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Introduction: Total kidney volume (TKV) is a qualified biomarker for disease progression in autosomal

dominant polycystic kidney disease (ADPKD). Recent studies suggest that TKV estimated using ellipsoid

formula correlates well with TKV measured by manual planimetry (gold standard). We investigated

whether the ellipsoid formula could replace manual planimetry for follow-up of ADPKD patients.

Methods: Abdominal magnetic resonance images of patients with ADPKD performed between January 1,

2013, and June 31, 2019, in Saint-Luc Hospital, Brussels, were used. Two radiologists independently

performed manual TKV (mTKV) measures and kidney axial measures necessary for estimating TKV (eTKV)

using ellipsoid equation. Repeatability and reproducibility of axial measures, mTKV and eTKV, and

agreement between mTKV and eTKV were assessed (Bland-Altman). Intraclass correlation coefficient (ICC)

was used to assess agreement on Mayo Clinic Imaging Classification (MCIC) scores.

Results: 140 patients were included with mean age 45�13 years, estimated glomerular filtration rate

(eGFR) 71�31 ml/min per 1.73 m2, and mTKV 1697�1538 ml. Repeatability and reproducibility were su-

perior for mTKV versus eTKV (repeatability coefficient 2.4% vs. 14% in senior reader, and reproducibility

coefficient 6.7% vs. 15%). Intertechnique reproducibility coefficient (95% confidence interval [CI]) was 19%

(17%, 21%) in senior reader. Intertechnique agreement on derived MCIC scores was very good (ICC ¼ 0.924

[0.884, 0.949]).

Conclusion: TKV estimated using ellipsoid equation demonstrates poor repeatability and reproducibility

compared with that of mTKV. Intertechnique agreement is also limited, even when measurements are

performed by an experienced radiologist. Estimated TKV, however, accurately determines MCIC score.
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A
DPKD is the most common inherited nephropathy
and the fifth cause of kidney failure.1 ADPKD is

characterized by the progressive development of
numerous cysts leading to kidney enlargement and
impairment of kidney function. TKV is an early pre-
dictor of chronic kidney disease progression, unlike
decline in glomerular filtration rate, which generally
occurs late in ADPKD.2-6 TKV has accordingly been
approved by the US Food and Drug Administration and
the European Medicines Agency as a qualified
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biomarker for disease progression.7 Measurements of
TKV and change in TKV, respectively, are used for
patient selection and evaluation of efficacy of phar-
macologic treatments in ADPKD trials.8,9 Also, the
MCIC based on height-adjusted TKV at a given age is
one of the criteria used in several countries for access to
reimbursement of tolvaptan, a targeted therapy for
rapidly progressive ADPKD.3,10

TKV is most often measured using magnetic reso-
nance imaging (MRI). The gold standard technique for
assessing TKV is the manual tracing technique (manual
planimetry), whereby whole kidney contours are
traced in contiguous kidney slices and surface areas
calculated using a specialized software.3,9,11 Stereology,
which involves counting the number of intersections of
a randomly positioned grid over the kidney, has been
shown to be accurate when compared to manual
2821
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Patients with MRI measures of TKV 

1/1/2013–31/06/2019

n=174

Analyzed Cohort

n=140

Excluded:

–Kidney failure n=10

–Unilateral nephrectomy n=12

–MCIC class 2 n=12

Figure 1. Study flow chart.
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planimetry.11 However, both manual planimetry and
stereology are very time consuming (up to 50 minutes
per analysis) and, thus, only performed in certain
centers and/or for research purposes and interventional
studies.3,11 Techniques to estimate TKV more rapidly
have been developed and compared to manual
planimetry and stereology. TKV estimated using the
ellipsoid formula has been shown to correlate well with
measured TKV, albeit with lower reproducibility,
repeatability, and accuracy than measured
TKV.3,8,9,12,13 Longitudinal analysis of estimated versus
measured TKV changes in subsets of the DIPAK and
ALADIN cohorts suggested a relatively good correla-
tion but insufficient precision to detect between-
treatment changes in TKV.8,9

Measurement of TKV has become good clinical
practice in the follow-up of ADPKD patients. We
investigated whether the ellipsoid technique could
replace manual planimetry in real-life follow-up of
ADPKD patients, especially when performed by expe-
rienced radiologists. We analyze repeatability and
reproducibility of TKV using manual planimetry and
ellipsoid formula, and agreement between TKV using
the 2 methods.

