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Abstract

Introduction: The diffusion-weighted imaging (DWI) tech-
nique with intravoxel incoherent motion model enables the
estimation of capillary blood volume as a perfusion-related
parameter- (PP-) value. Therefore, the PP-value of the kidney
theoretically reflects renal capillary blood volume. We ana-
lyzed the usefulness of the PP-value in estimating postop-
erative renal function in upper-tract urothelial carcinoma
(UTUC) patients. Methods: Forty-eight consecutive patients
who underwent magnetic resonance imaging before radical
nephroureterectomy from 2011 to 2018 were analyzed. A
PP-map displaying PP-values on a pixel-by-pixel basis was
created from DWI signals (b-values of 0, 500, and 1,000 s/
mm?). Two readers independently analyzed the renal PP-val-
ue. DWI-based split renal function (SRF) of the intact kidney
was calculated by splitting serum Cr-based preoperative es-
timated glomerular filtration rates (eGFRs). The predictive

accuracy of the method was evaluated using renography as
the reference standard. Results: Interobserver analysis re-
vealed an excellent correlation value of 0.97. The SRF value
showed a good linear correlation with the observed postop-
erative eGFR (r= 0.76, p < 0.001). The predictive accuracy of
the DWI-based method was similar to that of the nuclear-
based method. Conclusion: This DWI-based evaluation of
capillary blood volume provides a noninvasive tool for pre-
dicting the postoperative renal function, thereby facilitating
the management of UTUC patients. ©2021S. Karger AG, Basel

Introduction

Renal function in patients with upper-tract urothelial
carcinoma (UTUQC) is affected by upper-tract obstruc-
tion, caused by UTUG, to varying degrees. Accordingly,
predicting postradical nephroureterectomy (RNU) renal
function prior to surgery is complicated. Enhanced pre-
diction of perioperative changes in renal functioning has
the potential to better facilitate the management of pa-
tients with UTUC.

karger@karger.com
www.karger.com/uin

© 2021 S. Karger AG, Basel

il
Karger~

Soichiro Yoshida

Department of Urology, Tokyo Medical and Dental University Graduate School
1-5-45 Yushima, Bunkyo-ku

Tokyo 113-8519 (Japan)

s-yoshida.uro @ tmd.ac.jp

Access provided by the University of Michigan Library

141.215.93.165 - 5/24/2021 8:49:26 AM

Downloaded by:



It has previously been reported that the radiodensity
measured within the renal cortex using a dynamic CT re-
flects the blood volume contained within the glomeruli
and peritubular capillaries [1]. Similarly, it has been
shown that the radiodensity of the renal cortex was a use-
ful tool as renography for quantitatively predicting post-
operative residual renal function in UTUC patients [2].
However, patients with borderline levels of renal function
for full-dose cisplatin-based combination chemotherapy
typically cannot be given the contrast agent [3]. To over-
come this challenge, we employed a new radiographic ap-
proach to predict postoperative renal function using dif-
fusion-weighted imaging (DWI) that did not require the
use of an image contrast agent or exposure to radiation.
Intravoxel incoherent motion (IVIM) imaging can dis-
tinguish the motion of water molecules in the capillary
network from pure molecular diffusion with a single
DWI acquisition technique [4, 5]. Although the perfusion
fraction could be calculated from DWTIs with multiple low
and high b-values, the method is not practical under the
scan time constraint. Recent studies have shown that it
could be equivalently assessed as a perfusion-related pa-
rameter- (PP-) value using 3 b-values [6, 7]. Since DWI
with IVIM model enables the estimation of blood volume
through the capillaries as a PP-value, the PP-value of the
kidney theoretically reflects renal capillary blood volume.
Therefore, we hypothesized that the percentage of the
sum of bilateral renal PP-value would reflect the split re-
nal function (SRF) of each kidney.

The aim of this study was to quantitatively predict
postoperative renal function using the PP-value. ®™Tc-
diethylenetriaminopentacetic acid (DTPA) renography
was employed as a reference to verify the predictive ac-
curacy of the DWI-based method.

