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1 | INTRODUCTION

The kidney is a remarkable organ, eliminating
water-soluble waste products and maintaining the body’s
osmolyte and water balance. The nephron is the functional
unit of the kidney for urine formation and for maintain-
ing these balances; it consists of the glomerulus and the
tubule. In the renal cortex, the glomerulus produces pri-
mary urine by ultrafiltration of blood plasma. The tubule
reabsorbs most of the filtered water and osmolytes, and
secretes some substances, to produce the final urine.
The tubule consists of highly differentiated segments:
The proximal tubule, located in the cortex, is followed by
the U-shaped loop of Henle, which dips into the medulla,
then returns to the cortex. This is followed by the distal
tubule, and finally the collecting duct, running from the
cortex through the medulla, ending at the renal papilla
where the final urine drains into the extrarenal urinary
tract.

The volume of the tubular lumen accounts for a large
fraction of the kidney volume.'? This tubular volume
fraction (TVF) can change due to changes in (i) glomeru-
lar filtration rate (GFR), (ii) tubular water reabsorption,
(iii) transmural pressure of the tubules, and (iv) outflow
of final urine into the extrarenal urinary tract. Patho-
physiologically relevant decreases in the TVF can result
from primary decreases in GFR due to reduced effec-
tive filtration pressure in clinical scenarios including
circulatory shock, low arterial target pressure during car-
diopulmonary bypass, and surgery involving clamping of
the suprarenal aorta or the renal artery. Other causes for
decreased TVF include decreased hydraulic conductance
of the filter, which occurs in some forms of glomeru-
lonephritis, and diffuse tissue fibrosis.>8 Increases in TVF
due to primary GFR increase are typical for the early stages
of diabetic kidney disease.’ TVF also increases in scenarios
with reduced water reabsorption, such as following ther-
apeutic administration of diuretics (particularly osmotic
and loop diuretics), and due to hyperglycemia.'? Increased
tubular pressure resulting from increased tubular fluid
viscosity following administration of X-ray contrast media
during transcutaneous cardiac procedures also increases
TVF.1112 Another cause for increased TVF is obstruction
of the extrarenal urinary tract: the renal calices, pelvis,
ureter, bladder, and the urethra. Such congestions can
be caused by kidney stones, tumors, scar tissue, and
hyperplasia of the prostate, and can also occur during
endourologic procedures.!371® Polycystic kidney disease is
also characterized by progressive increase in the TVF.

Parametric mapping of T, is an established MRI
approach. The water-containing compartments of renal
tissue include the (i) intracellular space, (ii) intersti-
tial space, (iii) lumen of the intrarenal vasculature with

flowing blood, and (iv) tubular lumen with flowing tubu-
lar fluid—a compartment unique to the kidney. For
parametric mapping, the T, relaxation decay is quan-
tified voxel-wise. Because most renal MRI studies use
a voxel size that includes at least two, but usually all
four fluid compartments, the T, signal decay curve must
be multiexponential, with multiple T, relaxation times,
to account for partial volume effects.!’"1° Because the
parenchyma and blood compartments exhibit a similar
T,, and only the tubular fluid has a considerably longer
T, relaxation, the T, decay curves can be approximated
with a bi-exponential decay. Zhao et al. reported a T, of
approximately 41 ms for the renal cortex and T, of approx-
imately 52 ms for the outer medulla?®?!; for arterial blood,
a T, of about40 ms was reported by Lee et al.?? If the T,
decay is sampled at appropriate time points, the contri-
butions of slow and fast T, relaxation components can be
separated with bi-exponential modeling to provide useful
information on the renal microstructure.?>

This study aims to evaluate T, mapping as a tool to
noninvasively probe renal tissue properties in vivo as a
potential marker for early diagnosis of kidney diseases.
In this work, we define TVF as the internal volume of the
tubular lumen that varies with changes in the tubular fluid
volume, not the total volume that includes the tubular
epithelial cells. We developed a protocol for T, mapping
of the rat kidney and determined a numerical solution
for multi-exponential decomposition of the T, decay.
We evaluated and validated the protocol and algorithms
using synthetic data, followed by MRI measurements, in
a purpose-built multicompartment test phantom to deter-
mine the accuracy of our method for T, mapping protocols
for which the ideal range of T, weighting is not known
a priori.”> We then applied our quantitative analysis
approach to in vivo data acquired in rats that underwent a
clinically relevant intervention—a short-term increase in
pelvis and tubule pressure (TPI)—that induces changes in
kidney size and T,.?* This allowed us to derive TVF maps
of the rat kidney, to investigate the relationship between
tubule pressure and TVF, and asses the feasibility of our
approach to detect clinically meaningful changes in TVF.

