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Abstract

Purpose: To propose a rapid multi-slice Tq; measurement method using time-resolved imaging of
contrast kinetics (TRICKS) and a semi-automated image processing algorithm for comprehensive
assessment murine kidney function using dynamic contrast-enhanced MRI (DCE-MRI).

Methods: A multi-slice TRICKS sampling scheme was implemented in an established rapid T
measurement method. A semi-automated image-processing scheme employing basic image
processing techniques and machine learning was developed to facilitate image analysis. Reliability
of the multi-slice technique in measuring renal perfusion and glomerular filtration rate (GFR) was
tested in normal mice (n=7 for both techniques) by comparing to the validated single-slice
technique. Utility of this method was demonstrated on mice after either sham surgery (n=7) or
induction of unilateral renal artery stenosis (RAS, n=8). Renal functional parameters were
extracted using a validated bi-compartment model.

Results: The TRICKS sampling scheme achieved an acceleration factor of 2.7, allowing imaging
of eight axial slices at 1.23 sec/scan. With the aid of the semi-automated scheme, image analysis
required under 15-min for both kidneys per mouse. The multi-slice technique yielded renal
perfusion and GFR values comparable to the single-slice technique. Model-fitted renal parameters
successfully differentiated control and stenotic mouse kidneys, including renal perfusion
(706.5£164.0 vs. 375.9+£277.9mL/100g/min, P=0.002), blood flow (1.6+0.4 vs. 0.7+0.7mL/min,
P<0.001), and GFR (142.9+17.9 vs. 58.0+42.8uL/min, P<0.001).

Conclusion: The multi-slice TRICKS-based DCE-MRI technique, with a semi-automated image
processing scheme, allows rapid and comprehensive measurement of murine kidney function.
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Introduction

Kidney disease a major public health issue [1] and may eventually progress to end-stage
renal failure, which requires dialysis or kidney transplantation, imposing enormous
socioeconomic burdens to affected individuals [2]. Furthermore, some forms of renal
diseases may involve patchy lesions or heterogeneous involvement, such as polycystic
kidney disease. Animal models of kidney diseases play an increasingly important role in
investigating the pathophysiology underpinning the onset and progression of various renal
diseases [3, 4]. For assessment of renal function, most researchers have been relying on
relevant urine and serum biomarkers [5]. Nevertheless, these biomarkers are insensitive to
early functional alterations [5, 6] and cannot evaluate single-kidney function.

Gadolinium-based dynamic contrast enhanced MRI (DCE-MRI) has emerged as a powerful
tool for simultaneous characterization of single-kidney anatomy and function [7-9]. By
following the passage of gadolinium contrast from input arteries through the renal
parenchyma where renal perfusion, filtration, and tubular flow occur, renal functional
parameters can be quantified with the aid of mathematical models [7, 10-12]. In addition,
DCE-MRI also allows delineation of the dynamics of other paramagnetic metal chelates [13]
and the dioxygen molecule [14, 15]. For reliable estimation of renal parameters, accurate
delineation of contrast dynamics in the abdominal aorta and renal parenchyma is necessary.
T1-weighted imaging is typically used to capture contrast transits in kidney, but suffers from
inaccuracy due to the presence of B; homogeneities [16, 17]. Alternatively, rapid T,
measurement insensitive to By-inhomogeniety offers more reliable delineation of contrast
dynamics, given the linear relationship between R; (1/T4) and contrast concentration.

Recently, we developed a single-slice DCE-MRI technigue and a modified two-compartment
model for reliable evaluation of glomerular filtration rate (GFR) and renal perfusion in mice
[18]. The rapid T, measurement method saturation recovery snapshot-fast low angle shot
(Snapshot-FLASH) was used to capture contrast dynamics in one axial slice across the renal
hilum. The validity of this technique in measuring single-kidney GFR and perfusion has
been demonstrated by comparing to reference standard inulin clearance method and to
arterial spin labeling techniques, respectively. However, a single slice may not be
representative of the entire kidney, especially in kidneys with focal disruptions or lesions.
Moreover, an additional three-dimensional scan and labor-intensive image segmentation is
needed for measurement of kidney volume in order to calculate whole kidney renal blood
flow (RBF) and GFR. Therefore, development of a multi-slice DCE-MRI technique using
rapid T4 measurement would be useful for simultaneous measurement of renal volume and
hemodynamics in mice.