Materials and Methods

Patients

Forty-eight consecutive patients who underwent the abdomi-
nal magnetic resonance imaging (MRI) procedure that included
DWTIbefore RNU at an academic medical center from 2011 to 2018
were analyzed. A patient with an extremely thin renal parenchyma
to measure due to severe hydronephrosis was excluded from this
study. Comparisons between DWI- and renography-based meth-
ods were conducted using 29 patients who also underwent *™Tc-
DTPA renography before RNU. No patients received neoadjuvant
systemic chemotherapy. Written informed consent was obtained
from all participants, and all procedures were performed in accor-
dance with the relevant regulations and guidelines. This study was
approved by the institutional ethical committee of Tokyo Medical
and Dental University (approval number #1264).
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Fig. 1. The geometric method for calculating the PP-value. The
dotted line represents the biexponential signal decay curve.
InS,’ was calculated as the y-intercept of the line through b = 500
and b = 1,000 s/mm?, where S, represents signal intensity with
pure diffusion components at b = 0. The PP-value was calculated
from the following formula: (Sy — Sy')/Sy, where Sy equals the signal
intensity at b = 0. PP, perfusion-related parameter.

Magnetic Resonance Imaging A multisequence MRI, including
DWI, was performed using a 1.5-Tesla system (Intera Achieva; Phil-
ips, Best, The Netherlands) with a 32-channel, sensitivity-encoding
body coil under free breathing conditions. The maximal gradient
strength was 33 T/m, and the slew rate was 160 T/m per second.
Parameters for the DWI with a single-shot, echo-planar imaging
sequence were set as follows: repetition time, 1,500 ms; echo time,
65 ms; matrix, 160 x 160; field of view, 360 x 240 mm; slice thick-
ness, 7 mm; interslice gap, 0.7 mm; and number of excitations, 3.
The diffusion gradient for the DWI procedure encoded 3 orthogo-
nal directions, and b-values equaled 0, 500, and 1,000 s/mm?.

Generation of a PP -map

PP-values were determined on the basis of the biexponential
fitting model for IVIM. To gain a true diffusion coefficient, we
chose b-values of 500 and 1,000 s/mm? because the perfusion com-
ponent may still account for a few percent of the signal even at b =

400 s/mm? [8]. To extract perfusion contributions from DWI sig-

nals, the multistep approach was geometrically performed (Fig. 1)

as follows:

1. Initially, DWI intensities using b-values of 500 and 1,000 s/
mm? were plotted on a semilogarithmic chart, in which the x-
axis represented b-values and the y-axis represented a base 10
logarithmic scale of signal intensity. The true diffusion coeftfi-
cient was determined as the slope of the logarithmic regression
line through the 2 points.

2. Second, InS," was calculated as the y-intercept of the line
through the 2 points, where Sy’ corresponded to the signal in-
tensity using pure diffusion components at b = 0.

3. Finally, PP-values, representing the perfusion fraction, were
calculated using the following formula: PP-value (%) = (Sy —
S0')/Sy, where S is the signal intensity at which b = 0.
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Fig. 2. Representative determinations of the renal PP-value. a Ex-
ample 1 depicts a case in which the patient does not present with
urinary obstruction. The percentage of the total renal PP-value for
the intact kidney was almost 50%. The decreased rate of eGFRs
after radical nephroureterectomy was high (110-66 mL/min/
1.73 m?). b Example 2 represents a case in which the patient pre-

The PP-value represents the perfusion fraction for each pixel,
which corresponds to the percentage of voxel volume occupied by
vascular and tubular structures. To establish a standard method for
estimating microcirculation, we developed Attractive PP-map
software (PixSpace, Ltd., Fukuoka, Japan). The software enabled
us to calculate PP-values on a pixel-by-pixel basis automatically
from DWI signals using b-values equal to 0, 500, and 1,000 s/mm?.
Moreover, 2D distributions of the PP-values were displayed as a
PP-map.

Image Analysis and Calculation of Renal PP-values

Renal PP-values were calculated from a region of interest
(ROI), which was manually traced to best define the renal paren-
chyma on the PP-map at the level of the renal hilus. The mode
value of the histogram that represented pixel counts of PP-values
within the ROI was adopted as the renal PP-value (Fig. 2). The T2-
weighted MRIs were used as references to determine renal paren-
chyma areas on the corresponding PP-map images. Large cystic or
tumor areas were visually identified and excluded from the ROIL. A
urologist (reader 1; Y.W. with 12 years of experience) and a radi-
ologist (reader 2; Y.A. with 6 years of experience) independently
analyzed the PP-values determined for each patient on both dis-
eased and intact sides.

Evaluation of Renal Function

Estimated glomerular filtration rates (eGFRs) were calculated
according to the Japanese Society of Nephrology’s equation; 194 x
serum Cr in mg/dL "% x age in years™*” x 0.739 (if female) [9].