2 | METHODS
2.1 | Decomposition of the T, decay
to obtain tubule water fraction

The T, time of water is determined by its local environ-
ment.?*?%27 Accordingly, tubular fluid, originating from
ultrafiltration in the glomeruli, has a substantially longer
T, relaxation time compared with the renal parenchyma
and blood. Hence, the tubule luminal water contribution
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to the MR signal should be separable from the tissue
and blood signal using nonlinear least squares regression.
Each voxel (typically 0.25x 0.25x 1 mm, preclinical)?*?
provides a T, decay that consists of a long T, component
related to tubular fluid and short T, components related
to parenchyma and blood. These components can be sep-
arated using a two-order exponential decay as follows:

I = AI exp (_t/TZ,long) + AZ exp (_t/TLshorl) (1)

where I(t) is the signal amplitude; t is the evolution time
used for T, weighting; T» 1ong and T2 short are the T, relax-
ation times of the long and short components; and A; and
A, are the initial signal amplitudes of the long and short
components. Typical values of T, for the renal tissue lay-
ers of healthy rats at 9.4 T are 90.0-68.5ms in the inner
medulla (IM), 50.0-43.0ms in the outer medulla (OM),
and 43.0-36.6ms in the cortex (CO).2%2! Therefore, we
considered a relaxation time range of 10-100 ms for T'; g0t
to represent renal parenchyma and blood. To determine
the T5_jong component of rat kidney, we measured the T, of
pure water using our 9.4T scanner. An average T, of 500 ms
was found to represent pure water at body temperature
of 37¢C. A T jong of about 500 + 70 ms was found for the
renal cortex of healthy rats using a free bi-exponential fit.
Assuming that substances normally present in the tubular
fluid of healthy subjects do not significantly affect T o,
the T'5 jong Of tubular fluid should remain constant across
kidney layers.”® Therefore, we considered 500 ms to be
an appropriate approximation for the T, relaxation time
of tubular fluid, which was fixed in the bi-exponential
fitting.

We applied double exponential models along
with Trust-Region optimization from MATLAB (The
MathWorks, Natick, MA, USA) functions to estimate the
parameters for the bi-exponential models. Trust-Region
methods are highly effective and considered the gold stan-
dard in various applications.?=3! Instead of fitting three
or more exponentials, we used a bi-exponential model.
The advantage of a bi-exponential model is to simplify the
multi-exponential model and improve the accuracy of the
resulting T, and amplitudes. A three-exponential model
will not correctly differentiate parenchyma and blood
as two different compartments when their respective T,
values are too similar and overlap.

Accuracy of T, mapping and fitting in in vivo studies is
limited by the constraints of acquisition time, spatial reso-
lution, and SNR. To address this, we applied bi-exponential
decomposition of simulated T, mapping data covering a
range of SNR and T, conditions. From these simulations
we determined a low mean absolute error (MAE) proto-
col and an accelerated protocol customized for the in vivo
study for T, mapping of the rat kidney at 9.4 T.

2.2 | Evaluation using synthetic data
and simulations of T, decay data

To generate synthetic data for simulations, we defined a
model consisting of two components: a long T, component
related to tubular fluid and a short T, component related
to renal parenchyma and renal blood. We developed a
two-compartment-model for a multi-echo spin-echo sig-
nal decay using a Bloch-simulation toolkit (http://www
-mrsrl.stanford.edu/~brian/blochsim/). This toolkit pro-
vides the magnetization vector at each given time after the
initial excitation and for each image voxel based on the
extended phase graph (EPG) formalism.3233 This approach
was used to estimate the actual T, echo modulation curve
in a realistic multi-echo spin-echo experiment using non-
ideal refocusing pulses.3*3> The simulated T, decay could
be composed as follows:

2
S(t) = My Y. (D;(T2).EPG(T20)dT; +£(0,0m))  (2)

j=1
where S(t) is the signal amplitude; M, represents the
initial magnetization and signal intensity TE =0, which
is equal to the assumed proton density, and j=2, the
number of water compartments; D; denotes the ampli-
tude associated with each compartment, and j is the
compartment index; 6~ denotes all other required param-
eters. The €(0, on) function indicates the additive white
Gaussian noise. Gaussian-distributed white noise was
applied to the signal, such that SNR = mean(s)/c is simi-
lar to the noise typically found in the magnitude images
from in vivo studies. A dictionary of simulated T, decay
curves was acquired by repeating the simulations with
different T, gore =[5, 10, 15, 20, 25, 30, 35, 40, 45, 50,
60, 70, 85, 100 ms], T2 1ong=500ms, T;_gnorr =1820 ms,
T1_1ong =3400ms, refocusing flip angle=(122°-180°, 2°
increments), echo spacing =[5, 6, 7, 8, 9, 10, 12, 13, 15, 16,
18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 38, 41, 44, 47, 50 ms],
SNR =[5, 10, 20, 30, 50, 80, 120, 180, 270, 400, 600], and
TVF =0%-95% (5% increments).

2.3 | Validation in a phantom study

To evaluate the accuracy of the bi-exponential decomposi-
tion, we developed a mechanical phantom that emulates
a two-compartment system. This phantom mimics the T,
relaxation properties of renal tissue but does not mimic
the microstructure of renal tubules and parenchyma.
Figure 1 shows a photo and schematic of the custom-built
phantom. The housing was designed and printed with
cylindrical geometry (D=50mm) using Fusion 360
(Autodesk, Inc., San Francisco, CA, USA) and a 3D printer
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(A)

FIGURE 1

A, Photograph of the mechanical phantom. B, Schematic view of the phantom. The middle tube was filled with doped

water with T, mimicking renal T, and surrounded by distilled deionized water. This is simple and easy to make, and it is possible to define

circular regions of interest in the center, with different diameters, to examine water percentage changes. The dimensions of the housing for

the phantom (outer diameter = 50 mm, inner diameter = 10 mm, length = 65 mm) were adjusted to the size of the magnet bore; the material

used was magnetically compatible.