Undersampling in k-space is required to balance the tradeoff between high spatial and
temporal resolution for kidney DCE-MRI. A number of fast imaging techniques [19-23]
derived from keyhole imaging [24], including the time-resolved imaging for contrast kinetics
(TRICKS) [25] have been developed to facilitate image acquisition. In TRICKS, the 3D
Cartesian k-space is divided into four regions based on distance from the center k-space line
in the phase encoding direction. The central region with lower spatial frequencies dominates
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the image contrast and is sampled more frequently than the three peripheral regions. Then
view sharing is implemented during image reconstruction [25]. Such k-space undersampling
techniques were originally developed to capture rapid acquisition of contrast passage in MR
angiography and the TRICKS technique has recently been shown useful in renal DCE-MRI
[26]. However, the TRICKS scheme has been applied in T1-weighted DCE-MRI, where the
MR signal is typically at steady state. Its applicability in facilitating image acquisition
during saturation recovery-based T4 measurement and the accuracy of the fitted renal
parameters from the undersampled DCE-MRI images remain to be investigated.

In this study, we aimed to adapt the TRICKS scheme in a 2D T, measurement method, i.e.,
multi-slice saturation recovery Snapshot-FLASH, for renal DCE-MRI in mice. Furthermore,
because manual image segmentation is labor intensive and time consuming for the multi-
slice dataset, a semi-automated scheme employing basic image processing techniques and
machine learning was developed to facilitate DCE-MRI image analysis. The validity of
multi-slice technique in measuring renal function was tested on normal mice by comparing
to the validated single-slice technique. The utility of this multi-slice technique was
demonstrated on mice with unilateral renal artery stenosis (RAS), which induces a fall in
GFR and RBF in one kidney.

Materials and methods

Imaging Method.

During DCE-MRI, contrast dynamics were measured using the previously developed
saturation recovery Snapshot-FLASH method [18]. A TRICKS-based k-space data
acquisition scheme was developed to facilitate multi-slice imaging (Fig. 1). A total of 128
phase encoding lines were sampled during image acquisition. These lines were segmented
into low (L, 28 center lines) and high (H, 100 peripheral lines) frequency lines (Fig. 1a). The
H lines were further divided into five groups (noted by different colors), with each
interleaving with lines from other groups in a sequential manner. During data acquisition,
while the L lines were constantly sampled, only one of the H groups was acquired per
repetition (Fig. 1b). As such, an acceleration factor of 2.7 was achieved by using this
acquisition scheme, allowing imaging of eight slices at a temporal step size of 1.23 sec/scan.
During each repetition, the eight slices were sampled during saturation recovery with delays
from 0.25 to 1.05 sec (Fig. 1c).

2.2. Animals.

This study was approved by the local Institutional Animal Care and Use Committee. To test
the feasibility and utility of the proposed DCE-MRI technique in both normal and diseased
mouse kidneys, sixteen 12-week old male C57/BL6 mice underwent either sham or
unilateral RAS surgeries. The surgical procedures have been described previously [27-29].
Briefly, anesthetized mice were placed prone on a warm heating pad at approximately 37°C.
Animals were given Buprenorphine SR (0.5mg/kg) for 72 hours subcutaneously before
surgery for analgesic treatment. Following a flank incision of approximately 1 cm proximal
to the right kidney, the right renal artery was dissected from the renal vein. To induce RAS, a
polytetrafluoroethylene cuff with 0.20 mm inner diameter and 0.5 mm length was placed
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around the renal artery and tied with 10-0 nylon sutures. Sham surgery was similarly
performed but without cuff placement. Then the incisions were sutured and mice returned to
their cages. Possible adverse effects include bleeding during surgery and skin infection after
surgery, and mice were therefore treated with antibiotic topical ointment right after surgery.
One mouse died during the RAS surgery due to bleeding. The remaining fifteen mice (sham,
n=7 and RAS, n=8) all successfully underwent MRI two weeks after surgery and provided
analyzable data.

