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Abstract

Objectives To assess the potential of T1 mapping—based extracellular volume fraction (ECV) for the identification of higher

grade clear cell renal cell carcinoma (cRCC), based on histopathology as the reference standard.

Methods For this single-center, institutional review board—approved prospective study, 27 patients (17 men, median age 62 +

12.4 years) with pathologic diagnosis of cRCC (nucleolar International Society of Urological Pathology (ISUP) grading)

received abdominal MRI scans at 1.5 T using a modified Look-Locker inversion recovery (MOLLI) sequence between

January 2017 and June 2018. Quantitative T1 values were measured at different time points (pre- and postcontrast agent

administration) and quantification of the ECV was performed on MRI and histological sections (H&E staining).

Results Reduction in T1 value after contrast agent administration and MR-derived ECV were reliable predictors for differenti-

ating higher from lower grade cRCC. Postcontrast T'1 4;¢r values (T14;¢= T1 difference between the native and nephrogenic phase)

and MR-derived ECV were significantly higher for higher grade cRCC (ISUP grades 3—4) compared with lower grade cRCC

(ISUP grades 1-2) (p <0.001). A cutoff value of 700 ms could distinguish higher grade from lower grade tumors with 100%

(95% CI 0.69-1.00) sensitivity and 82% (95% CI 0.57-0.96) specificity. There was a positive and strong correlation between

MR-derived ECV and histological ECV (p <0.01, » =0.88). Interobserver agreement for quantitative longitudinal relaxation

times in the T1 maps was excellent.

Conclusions T1 mapping with ECV measurement could represent a novel in vivo biomarker for the classification of cRCC

regarding their nucleolar grade, providing incremental diagnostic value as a quantitative MR marker.

Key Points

* Reduction in MRI T1 relaxation times after contrast agent administration and MR-derived extracellular volume fraction are
useful parameters for grading of clear cell renal cell carcinoma (cRCC).

* T1 differences between the native and the nephrogenic phase are higher for higher grade cRCC compared with lower grade
cRCC and MRI-derived extracellular volume fraction (ECV) and histological ECV show a strong correlation.

» T1 mapping with ECV measurement may be helpful for the noninvasive assessment of cRCC pathology, being a safe and
feasible method, and it has potential to optimize individualized treatment options, e.g., in the decision of active surveillance.
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Abbreviations

ADC Apparent diffusion coefficient
AUA American Urological Association
cRCC Clear cell renal cell carcinoma
DWI Diffusion-weighted imaging
ECM Extracellular matrix

ECV Extracellular volume fraction
ESM Electronic supplementary material
H&E Hematoxylin and eosin

ICC Intraclass coefficient

ISUP International Society of Urological Pathology
MOLLI Modified Look-Locker inversion recovery
ROC Receiver operating characteristic curve

ROI Region of interest

SNR Signal-to-noise ratio

TER Tumor enhancement ratio

Introduction

Renal cell carcinoma (RCC) is a frequent malignancy,
representing 2-3% of adult cancers [1]. Accounting for ap-
proximately 90% of all kidney malignancies, it comprises dif-
ferent RCC types with individual genetic and histopathologic
characteristics [2]. Out of these types, clear cell renal cell
carcinoma (cRCC) is the most common [3]. Apart from the
tumor type, stage and grading are important prognostic factors
for the prediction of cancer-specific survival. The
International Society of Urological Pathologists (ISUP) strat-
ified cRCC into a four-tier system, with lower grade tumors
(ISUP 1-2) showing an excellent 10-year survival rate of ap-
proximately 95% compared with about 60% for higher grade
RCC (ISUP 3-4) [4]. While percutaneous biopsies can in-
crease chances of a preoperative pathologic diagnosis, they
are associated with procedural complications, potential sam-
pling errors, and inaccurate tumor grading or subtyping [5].
With a lot of renal masses being incidental diagnoses on rou-
tine clinical imaging, image-based tumor grading would be of
clinical relevance [6, 7], as it could aid in triaging patients to
the best individual therapy, e.g., focal therapy or active
surveillance.