(Dimension 1200es; Stratasys Ltd., Rehovot, Israel). The
phantom includes distilled de-ionized water and water
doped with a mixture of MnCl, and CuSO,4 to achieve
T, and T; relaxation times that mimic the T; and T, of
renal parenchyma?"3° and can be used to simulate relative
changes of the tubule water fraction within the expected
ranges.?’

2.4 | Proof-of-principle in vivo study
All experiments were approved by the Animal Welfare
Department of the State Office of Health and Social Affairs
of Berlin, in accordance with German Animal Protection
Law and approved guidelines. Male Wistar rats (n=7,
aged 12-13 weeks, mass 270-300 g; Harlan-Winkelmann,
Borchen, Germany) were used. The animals had ad
libitum access to standard diet and water and were
housed under standard conditions with environmental
enrichment,?3-38

Rats underwent surgical procedures involving inser-
tion of vascular catheters and invasive probes for
quantitative measurements of renal hemodynamics and
oxygenation, as previously described.?* For anesthesia,
urethane (0.2 g/mL in distilled water; 6 mL/kg bodymass
intraperitoneal; Sigma-Aldrich, Steinheim, Germany) was
used throughout the surgical preparation and examina-
tion.?>3°42 The surgical preparation included insertion
of a catheter in the left ureter with its tip in the renal
pelvis.?*> The catheter was connected to a saline-filled
container placed outside of the MR scanner, which was
elevated 41 cm above the kidney of the rat to remotely
increase the pressure in the ureter, renal pelvis, and the
tubules by about 30 mm Hg (Figure 2). This experimental
intervention is clinically relevant, as upper urinary tract
endourologic procedures often cause temporary increases

in tubular and intrarenal pressure.!'®?3% Effectiveness
of the TPI intervention was monitored by changes in
near-infrared transmission through the kidney.

The animals were transferred from the adjacent
surgery lab to the MR scanner using an in-house-designed
animal holder adapted to the geometry of the MR
scanner, allowing the ureteral catheter to stay fixed in
position.3®#4> During scanning, body temperature was
maintained at 37°C with circulating warm water (Thermo
Haake GmbH, Karlsruhe, Germany), monitored with a
rectal probe (AccuSens; Opsens, Québec City, Canada).
Respiration rate was monitored using a balloon placed
on the chest (Model 1025; SA Instruments, Stony Brook,
NJ, USA), which also served for triggering the MRI
acquisition.

MRI data were acquired on a 9.4T small animal MR
system (Bruker Biospec 94/20; Bruker Biospin, Ettlin-
gen, Germany) using a linear RF volume resonator and
a four-channel surface RF coil array tailored for rats
(Bruker Biospin).?* For geometric planning and slice
positioning, T,-weighted pilot scans were acquired. Local
volume-selective shimming of the magnetic field homo-
geneity on a voxel accommodating the left kidney was
conducted using an automatic optimization algorithm
based on FID length. T, mapping was performed with
respiratory-gated imaging protocols.?*> For T, mapping,
a multi-echo spin-echo technique (TR ~ 500 ms depend-
ing on respiration gating, number of echoes=13, first
TE=6.4ms, interecho time ATE=6.4ms, number of
averages=1, Ouefocusing puise = 180°, lfacquisition = 58 s) was
used. For T, mapping, a midcoronal oblique image slice
was acquired using in-plane spatial resolution = 226 x 445
pm?, FOV=382x50.3mm?, matrix size=169x113
(zero-filled to 169 x 215), and slice thickness = 1.4 mm.

The workflow was as follows: control baseline period
of about 10 min; short-term increase of renal pelvis and
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FIGURE 2 Illustration of the methods used for remotely controlled brief increases in renal pelvis and tubular pressures. A, Schematic

view depicting the relevant positions and fixations of probes. B, Catheter placed in the left ureter and connected via a catheter (length
~1.5m) to a container filled with isotonic saline. Elevating the container 41 cm above the level of the rats’ kidneys increased pelvis and
tubular pressures by about 30 mm Hg. C, Pressure trace obtained for the renal pelvis of a rat (pressure transducer: DT-XX; Viggo-Spectramed,
Swindon, UK; amplifier & acquisition: TAM-A Plugsys & HAEMODYN; Hugo Sachs Elektronik, March, Germany) recorded during baseline
control conditions (1, green), during pressure increase achieved by injection of saline fluid via the ureteral catheter (2, red), following
disconnection of the catheter to obtain zero pressure for calibration of the pressure measurement (3, dark blue), and during another control
measurement (4, green). Note that the oscillations observed during control (1) and, even enlarged, during control (4) represent the

spontaneous peristaltic contractions of the ureter.

tubular pressure (average duration 10 + 2 min, depending
on respiratory gating); and follow-up recovery phase of
10 min. The first subgroup of rats (n =3) underwent two
baseline T, mapping MR scans before TPI, one T, map-
ping scan during the TPI intervention, and one T, mapping
scan during the recovery phase. In the second subgroup
(n=4), the rats underwent three T, mapping scans during
the baseline period, four scans during the TPI intervention,
and one T, mapping scan during the recovery phase.?

