mijn promotietraject. Ze zijn erg nuttig 
geweest. Veel succes met jullie opleiding en ik hoop dat jullie net zo kunnen genieten van jullie 
koters als dat ik van die van mij geniet.
De nefrologen van de niergroep, Karin en Alferso. 
Karin, mooie samenwerking, mooi manuscript, nu nog hopen op een mooie publicatie… Veel 
geluk zal jij niet nodig hebben in jouw verdere carrière met jouw intellect en 
doorzettingsvermogen. Toch wens ik je al het geluk van de wereld.
Alferso, wat een pech. Veel succes bij het voltooien van je proefschrift. Ik hoop dat het je de 
komende tijd eens een keer mee gaat zitten.
Analisten van de niergroep, Kevin en Leonie, bedankt voor jullie ondersteuning. 
Studenten, Roy, Zeineb, Cindy, Tamara en Aletta, maar vooral Chalana. Chalana, bedankt voor 
je tomeloze inzet naast je studie. Je gaat zeker een goede dokter worden. Probeer niet alles te 
serieus te nemen. Drink eens een biertje en gooi je haar los. Ik hoop dat je minimaal 1 biertje 
met mij drinkt als afsluiting…

Prof. dr. van Diest, beste Paul, bedankt dat ik dit onderzoek op de afdeling uit kon voeren. 

2013147 proefschrift Stefan v Vuuren-2.indd   137 8-8-2013   13:24:41



138  | DANKWOORD
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Beste Michiel, bedankt voor je begeleiding tijdens de beginfase van mijn promotietraject. Fijn 
dat je zo vaak voor me klaar hebt gestaan. Jammer dat je bent vertrokken naar Amsterdam
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Consortiumleden van DESIRE.
In het bijzonder: Jurjen, Gert, Johan, Rob en Audrey bedankt!

GDL
Met in het bijzonder: Anja, Romy, Jannie en Helma

Afdeling pathologie:
Willy, Marjon en Irma hartelijk bedankt voor jullie secretariële werk. Jullie zijn de ruggengraat 
van de afdeling.
Wendy, bedankt dat je iedereen op het PRL in de gaten hebt gehouden en de hete kolen van de 
accreditatie voor ons uit het vuur hebt gehaald.
PI’s, Niels, Johan en Roel, bedankt voor jullie interesse, inzet en vragen tijdens de presentaties.
Kamergenoten, Danielle, Geert, Iordanka, Pan, Yvonne en Paulina bedankt voor de mooie 
discussies. Danielle ik hoop dat je eindelijk hebt gevonden waar je naar op zoek was. Geert, 
Barcelona, kind, serieuze leven is nu echt begonnen. Iordanka, Canada, beautiful country, I hope 
you find a job there very soon. Yvonne, Brabantse gezelligheid kent geen tijd. Hoop dat je veel 
plezier gaat hebben in New York. Paulina, adoptiekind van de KNO. Ik ben de weddenschap 
niet vergeten… Drie woorden: Amsterdammertje, bar en brug…
PRL, Laurien, Rob, Manon, Stefanie, Cigdem, Robert, Annette, Jan, Folkert, KaWai, Jolien, Petra, 
Aram, Jeroen, Cathy, Job en anderen bedankt. Jan, bedankt voor je hulp bij de PCR. Folkert, 
bedankt voor je ondersteuning. Job, bedankt voor je hulp bij het maken van de cover. Is een 
prachtige foto geworden.
Histo, immuno en moleculaire lab, met in het bijzonder Petra, Domenico, Marja en John
IT, bedankt voor jullie ondersteuning bij mijn vele computerproblemen.
Biobank, hartelijk dank voor jullie werk achter de schermen!
Pathologen en assistenten, met in het bijzonder Annemiek Dutman. Annemiek bedankt voor 
je interesse en je soms nodige klop op de schouder.
Prof. dr. van der Tweel bedankt dat u mij de kans heeft gegeven mijn opleiding geneeskunde 
af te maken. Ik hoop dat ik met dit proefschrift aan de belofte meer aandacht te besteden aan 
de pathologie in het vervolg van mijn carrière heb voldaan.