METHODS

Study Design

All consecutive abdominal MRI examinations of pa-
tients with ADPKD performed between January 1,
2013, and June 31, 2019, in Saint-Luc Hospital, Brus-
sels, Belgium, were used for the study. ADPKD was
based on the Pei/modified Ravine criteria and/or mu-
tation screening.14 MRI was performed as routine care
for diagnostic and prognostic purposes. Images ob-
tained from patients having had unilateral nephrec-
tomy or having reached kidney failure (dialysis or
transplantation) were excluded from the study
(Figure 1). This was done because the volume of native
polycystic kidneys decreases substantially following
initiation of dialysis and transplantation.15–17 The
Saint-Luc Hospital’s Ethical Committee approved the
study (2019/03JUL/296).

MRI

MRI scans were performed according to local practice.
The following sequences were obtained for each pa-
tient: coronal T2 with 4-mm slices and axial T1 (DIXON
3 mm, reconstructed each 1.5 mm or LAVA 4.4 mm
reconstructed each 2.2 mm). Two radiologists, a senior
radiologist (LA: with 8 years of experience in TKV
assessment) and a junior radiologist (VN: trained for the
study), reviewed the MR images. They classified pa-
tients as having either typical (class 1) or atypical (class
2) images, based on previously established criteria3
2822
(Figure 1). Both radiologists reviewed cases for which
their typical versus atypical classification differed to
reach a consensus. Patients with typical images were
then further classified into categories 1A to 1E ac-
cording to height-adjusted TKV and age, by using the
MCIC online calculator.3,18

Measured and Estimated TKV

Measured TKV (mTKV) using the manual tracing
method was performed using Vitrea (Toshiba) software.
The kidney surfaces were manually drawn on the T1
axial images, and the volume was calculated by the
software after extrapolation of the surfaces and manual
correction.

Estimated TKV (eTKV) was obtained as follows: for
each kidney, the length, width, and depth were
measured on multiplanar reconstruction (MPR) ob-
tained with T1 images. The length of the kidney was
defined as the maximum length obtained on a coronal-
oblique image after reconstruction following the
sagittal plane of the kidney. The width was defined as
the largest perpendicular axis obtained on the same
coronal-oblique plane for the length, and the depth was
the longest anteroposterior axis of the kidney perpen-
dicular to the sagittal axis of the kidney. TKV was
estimated using the ellipsoid technique, as follows:
TKV ¼ (p/6) � L � W � D (L ¼ maximum longitu-
dinal length; W ¼ maximum width perpendicular to L;
D ¼ maximum depth).12

The senior and junior radiologists (referred to as SR
and JR hereafter) performed mTKV and eTKV mea-
surements in 53 and 140 patients, respectively. They
repeated mTKV and eTKV measurements in a subset of
10 and 22 patients stratified for kidney volume for
repeatability analyses.

Statistics

Bland-Altman methodology was used to assess (i)
repeatability and reproducibility of axial measures,
mTKV and eTKV, and (ii) intertechnique agreement
between mTKV and eTKV. From each Bland-Altman
plot were calculated the regression line of differences
Kidney International Reports (2021) 6, 2821–2829



Table 1. Patient characteristics
Characteristic Cohort (n[140)

Age, yr 45 � 13

Male gender, n (%) 56 (40)

Body mass index 26 � 5

eGFR, ml/min per 1.73 m2 71 � 31

Right kidney volume, ml 803 � 733

Left kidney volume, ml 894 � 832

Total kidney volume, ml 1697 � 1538

MCIC, 1A-1B-1B-1C-1D-1E 9-42-48-33-8

Total liver volume, ml 2316 � 1209

eGFR, estimated glomerular filtration rate; MCIC, Mayo Clinic Imaging Classification.
Values are mean � SD unless otherwise noted.
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Figure 2. Total kidney volume distribution according to age in the
total cohort (n ¼ 140).
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(indicating proportional differences with the magni-
tude of the measurements), the mean bias (in %, indi-
cating a potential under- or overestimation), and the
limits of agreement (in %, indicating how well the
measurements agree with each other). To ensure the
validity of the definition of the limits of agreement
(defined as �1.96 � standard deviation of paired dif-
ferences around the mean bias), the normality of the
paired differences was verified according to the
Shapiro-Francia test (P < 0.05). A 1-sample 2-sided t
test was performed to assess whether the mean bias was
significantly different from 0. A 2-sided t test based on
the null hypothesis that the regression slope was equal
to zero was performed.