Data from these in vivo experiments were used for
kidney-size determination by MRI in pathophysiological
settings.?* In the current study, we used data from these
experiments for a new purpose, to assess the feasibility of
our method in detecting relative changes in the TVF. This
approach allows us to enhance the value and impact of
in vivo studies in experimental animals, aligning with the
ethical principles of the 3Rs for animal research.

2.5 | Image analysis and statistics

Parametric maps of absolute T, were calculated by
pixel-wise mono-exponential fitting to the signal intensi-
ties of the T,-weighted images acquired at different TEs.?

Median T, values for regions of interest (ROIs) within CO,
OM, and IM were calculated from the T,-weighted images
acquired at different TEs.*>*” TVF maps were extracted
using pixel-wise bi-exponential fitting to the signal inten-
sities of the T,-weighted images acquired at different TEs.
For the fitting procedure, T, was fixed to 500 ms for tubu-
lar water. For parenchyma and blood, the integration limit
was set to T, =10-100 ms.

To compute the tubule water fraction, the ratio of the
weight of longer T, to the total sum of weights was deter-
mined as follows:

A(T:
TVF = ( 2_long ) (3)
A ( Tzfshort) +A ( Tzflong)

where A(T3 jong) is the weight corresponding to the tubule
water component, and A(T2 sort) is the weight corre-
sponding to renal parenchyma and blood.

For synthetic data simulations, the MAE was used to
show the percentage difference between the calculated
value and the true value using, as follows:

Z]r:;l | X' —x|

N

MAE = 4
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where x is the ground truth; X’ is the estimated result of the
nth trial; and N denotes the number of trials (N =1000).
SNR levels ranging from 5 to 600 were investigated.
To determine the impact of errors in the transmission-field
B;* on TVF estimation, refocusing flip angles ranging from
122° to 180° were investigated.

After applying the bi-exponential analysis, from
Eq. (1), the TVF was determined by applying T; correc-
tion. The overall signal intensity (S) of a spin-echo pulse
sequence can be approximated as follows:

S:K.[H].(1—e—%>.(e—§—f) (5)

where [H] is the proton density and K is a scaling factor.
Considering the individual terms, it is apparent that T,
effects are connected to the TR; T, effects are connected
to the TE; and [H] effects are always present. When TR
is long compared with Ty, the T;-weighting term e~ "%/
approaches 0, so that T, effects are largely reduced or
absent and can be neglected. For protocols in which TR
is not long enough to ensure full T; relaxation, T; sat-
uration effects occur and might compromise the TVF
assessment because both compartments may present a
different degree of T; weighting. Considering the overall
signal intensity (S) for a bi-exponential model,

S = Slong + Sshort (6)

T, effects were corrected by dividing the signal inten-
sity for each compartment by (1-e~T~/1) as follows:

Slong_corrected = Slong/(1 - (eXP [_TR/TI_long]);

(7)
Sshort_corrected = Sshort/ (1 - (eXP [_TR/ Tl_short])

TR is determined individually in every scan accord-
ing to the respiration rate. Values of T ;s =3400
and T; gnorr =1820ms are T; relaxation times in renal
parenchyma, blood, and pure water at 37°C acquired from
literature and own measurements.?’

Data from the in vivo experiments were evaluated
for Gaussian distribution using the Shapiro-Wilk test.
Given the different numbers of scans between the first
and second subgroups, the mean TVF was calculated
for the baseline and intervention phases, and this was
used for the analysis. Changes in TVF in response to the
TPI intervention were analyzed using the nonparametric
repeated-measures Friedman test, followed by Dunn’s
post hoc test with the Benjamini-Hochberg correction
for multiple comparisons. Data were analyzed and visu-
alized using Rv.3.6.3 with the packages “rstatix,” “dunn.
Test,” and “rayshader.”#3->° p-Value < 0.05 was considered
significant.

3 | RESULTS
3.1 | Evaluation with synthetic data
and simulations

We simulated T, decay curves to examine the accuracy
of our T, fitting procedure and to investigate the effect
of imaging protocol parameters on the TVF assessment.
Figure 3 shows a representative example of synthetic data
simulating T, echo curves for a two-component model, in
which the contribution of the fast component varies from
1% to0 95%. Figure 4A provides an overview of the impact on
TVF estimation of varying the interecho spacing ATE from
5to 50 ms and SNR from 5 to 600. The parameters were set
t0 T'5_short =50 mS, T _jong = 500 ms, number of echoes =13,
Orefocusing Pulse =180°, to be consistent with the T, proto-
col used for our in vivo experiments, designed to balance
the constraints of acquisition time, spatial resolution, and
SNR. MAE decreased with increasing SNR and increasing
echo spacing. With a realistic SNR =30 and ATE =15 ms,
the average error of 1000 trials was estimated to be 2.1%.
Increasing the echo spacing to ATE > 50ms did not fur-
ther reduce the MAE. For the smallest ATE =5ms and
SNR =30, an MAE =11.2% was observed. This is because
at a fixed number of echoes and a short TE, only a smaller
segment of the decay is covered so that the long component
is not primarily considered. For ATE = 6.4 ms (in vivo pro-
tocol), a MAE = 8.5% was found. For a very low SNR <5, a
MAE >10% was obtained.