Vrienden, Pascal, Timo, Mark, Melvin, Jorn, Lennart, Koudstaal, Ties, Julia en Jelte-Jan bedankt 
voor jullie mentale ondersteuning. 
Pascal ik hoop dat jouw vrijwilligerswerk in Rotterdam een mooi proefschrift oplevert! 
Timo, bedankt dat we altijd jouw bierkoelkast hebben mogen plunderen. 
Mark, jammer dat je het toch nog hebt gepresteerd om eerder dan ik te promoveren. 
Melvin, bedankt voor de nodige volwassen noot in de vriendengroep. Zullen Linde en Max...?
Jorn, ik hoop dat je offer om net na je trouwen je vrouw achter te laten zijn vruchten afwerpt.
Lennart, bijna longarts, wordt het niet eens tijd om te gaan denken aan een promotie? 
Koudstaal, zo gefascineerd door de cardio dat je het tentamen circulatie twee meerdere keren 
wilde doen…
Ties, Francinofiel, KNO-arts in de dop. Bedankt voor je rust en relativeringsvermogen.
Julia, zusje van…, overbuurvrouw, stapmaatje, huisgenote, vriendin.
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Jelte-Jan bedankt dat je me hebt voorgesteld aan Sandra en dat je me hebt gestimuleerd vaker 
naar Olympos te gaan. Veel plezier in Canada!

Familie
Anja en Mars, bedankt voor jullie opvoeding en het warme thuis dat jullie me altijd hebben 
gegeven. Bedankt dat jullie in mij hebben geloofd op de momenten dat ik niet meer in mijzelf 
geloofde. Bedankt dat jullie van mij houden…
Wesley, zoals je weet ben ik trots om jouw broer te mogen zijn. Je doorzettingsvermogen is 
bewonderingswaardig! 
Oma Anny, fijn dat u nog bij ons bent en dit moment mee kan maken. Was een spannend jaar.
Oma Zorro, sorry dat ik de laatste tijd wat minder langs ben geweest. Ik zal het de komende 
tijd goed maken.
Schoonfamilie, bedankt dat jullie me welkom hebben geheten in jullie familie. 
Virginia, Gio ik ben blij dat jullie deel uitmaken van onze familie.

Lieve Sandra, je weet wat ik voor je voel en je weet hoeveel ik je waardeer. Helaas zeg ik het te 
weinig… 

Max, bedankt dat je me wakker hebt gehouden op de momenten dat ik dacht dat ik moest 
slapen. Wacht maar tot je groot bent…

Ik bied de personen die ik in deze lijst ben vergeten mijn excuses aan. 
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Stefan Hendrik van Vuuren geboren 22 november te Gouda en groeide op in Nieuwerkerk aan 
den IJssel.  Zijn middelbare school periode bracht hij van 1995 tot 2002 door op het 
Emmauscollege te Rotterdam. Na een jaar biomedische wetenschappen te hebben gestudeerd 
aan de Universiteit Utrecht startte hij in 2003 aan dezelfde universiteit aan de opleiding 
geneeskunde.  Naast zijn opleidingen heeft hij van 2000 tot 2010 aaneengesloten bij twee 
restaurants in diverse functies gewerkt. Tijdens zijn wetenschappelijke stage in 2009 bij de 
kinderurologie onder begeleiding van prof. dr. T.P.V.M. de Jong zijn de eerste fundamenten van 
dit proefschrift gelegd. De interesse voor de kinderurologie bracht hem in contact met prof. dr. 
R. Goldschmeding en dr. T.Q Nguyen. Onder begeleiding over bovengenoemde personen en dr. 
R.J. de Kok startte hij in 2010 met zijn promotietraject wat uiteindelijk heeft geleid tot dit 
proefschrift. 
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