The coefficient of variation was estimated as equal to
standard deviation on the paired differences/mean (in
%). The repeatability coefficient (assessing the intra-
reader agreement), the reproducibility coefficient
(assessing the interreader agreement), and the inter-
technique reproducibility coefficient (assessing the
intertechnique agreement) were derived from the limits
of agreement (Supplementary Material, Methods
section).19 The upper limit of the 95% CI associated
with the repeatability and reproducibility coefficients
was then reported. This limit was used as the cutoff
value above which a true variation in volume can be
detected with a 95% confidence level, (i) by a given
reader (if based on the upper limit of the 95% CI from
the repeatability coefficient), (ii) regardless of the
reader (if based on the upper limit of the 95% CI from
the reproducibility coefficient), or (iii) regardless of the
technique (if based on the upper limit of the 95% CI on
the intertechnique reproducibility coefficient). The
intertechnique reproducibility coefficient assessing the
agreement between mTKV and eTKV was evaluated by
JR (n ¼ 53) and SR (n ¼ 140).

Intertechnique agreement on the MAYO Imaging
Classification (MCIC) score was evaluated with the ICC
and its 95% CI. Strength of agreement was interpreted
according to the Altman’s scale as follows: ICC < 0.20,
poor; 0.21< ICC< 0.40, fair; 0.41< ICC< 0.60,moderate;
0.61 < ICC < 0.80, good; ICC > 0.81, very good.

A multivariable regression analysis was performed
to identify potential independent prognostic factors
associated with intertechnique agreement. A backward
selection procedure was used to select the variables
(eGFR, mTKV, hepatic volume, height, BMI). A vari-
able was entered into the model if its associated P value
was <0.2, whereas it was removed from the model if its
P value was >0.4. The significance of the fit (given by
the P value associated to the F test), the coefficient of
determination adjusted for the number of independent
variables entered into the model R2

adjusted, and the
regression equation were reported.
Kidney International Reports (2021) 6, 2821–2829
The Medcalc software (Medcalc 19.0.3, Mariakerke,
Belgium) was used to perform the analyses. Owing to
the multiple comparisons that were performed, the
significance level P of each statistical test was adjusted
according to a Bonferroni correction.
RESULTS

Patient Characteristics

One hundred forty patients were included in the study,
after exclusion of 8 patients having reached kidney
failure, 7 with unilateral nephrectomy, and 6 with
atypical kidney imaging (MCIC class 2) (Figure 1).
Mean age was 45 � 1 years and 40% were male. Pa-
tients had an eGFR (CKD-EPI [Chronic Kidney Disease
Epidemiology Collaboration equation]) of 71 � 31 ml/
min per 1.73 m2 and mTKV of 1697 � 1538 ml (Table 1,
Figure 2). Sixty-four percent of patients had MCIC of
1C-1E. Characteristics of patients for whom repeat-
ability and reproducibility of mTKV and eTKV, and
agreement between mTKV and TKV in JR, were
analyzed (n¼10, n¼22, and n¼53 respectively) were
similar to that of the total cohort (Supplementary
Table S1). Ten patients (7%) were treated with
tolvaptan.
2823



Figure 3. Bland-Altman plots showing repeatability of axial measures, estimated TKV (eTKV) and measured TKV (mTKV) when performed by
senior radiologist. Length (L), transverse diameter (T) (width), and anterior-posterior diameter (A-P) (depth) are expressed in millimeters,
whereas eTKV is expressed in milliliters. The mean bias (orange solid line), regression line of differences (red dotted line), and limits of
agreement (green dotted lines) with 95% CIs (green whiskers) are represented.
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Repeatability and Reproducibility of Axial Mea-

sures, eTKV and mTKV

A total of 36 Bland-Altman plots were used to assess the
repeatability and reproducibility of axial measures,
eTKV and mTKV (JR and SR). Figure 3 shows Bland-
Altman plots for repeatability of kidney axial mea-
sures, eTKV (n ¼ 22) and mTKV (n ¼ 10), when
performed by SR. Coefficient of variation, mean bias, P
value associated with regression line of differences,
limits of agreement, and repeatability and
2824
reproducibility coefficients for the different analyses
are reported in Tables 2 and 3.

