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Abstract

Background In patients with autosomal dominant poly-

cystic kidney disease (ADPKD), renal cysts grow expo-

nentially. Since remaining renal parenchyma has a capacity

to compensate for the loss of glomerular filtration, the

glomerular filtration rate (GFR) may be sustained until the

disease progresses. The purpose of this study was to

determine if renal volumetric indices and clinical param-

eters are associated with renal function in Japanese patients

with ADPKD.

Methods In 73 ADPKD patients (28 men, 45 women), the

associations of mean systolic blood pressure, mean dia-

stolic blood pressure, estimated GFR (eGFR), the amount

of proteinuria and albuminuria, body mass index (BMI),

brachial-ankle pulse wave velocity (baPWV), ankle-bra-

chial index, and total kidney volume (TKV) were retro-

spectively analyzed.

Results Multivariate linear regression analysis showed

that eGFR was significantly and independently inversely

correlated with patients’ age and BMI. The median change

in eGFR per year (DeGFR/y) was -2.8 ml/min/1.73 m2/year.

Multiple linear regression analysis showed that DeGFR/y

was significantly and independently inversely correlated

with the change in TKV per year (DTKV/y). Multiple

linear regression analysis showed that DTKV/y was

significantly related to initial TKV and the change in

albuminuria per year.

Conclusions This study demonstrated a significant rela-

tionship between the change in renal function and the

change in renal volume in Japanese ADPKD patients

without renal insufficiency. It is possible that the volume

measurements can be used as useful markers for disease

progression in Japanese ADPKD patients.
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Introduction

Autosomal dominant polycystic kidney disease (ADPKD)

is the most common progressive hereditary kidney disease

affecting all ethnic groups worldwide, with an incidence

of 1:500–1:1000. Typically, only a few renal cysts are

detected in most affected individuals before 30 years of

age; however, by the fifth decade of life, hundreds to

thousands of renal cysts are found in the majority of

patients. Renal cysts grow exponentially in ADPKD [1].

This continuous growth and expansion of cysts leads to

progressive, grotesque, renal enlargement and subsequent

loss of renal function [2]. End-stage renal failure requiring

renal replacement therapy occurs in approximately 50% of

patients and typically develops in the sixth decade of life

[3]. However, renal insufficiency is usually not detected

until the fifth or sixth decade of life. Since the remaining

kidneys have a capacity to compensate for the loss of

glomerular filtration in ADPKD patients, the renal function

remains stable for many years, but there is a sharp decline

in the glomerular filtration rate (GFR) once a critical

expansion of renal cysts is reached [4, 5]. GFR, the usual

biomarker of renal disease progression, does not decrease

substantially until extensive and irreversible damage to

noncystic parenchyma occurs. Therefore, it is necessary to

identify some reliable biomarkers to follow the progression

of this disease [6]. Modeling experiments using prospective
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clinical data from the Consortium for Radiologic Imaging

Studies in Polycystic Kidney Disease (CRISP) cohort have

suggested that very high rates of kidney growth must occur

during childhood to account for the kidney volumes

observed in adults [7]. Recent data from the CRISP study

indicate that kidney growth is a critical predictor of pro-

gression to renal failure in Caucasian ADPKD patients,

playing a more important role than hypertension, protein-

uria, age, or sex [1]. Consequently, kidney volume growth

is considered the best surrogate marker predicting the

decline of renal function in ADPKD [8].

The aim of our study was to investigate the associations

among clinical parameters, renal volumetric indices, and

renal function in Japanese ADPKD patients.

Materials and methods

The present study enrolled patients who had been diag-

nosed as having ADPKD, were older than 20 years, and

who had magnetic resonance imaging (MRI) examinations

with transverse and coronal section images. ADPKD was

diagnosed based on the patient’s family history and the

results of several imaging studies, such as ultrasonography,

computed tomography scanning, and MRI. Patients with

end-stage renal disease were excluded. Age of enrollment,

mean systolic blood pressure (SBP), mean diastolic blood

pressure (DBP), estimated GFR (eGFR), 24-h proteinuria,

24-h albuminuria, body mass index (BMI), brachial-ankle

pulse wave velocity (baPWV), ankle-brachial index (ABI),

and total kidney volume (TKV) were retrospectively

evaluated. Blood pressures were measured at every study

visit in the sitting position after a rest of 5 min, using the

conventional oscillometric method and mercury manome-

ter in the outpatient clinic. The eGFR was used as a marker

of renal function and was calculated using the simplified

MDRD equation modified by the appropriate coefficient for

Japanese populations by sex as follows [9]:

eGFR = 194� Cr�1:094 � Age�0:287ðfemale:

