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Abstract. The aims of this study were to assess the accuracy
and reproducibility of volumetric determinations of total
kidney, renal cyst, and renal parenchymal volumes, using
fast electron-beam computerized tomography scanning, and
to determine the rate of change of these volumes. Nine
patients with autosomal dominant polycystic kidney disease
(ADPKD) and serum creatinine ⱕ 1.3 mg/dl and/or an
initial iothalamate clearance ⱖ to 60 ml/min per 1.73 m2
were imaged weekly over a 3-wk period (total of 3 times).
Approximately 8 yr later, they returned for follow-up studies. The kidney volume estimation technique involved a
manual segmentation (perimeter drawing) of the kidneys
and a semiautomatic threshold approach, using a histogram
analysis of the peak densities of renal parenchyma and renal
cysts. At entry, total kidney and renal cyst volumes correlated positively with age, while renal parenchymal volumes
and GFR correlated negatively with age. The average coefficient of variation values for the three initial consecutive
measurements of total kidney, renal cyst (actual and as a

percent of total volume), and renal parenchymal volume
were 3.4, 7.2, 5.3, and 5.6%, respectively. During the 8 yr of
follow-up, total kidney and renal cyst volumes increased,
while renal parenchymal volumes and GFR declined. The
rate of increase in total kidney and renal cyst volumes varied
markedly from patient to patient. There was a significant
correlation between rate of increase in renal cyst volume
and the rate of decline in GFR. The patients with an initial
urine protein/osmolality ratio ⬎0.13 mg/L per mosmol per
kg had a significantly higher increase in renal volume and
decline in GFR than those with a lower ratio. In summary,
the results of this pilot study suggest that: (1) electron-beam
computerized tomography is capable of measuring total
kidney, renal cyst, and renal parenchymal volumes reproducibly; (2) total kidney and renal cyst volumes increase,
while parenchymal volumes decrease with time; (3) the
increase in cyst volume correlates best with the decline in
renal function; and (4) renal volumes appear to be good
surrogate markers for disease progression in ADPKD.

Autosomal dominant polycystic kidney disease (ADPKD) affects approximately 1 in 400 to 1 in 1000 individuals and is the
most common single cause of end-stage renal failure after
diabetes mellitus and hypertension in the United States (1,2).
Recent studies in animal models suggest that the progression of
ADPKD may be affected by treatment (reviewed in reference
(3). Obstacles to the design of clinical trials are the protracted
course, the late occurrence of the decline in GFR, and the lack
of a satisfactory understanding of the mechanisms of progression of ADPKD before the development of renal insufficiency
(3). Recent studies suggest that interstitial inflammation and
fibrosis, renal microvascular disease, and apoptosis of tubular
epithelial cells contribute significantly to the progression of
this disease (4 –9). Whether these processes occur as a result of,

in parallel to, or independently from cyst expansion is unknown.
With the improvement of current imaging techniques (computerized tomography [CT], ultrasonography [US], and magnetic resonance [MR]), accurate volume determinations of
cystic and noncystic tissue within the kidney have become
possible (10 –14). Technical difficulties caused by respiratory
motion can now be avoided by the rapid acquisition of the
necessary transaxial sections in a single breathhold. This study
was conducted to assess the accuracy and reproducibility of
volumetric determinations of total kidney, renal cyst, and renal
parenchymal volumes, using fast electron-beam CT (EBCT)
scanning, and to determine the rate of change of these volumes.

Materials and Methods
Patient Population and Study Design
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This study was performed in nine patients with ADPKD and an
initial serum creatinine ⱕ 1.3 mg/dl and/or an initial iothalamate
clearance ⱖ 60 ml/min per 1.73 m2. Four of the patients were men and
five were women. The patients were imaged weekly over a 3-wk
period (total of 3 times) using the same breathhold EBCT technique
each time. Approximately 8 yr after these initial studies, they returned
for a follow-up EBCT scan using the same technique, measurement of
renal volumes, and reevaluation of renal function. In one of the
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patients, only measurements of total kidney volume were possible at
follow-up because he declined the administration of intravenous contrast. The study was approved by the Mayo Institutional Review
Board, and the patients gave informed written consent.