MR-based T1 mapping is a promising diagnostic tool for
quantitative measurement and characterization of tissues, also
allowing for a noninvasive quantification of the ECV [8].

Previous research demonstrated an increase of the ECV in
different tumors with evidence that the extracellular matrix
(ECM) represented a modulator of tumor growth, prolifera-
tion, or invasion [9]. Compounds of ECV glycoproteins have
also been shown to contribute to the development and pro-
gression of cRCC [10, 11].

The aim of this study was to assess the potential of T1
mapping, with derived ECV before and after the application
of contrast agents, for the identification of higher cRCC.
Histopathology with ISUP grading served as the reference
standard.

Methods
Study design and population

This prospective study was institutional review board—
approved and written informed consent was obtained from
all participants prior to the examination. Between January
2017 and August 2018, 37 consecutive patients with
suspected cRCC, who agreed to participate and had no con-
traindications to MR or prior focal ablation, were referred to
our department for abdominal MRI examinations with appli-
cation of contrast agents (refer to Fig. 1 for an overview of the
study workflow).

Imaging protocol

All examinations were performed on a 1.5-T MR scanner
(Avanto; Siemens Medical Solutions) with a dedicated
16-channel body phased-array coil. The patients underwent
a clinical routine image protocol of the kidneys and in
addition received native and postcontrast steady-state preces-
sion single-shot modified Look-Locker inversion recovery
(MOLLI) sequences in coronal planes, adjusted to the long
axis of both kidneys. The routine image protocol of the kid-
neys included a coronal and sagittal T2 HASTE image, a
native axial 3D T1 FLASH image, a T1 FLASH angiography,
and a fat-saturated T1 3D VIBE sequence for the delayed or
excretory phase imaging (refer to Table 1 for tabulated
magnetic resonance imaging parameters). Gadoterate
meglumine (Dotarem®) was used as contrast agent. Coronal
3D FLASH sequences were obtained dynamically in the
corticomedullary and nephrogenic phases. With bolus track-
ing, the arterial phase could be accurately timed to peak en-
hancement of the abdominal aorta. The corticomedullary
phase was acquired approximately 20 s after the start of the
arterial phase and the nephrogenic phase was initiated another
70 s after the start of the corticomedullary phase. The calcu-
lation of the T1 maps was automated on a pixel-by-pixel basis,
with the resulting pixel-by-pixel maps being displayed
through a customized 12-bit lookup table with a visible color
map immediately after the acquisition. In this map, the signal
intensity of each of the pixels reflects their absolute T1 values.
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Fig. 1 Workflow of participants
through the study. Diagram
illustrating the flow of study

37 consecutive patients with suspected
cRCC or follow-up examinations after cRCC

Inclusion criteria:

- No contraindications to MRI

participants and showing the
reasons for exclusion as well as
the final study population, which
met the eligibility criteria

- No prior radiofrequency ablation
- Suspected renal cell carcinoma

Abdominal MRI at 1.5 T with pre- and
postcontrast T1 mapping (MOLLI sequences)

Exclusion because of different histology:

| urothelial carcinoma (n=1) and oncocytoma
(n=2)

Exclusion because of missing histology due

| to patients being considered poor surgical
-candidates (n=3)

Exclusion due to insufficient image quality

Y

> (n=2) or MOLLI sequences not being
performed according to the protocol (n=2)

lesions

27 patients meeting eligibility criteria (17 men/ 10 women).
8 ISUP grade 1 lesions, 10 ISUP grade 2 lesions, 4 ISUP grade 3 lesions and 5 ISUP grade 4

Y

20 patients with additional histologic sections (H&E staining) and determination of histologic ECV

Phantom of estimated T1 values

To test the accuracy of estimated T1 values, a phantom
with T1 values in the same range as those observed in
cRCC patients was developed, based on a dilution series
of gadolinium (gadoterate meglumine) from 1:2000—
1:20,000 in steps of 500. The samples were filled in
50-ml Falcon tubes. For MR scanning, the tubes were
placed in a plastic box, filled with water, and sorted in
order of descending concentrations (refer to Fig. S1 and
ESM Table S1).