Perfusion MRI to Predict Renal Function
after Radical Nephroureterectomy

sented with hydronephrosis. The percentage of the total renal
PP-value in this case was much higher. The postoperative eGFR
was almost the same as the preoperative eGFR (59 and 63 mL/min/
1.73 m?, respectively). PP, perfusion-related parameter; eGFR, es-
timated glomerular filtration rate.

Preoperative and postoperative eGFR values were calculated using
each patient’s serum Cr measured at the timepoint nearest to pre-
operative imaging tests and between 1 and 3 months after RNU,
respectively. PP-value-based SRF of the intact kidney was calcu-
lated by splitting preoperative eGFR using fractional renal PP-val-
ue as follows: preoperative eGFR x percentage of the total renal
PP-value for intact kidney. PP-value-based SRF values were com-
pared with observed postoperative eGFR values.

Comparing the Predictive Capacity of the PP-Value with That

of Renography

Of all 48 patients, 29 patients underwent renography before
RNU. Patients were manually injected with 10 mCi (370 MBq) of
99mTc.DTPA as a rapid bolus and received 20 mL saline flush. Cor-
onal images with a pixel size of 4.8 x 4.8 mm were acquired every
second for the first 60 s and every 15 s for the next 20 min. Gamma
camera imaging was used to perform a renal dynamic study, and
both split functions were calculated using the Gates imaging anal-
ysis protocol [10]. Nuclear SRF was calculated by multiplying the
total preoperative GFR value by the fractional GFR determined by
renography. The ability to predict postoperative renal function us-
ing DWI was compared with that using renography as a standard
reference.

Statistical Analysis

Interobserver reliability of predicted DWI-based SRF between
2 readers was assessed using an intraclass correlation coefficient.
The Pearson correlation coefficient between observed postopera-
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Table 1. Clinicopathological and radiographical characteristics of
48 UTUC patients (expressed in mean and interquartile range)

Median Range

Gender (%)
Male 32 (67)
Female 16 (33)
Age, years 74 (39-88)
Preoperative eGFR, mL/min/1.73 m? 54.8 (26.3-89.2)
<60 mL/min/1.73 m? (%) 29 (60.4)
Postoperative eGFR, mL/min/1.73 m? 42.3 (26.3-62.5)
<60 mL/min/1.73 m? (%) 47 (97.9)
<45 mL/min/1.73 m? (%) 29 (60.4)
Body mass index, kg/m? 227 (14.0-28.8)
Smoking history (%)
Absent 14 (29)
Present 34 (71)
Hypertension (%)
Absent 35 (73)
Present 13 (27)
Diabetes mellitus (%)
Absent 38 (79)
Present 10 (21)
Tumor grade (%)
Grades 1, 2 19 (40)
Grade 3 29 (60)
pT stage (%)
<pT2 31 (64)
pT3,4 17 (36)
pN classification (%)
NO 7 (15)
N+ 3 (6)
Nx 38 (79)
Lymphovasucular invasion (%)
Absent 37 (77)
Present 11 (23)
Tumor architecture (%)
Papillary 32 (67)
Non-papillary 16 (33)
Radiographical characteristics
Laterality (%)
Right 23 (48)
Left 25 (52)
Tumor location (%)
Pelvis 23 (48)
Ureter 20 (42)
Both 5 (10)
Hydronephrosis (%)
Grades 0-2 27 (56)
Grades 3, 4 21 (44)
The percent of the total renal PP-value for intact kidney (%)
Reader 1 57.0 (40.0-96.0)
Reader 2 55.9 (26.0-95.0)

UTUC, upper-tract urothelial carcinoma; eGFR, estimated glo-
merular filtration rate; PP, perfusion-related parameter.
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tive eGFR and predicted DWI-based SRF was determined with a
95% confidence interval (CI) through 1,000 bias-corrected boot-
strap replications of the analysis. Furthermore, a linear regression
analysis was used to derive the formula used to predict postopera-
tive eGFR. The extent to which the DWI-based method over- or
underestimated postoperative eGFR values was explored graphi-
cally using a local regression and a nonparametric smoothing line
derived from calibration plots. The general coherence between ob-
served and DWI-based, predicted eGFR values was ascertained us-
ing a Bland-Altman plot.