� 0:739Þ ðmL/min/1:73 m2Þ:

Arterial stiffness was assessed by measuring baPWV and

ABI using an automatic waveform analyzer (Form/ABI;

Omron-Colin Co., Ltd., Komaki, Japan). Renal volumes

were measured by performing standard abdominal MRI

using a 1.5-T scanner. Length, width, and depth were

measured in centimeters. TKV was obtained by summing the

volumes of both kidneys and then calculating using a

standard formula: renal volume = p/6 9 length 9 width

9 depth [7]. Length and width were obtained from

longitudinal images acquired in planes ranging

from sagittal to coronal, whereas depth was obtained from

transverse images of the mid-kidney acquired in the plane

perpendicular to the longitudinal plane. In cases with at least

two sequential examinations at least 3 months apart, the

changes in variables per year were calculated by comparing

values at baseline and the latest data.

Pearson’s correlation coefficients were used to examine

the associations among eGFR, the change in eGFR per year

(DeGFR/y), the change in TKV per year (DTKV/y), and

selected clinical variables. Multivariate linear regression

was used to determine independent predictors of baseline

eGFR, DeGFR/y, and DTKV/y. Two-tailed p values of

\0.05 were considered to indicate a statistically significant

difference.

Results

Patients’ characteristics

The subjects for this study were 73 patients with ADPKD

(28 men and 45 women, median age 48 years, age range

21–72 years). The diagnosis of ADPKD was made using

the Japanese criteria of the Ministry of Health, Labor, and

Welfare. Table 1 shows the baseline characteristics of the

patients in this study. The baseline median eGFR, and TKV

were 55.3 ml/min/1.73 m2 (range 7.2–120.6 ml/min/1.73 m2),

and 1595.9 ml (range 404.7–9652.0 ml) respectively.

Themedian baseline left TKV and right TKV were

755.3 ml (range 190.0–3629.0 ml) and 786.9 ml (range

176.7–7915.1 ml), respectively. There was no significant

difference between the baseline left and right TKVs

(p = 0.49).

Of 73 patients, 38 (52.1%) were treated with antihy-

pertensive therapy. In these patients treated with antihy-

pertensive therapy, 36 patients (94.7%) took some kinds

of angiotensin receptor blocker (ARB) or angiotensin-

converting enzyme inhibitor (ACEI). Compared with patients

Table 1 The baseline characteristics of the patients in this study

Median Range

Age (years) 48 21–72

s-Cr (mg/dl) 0.98 0.48–5.12

eGFR (ml/min/1.73 m2) 55.3 7.2–120.6

TKV (ml) 1595.9 404.7–9652.0

SBP (mmHg) 135.0 100–201.3

DBP (mmHg) 82.5 56.5–105.0

Proteinuria (mg/day) 185.3 0–1665.0

Albuminuria (mg/day) 49.6 0–1413.0

BMI (kg/m2) 22.2 17.1–36.0

baPWV (m/s) 1397.3 973.5–2119.5

ABI 1.155 0.955–1.310
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treated without ARB or ACEI, eGFR was significantly

reduced in patients treated with ARB or ACEI (with ARB

or ACEI 48.388 ± 23.168 ml/min/1.73 m2, without ARB

or ACEI 62.166 ± 25200 ml/min/1.73 m2, p = 0.002).

This is partly because blood pressure is significantly low in

these patients compared with patients treated without ARB

or ACEI (SBP; with ARB or ACEI 138.6 ± 18.6 mmHg,

without ARB or ACEI 128.6 ± 15.7 mmHg, p = 0.002:

DBP; with ARB or ACEI 83.7 ± 8.7 mmHg, without ARB

or ACEI 78.3 ± 11.4 mmHg, p = 0.004). There are no

significant differences in albuminuria and TKV between

patients with or without ARB or ACEI (albuminuria; with

ARB or ACEI 134.9 ± 192.4 mg/day, without ARB or

ACEI 162.6 ± 344.4 mg/day, p = 0.735: TKV; with ARB

or ACEI 2012.3 ± 1144.6 ml, without ARB or ACEI

1724.4 ± 1338.4 ml, p = 0.207).