EBCT Scanning Technique
Single breathhold EBCT scanning (electron-beam CT, Picker
Corp., Cleveland, OH) was used to eliminate the problems created by
respiratory or other patient motion (10 –13). EBCT examinations of
the patients began 90 s after starting an intravenous injection of
contrast material at a rate of 2 cc/s (Conray 60; 282 mg I/ml, 200 ml).
The scans were obtained during one breathhold while the patient
suspended respiration at resting lung volume. All scanning was performed at 130 kilovolt peak, 598 milliamperes, 600 ms, 40 cm field of
view, 512 ⫻ 512, slice thickness 6 mm at a table increment of 6 mm,
and at an acquisition time of 0.4 s per slice. Reconstructed transaxial
slices were stored on magnetic tape and analyzed on an off-line work
station. Volumes were determined from image data, using an off-line
Sun system and software developed by one of the authors (J.E.R., see
below).

Volumetric Analysis
Individual (right and left) and total kidney, renal cyst, and renal
parenchymal volumes were measured and percent cyst volumes were
calculated. The renal volumes presented are the sum of the volumes in
the two kidneys. The kidney volume estimation technique used a
manual segmentation (perimeter drawing) of the kidneys with exclusion of the collecting system and a computer-generated summation of
voxel volumes in each kidney. Estimations of renal cyst volumes were
obtained by a semiautomatic threshold approach, using histogram
analysis of the peak densities of renal parenchyma and renal cysts.
Voxels at the margins of the cyst wall were automatically assigned to
the cyst volume or parenchymal volume according to their proximity
to the nearest peak (cyst or parenchyma) on the histogram. This
method allows for a consistent and accurate method for defining
cyst/parenchyma interfaces and minimized variation due to partial
volume effects and image noise. Renal parenchymal volumes were
estimated by subtracting the renal cyst volumes from the total kidney
volumes. To assess the accuracy and reproducibility of the measurements before studying the patients, we used a phantom consisting of
ping-pong balls filled with saline immersed in a beaker of saline
mixed with contrast media. Scans using the same imaging parameters
were performed with the beaker placed directly on the patient couch
and with the beaker immersed in a large water phantom to more
closely simulate patient attenuation. The actual simulated kidney and
cyst volumes were 938 and 158 ml, respectively. The actual fraction
of simulated cyst volume (ping-pong balls) was 20.3%. Areas were
determined by analysis of the histogram of fixed intensities. The
measured values by the EBCT technique differed from the actual
values by only 2%.

Evaluation of Renal Function
A measurement of serum creatinine and a urinalysis of a firstvoided morning specimen, including a determination of osmolality
and protein concentration with pyrogallol red molybdate reagent (15),
were obtained on all of the patients at the start and completion of the
study. GFR values at the start and completion of the study were
determined by the clearance of iothalamate in six patients and estimated from the serum creatinine levels using the Cockcroft and Gault
formula in three patients (16).
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Statistical Analyses
Reproducibility in renal volumes was assessed by calculating the
within-patient coefficients of variation ([SD/mean] ⫻ 100) based on
the three initial CT images. Within-patient annual rates of change in
renal volume and GFR were estimated based on slopes from the initial
and 8-yr measurements. Associations between continuous factors
(GFR, renal volume, age, rates of change in GFR, and renal volume)
were assessed using Spearman rank correlation coefficient. All tests
were two-sided with P values ⱕ0.05 considered statistically significant.

Results
Patient Characteristics at Entry
The gender, age, body surface area, renal volume measurements, GFR, and proteinuria values at entry and at the end of
the study are summarized in Table 1. No significant difference
was detected between right and left renal volumes. The ratio of
right to left renal volumes in these patients ranged from 0.47 to
1.28 (mean ⫾ SD, 0.94 ⫾ 0.28). Total kidney and renal cyst
volumes correlated positively with age, while renal parenchymal volume and GFR correlated negatively with age (Table 2).
Correction of renal volume measurements for body surface
area did not affect these correlations.

Reproducibility of the Initial CT Volume Measurements
The average (of nine patients) coefficients of variation for
the three initial consecutive measurements of total kidney,
renal cyst, and renal parenchymal volumes, as well as of the
relative cyst volumes (as percent of total kidney volume) over
a 3-wk period were 3.4, 7.2, 5.6, and 5.3%, respectively.

Changes in Renal Volumes over Time
Volume measurements 8 yr after the initial studies revealed
that the total kidney volumes (Figure 1), as well as the absolute
and relative (percent of total) cyst volumes, were consistently
higher, whereas the parenchymal volumes were lower (Table
3). Nevertheless, the rates of change of renal cyst and renal
parenchymal volumes were not significantly correlated (r ⫽
⫺0.21, not significant). The average annual rates of change in
total renal volume, cyst volume, parenchymal volume, and in

Table 1. Characteristics of nine ADPKD patients at initial
visita
Characteristic

Male/female
Age (yr)
BSA (m2)
Kidney volume (ml)
Cyst volume (ml)
Parenchymal volume (ml)
Cyst/kidney volume ⫻ 100
GFR (ml/min per 1.73 m2)
Proteinuria (yes/no)

Mean

SD

Range

4/5
36.6
1.96
1193
706
491
54
91.4
3/6

9.2
0.34
453
487
190
21
16.1

21 to 50
1.60 to 2.60
569 to 1985
114 to 1756
228 to 886
20 to 88
62 to 113

a
ADPKD, autosomal dominant polycystic kidney disease; BSA,
body surface area.