@ Springer

Imaging analysis

All images were analyzed using Visage 7.1 (Visage Imaging).
Assessment of T1 mapping (MOLLI) was performed by two
independent radiologists, blinded to the clinical information
and histologic grading, in two different reading sessions. For
each patient, circular ROIs of maximum size were placed
within the most homogeneous and hyperintense portion of
solid tumor area on the basis of visual assessment in
postcontrast sequences. Regions of necrosis, cystic degenera-
tion, and hemorrhage were avoided and identified by lack of
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Table 1 Tabulated MR imaging parameters
Sequence
T1 FLASH T2 HASTE MOLLI T1 3D FLASH
Scan plane Axial Coronal Coronal Coronal
Voxel size (mm) 1.4x1.1x4.0 1.7x1.3x5.0 1.9x1.3x4.0 1.6 x1.0x1.4
Number of slices 60 25 1 1
TR/TE (ms) 186/4.76 800/89 912/1.16 2.88/0.98
Averages 1 1 2 1
FoV (mm) 340 400 400 500
Flip angle (°) 70 170 35 25
Matrix 320 320 320 512
Bandwidth (Hz/Px) 260 422 1042 440
Fat saturation None None None Yes
Parameter map type - - T1 map -
Number of inversions - - 3 -
MOLLI TI start (ms) - - 153 -
MOLLI T1 increment (ms) - - 80 -
MOLLI T1 trigger delay (ms) - - 160 -

MOLLI Modified Look-Locker inversion recovery, FLASH Fast low angle shot magnetic resonance imaging

enhancement. Apart from the ROI measurements within the
solid parts of the cRCC, additional circular ROIs were placed
in the renal cortex and medulla. The differences (T1g4;) be-
tween the native and the nephrogenic T1 values and the dif-
ference between the nephrogenic and the excretory phases
were calculated (T1.y), averaged over two observers:

native.tumor.T1 (observerl) >

TI diff = 0.5 x .
+ native.tumor.T1 (observer2)

0.5 x [ postcontrast.tumor.T1 (observerl)
o+ postcontrast.tumor.T1 (observer2)

T1 values for pre- and postcontrast blood were determined
by ROIs drawn in the center of the descending aorta. The ECV
was calculated based on the individual hematocrit and the pre-
and postcontrast T1 values of the cRCC and the blood pool
according to the following formula [12]:

1 — haematocrit x (1/T1eRCC.post)
— (1/T1cRCC.pre)

/((1/T1blood.post) — (1/T1blood.pre)) x 100%

ECV =

A blood sample was obtained prior to the scanning to con-
trol for the kidney parameters and for measurement of the
hematocrit. To compare the results of T1 mapping with stan-
dard MR angiography, a relative tumor enhancement ratio
(TER) [13] was calculated.

- (Post — contrast.cRCC — enhancement)
N —(Unenhanced.cRCC)

/ (Post — contrast.renal cortex — enhancement)
—(Unenhanced.renal.cortex)

Calculation of histological extracellular volume
fraction

The histological specimens taken from the cRCC were fixed
in formalin, embedded in paraffin wax, sectioned at 2 pm, and
stained with hematoxylin and eosin (H&E) for estimation of
the ECV. Two representative magnification (x 50) tiled digital
images, one from a central and the other from a periphery
region, were acquired per patient (Zeiss-LSM-710, Carl
Zeiss). In the next step, a quantitative analysis was performed
with ImageJ (ImagelJ-1.50i, Wayne Rasband, National
Institutes of Health). The H&E-colored images analyzed with
automatic thresholding to achieve the best possible separation
of intracellular from ECV. ECV was calculated as the percent-
age of the selected ECV area, divided by the total depicted
cRCC area.