The formula to predict postoperative eGFR using nuclear SRF
was also extracted as the standard of comparison. Then, Lin’s con-
cordance correlation coefficient was further assessed to evaluate
reproducibility and comparability of quantitative measurements
with respect to both accuracy and precision [11]. Statistical analy-
sis was carried out using both SPSS® version 20 software (SPSS
Inc., Chicago, IL, USA) and the R-package, epiR. A two-sided p
value <0.05 was considered significant.

Results

Baseline Characteristics

The median pre- and postoperative eGFR of patients
were 55 and 42 mL/min/1.73 m?, respectively (Table 1).
The correlation between values was 0.71 (95% CI 0.55-
0.82, p <0.001). The decreased rate of perioperative eGFR
was significantly higher in patients without hydrone-
phrosis (29 vs. 6%, p < 0.001), lymphovascular invasion
(23 vs. 5%, p = 0.006), and high-grade tumors (grade 3)
(28 vs. 14%, p = 0.005). Tumor staging (<pT2 or = pT3,
p = 0.256), age (<75 or 275, p = 0.177), diabetes mellitus
(p = 0.738), and smoking habits (p = 0.921) did not pro-
duce significant differences with respect to the decreased
rate of perioperative eGFR.

Development of a Formula to Predict Postoperative

eGFR Using DWI

The median percentage of the total PP-value for the
intact kidney determined by reader 1 and reader 2 was
57% (range: 40-96%) and 56% (26-95%), respectively.
The DWI-based SRF values determined by readers 1 and
2 were 30 (17-62) and 28 (15-59) mL/min/1.73 m?, re-
spectively. Interobserver analysis revealed an excellent
correlation of 0.97 (95% CI 0.94-0.98) between DWI-
based SRF values determined by readers 1 and 2. The av-
erage DWI-based SRFs of the 2 readers showed a good
linear correlation with observed postoperative eGFR val-
ues (r=0.76, 95% CI 0.62-0.87, p < 0.001).

We applied a linear regression analysis to determine
the value of the conversion factor. The regression coefti-
cient of 1.03 (95% CI 0.77-1.29, p < 0.001) was deter-
mined using linear regression analysis contrasting DWI-
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Fig. 3. a Correlation plot between predicted, DWI-based eGFR and observed postoperative eGFR values. Points
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predicted eGFR values. eGFR, estimated glomerular filtration rate; DWI, diffusion-weighted imaging.
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glomerular filtration rates. DWI, diffusion-weighted imaging.

based SRF with ascertained postoperative eGFR. Since
the regression coefficient determined above was approxi-
mately 1.0, the formula for predicting the conversion fac-
tor utilized parallel translation. In this case, 10.6 was add-
ed to the DWI-based SRF value. Therefore, a DWI-based
formula for predicting postoperative eGFR was deter-
mined to be as follows: postoperative eGFR = DWI-based

Perfusion MRI to Predict Renal Function
after Radical Nephroureterectomy

SRF +10.6. The calibration plot in which the DWI-based
prediction of eGFR was plotted against observed postop-
erative eGFR values showed good agreement (Fig. 3a). To
verify the concordance of DWI-based predictions of
eGFR with observed postoperative eGFR values, a Bland-
Altman plot was created using the average of predicted
and observed eGFR values as the x-axis and the difference
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between them as the y-axis. The plot revealed that the 95%
CI of the bias ranged from —14.8 to 14.8 mL/min/1.73 m?
and that the bias was almost exclusively included in the
region of impaired renal function (Fig. 3b).

Comparing Predicted Postoperative eGFR Values

Using DWI and Renography

The nuclear-based SRF also showed an equally sig-
nificant linear correlation with observed postoperative
eGFR values (r=0.87,95% CI0.79-0.93, p < 0.001). Since
the regression coefficient derived from a linear regres-
sion comparing the nuclear-based SRF with observed
postoperative eGFR was 0.96 (95% CI 0.75-1.17, p <
0.001), predictive formulas were developed using parallel
translation in the same way, adding a mean difference of
10.3 to the nuclear-based SRF value. The nuclear-based
formula for predicting postoperative eGFR is given as
follows: postoperative eGFR = nuclear-based SRF +10.3.
The nuclear- and DWI-based formulas used to predict
eGFR values also showed good linear correlations (r =
0.76, 95% CI 0.57-0.89, p < 0.001). The calibration and
Bland-Altman plot between them are shown in Figure 4.
Lin’s concordance correlation coefficient between nucle-
ar- and DWI-based predictions of eGFR values was 0.75
(95% CI 0.54-0.87) with an almost perfect bias correc-
tion factor of 0.99.