J Am Soc Nephrol 11: 1505–1511, 2000

Renal Volume Measurements in ADPKD

1507

Table 2. Correlations of renal volumes and GFR with age in
nine ADPKD patients at initial visita
Parameter

Value

Renal volume (ml)
Cyst volume (ml)
Cyst percent (%)
Parenchymal volume (ml)
GFR (ml/min per 1.73 m2)

0.77 (0.015)
0.91 (⬍0.001)
0.83 (0.006)
⫺0.48 (0.18)
⫺0.73 (0.027)

a
Tabled values are Spearman rank correlation coefficients (P
value for test of correlation significantly different from zero).

Figure 2. Within-patient correlation of the rate of change in right and
left kidney volumes.

Figure 1. Change in total kidney volume in nine patients with autosomal dominant polycystic kidney disease (ADPKD) throughout the
study period.

rate of decline ranged from 0.3 to 9.4 (mean decline ⫾ SD for
the nine patients, 2.8 ⫾ 2.8) ml/min per 1.73 m2. There was a
significant correlation between the rate of decline in GFR and
the rate of increase in renal cyst volume (Table 5, Figure 4). In
six patients, the urine protein/osmolality ratio (mg/L per
mosmol per kg) at the initial evaluation was ⱕ0.13. In the other
three patients, urine protein osmolality ratios were 0.24, 0.35,
and 0.45. The patients with proteinuria had a yearly increase in
renal volume of 90 ⫾ 49 ml/yr and a yearly decline in GFR of
5.4 ⫾ 3.5 ml/min per 1.73 m2, compared with 27 ⫾ 22 (P ⫽
0.07) and 1.5 ⫾ 1.2 (P ⫽ 0.03), respectively, in the patients
without proteinuria.

Discussion
Table 3. Yearly rate of changes in renal volumes and GFR
Parameter

Kidney volume (ml)
Cyst volume (ml)
Parenchymal volume (ml)
Cyst/kidney volume ⫻ 100
GFR (ml/min per 1.73 m2)

Mean

48.0
51.0
⫺10.4
2.0
⫺2.79

SD

44.5
47.6
26.8
2.1
2.80

Range

⫺11.2 to 132.2
⫺9.7 to 128.6
⫺66.1 to 21.4
⫺0.1 to 5.0
⫺9.40 to 0

cyst volume as a percent of total renal volume were 48.0, 51.0,
⫺10.4, and 2.0%, respectively (Table 3). The rate of increase
in renal size varied markedly from patient to patient, ranging
from ⫺11.2 to 132.2 ml/yr. There was a good correlation (r ⫽
0.80, P ⫽ 0.0096) within patients between the rate of change
of the right and left kidneys (Figure 2). Figure 3 shows the
initial and final CT studies in one of the patients, illustrating
the increase in total kidney and renal cyst volume and the
reduction in renal parenchymal volume.

Correlation with Renal Function and Proteinuria
At entry, GFR values correlated negatively with total renal
or cyst volumes and positively with renal parenchymal volume
(Table 4). During the 8 yr of the study, the GFR remained
stable in one patient and declined in eight patients. The yearly

The results of the present study demonstrate that current
cross-sectional imaging techniques (in this study, EBCT was
used) can provide reproducible measurements of total kidney,
renal parenchyma, and cyst volumes. Although we cannot
establish the accuracy of these in vivo measurements, the
methodology used was very accurate in the estimation of
simulated renal cyst and parenchymal volumes using a phantom. A potential problem in the estimation of the residual renal
parenchyma is the inability of CT to accurately define cysts
measuring ⬍2 mm in diameter because of spatial resolution
limitations, partial volume effects, and image noise. We believe that these technical problems account for the fact that the
initial renal parenchymal volumes in many of our ADPKD
patients with normal renal function exceeded the reported
normal total kidney volume in healthy individuals (approximately 300 ml/1.73 m2) (12). However, we cannot completely
rule out the possibility that renal hypertrophy or hyperplasia
occurring at an early phase of ADPKD might also have contributed to the high renal parenchymal volumes at study entry
in these patients.
The longitudinal data indicate that patients with ADPKD
experience over time an overall increase in total kidney and
renal cyst volumes and a reduction in renal parenchymal volume, but that there is a high degree of variability from patient
to patient. Furthermore, the significant negative correlation
between the rate of change in renal cyst volume and the rate of
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Figure 3. Initial and final fast electron-beam computerized tomography (EBCT) studies in an ADPKD patient illustrating the increase in total
kidney and renal cyst volume and the reduction in renal parenchymal volume. The liver was used as an external landmark to approximate the
same levels.