ISUP grading

cRCC was examined by a pathologist, who was blinded to the
clinical information and the MOLLI assessment (index test
results), and classified into four ISUP grades [13]. ISUP grad-
ing is based on the evaluation of nucleolar prominence, with
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grade 4 tumors showing a high degree of polymorphism and
rhomboid and/or sarcomatoid morphology [13].

Statistical analysis

Continuous variables were expressed as means + standard
deviations, if applicable. Student’s ¢ tests were used for con-
tinuous variables and the Mann-Whitney U test was used for
intergroup differences. Boxplots were employed to display the
distribution of the averaged T1 values along the different
groups. To estimate the optimal cutoff T1 value for the iden-
tification of higher grade cRCC, a receiver operating charac-
teristic curve (ROC) analysis was performed, prioritizing sen-
sitivity over specificity for the exploratory selection of the
optimal cutoff value. Interobserver agreement was calculated
with the intraclass correlation coefficient (ICC) and visualized
by Bland-Altman plots. P values < 0.05 were considered sta-
tistically significant. All statistical analysis was performed
with “R” Statistical Software (Version 3.2.2, R Development
Core Team, 2015).

Results

Quantitative measurements, quantitative analysis,
and interobserver agreement

A total of 27 patients were included in the present study (62 +
12.4 years). An overview of the study characteristics is given
in Table 2. The histological grading of the patients revealed 8
ISUP grade 1 lesions, 10 ISUP grade 2 lesions, 4 ISUP grade 3
lesions, and 5 ISUP grade 4 lesions. Mean maximum cRCC

diameter was 6.35+4.22 cm and mean ROI sizes were
10.7 cm® £9.8 cm”. There was no significant difference in
men and women regarding tumor size or between age and
ISUP grade (p > 0.05). For 20 of the patients, additional his-
tologic sections for H&E staining were available. The time
interval between MRI imaging and surgical excision was
27.7+21.4 days.

Identification of higher grade cRCC

Native and postcontrast T1 relaxation times were measured
and averaged over two observers. The higher the ISUP grade,
the higher the difference between the native and nephrogenic
phase, enabling a reliable distinction between different ISUP
grades (see Fig. 2 and Electronic Supplementary Material
(ESM) Fig. S2). MR-derived ECV also allowed a convincing
differentiation between each ISUP grade (p <0.001).
Tlnephrogenics Tlexcretory and Tldiff’ Tlexa and MR-derived
ECV were calculated, whereby T1g4;+ and MR-derived ECV
were the best predictors for the different cRCC grades (see
Fig. 3 and Fig. S3). Multivariate analysis demonstrated a sta-
tistically significant difference in T1g4;; values between lower
grade (ISUP 1, 2) and higher grade (ISUP 3, 4) (p <0.001)
cRCCs, but also between ISUP grades 1-2 and (p <0.01),
ISUP grades 2-3 (»p<0.001), and ISUP grades 3—4
(p <0.05). This equally applied to MR-derived ECV.
Average T1 4; values were 414.8 ms+ 151.2 ms for ISUP
grade 1, 668.5 ms+ 127.0 ms for ISUP grade 2, 829.5 ms+
42.0 ms for ISUP grade 3, and 966 ms=+34.6 ms for ISUP
grade 4. Higher grade cRCC (ISUP grades 3, 4) showed sig-
nificantly longer T14;¢ values compared with lower grade tu-
mors (ISUP grades 1, 2), indicating a higher gadolinium

Table 2 Characteristics of the
study population

Partial nephrectomy (%)
Radical nephrectomy (%)
Biopsy (%)

Number of patients with cRCC (men/women)
Median age of patients with cRCC (SD)

27 (17/10)
62 (12.4)

48.1% (n=13)

44.4% (n=12)
74% (n=2)

Average nephrogenic T1 values (SD) for the renal parenchyma

Renal cortex
Renal medulla

1026.8 ms (65.6 ms)
1254.8 ms (81.9 ms)

Average T4 values for cRCC (SD, number, %)