Repeatability was superior for mTKV compared
with eTKV (repeatability coefficient of 2.4% vs. 14%
in SR and 4.6% vs. 17% in JR). Reproducibility was
also superior for mTKV compared with eTKV (6.7%
vs. 15%). All these differences were statistically
significant at P <0.05 (nonoverlapping of the 95%
CIs associated with the coefficients that are
compared). JR and SR both spent approximately 50
Kidney International Reports (2021) 6, 2821–2829



Table 2. Repeatability of axial and kidney volume measures, using manual planimetry and ellipsoid formula
Lright Tright A-Pright Lleft Tleft A-Pleft eKVright mKVright eKVleft mKVleft eTKV mTKV

Coefficient of
variation (%)

JR 1.9 3.7 8.7 2.8 4.9 6.4 13 3.8 10 2.2 8.7 2.3

SR 3.0 5.5 5.6 2.2 4.7 5.1 11 1.5 7.2 1.3 7.3 1.2

Biasa, %

JR þ0.6 þ1.9 þ0.4 þ0.7 –0.1 þ0.3 þ1.8 þ1.2 þ0.9 þ2.3 þ1.5 þ1.7

SR þ0.6 –0.1 –2.0 þ0.4 þ0.3 –3.0 –1.2 –0.9 –2.7 –0.4 –2.1 –0.6

Regressionb

JR 0.008c 0.050 0.278 0.063 0.305 0.390 0.032 0.793 0.165 0.282 0.013c 0.843

SR 0.298 0.307 0.958 0.422 0.813 0.056 0.241 0.755 0.322 0.781 0.137 0.651

Limits of
agreement, %

JR (–3.0, þ4.2) (–5.4, þ9.2) (–17, þ17) (–4.8, þ6.2) (–9.8, þ9.6) (–12, þ13) (–23, þ27) (–6.3, þ8.6) (–19, þ20) (–2.1, þ6.7) (–16, þ19) (–2.8, þ6.3)

SR (–5.2, þ6.5) (–11, þ11) (–13, þ8.9) (–3.9, þ4.6) (–8.8, þ9.4) (–13, þ7.4) (–22, þ20) (–3.9, þ2.1) (–18, þ12) (–3.0, þ2.2) (–16, þ12) (–3.0, þ1.8)

Repeatability
coefficient, %

JR 3.6
(2.5, 4.7)

7.3
(5.0, 9.6)

17
(12, 22)

5.5
(3.9, 7.2)

9.7
(6.8 , 13)

13
(8.7 16)

25
(17 , 32)

7.4
(4.1, 11)

20
(14, 25)

4.2
(2.4, 6.2)

17
(12, 22)

4.6
(2.5, 6.6)

SR 5.9
(4.1, 7.7)

11
(7.4, 14)

11
(7.7, 14)

4.3
(3.0, 5.6)

9.3 (6.5, 12) 10
(7.0, 13)

21
(14, 27)

3.0
(1.7, 4.3)

14
(10, 18)

2.6
(1.5, 3.8)

14
(10, 19)

2.4
(1.3, 3.5)

A-P, kidney anterior-posterior diameter (depth); eKV, estimated kidney volume; eTKV, estimated total kidney volume; JR, junior radiologist; L, kidney length; mKV, measured kidney
volume; mTKV, measured total kidney volume; SR, senior radiologist; T, kidney transverse diameter (width).
aBias: mean bias.
bRegression: P value associated with the regression line of differences.
cThe regression slope is significantly different from 0.
Significance level associated with statistical tests: L, T, A-P, eTKV, and mTKV (P ¼ 0.0083), eTKVtotal and mTKVtotal (P ¼ 0.0167). Limits of agreement and repeatability coefficients are
reported, with their 95% CIs in parentheses. No significant mean bias was found for any of the analyses.