decline in GFR confirms previous cross-sectional data (17,18),
which relate the degree of impairment of renal function to the
increase in renal volume. Therefore, these observations provide
further rationale for using the measurements for total kidney,
renal cyst, and renal parenchymal volumes as surrogate markers of disease progression in ADPKD.
Previous studies of renal volumes in healthy volunteers and
in ADPKD depended on two-dimensional ultrasound (2D US)
estimations of total kidney volumes, using a variety of formulas (17–21). This technique depends on certain assumptions of
the shape of the kidneys, which may not always be true. It has
considerable interobserver and intraobserver error (30 to 40%)
because of the difficulty in accurately reproducing renal

lengths and diameters due to variability of adequate acoustic
windows and areas selected for measurements (22–24). In
addition, 2D US cannot provide reliable measurements of renal
cyst and renal parenchymal volumes.
A new ultrasound technique, three-dimensional ultrasound
(3D US), uses a specialized transducer that contains four
matrix arrays arranged in four separate quadrants on the face of
the transducer. A 3D volume data set, acquired during a single
breathhold, allows the viewing of reconstructed slices of the
kidney from any perspective. In vitro testing of phantoms and
excised organs has shown its accuracy for volume measurements (25–27). Although no published study has documented
the accuracy of 3D US to measure the volume of renal cysts, it
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Table 4. Correlations of renal volumes with GFR in nine
ADPKD patients at initial visita
Parameter

Value

Kidney volume (ml)
Cyst volume (ml)
Parenchymal volume (ml)
Cyst/kidney volume ⫻ 100

⫺0.40 (0.28)
⫺0.64 (0.06)
⫹0.59 (0.09)
⫺0.59 (0.09)

a
Tabled values are Spearman rank correlation coefficients (P
value for test of correlation significantly different from zero). GFR
(ml/min per 1.73 m2).

Table 5. Correlation of renal volumes slopes with initial age
and GFR slopes in nine ADPKD patientsa
Parameter

Initial Age (yr)

Figure 4. Correlation between the yearly rates of change in renal cyst
volume and GFR.

GFR Slopeb

Renal volume (cc/yr)
0.43 (0.25) ⫺0.48 (0.19)
Cyst volume (cc/yr)
0.42 (0.30) ⫺0.71 (0.046)
Cyst percent (%/yr)
0.18 (0.67) ⫺0.21 (0.61)
Parenchymal volume (cc/yr) ⫺0.18 (0.67)
0.33 (0.42)
a
Tabled values are Spearman rank correlation coefficients (P
value for test of correlation significantly different from zero).
b
Annual slope in iothalamate clearance (ml/min per 1.73 m2
BSA).

has been shown to be accurate in volume determination of
gestational sacks (28). Although still experimental, it holds
promise in evaluating renal volumes in young children because
of relatively good acoustic windows in children and the quick
real time nature of examination. It may be limited in adults
because of inadequate acoustic windows (ribs, bowel, fat).
In the current study, we have used CT, a technique frequently used to estimate the volume of abdominal organs
(29 –32). Earlier applications of CT volumetric analysis of the
kidneys, using 10-mm slices acquired during different breathholds, were hampered by respiratory misregistration and partial
volume effects (33,34). Recent studies using fast breathhold
CT techniques (electron-beam or spiral CT) have had a much
higher level of accuracy (10,11,13,14). The current study demonstrates that contrast-enhanced EBCT can provide accurate
measurements not only of total kidney volume, but also of
renal cyst and renal parenchymal volume with high reproducibility. CT, however, has two significant limitations. The first
is the radiation exposure, which ranges from 2.5 to about 4.0
cGy (skin entry dose) after a single study and can be significant
in longitudinal studies, particularly in young patients (35). The
second is the requirement of the administration of intravenous
contrast, which can be nephrotoxic in patients with impaired
renal function and can result in rare life-threatening reactions
(36).
Because of these limitations and the development of newer
and faster breathhold magnetic resonance (MR) techniques,
MR has recently received attention in the evaluation of ADPKD (37– 45). Two specific new advances in MR imaging
have allowed for fast breathhold imaging of the kidneys, half