To assess the impact of flip angle on TVF estima-
tion, refocusing flip angles ranging from 122¢ to 180°
and SNR = 5-600 were used (Figure 4B). MAE increased
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FIGURE 3  Representative example of synthetic data

simulating T, echo decay curves for a multi-component model, in
which the contribution of the fast component varies from 1% to
95%. Oscillations in every signal decay are due to imperfect
refocusing pulses (here, 142°).
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Mean Absolute Error (MAE

FIGURE 4 Representative examples of mean absolute error
(MAE) calculated after analyzing the T, decay of the synthetic data
with bi-exponential analysis. A, Effect of SNR and the interecho
spacing on the accuracy of tubular volume fraction (TVF)
estimation. Other simulation parameters were T ;o = 500 ms,

T3 _shors =50 ms, number of echoes = 13, aefocusing puise = 180°. B,
Effect of SNR and the refocusing flip angle on TVF estimation.
Other simulation parameters were T jopg = 500ms, T gyor; = 50 M,
number of echoes =13, and interecho time ATE = 6.4 ms. C, Impact
of changes in the TVF contributions to the signal intensity and SNR
on TVF estimation. Other simulation parameters were

T3 jong =500 msS, T;_gnore = 50 ms, number of echoes = 13, interecho
time ATE = 6.4 ms, and @refocusing pulse = 180°.

with decreasing SNR and decreasing refocusing flip angle.
With a SNR =30 and a =164°, the average MAE was esti-
mated to be 8.6%. Figure 4B shows that for a realistic
SNR =30, the MAE for & =150°-180° increased by only
about 2% at smaller refocusing flip angles, in the range
a=122°-150°. At higher SNR, the increase in MAE due to
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smaller refocusing flip angles was even more pronounced,
indicating that o has a greater impact at higher SNR.

Next, we investigated the impact of changes in the TVF
contributions to the signal intensity and SNR of the simu-
lation parameters. Figure 4C summarizes the effect of the
water fraction on TVF estimation for TVF =0-0.95 and
SNR = 5-600. For the protocol used for the in vivo exper-
iments (SNR =30, ATE =6.4ms, and a water fraction of
15%), the MAE was estimated to be 8.5%.

Table 1 summarizes the impact of a wrong fixation of
T3_1ong value during the fitting process on TVF assessment
using synthetic data. The results show that misestimating
of T, jong may have an effect on the estimated TVF but does
not considerably affect the relative changes (A).

3.2 | Validation in phantom study

After assessment of the synthetic data, we validated our
bi-exponential approach in a phantom mimicking the
relaxation properties of renal tissue. Before undertaking
preclinical MRI investigations, appropriate MRI proto-
cols should be carefully chosen to balance the compet-
ing demands of image quality, spatial resolution, and
temporal resolution needed for the monitoring of the
increase in the pelvis and tubular pressure. Based on
our simulations, we chose two protocols: “low MAE
protocol” (MAE =2.4%) with parameters in a realistic
range (TR =4s, number of echoes =13, first TE=15ms,
interecho time ATE=15ms, number of averages=3,
tacquisition = 47 MiN, Orefocusing pulse = 180°) and the acceler-
ated protocol adapted for the in vivo measurements
(“in vivo protocol”; TR = 500 ms, number of echoes =13,
first TE=6.4ms, ATE = 6.4 ms, number of averages=1,
[acquisition =58s, Olrefocusing pulse = 1800) Figure 5A showsa T,
map obtained for the phantom. The histogram (Figure 5B)
shows the T, distribution for the selected ROI. Changes in
the ratio of the volume fraction of the two compartments
were achieved by changing the ROI size. Figure 5C shows
TVF measured for the low-MAE protocol and for the accel-
erated protocol used in our in vivo study. For the low-MAE
protocol, MAE < 1% was achieved in the phantom. For this
in vivo protocol, an accuracy of 97.8% (MAE < 3%) was
observed.

3.3 | Invivo study

After validating our approach in a phantom, we applied
the TVF analysis to data acquired from an in vivo MRI
study in healthy rats, as a proof-of-principle demonstrat-
ing the in vivo feasibility and sensitivity of our approach.
We hypothesized that an increase in the pelvis and tubular
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FIGURE 5

A, Reconstructed T, map in milliseconds of the custom-built Ty, T, phantom (scan parameters: T, [multi-echo spin echo],