ISUP grade 1
ISUP grade 2

ISUP grade 3

ISUP grade 4

414.8 ms (151.2 ms, 8, 29.6)

668.5 ms (127.0 ms, 10, 37.0)

829.5 ms (42.0 ms, 4, 14.8)
966 ms (34.6 ms, 5, 18.6)

Average Tl pephrogenic Values for cRCC (SD)

ISUP grade 1
ISUP grade 2
ISUP grade 3
ISUP grade 4

491.6 ms (60.9 ms)
408.8 ms (26.2 ms)
373.9 ms (51.1 ms)
383.3 ms (60.7 ms)

@ Springer
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nephrogenic phase
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Fig. 2 Distribution of differences in T1 (T1g4;y) and in the extracellular
volume fraction across different ISUP grades. The upper left part of the
figure (a) displays the T1 differences between native and nephrogenic
phases across different ISUP grades using boxplots. T1 differences
between the native and the nephrogenic phase are higher for higher
grade cRCC (ISUP grades 1 and 2) compared with lower grade cRCC
(ISUP grades 3 and 4). The bottom and top of the boxes represent the first
and third quartiles, the band in the box represents the median, and the
ends of the whiskers indicate the minimum and maximum. The upper
right part of the figure (b) shows the MR-derived extracellular volume

uptake. ROC curve analysis showed a cutoff value of 700 ms
(for Tl to detect higher grade cRCC with a sensitivity of
100% (95% C1 0.69—1.00) and a specificity of 82% (95% CI
0.57-0.96) (refer to Table 3 for confusion matrix and to Fig. 3
for case examples).

Association of MR-derived ECV and histological ECV

The mean histological ECV across different cRCC grades was
35.9% £+ 15.9%, while the mean MR-derived ECV was
30.6% +11.2% (Fig. 4). Patients with higher grade cRCC

5837
MR-derived ECV across different
ISUP grades
80 1 p < 0.001
60 1 ==
>
O
w .
®
£
8w |
o
=
0| =g
1 2 3 4
b
ISUP grades
— 1 - Specificity
Sensitivity
25 500 750 1000
c2 Threshold

fraction (ECV) in % values across different ISUP grades with boxplots.
Higher grade cRCC shows higher ECV values compared with lower
grade cRCC. The lower left part of figure (c1) illustrates the diagnostic
performance of T1 mapping as a binary classifier in discriminating be-
tween ISUP grades 1 and 2 and 3 and 4. In this context, the T1 threshold is
varied using a receiver operating characteristic curve (ROC curve). The
corresponding area under the curve (AUC) is 0.96. The lower right part of
the figure (c2) displays the respective sensitivity and specificity values
plotted against their corresponding threshold

showed significantly higher MR-derived and histological
ECV. Spearman’s correlation analysis revealed strong correla-
tion between MR-derived ECV and histological ECV
(p<0.01, »=0.88) (Fig. 5). T14; values also strongly corre-
lated with the histological ECV (»=0.81).

Imaging of higher grade cRCC based on standard MR
angiography

The tumor-to-cortex enhancement ratios (TERcorticomedultary
and TER,ephrogenic) Showed no significant difference between

@ Springer
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Fig. 3 Postcontrast T1 mapping
images of lower and higher grade
cRCC. (1a) Postcontrast T1
FLASH image with exemplary
ROI placement in a
homogenously bright appearing
area (refer to “Methods” section
for more details). (1b)
Corresponding MOLLI image,
showing a relatively high T1
relaxation time. (2a) Postcontrast
T1 FLASH image of a 63-year-
old woman with a low-grade
(ISUP 2) cRCC of the right
kidney and exemplary ROI
placement in a solid tumor area.
(2b) Corresponding postcontrast
MOLLI image, showing an
intermediately high T1 signal.
(3a) Postcontrast T1 FLASH
image of a 76-year-old woman
with a higher grade (ISUP 3)
cRCC of the right kidney and
exemplary ROI placement. (3b)
Corresponding postcontrast
MOLLI image, showing a
relatively low T1 signal. (4a)
Postcontrast T1 FLASH image of
a 47-year-old man with a high-
grade (ISUP 4) cRCC of the left
kidney with a central necrotic area
and exemplary ROI placement in
a solid tumor area. (4b)
Corresponding postcontrast
MOLLI image, again showing a
relatively low T1 signal. The high
T1 signal in the center with lack
of enhancement in the
conventional MR angiography
corresponds to a necrotic area and
was excluded from ROI
placement. (1b-m, 2b-m, 3b-m,
and 4b-m) Corresponding
magnifications of the ROIs placed
in (1b), (2b), (3b), and (4b)