In order to test the validity of the multi-slice technique, another cohort of seven age-matched
male C57/BL6 mice with sham surgery underwent renal function measurement using the
validated single-slice DCE-MRI technique, as described previously [18]. Only one slice
across the kidney hilum was scanned, from which renal functional parameters, including
renal perfusion and normalized GFR, were quantified. For the seven sham mice scanned by
the multi-slice DCE-MRI technique, the same renal parameters were measured from one
single slice across the renal hilum, and compared against those derived by the single-slice
technique.

All MRI studies were performed on a vertical 16.4 T scanner equipped with a single-element
38-mm inner diameter birdcage coil (Bruker, Billerica, MA). Upon initial anesthesia by 3%
isoflurane, all mice underwent tail-vein catheterization by a home-made fine needle (30G),
which was connected to a syringe pump (Braintree Scientific, Braintree, MA) by a
polytetrafluoroethylene tubing (0.15 mm inner diameter) for injection of contrast agent
during DCE-MRI. Animals were secured in a mouse cradle and placed vertically in the MR
scanner. Maintenance of anesthesia during MRI was achieved by 1-2.5% isoflurane mixed
with pure oxygen. Body temperature was kept between 36°C and 37°C by blowing warm air
on the mice. Real-time visualization of animal respiration and body temperature were
achieved using a physiological monitoring system (SA Instruments, Stony Brook, NY).

For kidney localization, an IntraGateFLASH sequence was used to image two axial slices
across the hilum of the two kidneys and one coronal slice showing the largest cross-sectional
area of both kidneys. Other imaging parameters were: TR 20 ms; TE 1.24 ms; flip angle 15°;
slice thickness 1.0 mm; field of view 2.56x2.56 cm?; matrix size 128x128. The axial images
were used to prescribe the 3D kidney volume scan and the coronal image for prescription of
the eight axial slices of the DCE-MRI scans.

In order to test the accuracy of the multi-slice TRICKS technique in estimating mouse
kidney volume, reference volumetric measurement was performed using a three-dimensional
fast imaging with steady precession (3D-FISP) sequence. Imaging parameters were: TR 14
ms; TE 2.7 ms; flip-angle 20°; field of view 5.12x2.56x1.28 cm3; matrix size 256x128x64:
number of averages 2.

In DCE-MRI, contrast dynamics were captured using the saturation recovery Snapshot-
FLASH sequence combined with the multi-slice TRICKS technique for image acquisition.
In order to achieve full magnetization saturation, three 0.1-ms nonselective 90°
radiofrequency pulses each followed by spoil gradients in two directions were applied [17,
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30]. Rapid T1 measurement was by acquisition of one proton density (Mg) and one T;-
weighted (My) image with certain delay time after saturation recovery. The eight axial slices
were prescribed with slice distances from 1.5 to 2.0 mm, in order to cover both kidneys in
the longitudinal direction. For each slice, ten proton density (Mg) images were first acquired
with a repetition time of 18 sec, which allowed full recovery of the longitudinal
magnetization of the mouse kidney with a maximal T, of ~3.1 s in inner medulla at 16.4 T
[31]. Then following the acquisition of ten baseline T1-weighted (My) images, 20 uL of
37.5mM gadodiamide was injected through the tail-vein within 2 sec, after which the Mt
images were acquired repetitively. Other imaging parameters were: encoding scheme,
central; TR 17.9 ms; TE 0.8 ms; flip angle 15°; slice thickness 1.5 mm; field of view
2.56x2.56 cm?; matrix size 128x128; number of repetitions 100.

Image Analysis.

Reference kidney volume was measured from the 3D-FISP images using Analyze™ (version
12.0, Biomedical Imaging Resource, Mayo Clinic, MN). Renal volume was measured by
manual segmentation of kidney on all frames where kidney was observed. The DCE-MRI
dataset was analyzed using a MatLab® (Mathworks, Natick, MA) module developed in-
house. For image reconstruction, view sharing of the non-sampled high frequency lines from
four most adjacent frames was implemented. Images with noticeable motion artifacts were
manually excluded. The remaining Mg images were averaged to increase signal-to-noise
ratio. As described previously [9, 18], T; maps were generated pixel-wise by a simple
exponential fitting with T4 as the only unknown parameter, which was justified by the
superior signal-to-noise ratio at 16.4 T (>100 in the Mg image) and nearly-perfect (>98%)
saturation efficiency by our saturation module [18]. The accuracy of such two-point T;
measurement has been previously verified in both phantom and in-vivo studies [18]. Then
changes in T relaxation rate AR from baseline, which is linearly proportional to the
gadodiamide concentration, was used to measure the relative concentration of gadodiamide
in tissue. This method assumes the relaxivity of gadodiamide at 16.4T is identical in all
relevant compartments. To facilitate image analysis, a semi-automated scheme (Fig. 2) was
developed to extract the arterial input function (AIF), kidney dynamics, and output.