13 echoes, echo spacing = 6.4 ms, TR = 500 ms). B, Exemplary region-of-interest (ROI) selection and histogram showing T, distribution
corresponding to the selected ROI. C, Evaluation of the assessment of the volume fraction with decomposition of parametric T, in a
mechanical phantom using the low-mean absolute error protocol derived from the simulations (true value; TR =4 s, number of echoes =13,
first TE =15 ms, interecho time ATE = 15mS, tacquisition = 47 MiN, Frefocusing pulse = 180°, number of averages = 3) and the protocol adapted for
the in vivo measurements (estimated value; TR = 500 ms, number of echoes =13, first TE = 6.4 ms, interecho time ATE = 6.4 ms, number of

averages = 1, @refocusing pulse = 180°, tacquisition = 58 8). The correlation coefficient between the estimated and the true value is 0.997.

pressure would increase the TVF. Figure 6 shows repre-
sentative renal T, maps obtained from a mono-exponential
fit for seven rats in vivo during baseline, following inter-
vention and recovery. After TPI, T, changes were readily
apparent. Under baseline control conditions, T, relaxation
times were T, =44+ 3.6ms (mean+SD, n=7 rats) for
the CO; T, =54 + 5.2ms for the OM; and T, =88 + 16 ms
for the IM. During the TPI intervention, a prolongation
of T, was detected for the CO (T, =49 + 4.3 ms) and the
OM (T, =57+ 6.3ms), and a T, shortening was observed
for the IM (T, =63 +11.4ms). Following termination of
the TPI intervention, T, returned to baseline for all renal
layers: T, =44+ 3.8 ms (CO), T, =53 + 5.6 ms (OM), and
T, =87 +16.2ms (IM).

Figure 7 shows representative quantitative TVF maps
obtained for baseline, transient pelvis and TPI, and recov-
ery. A good qualitative correspondence was observed
between the TVF maps and the T, maps. TVF maps
showed clear changes of TVF following TPI. Figure 7 also

shows the time course of changes in TVF in response
to the TPI intervention for the first (n=3) and second
(n=4) subgroups. During baseline for TVF, a mean value
of 18.3+2.5% (CO) and 28.1 +4.9% (OM) was observed.
Following TPI, TVF orex increased by 6.8% and 3.4% for the
first and second subgroups, respectively, and returned to
baseline levels during the recovery phase, following ces-
sation of TPI. A similar effect was observed in the OM:
Following TPI, its TVF increased by 5.6% and 3.7% for
first and second subgroups, again returning to baseline
levels during the recovery phase. A different effect was
observed in the IM: Following TPI, its TVF decreased by
12.2% and 16.4% for the first and second subgroups, and
TVF returned to baseline levels during recovery.

To account for the different numbers of scans in the two
subgroups, we took the mean of the TVF for all n="7 rats
during the baseline and intervention phases for statistical
analysis. In response to the TPI intervention, significant
changes in the TVF were observed in the CO (p =0.0003),
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TABLE 1

Representative tubular volume fraction (TVF) calculated after analyzing the T, decay of the synthetic data with

bi-exponential analysis for a variety of TVF using different T, ;. as a fixed value for fitting. Simulation was performed for the in vivo

protocol (first TE = 6.4 ms, interecho time ATE = 6.4, number of echoes = 13, &efocusing pulse = 180°, T2_jong = 500mS, T3 ghor; = 50 ms, SNR = 30)

Ground truth Underestimation Right estimation Overestimation
T3 tong T3 1ong T3 tong T3 tong T3 tong T3 1ong
=500 ms A =300ms A =400 ms A =500 ms A =600 ms A =700 ms A
0 5.7 5.3 51 5.0 4.9
5.0 50 7.8 2.1 7.0 1.7 6.5 14 6.3 1.3 6.0 1.1
10.0 5.0 11.8 4.0 10.5 3.5 9.9 34 9.5 3.2 9.1 3.1
15.0 5.0 16.3 4.5 14.6 4.1 13.6 3.7 13.0 3.5 12.5 34
20.0 5.0 21.1 4.8 18.9 4.3 17.6 4.0 16.9 3.9 16.2 3.7
25.0 5.0 26.1 5.0 233 4.4 21.7 4.1 20.8 3.9 19.9 3.7
30.0 5.0 31.2 51 27.8 4.5 25.8 4.1 24.8 4.0 23.7 3.8
35.0 5.0 36.3 51 323 4.5 30.1 4.3 28.8 4.0 27.5 3.8
40.0 5.0 41.8 5.5 37.2 4.9 34.6 4.5 33.1 4.3 31.6 4.1
45.0 5.0 47.7 5.9 42.5 5.3 39.4 4.8 37.7 4.6 36.1 4.5
50.0 5.0 53.7 6.0 47.8 53 44.4 5.0 42.4 4.7 40.6 4.5
55.0 5.0 59.6 5.9 53.2 5.4 49.4 5.0 47.3 4.9 45.2 4.6
60.0 5.0 65.5 5.9 58.7 5.5 54.6 5.2 52.2 4.9 50.0 4.8
65.0 50 715 6.0 64.2 5.5 59.8 5.2 57.2 5.0 54.8 4.8
70.0 5.0 774 59 69.7 5.5 65.0 5.2 62.3 5.1 59.6 4.8
75.0 5.0 83.4 6.0 75.2 5.5 70.3 5.3 67.4 5.1 64.6 5.0
80.0 5.0 89.7 6.3 80.8 5.6 75.6 5.3 72.6 5.2 69.6 5.0
85.0 5.0 95.2 5.5 86.6 5.8 81.0 5.4 77.8 52, 74.6 5.0
90.0 5.0 98.4 3.2 92.4 5.8 86.6 5.6 83.1 5.3 79.8 52
95.0 5.0 99.7 1.3 96.7 4.3 92.2 5.6 88.7 5.6 85.0 52
Mean average 1.01 0.74 0.71 0.75 0.83

error for relative
changes (A) =

Note: Relative changes (A) refer to differentiation of each TVF to the upper cell (increment of TVF). This table is intended to show what will happen if T} ;o is

misestimated during the fitting process. Numbers are presented as percentages.

