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Background and objectives: To evaluate the inter- and intrareader reliability and the effect of gadolinium enhancement on
kidney volume measurements obtained from pre- and postgadolinium T1 MR images in patients with autosomal dominant
polycystic kidney disease (ADPKD).
Design, setting, participants, & measurements: Twenty subjects were randomly selected with approximately equal frequency from three kidney-size groups. Pre- and postgadolinium 3D T1 (pre-T1, post-T1) MR images were obtained. The
stereology method was applied to segment and measure kidney volumes. The measurement process was repeated at two-wk
intervals by two radiologists. Reliability was assessed with correlation coefficients. Intra- and inter-reader bias and measure
differences were assessed with paired T-tests. The size effect on the pre- and post-T1 measurements was evaluated with
one-way ANOVA.
Results: The intra- and inter-reader reliability was extremely high in all measurements. No systematic intrareader bias but
a small inter-reader bias for the post-T1 measurements was observed. All kidney volumes measured on the pre- and post-T1
images were highly correlated with each other for both readers. The post-T1 volumes were significantly higher than pre-T1
volumes. While the post-pre volume differences were relatively constant across the three kidney-size groups, the post-pre
percent volume differences were significantly smaller as the size of the kidney increased.
Conclusions: Kidney volume measurements can be made with minimum intra- and inter-reader variability on both pre- and
post-T1 MR images. Kidney volumes measured on the pre-T1 were smaller than those on post-T1, and percent differences
between pre-T1 and post-T1 kidney volumes decreased with increasing kidney size.
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A

utosomal dominant polycystic kidney disease (ADPKD) is the most common single-gene renal disorder
characterized by slow progressive growth of numerous cysts in the kidneys resulting in renal enlargement (1,2).
Early in the course of ADPKD, noncystic renal parenchyma is
mostly preserved and clearly discernible from the renal cysts.
As the disease progresses, renal cysts grow in size and number
and gradually occupy and enlarge the kidney. ADPKD ultimately
results in renal failure in more than 50% of affected patients (3– 6)
and is the fourth leading cause of chronic kidney disease leading
to end-stage renal disease in the United States (1).
The lack of a sensitive and reliable measure of disease progression early in ADPKD (while renal function is relatively
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preserved) has limited the ability to test the efficacy of potential
therapeutic agents in ADPKD. Recent imaging studies (6 –9),
however, demonstrate that image-based methods can be used
to reliably and accurately quantify kidney and liver cystic disease progression in ADPKD, and that increased kidney enlargement is associated with loss of kidney function.
Recently, nephrogenic systemic fibrosis, a condition marked
by severe progressive skin thickening, joint contractures, and
increased morbidity, was found associated with use of gadolinium contrast exposure in patients with reduced renal function and renal failure (10 –12). These reports prompted clinicians and radiologists to re-assess the use of gadolinium
contrast in clinical and research MR studies. Before the administration of gadolinium contrast for MR imaging, the clinical
diagnostic benefits and risks of gadolinium contrast should be
considered carefully for patients who are at high risk for nephrogenic systemic fibrosis. Given that some kidney volume measurements in ADPKD are obtained from MR images, it is possible that gadolinium contrast used during MR imaging
contributes to kidney volume estimates from MR images. Thus,
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the purpose of this study was to assess and compare kidney
volume measurements obtained from pre- and postgadolinium
T1 MR images of patients with ADPKD, as well as to evaluate
inter- and intrareader reliability of the measurements.

Materials and Methods
The study protocol for the Consortium for Radiologic Imaging Studies of Polycystic Kidney Disease (CRISP) has been previously described
(6,8,9,13) and was approved by the institutional review board at each
participating clinical center. Informed consent was obtained from all
subjects who participated in the CRISP study.