N Demoulin et al.: TKV Estimation in ADPKD CLINICAL RESEARCH
and 15 minutes per mTKV and eTKV measurement,
respectively.

Agreement Between mTKV and eTKV

The intertechnique reproducibility coefficient assess-
ing the agreement between mTKV and eTKV was 20%
(95% CI 16%, 24%) and 19% (95% CI 17%, 21%)
when performed by JR and SR respectively (Figure 4,
Table 4). This means that a variation of eTKV can be
considered as clinically significant only if it exceeds
21%, when performed by SR and considering mTKV as
the gold standard. Proportional differences with the
magnitude of TKV were observed for both readers (JR:
Table 3. Reproducibility of axial and kidney volume measures, using man
Lright Tright A-Pright Lleft Tleft A-Pl

Coefficient of
variation, %

2.6 5.7 5.7 2.3 5.5 5.9

Biasa, % þ0.3 –0.3 þ1.0 þ0.8 –0.5 þ0.

Regressionb 0.393 0.538 0.704 0.934 0.641 0.43

Limits of
agreement, %

(–4.9, þ5.5) (–12, þ11) (–10, þ12) (–3.6, þ5.3) (–11, þ10) (–11, þ

Reproducibility
coefficient, %

5.2
(3.6, 6.7)

11
(7.9, 15)

11
(7.9, 15)

4.5
(3.1, 5.8)

11
(7.6, 14)

12
(8.0,

A-P, kidney anterior-posterior diameter (depth); eKV, estimated kidney volume; eTKV, estimat
volume; mTKV, measured total kidney volume; SR, senior radiologist; T, kidney transverse diam
aBias: mean bias.
bRegression: P value associated with the regression line of differences.
Significance level associated with statistical tests: L, T, A-P, eTKV, and mTKV (P ¼ 0.0083), eTK
reported, with their 95% CIs in parentheses. No significant mean bias was found for any of th
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P ¼ 0.0007, SR: P ¼ 0.0002). Visual analysis of Figure 4
shows that for volumes <2000 ml, there is a trend to
underestimate TKV using eTKV. This underestimation
decreases when the volume increases.

Figure 5 shows, using a bar graph, the values of the
upper limits of the 95% CI associated with repeat-
ability and reproducibility coefficients of mTKV and
eTKV, and with the intertechnique reproducibility
coefficient. When performed by the senior radiologist
(SR), a change in volume >3.5% in an individual pa-
tient can be detected with a 95% confidence using
mTKV, whereas only a change >19% can be detected
with the same confidence using eTKV. mTKV and eTKV
ual planimetry and ellipsoid formula

eft eKVright mKVright eKVleft mKVleft eTKV mTKV

9.0 3.0 10 4.6 7.4 3.4

8 þ1.0 þ1.0 þ1.2 þ3.2 þ0.9 þ2.2

5 0.736 0.983 0.813 0.726 0.640 0.875

12) (–17, þ19) (–5.0, þ6.9) (–18, þ21) (–5.7, þ12) (–14, þ16) (–4.4, þ8.9)

15)
18

(12, 23)
5.9

(3.2, 8.5)
20

(14, 25)
8.9

(4.9, 13)
15

(10, 19)
6.7

(3.7, 9.6)

ed total kidney volume; JR, junior radiologist; L, kidney length; mKV, measured kidney
eter (width).

Vtotal and mTKVtotal (P ¼ 0.0167). Limits of agreement and repeatability coefficients are
e analyses.
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Figure 4. Bland-Altman plots for the agreement between estimated TKV (eTKV) and measured TKV (mTKV) for right kidney volume (right KV), left
kidney volume (left KV), and TKV, when performed by junior and senior radiologists. Paired differences are expressed as a percentage of the
geometric mean to overcome potential variability in the differences across the range of mean values. The mean bias (orange solid line),
regression line of differences (red dotted line), and limits of agreement (green dotted lines) with 95% CIs (green whiskers) are represented.
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can be interchanged with confidence when the varia-
tion in volume in a patient is >21%.