the OM (p=0.0207), and the IM (p=0.0162) (Figure 8).
Pair-wise comparisons confirmed that, within the CO, the
TVF increased significantly from baseline levels during the
intervention (p =0.0005) and decreased significantly dur-
ing recovery (p =0.0325); TVF values during the recovery
phase were not significantly different from baseline levels
(p=0.1814; Figure 8). In the OM, pair-wise comparisons
showed a significant increase in TVF between baseline
and the intervention (p = 0.0162). The difference between
intervention and recovery was also significant (p =0.0162).
Finally, the IM pair-wise comparison showed a signifi-
cant reduction in TVF between baseline and intervention
(p=0.0075), which increased during recovery (p = 0.0325)
to levels that were not significantly different from baseline
(p=0.5930; Figure 8). The R? values indicated a good fit

for all in vivo TVF estimations, with the smallest R? value
being 0.991.

4 | DISCUSSION

This is the first report on in vivo assessment of rela-
tive changes in the renal tubular volume fraction as a
(patho)physiological metric. We demonstrate the feasibil-
ity of dynamic parametric mapping of the MRI relaxation
time T, as a surrogate for TVF cartography and for mon-
itoring physiological changes in the TVF. For the first
time, we present parametric maps of TVF obtained under
normal conditions and following increased pelvis and
tubule pressure—a clinically relevant intervention. We
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FIGURE 6
seven in vivo rat kidneys: baseline (left), during the intervention
(center), and recovery (right). Substantial changes in T, during

T, maps obtained from a mono-exponential fit for

pelvis/ureter pressure increase are visually apparent. During
baseline, we observed T, relaxation times (mean + SD) of

T, =44 + 3.6 ms (cortex), T, = 54 + 5.2 ms (outer medulla), and

T, =88+ 16 ms (inner medulla). Following renal pelvis/tubular
pressure increase, T, increasing was detected in the kidney for
cortex (CO) and outer medulla (OM), and T, shortening for inner
medulla (IM). An average T, of 49 + 4.3 ms (CO), 57 + 6.3 ms (OM)
and 63 +11.4 ms (IM) was observed. Following release of pelvis and
tubule pressure, T, returned to baseline for all renal layers. Possible
artifacts are induced by combined pO,/Laser-Flux probes, distorted
kidney boundaries, air cavities, or fat-induced artifacts.

developed an MRI protocol tailored for T, mapping of
the rat kidney and determined a suitable numerical solu-
tion for multi-exponential decomposition of the T, decay
based on literature and numerical algorithms. Because
in vivo experiments are always limited by the constraints
of acquisition time, spatial resolution and SNR, we eval-
uated the multi-exponential decomposition approach in
simulations using a broad range of conditions of T, map-
ping. This demonstrated the effect of image SNR and the
long component fraction on the accuracy of TVF mea-
surements. The simulations also highlighted how the flip
angle and inter-TE in multi-echo spin-echo MRI affect the
TVF assessment error. Validation in phantom experiments
revealed a high accuracy (MAE < 1%) for the low-MAE T,
mapping protocol. The accelerated T, mapping protocol
customized for the in vivo study averaged over a variety of
fractions ensured an average accuracy of MAE < 3%. Sim-
ilarly, the phantom results demonstrated higher accuracy
for smaller TVFs (MAE < 2%). The accuracy decreases for
higher fractions of the long component. This means the
TVF measurements for the CO are more accurate than for
the OM and IM if the protocol is suboptimal.

Evaluation and validation of this approach in the phan-
tom was followed by a proof-of-principle demonstration
using data from an in vivo experiment. For this purpose,
we applied a (patho-)physiologically relevant intervention,
transiently increasing the pressure in the renal pelvis and
tubules, while the rats were in the MRI scanner. The inter-
vention induced significant changes in TVF in all three
renal compartments. TVF increased significantly in CO
and OM, and restored to baseline level when the TPI inter-
vention was terminated. However, contrary to our expecta-
tions, we observed a significant decrease in TVF within the
IM during the intervention, which returned to baseline lev-
els during recovery. This finding contradicted our hypothe-
sis that TPI would increase TVF in all renal layers. Follow-
ing closer examination of the dynamic T, mapping data
obtained during baseline, TPI and recovery, we noted an
expansion of the renal pelvis during the intervention. The
increase in intrapelvic pressure following the intervention
was powerful enough to stretch the rather rigid tissue wall
of the pelvis and was most likely compressing the compar-
atively softer tissue (including the tubules) of the portion
of the IM that is enveloped by the pelvis.>! This finding
highlights the potential of our approach to offer insights
into biomechanical interactions between different layers
of kidney, which could have physiological implications.