Discussion

A multimodal approach for the use of perioperative,
systemic chemotherapy was considered to improve
UTUC patient outcomes, since UTUC has an aggressive
biology. It is, however, up for discussion whether the pre-
or postoperative setting is superior for the administration
of perioperative systemic chemotherapy, given our mini-
mal capacity to predict both tumor stage and the dimin-
ishment of renal function resulting from the loss of a renal
unit. This study was the first to reveal that postoperative
renal function after RNU can be quantitatively predicted
using preoperative DWI in UTUC patients.

In dynamic CT, the radiodensity in Hounsfield units
of each pixel was reported to reflect the blood volume
contained within glomeruli and peritubular capillaries in
each pixel [1]. Therefore, Hounsfield units can serve as
surrogate indicators of renal function, as we have previ-
ously showed [2]. However, patients who might require
reductions in the dosage of cisplatin-based chemotherapy
due to impaired renal functioning were often unable to be
given adequate levels of radiocontrast agents [3]. With
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respect to MRI, Le Bihan et al. [4, 5] demonstrated that
IVIM imaging could be used to quantify the levels of mi-
crocirculation within the capillary network along with
molecular diffusion occurring within a single-image vox-
el using DWI, provided that both low and high b-values
were considered. It is notable that this technique does not
require injection of a gadolinium-based contrast agent
and can be given to patients with renal insufficiencies or
allergies to contrast agents. In the current study, our ca-
pacity to predict renal function was significant, even in
patients with impaired renal function. Recently, the util-
ity of DWI in the diagnosis of several malignancies has
been increasingly reported [12, 13], and this method has
the potential to facilitate the prediction of residual renal
function.

The perfusion fraction can be used as a biomarker for
differentiating between the diagnosis of either benign and
malignant tumors in the salivary gland [14] and pancreas
[15]. It was also shown to correlate with eGFR, reflecting
the contribution of microcirculation in patients after
transplantation [16]. Although the perfusion fraction
could be theoretically estimated using a nonlinear least-
square algorithm with a multiexponential signal decay
curve using DWIs with various low and high b-values,
significant errors were produced in spite of considerable
effort and time. Recently, Sumi et al. [6] showed that it
could be equivalently assessed geometrically using 3 b-
values equal to 0, 500, and 1,000 s/mm?, and another ex-
ternal validation study showed that this geometrically de-
termined PP-value could facilitate the differentiation of
major types of head and neck tumors [7]. Therefore, we
adopted this geometric method utilizing the same 3 b-
values with the report of Sumi to calculate PP-values.
When a PP-value is applied to the kidney parenchyma as
a renal PP-value, it has the capacity to contain informa-
tion regarding urinary flow in renal tubules. Nonetheless,
the percentage of the total bilateral renal PP-value could
reflect SRF and be useful to quantitatively predict postop-
erative renal function. External radionuclide counting is
considered a common way to determine SRF. The mea-
sured value itself, however, poorly correlated with post-
operative renal function, and the approach of splitting the
Cr-based total eGFR value would be needed [2]. In the
current study, the ability to predict postoperative renal
function using DWI was equal to the predictive capacity
of renography.

In this study, hydronephrosis, lymphovascular inva-
sion, and the presence of high-grade tumors were in-
versely associated with the perioperative decrease of
eGFR values. Although the absence of hydronephrosis
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has been reported to be a risk factor for renal insufficien-
cy after RNU [17, 18], evaluation using binary variables
is qualitative and may not be useful in a clinical setting.
This has been the first study that has been able to demon-
strate that the renal PP-value calculated from DWI could
reflect the preoperative SRF of an intact kidney, which
facilitates the quantitative prediction of postoperative re-
nal functioning.

Limitations of our study included its retrospective na-
ture and our relatively small sample size. Future studies
will be required to establish the usefulness of the renal
PP-value to assess postoperative renal functioning in
UTUC patients.

Conclusions

The percentage of the total bilateral renal PP-value for
the intact kidney in preoperative DWI is indicative of the
ratio of SRF, which is a useful tool for predicting the level
of postoperative renal function after RNU in UTUC pa-
tients. This may also facilitate the selection of an appro-
priate context for cisplatin-based combination chemo-
therapy for UTUC patients treated with RNU.
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