ISUP 1

ISUP 2

ISUP 3

ISUP 4

Table 3 Confusion matrix for the calculation of sensitivity and specificity

MR native T1 mapping (index test) Histology (reference standard) Total
Confirmed higher grade cRCC Confirmed lower grade cRCC

Higher grade cRCC (ISUP grades 3 and 4) 10 3 13

Lower grade cRCC (ISUP grades 1 and 2) 0 14 14

Total 10 17 27

@ Springer



Eur Radiol (2019) 29:5832-5843

5839

Fig. 4 Measurement of the
extracellular volume fraction.
Examples of magnified (x 50)
images in hematoxylin and eosin—
stained sections (A) with a bar
indicating 200 pum and (after dig-
ital magnification) (B) with a bar
indicating 100 um. Magnification
images with x 50 were used for
automated analysis with ImageJ
to assess the extracellular volume
fraction (a and b). (a) and (b)
Extracellular area selection in
Imagel after color thresholding.
Examples demonstrated in this
figure correspond to 20%, 24%,
33%, and 54% of extracellular
volume fraction for ISUP grades 1
to 4 for a periphery region (with
an exemplary higher digital mag-
nification for better visualization)
and to 17%, 21%, 37%, and 44%
for a central region of the tumor

ISUP grade 1

P

ISUP grade 1

B ISUP grade 3

50 1

Histologic ECV

pearson's product-moment correlation = 0.805
p < 0.001

250 500 750 1000
T1 Difference between
a Native and Nephrogenic Phase

Fig. 5 Association between T1 differences and MR-derived extracellular
volume fraction (ECV) and histological ECV. Sections were stained with
hematoxylin and eosin and the extracellular volume fraction was calcu-
lated as the percentage of the extracellular space, divided by the total
depicted cRCC area. a T1 differences between the native and nephrogenic
phase values showed a very strong correlation with the histological

ISUP grade 2

ISUP grade 4

ISUP grade 2

ISUP grade 4

.

50 1
> 40
O 40
w
k]
(<4
o
O 304
B 30
I

201

pearson's product-moment correlation = 0.878
101 p < 0.001
20 4 60

b MR-derived ECV

extracellular volume fraction (correlation coefficient »=0.80), with the
gray-colored area indicating confidence intervals. b MRI-derived ECV
also showed a very strong correlation with the histological extracellular
volume fraction (correlation coefficient »=0.88), again with the gray-
colored area indicating confidence intervals
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Fig. 6 Tumor-to-cortex enhancement ratios for the corticomedullary and
nephrogenic phases and interobserver agreement of postcontrast T1
values of cRCC in the nephrogenic and excretory phase. (al) Tumor-to-
cortex enhancement ratios across different ISUP grades in the
corticomedullary phase with a trend towards lower tumor-to-cortex en-
hancement ratios in higher grade tumors, which, however, does not reach
statistical significance (p =0.136). (a2) Comparably lower tumor-to-
cortex enhancement ratios across different ISUP grades in the
nephrogenic phase with no significant difference in tumor-to-cortex

high- and low-grade cRCCs (corticomedullary and medullary:
p>0.05) (for visual illustration, refer to Fig. 6).