Subjects
The CRISP study was implemented to acquire prospective, multiyear longitudinal measurements of renal and renal cyst volumes in a
large cohort of ADPKD subjects with relatively intact renal function.
The CRISP cohort consists of 241 ADPKD subjects between 15 and 46 yr
old with relatively intact renal function, i.e., a 24 h creatinine clearance
⬎70 ml/min/1.73 m2 or a Cockcroft-Gault estimate of creatinine clearance ⬎70 ml/min, with a serum creatinine level of 1.6 mg/dl (141
mol/L) or less in men and 1.4 mg/dl (124 mol/L) or less in women.
Detailed descriptions of the CRISP study protocol, the clinical characteristics of the cohort, and the baseline characteristics can be reviewed
elsewhere (6,8,9,13).

MR Imaging Protocol
The MRI protocol for the CRISP study was standardized and implemented in 1.5 T MRI scanners. In each subject, a phased-array surface
coil was positioned with its center over the inferior costal margin,
estimated as the upper margin of the kidney. The field of view was
maintained between 30 and 35 cm. The kidneys were imaged first
posteroanterior in the coronal plane using the T2-weighted single-shot
fast spin-echo (SSFSE/HASTE) sequence with fat saturation at 3 mm
fixed slice thickness during breath-hold(s). For small kidneys or for a
subject who can take a long breath-hold, one set of images obtained
during a single breath-hold would be sufficient to cover the entire
kidneys. For large kidneys, however, more than one set of images
would be required, where neighboring image sets were overlapped by
one slice. After the T2-weighted images were obtained, breath-hold
coronal, three-dimensional spoiled gradient interpolated T1-weighted
images without fat saturation at 3 mm fixed-slice thickness were obtained. Following this acquisition of pregadolinium T1 images, 0.1
mmol/kg gadolinium was injected at 1 ml/s. The same T1-weighted
imaging sequence was repeated to acquire postgadolinium T1 images
as prescribed in the CRISP study protocol (8).

Case Selection and Renal Volume Measurement
From the CRISP I database, we stratified participants into three
groups based on their kidney size (combined right and left kidney
volumes ⱕ750, 750 to 1500, ⬎1500 ml). Using a random number generator, we randomly chose seven subjects from the small kidney-size
group, six from the medium kidney-size group, and seven from the
large kidney-size group for a total of 20 subjects. This kidney-size
group stratification is the same scheme used in a recent CRISP study
(6). Pre- and postgadolinium 3D gradient-echo T1 (pre- and postgadolinium T1) without fat saturation images of these 20 subjects were
retrieved.
The volume of each kidney was measured from MR images using the
stereology method (Figure 1). The stereology method has been widely
used for image-based volumetric measurements of a variety of organs
(7,14 –21) because it provides a fast and reliable measurement of the

Figure 1. Coronal T1-weighted magnetic resonance imaging
(MRI) from a patient with ADPKD: (A and C) pregadolinium
and (B and D) postgadolinium enhancement. Figure C corresponds to Figure A with superimposed stereology grids that
were highlighted over the kidney regions by a reader, while
Figure D corresponds to Figure B with superimposed stereology grids that were highlighted over the kidney regions by the
same reader. With the administration of gadolinium, the kidney parenchyma in (B and D) enhanced brightly while the cysts
remained unchanged. Note that the boundary of the kidney in
the postgadolinium image (B) is better defined than that in the
pregadolinium image (A), particularly near the spine and psoas
muscle.

area of an object. Its measurement is based on counting the number of
intersections of a randomly oriented and positioned grid over the
object. In our application, the area of the kidney in each image was
calculated by converting the sum of the selected grid points overlaid
the kidney to area pixel count (7,8). Total renal volume was calculated
from the set of contiguous images by summing the products of the area
measurements and the slice thickness.
Two radiologists (CT, FZ), who had several years of experience each
interpreting and analyzing MR images for kidney volume measurements, independently performed kidney volume measurements from
the pre- and postgadolinium T1 images of the 20 cases (i.e., a total of 40
cases) twice using the stereology method. To reduce any potential order
bias from the order of performing the measurements of the pre- and
postgadolinium T1 images, the 40 cases were mixed and presented to
the two readers for the measurement. More than a 2-wk interval was
given between the initial and repeat measurements to reduce any
memory effect.