The AIF was measured from the abdominal aorta by using cross correlation. One seed pixel
with representative AIF was manually selected. Cross correlation between this seed AlF and
dynamic curves from all adjacent pixels in a 9x9 matrix was performed. For each slice, four
pixels with the largest correlation coefficients were identified and used to calculate the AIF
[18]. Then the averaged AIF curve from different slices was obtained for model input.

Kidney segmentation was performed by interactive image thresholding, opening, and edge
smoothing on vascular enhancement images, which were obtained by subtracting images
acquired at vascular phases of contrast enhancement from the baseline images. Optional
manual segmentation was available for dysfunctional kidneys with little contrast
enhancement. Then the kidney volume was estimated from these generated kidney masks
and the IntraGateFLASH-acquired coronal image, assuming a linear change in kidney size
between axial slices and cone-shaped kidney poles. Supposing mask area for one kidney is
denoted as S;(/=1,2,...n, where nis the number of slices covering this kidney), slice gap as
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a, and distances between kidney poles to the closest imaging slices as dj,and dj, then the
kidney volume (V) is calculated as

Sl-du Sl-d n—1 Sn‘d Sn-dl
+——+ Z S;d+—5—+

V=
3 P 2 3

In order to exclude renal pelvic regions with gadolinium blooming effect (signal voids due to
significant T2* shortening induced by high gadolinium concentration), a supervised machine
learning algorithm support vector machine (SVM) was trained and applied (Appendix). The
contrast dynamic AR1 curve was used for SVM training and subsequent classification. This
SVM algorithm provided a classification accuracy of 95%. This yielded effective kidney
volume (V.z), from which the kidney dynamics were quantified by averaging the dynamic
curves from all pixels. Kidney output curve was measured from the slice containing the
kidney hilum. Fifty pixels with the largest AR, were first identified, from which twenty
pixels closest to the SVM-processed kidney mask of the same slice were selected to obtain
the averaged kidney output curve. Manual segmentation of renal pelvis was performed for
stenotic kidneys with modest pelvic enhancement.

The DCE-MRI dataset from the seven mice scanned using the single-slice DCE-MRI
technique was analyzed by manually selecting image ROIs, as described previously [18].
Then contrast dynamics, including the AIF, kidney dynamics, and output curves, were
measured for model fitting of renal parameters.

The measured contrast dynamics were fitted using a previously developed bi-compartmental
model [18], which was modified by adding a transit delay of blood from abdominal aorta to
kidney. In this model, blood flow from abdominal aorta enters the kidney, which is
simplified as a combination of the vascular (plasma) and tubular (filtrates) compartments,
gets filtered by glomeruli, and flows out of the kidney through the renal pelvis. Notably, the
plasma AIF was calculated as AlF/(1-Hematocrit) and used as the input to the model fitting.
This model contains a total of five unknown parameters, including the blood transit delay 7
perfusion rate constant &), renal plasma volume fraction 7, normalized GFR Aggz, and
contrast efflux rate constant &, Parameter fitting was performed by minimizing residual
differences between the measured and fitted data using the Levenberg-Marquardt algorithm.
Then renal perfusion (mL/100g/min) was calculated as &, f,, 6000 (1-Hematocrit) A, where
A is blood/tissue partition coefficient for water (0.9ml/g) [32], RBF as Perfusion Vg and
GFR as kgrr Verr 60. Additionally, renal perfusion maps were fitted from the DCE-MRI
images acquired within the first 20 seconds after contrast injection [33], which contains the
first-pass the contrast bolus, using the model to demonstrate the feasibility of the proposed
multi-slice technique in perfusion mapping.