The relationship between eGFR and other clinical

parameters

eGFR was significantly inversely correlated with age

(r = -0.570, p = 0.000), TKV (r = -0.318, p = 0.000),

proteinuria (r = -0.246, p = 0.0497), albuminuria (r =

-0.278, p = 0.038), SAP (r = -0.350, p = 0.000), DAP

(r = -0.345, p = 0.000), BMI (r = -0.338, p = 0.000),

and PWV (r = -0.461, p = 0.000) (Table 2). The rela-

tionship between eGFR and TKV over the course of the

study using all data points for each patient is shown in

Fig. 1. eGFR was inversely related with the renal volu-

metric indices (y = -0.0052x ? 64.316, r = -0.313,

p = 0.000) (Fig. 1). Compared with the normal renal

function group (eGFR C60 ml/min/1.73 m2), TKV in dete-

riorated renal function group (eGFR \60 ml/min/1.73 m2)

was significantly large (2306.8 ± 1394.5 vs. 1640.9 ±

1334.5 ml, p = 0.005).

Using the 8 significantly inversely correlated factors

identified on univariate analysis, multivariate linear

regression analysis was performed to determine the inde-

pendent predictors of baseline eGFR. Multivariate linear

regression showed that eGFR was significantly and inde-

pendently inversely correlated only with age (p = 0.001)

and BMI (p = 0.020) (Table 2).

The relationship between the change in eGFR per year

(DeGFR/y) and other clinical parameters

Thirty-nine patients had at least two sequential examina-

tions. The median follow-up period was 28.5 months

(range 3–94 months). During the follow-up period, 111

evaluations were performed (median 2.8 times/patient).

The median change in eGFR per year (DeGFR/y) was

-2.8 ml/min/1.73 m2/year. Figure 2 showed that eGFR

decreased in most patients. DeGFR/y was significantly

inversely correlated with DTKV/y (r = -0.674,

p = 0.000, Fig. 3), Du-pro/y (r = -0.663, p = 0.014),

and DSAP/y (r = -0.473, p = 0.004) (Table 3). Multiple

linear regression showed that DeGFR/y was significantly

and independently inversely correlated with DTKV/y

(p = 0.039) (Table 3). Consequently, the changes in TKV

are a surrogate marker of renal function in ADPKD

patients.

The relationship between the change in TKV per year

(DTKV/y) and other clinical parameters

Assuming an exponential growth kinetic with a constant

growth rate, the median change in TKV per year (DTKV/y)

was 53.9 ml (Fig. 4). Figure 4 shows that TKV increased

in most patients but decreased in some. In 8 of 39 patients

Table 2 The relationship between eGFR and other clinical

parameters

Univariate

analysis

Multivariate analysis

r p p 95% CI

Age (years) -0.570 0.000 0.001 -1.361 to 0.357

TKV (ml) -0.38 0.000 0.151 -0.001 to 0.006

Proteinuria (mg/day) -0.246 0.0497 0.164 -0.011 to 0.063

Albuminemia (mg/day) -0.278 0.038 0.928 -0.047 to 0.043

SAP (mmHg) -0.350 0.000 0.964 -0.279 to 0.292

DAP (mmHg) -0.345 0.000 0.413 -0.804 to 0.336

BMI (kg/m2) -0.338 0.000 0.020 -3.648 to 0.323

baPWV (m/s) -0.461 0.000 0.093 -0.034 to 0.003

ABI -0.177 0.113

p \ 0.05 is indicated by boldface

eGFR (mL/min/1.73m2)

TKV (ml)
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Fig. 1 Relationship between eGFR and TKV in 73 Japanese patients

with ADPKD over the course of the study using all data points

for each patient. eGFR is significantly inversely related with the

renal volumetric indices (y = -0.0052x ? 64.316, r = -0.3126,

p = 0.0002)
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(20.5%), a substantial reduction of TKV was seen. The

DTKV/y was significantly correlated with initial TKV

(r = 0.915; p = 0.000), initial DAP (r = 0.786; p =

0.007), initial ABI (r = 0.656; p = 0.040), and change in

albuminuria per year (Du-alb/y) (r = 0.902; p = 0.000), and

inversely correlated with DABI/y (r = -0.770; p = 0.009)

(Table 4). Multiple linear regression showed that DTKV/y

was significantly related to initial TKV (p = 0.025) and

Du-alb/y (p = 0.017) (Table 4). Accordingly, subjects with

greater initial renal volume and greater changes in albumin-

uria had a significantly larger increase in renal volume.