In this work, our MRI-based monitoring was focused
on retrospective assessment of changes in TVF dur-
ing an acute pathophysiological scenario. Future steps
will include prospective and real-time application of T,
decomposition and TVF measurement, integrating our
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Time courses during renal pelvis/tubular pressure increase. A,B, Exemplary tubular volume fraction (TVF) and T, maps

(mono-exponential fit) obtained for a rat kidney in vivo of the first subgroup (n = 3). Time course of the TVF changes (mean + SEM) for
cortex (C; CO), outer medulla (D; OM), and inner medulla (E; IM) before the intervention (baseline), during the intervention (green area),
and during recovery acquired for the first subgroup (n = 3). F-J, Time courses during renal pelvis/tubular pressure increase, obtained for the
second subgroup (n =4). F,G, Exemplary TVF and T, maps (mono-exponential fit) obtained for a rat kidney in vivo. Time course of the TVF
changes (mean + SEM) for CO (H), OM (I), and IM (J) before the intervention (baseline), during the intervention (green area), and during

recovery acquired for the second subgroup (n=4).

decomposition analysis directly into the image reconstruc-
tion and postprocessing pipeline of the MR scanner. The
TVF computation time for each fit was 90 ms, which is
in compliance with dynamic renal T, mapping that com-
monly uses a temporal resolution of 10-90 s per map, and
hence is suitable for on-the-fly assessment of TVF. This
would benefit inclusion of TVF cartography into multi-
parametric MRI protocols of the kidney. It would also
support extraction of radiomic features from the kidney
by including a physiological metric into the multivariate
analysis of renal MRI data.

To complement preclinical animal studies en route
to clinical translation, our approach to MRI-based TVF
could be applied to renal organoids. Organoids are 3D
multicellular cultures that resemble the structure and

physiology of their organ of origin. Recent reports have
described protocols for generating 3D kidney tubule
organoids—tubuloids—from a human tissue,’>> which
could support studies of kidney physiology, disease mod-
eling, high-throughput drug screening, and regenerative
medicine.®* Our approach to TVF monitoring provides
an imaging methodology that can facilitate studies in
organoids, which would be in full alignment with the 3R
principles on the use of animal models.

Simulation of T, decay curves for a broad range of
physical and experimental conditions provides a com-
prehensive library of TVF fingerprints.>> Benchmarking
experimentally acquired T, decays against this library
could reduce time-consuming postprocessing and fitting.
Combining our approach with deep learning algorithms,
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FIGURE 8 Box-and-whisker plots showing changes of tubular volume fraction (TVF) during pelvis/ureter pressure increase. TVF was

significantly increased in the kidneys’ cortex and outer medulla during intervention (p = 0.0005/p = 0.0162; Dunn’s multiple test vs. baseline).
TVF reduction was significant for inner medulla (p = 0.0075; Dunn’s multiple test vs. baseline). The box-and-whisker plots display the first
and third quartiles, with the line within the box representing the median value. The whiskers denote the minimum and maximum values.

Volumes were examined by non-parametric multicomparison, comparing TVF among all three conditions using Dunn’s multiple test for

multiple comparisons (n = 7 subjects).

the reliability and speed of such T, fitting could be fur-
ther enhanced. This would also benefit studies aiming to
decode the links between TVF as a mesoscopic marker,
and data from histopathological, physiological, and func-
tional measurements. Ultimately, this would help under-
stand renal disease determinants, even in cases in which
TVF changes are subtle, such as in polycystic kidney dis-
ease or severe fibrosis. However, developing deep learning
algorithms and neural networks relies on having a large
data set with accurate training data that cover biological
variability and pathophysiological conditions.

Because changes in the TVF likely induce alterations
in the renal blood volume fraction, they will result in
changes in renal T,* independent of changes in blood
oxygenation. Indeed, the TVF is a confounding factor
influencing the relationship between renal T,*, oxygen
saturation of hemoglobin, and tissue oxygen tension.*>->
Hence, T, assessments of changes in the TVF are highly
relevant for elucidating the mechanisms of renal patho-
physiology and will help to accurately determine the
pathophysiological role of changes in renal oxygenation
assessed by renal T,* mapping.

Previous ex vivo TVF examinations of the renal cor-
tex reported TVF ortexsex vivo = 23 £2% under control con-
ditions and TVF ortex_ex vivo =31 £4% for acute ischemic
injury to a solitary kidney.? Although this is in accordance
with our findings, future in vivo validation of our MRI
approach to TVF assessment with intravital microscopy
(i.e. for quantitative comparison of changes in the vascu-
lar and renal tubular compartments with those observed
by T,* and T,) is warranted.

In conclusion, our investigations have the potential
to help uncover the mechanisms leading to acute kidney

injury and progression to chronic kidney disease. Monitor-
ing of relative changes in renal TVF in vivo using dynamic
parametric MRI provides a potential rapid, noninvasive
marker for kidney disease.”” This approach will be invalu-
able for gaining a better mechanistic understanding of
renal (patho-)physiology.
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