Data and Statistical Analysis
The intrareader reliability in the right, left, and total (i.e., sum of right
and left) kidney volume measurements was assessed using the intraclass correlation coefficient, while the inter-reader reliability was evaluated with the Pearson correlation coefficient. The first measurements
of each reader were used for the inter-reader reliability computation.
The differences between the repeated kidney volume measurements
within and between the readers were calculated. The mean and SD of
these differences were considered to represent the bias and variability,
respectively, of the intra- and inter-reader kidney volume measurements. Patterns associated with the intra- and inter-reader bias for
measuring the right, left, and total kidney volumes on the pre- and
postgadolinium T1 images were tested for statistical significance with
paired t test.
The differences between the pre- and postgadolinium T1 kidney
volume measurements were also compared by calculating the difference (post ⫺ pre) divided by the pre-gadolinium kidney volume measurements for each of the two readers, i.e. “post-pre percent volume
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difference.” To investigate the effect of the kidney size on the pre- and
postgadolinium T1 measurement differences, the post-pre volume differences and percent differences were compared among the three kidney-size groups (total kidney volumes ⱕ750, 750 to 1500, ⬎1500 ml)
with one-way ANOVA. The statistical analysis was performed with
SPSS Statistical Software (SAS Institute, Inc., Cary, NC). Alpha was set
at 0.05.

Results
Intra- and Inter-reader Reliability, Bias, and Variability
The intrareader reliability for both readers in the pre- and
postgadolinium T1 measurements was extremely high: the correlation coefficients were all 0.99 (for reader 1 and reader 2; for
the right, left, and total kidney volumes). Likewise, the interreader reliability for both pre- and postgadolinium T1 measurements was extremely high: the correlation coefficients were all
0.99 (for the right, left, and total kidney volumes). The intraand inter-reader bias and variability in the right, left, and total
kidney volume measurements are summarized in Table 1. Ttest analysis of these measurements indicated no systemic intrareader bias but a small inter-reader bias for the postgadolinium T1 measurements (P ⬍ 0.01). Overall, substantial
variability in the differences across all of the measurements
implies lack of systematic differences within and between the
readers. A similar trend was also observed across the three
kidney-size groups, suggesting that the intra- and inter-reader
bias was not affected by the kidney size.

Comparison of the Pre- and Postgadolinium T1
Measurements
All three (right, left, total) kidney volumes measured on the
pre- and postgadolinium T1 images were highly correlated
with each other for both readers (Table 2). The Pearson correlation coefficients ranged 0.96 to 1.00. In particular, the correlation coefficients between the pre- and postgadolinium total
kidney volume measurements were 1.00 for both readers (Figure 2).
The kidney volumes measured on the postgadolinium T1
images were significantly greater than those on the pregadolinium T1 images for the right, left, and total kidney measure-
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ments for both readers (P ⬍ 0.05) (Table 3). For example, the
mean and SD of the post-pre differences in the total kidney
volume were 28.5 ⫾ 31.0 ml for reader 1 and 49.3 ⫾ 26.3 ml for
reader 2. The mean and SD of the post-pre percent differences
in the total kidney volume were 4.6 ⫾ 5.2% for reader 1 and
6.6 ⫾ 6.2% for reader 2. One reader’s magnitude of the post-pre
differences and percentage differences of the kidney volumes
was slightly greater than the other reader (P ⬍ 0.05).
The post-pre differences and percentage differences of the
kidney volumes were computed and compared in three kidneysize groups (Table 4). The within reader post-pre volume differences were not statistically different among the three groups.
For example, the mean and SD of the post-pre volume differences for the total kidney volume in (small, medium, large)
kidney groups were (36.7 ⫾ 22.1, 38.7 ⫾ 41.5, 11.5 ⫾ 24.5 ml;
P ⫽ 0.20) for reader 1 and (50.4 ⫾ 28.3, 57.9 ⫾ 34.1, 40.8 ⫾ 15.9
ml; P ⫽ 0.52) for reader 2.
While the post-pre volume differences were relatively constant across the three kidney-size groups, the percent volume
differences (i.e., the post-pre volume difference normalized by
the pregadolinium kidney size) was significantly different
among the three groups. The mean and SD of the post-pre
percent volume differences for the total kidney volume in
(small, medium, large) kidney groups were (8.1 ⫾ 4.9, 5.1 ⫾ 6.0,
2.0 ⫾ 2.2%; P ⫽ 0.02) for reader 1 and (11.2 ⫾ 6.8, 6.7 ⫾ 5.7,
1.9 ⫾ 1.0%; P ⫽ 0.01) for reader 2. This indicates that the
post-pre percent volume differences were smaller as the size of
the kidney increased (i.e., a larger kidney size resulting in a
greater normalization factor) (Figure 3).