Discussion

In most patients with ADPKD, renal function typically

remains within the normal range for several decades,

despite progressive renal enlargement. Compensatory

hyperfiltration in surviving nephrons initially maintains

serum creatinine levels at or near normal values; when

levels start to rapidly rise appreciably above baseline, more

than 50% of functioning parenchyma has been destroyed. It

is only around the age of 40 years that renal function

begins to decrease rather rapidly, leading to end-stage

failure within about 10 years [5]. To monitor the progres-

sion of ADPKD, GFR has several limitations as a bio-

marker. GFR often does not decline until renal function

damage is well established. Accordingly, GFR has no

predictive value in the early stages of the disease, and it

only becomes a useful indicator of renal function after

major, irreversible damage to renal function has occurred

[10]. In ADPKD, by the time that GFR has declined, renal

volume has already substantially expanded, because renal

cysts have already destroyed much of the renal parenchyma

[1]. Consequently, measuring GFR alone has not been

sufficient for the assessment of disease progression, espe-

cially in the early phase [11].

In Caucasian patients with ADPKD, at baseline, GFR

decreased by 2.8 ± 2.8 ml/min/1.73 m2/year [12] and

2.4 ± 2.8 ml/min/1.73 m2/year [13] per year. The median

DeGFR/y in this study was -2.8 ml/min/1.73 m2/year.

Accordingly, our data for the changes in GFR in Japanese

ADPKD patients were in agreement with published Cau-

casian data. However, the rate of decline in the GFR of

2–3 ml/min per year in patients with ADPKD is so small

that it is difficult to detect the benefit of any therapies.

Thus, a tool that detects small changes in ADPKD early

enough has been needed. An impressive body of evidence

demonstrates that the kidneys of patients with ADPKD

increase progressively in size from birth [1, 8, 10, 12–14].

The CRISP study [1] demonstrated that kidney growth

occurs in an exponential fashion and that the growth of

kidneys in patients with ADPKD is primarily the result of

the growth of cysts.

The combined volume of polycystic kidneys in adults

commonly exceeds 4000 ml, as compared with normal

volumes of 308 ml in women and 404 ml in men [1, 15].

At baseline, TKV amounted to 1076 cm3 [1] and increased

at a mean rate of a range from 4.0% [12] to 9.4% [14],

24 ± 22 cm3 [12], 46 ± 55 cm3 [13], and 54 ± 10 cm3

[14] per year in several studies. Assuming an exponential

growth kinetic with a constant growth rate, the calculated

median annual growth volume was 53.9 ml in our study

and, hence, very similar to the CRISP results. Since AD-

PKD progresses in accordance with the increasing size of a

very large number of renal cysts, which cause the whole

kidney to enlarge, the sequential measurement of total

kidney and cyst volume has been suggested as a surrogate

marker of disease progression [1, 16]. According to the

recent data, the most objective test to assess and monitor

disease progression is MR-based estimation of total renal

volume. Several studies revealed that the rates of increase

in TKV were highly variable and that the patients with fast
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Fig. 2 eGFR decreased in most patients. The median change in

eGFR per year (DeGFR/y) is -2.8 ml/min/1.73 m2/year
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Fig. 3 Relationship between change in GFR per year (DeGFR/y) and

rate of renal volume growth per year (DTKV/y) in 73 subjects with

ADPKD DeGFR/y is significantly inversely correlated with DTKV/y

(y = -0.0067x - 1.9939, r2 = 0.078, p = 0.0000)
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rates of growth were likely to exhibit more serious declines

in GFR than patients who exhibited slower growth rates

[10, 17]. It was reported that inverse correlations existed

between TKV and GFR [6, 13], and between the rate of

increase in kidney volume and the rate of decrease in GFR

[12, 13]. CRISP analyzed the results of serial assessment of

the total volume of kidneys and cysts in 232 American

patients with ADPKD who had preserved renal function at

baseline [1] and demonstrated that renal volume exceeding

1500 ml is associated with a decrease in GFR and rapid

progression of the disease [1, 2, 5, 11]. The initial TKV, the

initial cyst volume, the initial percent cyst volume, and the

changes in TKV were significantly greater in the renal

failure group than in the normal renal function group

(p \ 0.001) [6, 13, 17]. MRI has been shown to be a more

sensitive biomarker of disease progression than either

serum creatinine or eGFR, and is already being used as a

surrogate outcome for increases in creatinine in clinical

trials. Multiple linear regressions showed that DeGFR/y

was significantly inversely correlated with DTKV/y inde-

pendently in this study (Table 3). Consequently, the

changes in TKV are considered a surrogate marker of renal

function in Japanese ADPKD patients.