Agreement Between mTKV and eTKV on MCIC

Score

Based on the results obtained by SR, agreement on
MCIC scores derived from both techniques was very
good (ICC ¼ 0.924 [0.884, 0.949]). Twenty-one of 140
patients (15%) were misclassified by 1 risk class
(Supplementary Table S2).

Factors Contributing to the Bias Between

Techniques

A linear regression model based on variables eGFR
and BMI predicted the bias (mTKV – eTKV) / mean
2826
(mTKV, eTKV) between both techniques. Results
from the least squares multiple regression were as
follows: P valueF ratio ¼ 0.0008, R2

adjusted ¼ 0.0880, P
valueeGFR ¼ 0.0197, P valueBMI ¼ 0.0049; regression
equation: bias ¼ 0.1439 þ (0.0006 � eGFR) –
(0.0046 � BMI); standard erroreGFR ¼ 0.0003, stan-
dard errorBMI ¼ 0.0016. A second model based on the
variables mean TKV (computed from mTKV and
eTKV) and BMI predicted the bias. Results from the
regression were as follows: P valueF ratio ¼ 0.0001,
R2

adjusted ¼ 0.1221, P valuemean TKV ¼ 0.0009, P
valueBMI ¼ 0.0168; regression equation: bias ¼
0.2003 – (0.00002 � mean TKV) – (0.0039 � BMI);
standard errormean TKV ¼ 0.000006, standard
errorBMI ¼ 0.0016. Of note, a model based on the 3
Kidney International Reports (2021) 6, 2821–2829



igure 5. Upper limits of repeatability and reproducibility of
easured TKV (mTKV) and estimated TKV (eTKV) and of agreement
etween mTKV and eTKV. Repeatability and agreement limits for
nior radiologist (JR) are in light gray and for senior radiologist in
ark gray; reproducibility limits are in black.

Table 4. Intertechnique agreement (manual vs. ellipsoid formula) for
kidney volume measures

mKVright -- eKVright mKVleft -- eKVleft mTKV -- eTKV

Coefficient of variation, %

JR 12 13 10

SR 11 12 9.6

Biasa, %

JR þ12b þ8.9b þ9.5b

SR þ9.1b þ5.2b þ6.9b

Regressionc

JR 0.118 <0.0001d 0.0007d

SR 0.0506 <0.0001d 0.0002d

Limits of agreement, %

JR (–11, þ34) (–18, þ35) (–10, þ29)

SR (–12, þ31) (–18, þ29) (–12, þ26)

Intertechnique reproducibility
agreement, %

JR 23 (18, 27) 26 (21, 31) 20 (16, 24)

SR 22 (19, 24) 24 (21, 26) 19 (17, 21)

eKV, estimated kidney volume; eTKV, estimated total kidney volume; JR, junior radiol-
ogist; mKV, measured kidney volume; mTKV, measured total kidney volume; SR, senior
radiologist.
aBias: mean bias.
bMean bias significantly different from 0.
cRegression: P value associated with the regression line of differences.
dRegression slope significantly different from 0.
Significance level associated with statistical tests: mTKV and eTKV (P ¼ 0.0125). Limits
of agreement and agreement coefficients are reported, with their 95% CIs in
parentheses.

N Demoulin et al.: TKV Estimation in ADPKD CLINICAL RESEARCH
variables, eGFR, mean TKV, and BMI, rejected the
variable eGFR at P >0.4.

DISCUSSION

Across a wide range of TKV, our study shows that TKV
estimated using the ellipsoid equation has limited
repeatability, reproducibility, and agreement with
mTKV, even when performed by an experienced senior
radiologist. Depending on the experience of the reader,
the level of repeatability of eTKV ranged from 14% to
17%, well below that of mTKV ranging from 2.4% to
4.6%. Repeatability and reproducibility were lower for
transverse and anterior-posterior axial measures of the
kidneys, in comparison with length. Interestingly,
kidney length has been shown to predict chronic
kidney disease in ADPKD, with high levels of agree-
ment between ultrasonographic and MRI scan kidney
length.20