Discussion
It is well established that increased kidney size in ADPKD is
associated with the severity of renal functional impairment
(4,22) and with clinical complications including hypertension
and gross hematuria (23). Recent imaging studies of CRISP and
other populations demonstrated that renal volume and the rate
of renal volume growth could be reliably measured and used to
monitor the disease progression in the early stages of ADPKD
when GFR is preserved (6,8,24).

Table 1. Intra- and inter-reader bias and variability in kidney volume measurements
Intra-reader Differences in Kidney Volume
Measurements (mL)
Pregadolinium
Right

Left

Total

Postgadolinium
Right

Left

Total

Inter-reader Differences in Kidney Volume
Measurements (mL)
Pregadolinium
Right

Left

Total

Postgadolinium
Right

Left

Total

Mean (bias)
10.88
3.74 14.62 ⫺4.15 ⫺5.34 ⫺9.49
6.64
2.91
9.56 14.55 15.80 30.36
SD (variability)
14.1
16.5
22.7
10.5
13.8
22.1
16.0
21.7
30.0
18.0
20.0
34.4
P value
0.003 0.323 0.010
0.093
0.101
0.070 0.078 0.554 0.171 0.002 0.002 0.001
Mean % Change 1.71
0.52
1.06 ⫺0.78 ⫺0.68 ⫺0.69
1.24
0.85
1.04
2.99
2.85
2.89
(bias)
SD % Change
2.3
1.8
1.5
1.6
1.8
1.46
3.3
2.8
2.5
3.1
2.7
2.4
(variability)
P value
0.003 0.206 0.004
0.043
0.115
0.047 0.106 0.188 0.083 0.000 0.000 0.000
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Table 2. Pearson correlation coefficients between various paired kidney volume measurements by two readers
(reader 1/reader 2)
Volumes

Pregadolinium
Right Kidney

Pregadolinium
Total Kidney

Postgadolinium
Left Kidney

Postgadolinium
Right Kidney

Postgadolinium
Total Kidney

Pregadolinium Left Kidney
Pregadolinium Right Kidney
Pregadolinium Total Kidney
Postgadolinium Left Kidney
Postgadolinium Right Kidney

0.964/0.961
–
–
–
–

0.991/0.990
0.991/0.990
–
–
–

0.999/0.999
0.961/0.956
0.989/0.988
–
–

0.962/0.961
1.00/1.00
0.990/0.990
0.960/0.957
–

0.991/0.991
0.990/0.989
1.00/1.00
0.990/0.989
0.990/0.989

Figure 2. Plot of the pre- versus postgadolinium T1 kidney
volume measurements by two readers along the line of identity.
The data points represent the total kidney volumes. The correlation coefficients were 1.00 for both readers (Table 2).