To quantify the progression of ADPKD, sufficient sen-

sitivity and reproducibility are required to enable the

measurement of relatively small changes in renal and cyst

volume [15]. The error in renal volume estimated using

MRI is \5% [18]. Currently, the efficacy of various new

drugs has been tested in clinical trials, including the mTOR

inhibitors sirolimus (rapamycin) [19] and everolimus [20],

the vasopressin V2 receptor antagonist tolvaptan [21], and

the somatostatin analogue octreotide acetate [22]. In those

trials, indices associated with TKV were standard measures

in the assessment of ADPKD progression, although their

utility in monitoring individual patients has not been

established. Consequently, further studies are needed to

verify the volumetric indices as an indicator of disease

progression.

It is known that albuminuria increases with disease

progression. A previous cross-sectional study showed that

overt proteinuria (protein [300 mg/day) was associated

with larger renal volumes, higher blood pressures, and

lower creatinine clearances in patients with ADPKD [23].

The computed tomographic study of King et al. [12]

involving nine patients with ADPKD showed that subjects

Table 3 The relationship

between DeGFR/y and other

clinical parameters

p \ 0.05 is indicated by

boldface

Univariate analysis Multivariate analysis

r p p 95% CI

Age (years) -0.074 0.668

Initial eGFR (ml/min/1.73 m2) 0.088 0.610

Initial TKV (ml) -0.011 0.950

DTKV/y (ml/year) -0.674 0.000 0.039 -0.019 to 0.001

Initial proteinuria (mg/day) 0.208 0.280

Du-pro/y (mg/day/year) -0.663 0.014 0.971 -0.028 to 0.029

Initial albuminemia (mg/day) 0.190 0.362

Du-alb/y (mg/day/year) 0.224 0.507

Initial SAP (mmHg) 0.014 0.936

DSAP/y (mmHg/year) -0.473 0.004 0.625 -0.020 to 0.146

Initial DAP (mmHg) 0.126 0.466

DDAP/y (mmHg/year) -0.204 0.233

Initial BMI (kg/m2) -0.300 0.085

DBMI/y (kg/m2/year) -0.340 0.057

Initial baPWV (m/s) -0.141 0.443

DbaPWV/y (m/s/year) 0.361 0.118

Initial ABI -0.317 0.071

DABI/y -0.304 0.192

-200.0 

-100.0 

0.0 

100.0 

200.0 

300.0 

400.0 

mL/year

Fig. 4 Waterfall plot: the median change in TKV per year (DTKV/y)

is 53.9 ml
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with greater initial proteinuria had a significantly larger

increase in renal volume and decline in GFR than those

with less proteinuria. In this study, the subjects with greater

initial renal volume and greater changes in albuminuria had

a significantly larger increase in renal volume. Our results

are in line with these previous studies, since TKV at

baseline was positively correlated with hypertension,

hematuria, and albuminuria, and albuminuria was associ-

ated with accelerated volume progression [8].

It has been previously reported that vascular endothelial

dysfunction was present in small resistance vessels obtained

from ADPKD patients. In this study, although eGFR was

significantly inversely correlated with PWV on univariate

analysis (Table 2), there are no significant correlations

between eGFR and PWV on multivariate analysis. Conse-

quently, we could not conclude the causal relationship

between vascular endothelial dysfunction and ADPKD.

It is well established that the control of blood pressure is

essential to prevent end-stage renal disease (ESRD) in

ADPKD patients. We evaluated the efficacy of ARB or

ACEI for ADPKD patients supplementarily. In this study,

eGFR was significantly reduced in patients with ARB or

ACEI compared with the patients without these drugs,

mainly presumably because of significant high blood

pressure. Consequently, we could not indicate the efficacy

of antihypertensive therapy using ARB or ACEI in this

study.

One limitation of this study is that it was a retrospective

study, and selection bias may have been present. Another

limitation is the technique to quantify TKV. We measured

TKV on MRI manually, while other techniques are auto-

matic [15]. Manual operation may have some skewedness

and inconsistency. Meanwhile, fully automated segmenta-

tion is feasible for normal kidneys. However, this operation

is exceedingly difficult when evaluating the kidneys of

patients with ADPKD, since ADPKD has high variability

in kidney morphology [15]. Moreover, markedly enlarged

ADPKD kidneys often compress and distort surrounding

healthy anatomical structures, which makes automatic

discrimination of the anatomical boundaries of the kidneys

challenging. Proper assessment of TKV warrants further

studies.

To sum up, this study demonstrates a significant rela-

tionship between renal volume and renal function in Jap-

anese ADPKD patients without renal insufficiency. Total

renal volume possesses sufficient accuracy and reproduc-

ibility to be used to assess disease progression. The volume

measurements can be used as useful markers for the pro-

gression of disease in Japanese ADPKD patients.
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