In terms of coefficient of variation (ie, of precision of
measurements evaluated with a level of confidence of
68%), our results are consistent with those previously
published.8,9,13 However, assuming that a level of
confidence of 95% is required in clinical practice, the
upper limit of the 95% CI associated with repeatability
and reproducibility coefficients should be used as a
threshold value above which a clinically significant
change in TKV in an individual patient can be assessed
with confidence. As a result, when performed by the
senior radiologist (SR), a change in volume >3.5% can
Kidney International Reports (2021) 6, 2821–2829
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be detected with a 95% confidence using mTKV,
whereas only a change > 19% can be detected with the
same confidence using eTKV. These limits must be
borne in mind as the TKV increases by an average of
5% to 6% per year throughout the course of ADPKD,
irrespective of the causal mutation. TKV measurement
using manual planimetry should, therefore, not be
performed more frequently than every year for com-
parison purposes. The poor reproducibility of mTKV
also limits the use of measurements performed by
different radiologists, especially when using different
MRI scans and software to calculate mTKV.

Agreement on kidney volume measures between
mTKV and eTKV ranged between 17% and 21% (lower
and upper limits of the 95% CI on intertechnique
reproducibility coefficient in the senior reader). The
underestimation of eTKV observed at smaller TKV was
found to decrease when the mean TKV increases.
Consequently, both techniques agree on the measure of
change in TKV in an individual patient only when this
change is superior to 21%. Again, considering the
mean TKV annual growth rate of 5%, eTKV should not
be used for comparative follow-up measures. Sharma
et al. also showed that eTKV was not precise enough to
be used for clinical studies to identify between treat-
ment changes in TKV over a 1-year treatment period,
albeit by substantially increasing the number of pa-
tients in the study.8 Higashihara et al. have proposed
the use of estimated height-adjusted TKV slope to es-
timate treatment effect over time.21

Estimated TKV did, however, accurately determine
the Mayo Imaging Classification score, demonstrating a
very good agreement with scores derived from mTKV.
This is important as the MCIC is used worldwide to
2827
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evaluate the risk of progression and eligibility for
approved treatments and interventional study pro-
tocols. The score can also be used to predict the decline
in eGFR and renal survival in patients with typical
ADPKD.3

Finally, the linear regression analysis showed that
the variables mean TKV, eGFR, and BMI may influence
the bias between mTKV and eTKV—the bias increasing
when the eGFR increases and decreasing when the
mean TKV or the BMI increases. However, the value of
the coefficients of determination (R2

adjusted) of the
models was well below 1.0, indicating that these
regression models help little to explain the bias. Based
on our results, we are unable to identify subgroups of
ADPKD patients for whom the ellipsoid equation could
reasonably estimate TKV.

The strengths of our study are the baseline TKV
measures performed by both junior and senior radiol-
ogists and the real life setting. All our images were MRI
as recommended in clinical practice for identification of
ADPKD patients with progressive disease.10 MRI is
superior to computed tomography (CT) because of
better cyst definition without requiring administration
of contrast agents or radiation exposure.3 T1- and T2-
weighted images may be used for mTKV measures
with similar repeatability and reproducibility,
although T2-weighed images are more often of suffi-
cient quality for TKV measures.22

The main limitation of this study was the inclusion
of a limited number of patients with a potential influ-
ence on the value of the upper limits of the repeat-
ability, reproducibility, and agreement coefficients.
Most recently, semiautomated and automated mea-
surements of kidney volumes from MRI scans have
been developed using a deep learning–based approach
and shown to be accurate in comparison with manual
planimetry.4,23,24 These techniques may have the po-
tential to replace mTKV for baseline and follow-up
measures of TKV in ADPKD patients, offering in the-
ory a high repeatability and reproducibility of TKV
measures. Other imaging techniques, such as those
analyzing cystic load, vascularization, and texture of
the kidney, may also refine measurement of ADPKD
progression.25

Overall, we show that TKV estimated using the
ellipsoid formula should not be used for follow-up of
TKV in regard to low reproducibility and agreement
with mTKV. Intertechnique agreement is limited even
when measurements are performed by an experienced
radiologist. Estimated TKV did, however, accurately
determine the MCIC score. Semiautomated and auto-
mated measurements of kidney volumes from MR im-
ages may potentially replace mTKV in the near future
in clinical routine.
2828
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