Different imaging modalities such as ultrasound (25–28), CT
(29,30), and MRI have been used to quantify the size of the
kidney in ADPKD. MRI has increasingly been used because it
provides high-resolution 3D images with excellent tissue contrast without exposure to ionizing radiation or iodinated contrast medium. It has been widely used for morphologic and
functional analyses of various organs, notably the brain, heart,
kidney, and liver. Some of the limitations of MR imaging include relatively long image- acquisition times and variability in
the quality of images that can be produced from different MR
scanners. Recent multi-center clinical trials that used imaging
studies to monitor the disease progression demonstrated that
MR imaging was well suited to assess renal structures and
changes in kidney volume and cysts volume (6 – 8).
Gadolinium contrast is commonly used in clinical renal MR
imaging studies. It helps detect renal masses and differentiate
renal cysts from the background renal parenchyma. Gadolinium-enhanced MR angiography provides a superb visualization
of renal vessels and is used to evaluate renal vascular abnor-

mality such as renal artery stenosis. Gadolinium-enhanced T1
MR imaging provides excellent delineation of the renal structures and boundary that expedites the segmentation of the
kidney from the surrounding anatomical structure and the
measurement of the renal and renal cyst volume (7,8).
Until recently it was believed that gadolinium contrast media
were safe for both the kidneys and all other organs within the
dose range up to 0.3 mmol/kg body weight and that gadolinium-based contrast media could be used in place of iodinated
agents for radiologic examinations in patients with significant
renal impairment (31). This practice, however, has been
changed. Nephrogenic systemic fibrosis (NSF) or nephrogenic
fibrosing dermopathy, which was described in 1997, was linked
to exposure to gadolinium contrast media in 2006 (12). Because
NSF is associated with patients with renal impairment
(10,11,32), measurement of serum creatinine/eGFR before the
administration of gadolinium is routinely performed in clinical
MR imaging. In patients with impaired renal function, the
clinical diagnostic benefits and risks of gadolinium enhancement should be considered carefully. Specifically, for the purpose of the quantification of the kidney size in patients with
ADPKD, who may be subjected to renal functional impairment,
it would be desirable to measure the kidney volume on MR
imaging without gadolinium.
The results of our study demonstrated that renal volume
measurements on the T1 MR images with and without gadolinium were extremely highly correlated and closely matched,
indicating that the use of gadolinium is not required for the
quantification of size of the kidney. Compared with gadoliniumenhanced T1 images, however, T1 images without gadolinium are
of lower signal and lower intrinsic tissue-contrast (Figure 1).
Determining the kidney border in large kidneys without gadolinium is more difficult than that with gadolinium. Subsequently, the measurement of kidney volumes without gadolinium would require more careful comparison of T1 and T2
images and will take more time to analyze. Our preliminary
study (data not presented) indicates that the measurement of
kidney volumes without gadolinium would take about 25%
more time than that with gadolinium. Alternatively, one may
consider using T2 MR imaging for the quantification of the
kidney volume, because high kidney tissue-contrast and hyperintense renal cysts in T2 images would help delineate the
kidney boundaries against the background tissues. Compared
with T1 imaging, however, T2 imaging requires longer scan-
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Table 3. (Post-pre) kidney volume differences and percent differences in the right, left and total kidney
measurements made by two readers. The postgadolinium volumes were significantly higher than the
pregadolinium volumes
Volume difference (post ⫺ pre) (mL)
Kidney

Right
Left
Total

Volume %difference 关(post ⫺ pre)/pre兴x100

Reader

Mean

SD

P value

P value
(reader effect)

Mean

SD

P value

P value
(reader effect)

R1
R2
R1
R2
R1
R2

16.49
24.41
11.99
24.87
28.48
49.28

14.84
14.69
22.59
21.11
31.00
26.27

0.001
0.000
0.028
0.000
0.001
0.000

0.006
–
0.029
–
0.003
–

4.98
6.87
4.34
6.56
4.57
6.59

6.26
6.51
5.51
7.11
5.24
6.25

0.002
0.001
0.002
0.001
0.001
0.000

0.010
–
0.020
–
0.005
–

Table 4. Comparison among three kidney-size groups of the (post-pre) kidney volume differences and percent
differences in the right, left, and total kidney measurements made by two readers. The percent difference was
larger when the total kidney volume was smaller

Volume
difference
(post ⫺ pre)
(mL)

Kidney

Reader

Small Kidney
Group Mean
(SD)

Medium Kidney
Group Mean
(SD)

Large Kidney
Group Mean
(SD)