2.5. Statistical Analysis.

All statistical analysis was performed using JMP 10.0 (SAS Institute, Cary, NC). Results
were expressed as meanststandard deviations. One-way analysis of variance was followed
by Student’s unpaired or paired t-test for statistical comparisons between groups, as
appropriate. Pearson correlation and Bland-Altman analysis were used for comparison of
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estimated kidney volumes by the multi-slice TRICKS technique and 3D-FISP. A P value
smaller than 0.05 was considered statistically significant.

3. Results

Representative M; images of four slices of one control kidney imaged using the proposed
multi-slice TRICKS technique are shown in Fig 3. Full dynamic image series for control and
RAS mice is shown in Supplemental Animations 1 and 2, respectively. Despite k-space
under-sampling by TRICKS, view-sharing of k-space data from adjacent frames offered
satisfactory image quality. The varying image contrast of different slices resulted from
different T1 weighting due to their different saturation recovery times. Following acquisition
of the baseline M; images, strong signal enhancement in the abdominal aorta is observed
after injection of the contrast agent. Then the renal cortex and medulla are sequentially
intensified, reflecting renal perfusion, filtration, and tubular flow [34]. Notably, the high
concentration of gadolinium in the renal pelvic region causes blooming effect, or signal
dropout instead of increase, at later tubular phases. These regions need to be excluded to
guarantee reliable curve fitting and parameter estimation.

With the aid of these semi-automated methods, image analysis including model fitting
required under 15 min for both kidneys per mouse. Representative kidney masks semi-
automatically selected using the proposed segmentation technique are shown in Fig. 4a.
These masks reliably outlined both kidneys in all eight imaging slices. The estimated renal
volume from these masks showed a good correlation with the reference kidney volume by
3D-FISP (Fig. 4b, R2=0.967, P<0.001). A Bland-Altman plot also demonstrated a good
agreement between kidney volumes obtained by these two methods (Fig. 4c, mean
difference, 0.98+20.34pL).

The corresponding SVM-processed kidney masks overlaid on M; images at late tubular
phase are shown in Fig. 5a. The generated linear SVM reliably detected and excluded pixels
with gadolinium blooming effect. The automatically selected pixels for measurement of
contrast output curves in the left and right kidneys are also highlighted in slice 3 and 5,
respectively. Representative AlF, kidney dynamics and output curves are shown in Fig. 5b,
which are similar to our previous observations [18]. The AIF is characterized by a transient
peak and gradual decrease. An initial dramatic signal increase occurs in the renal
parenchyma due to perfusion, followed by a second rise as a result of tubular accumulation
of contrast, and a subsequent decrease caused by contrast outflow. The kidney output curve
also sees a similar but smaller increase indicating low medullary perfusion, followed by a
plateau before another drastic increase due to arrival of contrast following tubular flow, and
eventually a gradual decrease due to contrast clearance from kidney.

The representative raw and model-fitted gadolinium dynamics as well as the vascular and
tubular components in the renal parenchyma are shown in Fig. 5c. The bi-compartment
model provided a good fitting to the experimentally-acquired data at both vascular and
tubular phases. Model-fitted parameters are shown in Table 1. No difference was observed in
the blood transit delay (7, between the control, stenotic and contralateral kidneys. The
perfusion rate constant kj, in the stenotic kidney was significantly decreased compared to
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controls (P=0.009). Lower renal plasma volume (fp) was also found in the stenotic kidneys,
as compared to both control (p=0.002) and contralateral (p=0.020) kidneys. Similarly, the
normalized GFR (kgfgr) dropped in the stenotic kidneys (P<0.001 vs. control and
contralateral kidneys). The contrast efflux rate constant (k,,, were similar in the three
groups of kidneys.

As shown in Fig. 6a, comparable renal perfusion maps in control mouse kidneys were
obtained by the single- (left) and multi-slice (right) techniques. The multi-slice method
adequately captured the heterogeneity of intra-renal perfusion, showing that the renal cortex
has the highest perfusion, followed by the outer medulla, inner medulla, and papilla. This
perfusion heterogeneity showed a good spatial concordance with an anatomical mouse
kidney section (right) obtained ex-vivo. The multi-slice technique yielded comparable renal
perfusion (Fig. 6b, 706.5£164.0 vs. 719.0+£228.8mL/100g/min) and normalized GFR kger
(Fig. 6¢, 0.011+0.001 vs. 0.011+0.001 s71) values compared to the single-slice technique,
supporting the high reliability of the multi-slice technique in measuring renal function
despite the implementation of TRICKS undersampling and view sharing in k-space. For the
multi-slice technique, the renal perfusion and kGFR derived from the slice across the renal
hilum were also similar to those obtained from all imaged slices (Table 1), justifying the
measurement of renal function in murine RAS kidneys using the single-slice DCE-MRI
technique, as described previously [18].