Agreement of interobserver measurements

Postcontrast quantitative T1 values for both the nephrogenic
and the excretory phases demonstrated a high interobserver
agreement. Mean ratios were 1.01 (95% CI 0.9-1.12) for the
cRCC T1 times in the nephrogenic phase and 0.99 (95% CI
0.87—1.1) for the excretory phase (refer to Fig. 6). There was
also an excellent interobserver agreement for the cRCC
nephrogenic T1 values (ICC 0.94, 95% CI 0.89-0.98) and
the T1 values in the excretory phase (ICC 0.86, 95% CI
0.73-0.91).

Discussion
This prospective study suggests that T1 mapping may enable a

noninvasive differentiation of higher grade from lower grade
renal cell carcinoma, based on postcontrast changes in

@ Springer

enhancement ratios between the different ISUP grades (p=0.417).
Bland-Altman plots illustrate the interobserver variability for postcontrast
cRCC T1 values in the nephrogenic (bl) and excretory (b2) phases.
Specifically, the mean ratios were 1.01 (CI 0.9-1.12) for the cRCC T1
times in the nephrogenic phase and 0.99 (CI 0.87-1.1) for the excretory
phase. The mean ratio of the data is illustrated by the central horizontal
line. The upper and lower reference lines indicate the upper and lower
limits of agreement (96% confidence intervals)

longitudinal relaxation times. Higher grade cRCC showed
significantly higher Tl values and higher percentages of
MR-derived ECV, which, furthermore, correlated well with
the histological ECV.

Patients with a high-grade cRCC were shown to have a
significantly higher risk for cancer-specific death compared
with lower grade cRCC patients [14]. Image-based tumor
grading would offer the chance to improve prognosis assess-
ment and prior patient information as well as preoperative
planning. Due to elderly and comorbid patients with small
renal masses having a low RCC-specific mortality versus a
significant competing cause mortality, active surveillance is
increasingly recommended in selected cases [15, 16].
However, at present, there are neither objective criteria for
the selection of adequate patients nor a uniform definition
for active surveillance. To this end, image-based tumor grad-
ing could facilitate the appropriate selection of patients suit-
able for active surveillance. Furthermore, it could also aid in
identifying patients suitable for other less invasive forms of
therapy, such as focal therapy, which may help to prevent
cases of upstaging after partial nephrectomy and to identify
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patients eligible for immunotherapy [17]. In addition, an in-
creased use of renal mass biopsies for the diagnosis and risk
stratification of patients with renal masses suspicious of renal
cancer, which was recently recommended by the 2017
American Urological Association (AUA) Renal Mass and
Localized Renal Cancer Guidelines, could be reduced in favor
of a noninvasive image-based approach [15]. Generally,
image-based grading with T1 mapping would be particularly
helpful as well as potentially cost-effective in patients with
smaller renal masses and comorbidities/higher risk of periop-
erative complications [18]. Finally, the T1 mapping approach
chosen in the present study would be relatively easy to imple-
ment in clinical practice due to already being commercially
available.

Chemical shift imaging and diffusion-weighted imaging
(DWI) are other quantitative MR techniques used to charac-
terize biological tissues. In chemical shift imaging, a decrease
in signal intensity on opposed-phase gradient-echo images
displays the ratio of lipid content to total tissue amount in each
voxel [17]. Chemical shift imaging was previously shown to
be potentially helpful for the visualization of intracellular lipid
and glycogen in cRCC [18]. More recently, Karlo et al found a
decrease in signal intensity of more than one-quarter to be
diagnostic for cRCC, while they found no difference in signal
intensity for the different cRCC grades [17].