Fourier transform single-shot fast-spin echo (SSFSE), and 3D
spoiled gradient echo (3D SPGR) imaging. SSFSE is a 2D
acquisition that can acquire multiple high quality images of the
abdomen in a single breathhold. This technique has a higher
lesion-to-organ tissue contrast, particularly in the cystic regions, that does conventional CT and eliminates motion artifacts and respiratory misregistration error, as well as chemical
shift and susceptibility artifacts. One potential limitation of
SSFSE breathhold MR imaging in kidney volume estimation is
the requirement of a slice thickness of at least 5 mm. The 3D
SPGR sequence is a 3D acquisition commonly used in MR
angiography of the aorta and renal arteries (46 – 48). This
technique allows a 3D acquisition in a single breathhold during
the administration of intravenous gadolinium MR contrast media. Because 3D SGR acquisition can be reconstructed into 1.5to 3.0-mm slices, it offers the potential for very accurate
estimates of renal cyst and renal parenchymal volumes. Although this technique requires the administration of intravenous gadolinium chelate, this has an extremely safe profile and,
contrary to contrast agents for CT, is not nephrotoxic (49,50).
It seems likely that SSFSE breathhold imaging of the kidneys
could be obtained in the future in a 3D acquisition. This would
allow reconstructed thin (1.5 to 3.0 mm) slices with inherent
bright tissue contrast without need for intravenous gadolinium
administration.
ADPKD is characterized by the development and growth of
cysts that gradually replace the renal parenchyma and cause
renal enlargement. For many years, renal function remains
normal, but when the GFR begins to decrease, the rate of
decline accelerates with time (51,52). In the Modification of
Diet in Renal Disease (MDRD) trial, the decline of renal
function occurred more rapidly and more consistently in the
patients with ADPKD than in those without (53). It has been
proposed that the rate of the decline is related to the rate of
growth of the cysts (52). According to a hypothetical model,
the radius of the cysts increases at a constant rate that results in
an accelerated increase in cyst volume. Initially, the enlargement of the cysts results in displacement rather than in atrophy
of the functioning parenchyma, but at later stages, when further
displacement of the parenchyma is limited by distention of the
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fibrous capsule and increasing amount of interstitial fibrous
tissue, compression atrophy ensues. According to this model,
the accelerated decline of renal function would parallel the
accelerated decrease in the volume of residual functioning
tissue.
The observations in the current study are partially consistent
with this hypothetical model. Given the slopes of total kidney
and renal cyst volume in our patients, it is obvious that the
increase in renal volume since birth accelerates over time. The
positive correlation between the slopes of total kidney and cyst
volumes and patient ages is consistent with this interpretation,
although this correlation did not reach statistical significance
possibly due to the small number of patients in this study. The
rate of increase in cyst volume correlated better with the
decline in GFR than with the rate of increase in total kidney
volume and the rate of decrease of parenchymal volume, but
this observation should be interpreted cautiously because of the
small number of patients in the study. Nevertheless, it may
indicate, together with the weak correlation between the rate of
change in renal cyst and parenchymal volumes, that, in addition to compression atrophy, other factors related to cystogenesis are important in the decline of renal function in ADPKD.
Recent studies have shown that the cysts produce a number of
factors, such as growth factors, cytokines and chemokines,
vasoactive peptides, bioactive lipids, matrix metalloproteinases
and their inhibitors, lysosomal enzymes, and reactive oxygen
species, capable of affecting, in a paracrine manner, the development of neighboring cysts and causing interstitial inflammation and fibrosis and microvascular disease (reviewed in reference (3). These factors, in addition to an increased rate of
tubular epithelial cell apoptosis and compression atrophy, are
likely to be important in the progression of renal insufficiency
in ADPKD. Regardless of the mechanism(s) by which the
development and growth of the cysts results in the progression
of renal insufficiency, the results of the current study suggest
that renal volumes, particularly renal cyst volumes, can be used
as surrogate markers of disease progression in ADPKD.
In summary, the results of this pilot study suggest that
current imaging techniques are capable of measuring total
kidney, renal cyst, and renal parenchymal volumes reproducibly; that total kidney and renal cyst volumes increase, while
parenchymal volumes decrease with time; that the increase in
cyst volume correlates best with the decline in renal function;
and that renal volumes appear to be good surrogate markers for
disease progression in ADPKD.
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