P
value

Group Pairwise
Relationship

Right

R1
R2
R1
R2
R1
R2
R1
R2
R1
R2
R1
R2

20.36 (11.48)
26.84 (18.54)
16.35 (15.69)
23.55 (12.54)
36.70 (22.07)
50.39 (28.29)
8.26 (4.76)
11.61 (8.80)
8.13 (8.00)
11.20 (6.75)
8.01 (4.90)
11.16 (6.79)

21.09 (25.58)
28.06 (21.00)
17.62 (17.63)
29.85 (17.15)
38.70 (41.51)
57.91 (34.14)
4.75 (6.09)
5.94 (5.35)
5.93 (5.35)
7.71 (6.50)
5.07 (5.96)
6.72 (5.66)

21.03 (17.63)
20.18 (25.67)
⫺4.17 (21.68)
20.60 (15.27)
11.51 (24.52)
40.78 (15.92)
0.06 (1.72)
2.37 (2.18)
1.36 (1.15)
1.83 (1.17)
2.04 (2.18)
1.92 (0.98)

0.054
0.781
0.975
0.542
0.204
0.523
0.011
0.030
0.122
0.015
0.021
0.012

–
–
–
–
–
–
⬎
⬎
–
⬎
⬎
⬎

Left
Total

Volume
%difference
关(post ⫺ pre)
pre兴x100

Right
Left
Total

ning time and is subjected to increased variations in image
quality. Thus, T2 imaging of the entire kidney usually requires
multiple breath-hold scanning and is more prone to misregistration, motion artifacts, and heterogeneous tissue signal intensities, which may result in a greater imprecision in the kidney
volume measurement.
We observed that the kidney volumes measurements were
highly repeatable within and between the readers and could be
made in an unbiased fashion with minimum variability on both
T1 images with and without gadolinium enhancement. This
implies that either unenhanced or gadolinium-enhanced T1
images could be used to measure the changes in kidney size in
patients with ADPKD. We also found that reader 2 had larger
differences between pre- and postgadolinium measurements
than reader 1. This is important as we explore ways to trend the
kidney-size changes over time when use of gadolinium changes
during the study.
Our study demonstrated that the kidney volumes measured
on the pregadolinium T1 were significantly smaller than those
on the postgadolinium T1. Although the exact cause of this

Small
Small
Small
Small
Small

Large
Large
Large
Large
Large

trend is uncertain, we postulate that the administration of
gadolinium resulted in “blooming” (i.e., amplified signal intensity of the renal parenchyma due to gadolinium-induced T1shortening) of the boundaries of the kidneys. With 3-mm slice
thickness in the T1 images, each kidney boundary voxel represents a 3-mm averaged boundary tissue between the kidney
and background perinephric fat. The background perinephric
fat is usually brighter than the pregadolinium kidney parenchyma but darker than the postgadolinium kidney parenchyma. It is conceivable that some averaged boundary voxels,
which would be deemed as the background tissue on the pregadolinium T1 images, may be considered as the kidney parenchyma on the postgadolinium T1 images because of their relative
brightness. As a result, the postgadolinium kidney volume measurements include more boundary voxels and appear larger than
the pregadolinium measurements. A similar blooming effect with
the use of gadolinium was observed in MR angiography in that
gadolinium enhancement increased the apparent diameter of the
renal artery with a higher signal-to-noise ratio, compared with
unenhanced MR imaging (33). The kidney volume was likely
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measurements can be made in an unbiased fashion with minimum intra- and intervariability on both pre- and postgadolinium T1 MR images. Kidney volumes measured with the pregadolinium images were smaller than those with the
postgadolinium images, and the percent differences were
smaller with increasing kidney size. When serial kidney volume measurements are used to quantify the progression of
disease in PKD, a consistent use of the same type of MR images
(with or without gadolinium) is desirable to reduce measurement variations. Given a concern for NSF in patients with renal
impairment, serial MR images without gadolinium would be
preferred in measuring volume progression over time in PKD.
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Figure 3. Plot of the percent volume difference [i.e., (post ⫺ pre)/
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