DWI, other than T1 mapping and chemical shift imaging,
relies on the measurement of the random motion of water
molecules within tissues to use in qualitative/quantitative
evaluations based on the apparent diffusion coefficient
(ADC), with highly cellular tissues generally showing lower
diffusion coefficients [19]. The ADC was previously shown to
be a potential noninvasive quantitative biomarker for tumor
characterization [20]. With regard to RCC, there is a wide
range of reported ADC values, possibly reflecting the depen-
dence on MR scanners/sequence parameters [21]. Generally,
RCC tumor tissue was shown to display lower ADC values
compared with benign tissue, with some research reporting
different ADC values for cRCC and other renal tumors
[22-24]. A systematic review by Kang et al suggested a mod-
erate accuracy of DWI for the prediction of renal malignancy
and high-grade cRCC, while the performance of DWI to as-
certain clear cell histologic grade was considered unclear [25].
Similarly, a more recent meta-analysis by Woo et al also re-
ported a moderate diagnostic performance of DWI for differ-
entiation of high- from low-grade cRCC [26]. So far, there is
limited research on the comparison of DWI and T1 mapping,
adding to the importance of future studies in this area [27, 28].

Recent studies showed an association between an abun-
dance of extracellular matrix proteins and ECV/T1 values
[29, 30]. Furthermore, it was found that metastases, tumor
progression, or poor prognosis in cRCC was related to the
upregulation of extracellular matrix genes and proteins, espe-
cially in higher grade cRCC [10, 31-33]. By contrast,

histologically, well-differentiated cRCCs are composed of rel-
atively large tumor cells with clear cytoplasm and narrow
intercellular spaces, which might in part explain the relatively
low T1 values and ECV in lower grade cRCC [34]. As necro-
sis does occur not only in the form of macroscopically visible
areas of necrosis but also in the form of microscopic necrosis,
inclusion of some microscopic necrosis areas cannot be ex-
cluded, potentially affecting T14;r and making the differenti-
ation from higher grade cRCC more difficult. In lower grade
cRCC, presence of microscopic cystic degeneration may re-
sultin an increase of T14;g, potentially leading to an upgrading
of lower grade tumors. In our study, we showed differences in
quantitative T1 values for the four cRCC grades, with T1 4
being highest for ISUP grade 4 tumors and lowest for ISUP
grade 1 cRCC, indicating a higher gadolinium uptake in
higher grade cRCC. Even though based on T1g4;¢ and MR-
derived ECYV, it was possible to distinguish all four grades of
cRCC with statistical significance, a two-tier differentiation
was chosen due to the small number of patients, especially
regarding higher grade cRCC. However, a four-tier sub-differ-
entiation appears to be very promising in our proof-of-concept
study.

The present study has several limitations. First, being a
proof-of-concept study, it is based on a single-center design
and includes only a small number of patients. Another limita-
tion is that scan-rescan variation was not tested and that only
one scanner from one vendor was used; because of this, the
results may not be generalizable to all institutions. Due to
a “bolus-only” approach in the present study, ECV values
over 40% might have been overestimated compared with slow
infusion techniques [35]. Besides, there is an overlap between
the fourth quartile of ISUP 2 and the first to fourth quartile of
ISUP 3 (refer to Fig. 2), indicating that up to one-quarter of
tumors with ISUP grade 2 might be over graded based on T1
mapping, using the proposed cutoff for T1g;; values. While
postcontrast T1 mapping is not a perfect test, which is also
shown by its specificity of 82%, it still allows to detect higher
grade tumors (ISUP 3, 4) with 100% sensitivity. Furthermore,
even though this study validated the different cRCC grades
against the ECV in cRCC samples, the tissue samples only
represented relatively small tumor sections, which cannot be
accurately located based on MRI; because of this, a sampling
bias cannot be excluded. Also, this study only examined
cRCC instead of a wider range of RCC subtypes. Finally,
another practical limitation of T1 mapping is that especially
for younger patients with lower risk of surgical complications,
the potential clinical impact of a preoperative tumor grading
may be limited, since curative surgery remains the primary
approach.

In conclusion, quantitative T1 mapping with image-based
ECV measurement could represent a novel in vivo biomarker
for the differentiation of lower and higher grade cRCCs,
reflecting intrinsic tissue properties and contrast agent uptake
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in the extracellular space. As a consequence, in vivo charac-
terization of cRCC with T1 mapping could potentially opti-
mize individualized treatment options, assisting in the selec-
tion of less invasive therapeutic options.
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