Renal perfusion maps of the control, stenotic, and contralateral kidneys (Fig. 7a.) show
differential perfusion in the renal cortex and medulla in all kidneys. The measured renal
perfusion, volume, blood flow and GFR by the proposed multi-slice TRICKS-based DCE-
MRI technique are shown in Fig. 7b—e. Significant drops in the stenotic (375.9£277.9mL/
100g/min, P=0.002) and contralateral (532.3+148.0 mL/100g/min, P=0.022) kidney
perfusion were also observed (Fig. 7b), as compared to the control kidneys (706.5+164.0mL/
100g/min). The stenotic kidneys (137.8+65.8uL) in RAS mice were smaller than the control
(213.3+24.0pL, P<0.001) and contralateral (228.2+34.3uL, P=0.004) kidneys (Fig. 7c). As a
result of fall in both volume and perfusion, the stenotic kidney RBF (0.7+0.7mL/min) was
lower than in the control (1.6+0.4mL/min, P<0.001) and contralateral (1.5£0.6mL/min,
P=0.031) kidneys (Fig. 7d). Similarly, significant decrease in GFR was observed in the
stenotic kidneys (58.0+£42.8uL/min), as compared to the control (142.9+17.9uL/min,
P<0.001) and contralateral (147.7+19.3uL/min, P<0.001) kidneys (Fig. 7e).

4. Discussion

We have proposed a DCE-MRI technique for comprehensive measurement of murine kidney
size and function. A multi-slice Tq measurement method Snapshot-FLASH with TRICKS
sampling has been developed for tracing contrast dynamics in eight axial slices with a
temporal step size of 1.23 sec/scan. A semi-automated image-processing scheme employing
basic image segmentation algorithms and machine learning has also been proposed to
facilitate image analysis. The validity of the multi-slice technique was also demonstrated by
comparing to the validated single-slice technique in normal mice. The kidney volume
estimated from DCE-MRI agreed well with that measured using a three-dimensional volume
scan. The multi-slice DCE-MRI technique estimates of renal parameters, including renal
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perfusion, normalized GFR, RBF, and GFR, also successfully differentiated normal and
RAS mouse Kidneys.

The proposed DCE-MRI technique may provide a powerful tool for comprehensive renal
functional assessment in mouse models of kidney disease. The last two decades saw
substantial development of various spontaneous, genetic and induced mouse models for
investigation of pathogenesis and mechanisms of human kidney diseases [4]. Commonly
used serum or urine biomarkers are neither accurate nor sufficient for evaluation of renal
function. By contrast, DCE-MRI provides a valuable tool for simultaneous assessment of
single-kidney structure and function. Our recently developed single-slice DCE-MRI
technique provided reliable estimation of renal perfusion and GFR, as compared to inulin-
clearance and arterial spin labeling methods, respectively [18]. However, heterogeneous
renal diseases may not lend themselves to accurate assessment of renal functional
biomarkers using a single slice. In this study, this method underwent further development
and gained multi-slice capability by utilizing the TRICKS sampling scheme, thus allowing
simultaneous measurement of kidney volume, perfusion, RBF, and GFR, with the aid of the
bi-compartmental model. For the first time, we have shown that the TRICKS scheme can be
successfully implemented in saturation recovery-based rapid T; measurement method for
tracing contrast dynamics in murine kidneys.

The proposed DCE-MRI technique with TRICKS sampling offers several advantages for
rapid and reliable measurement of contrast dynamics. First, saturation recovery does not
require full magnetization recovery and thus enables rapid T, measurement [17, 29].
Although only one single point along the recovery curve was sampled for each slice, the
high saturation efficiency (>98%) allows reliable T; measurement by assuming a simple
mono-exponential recovery from zero, as demonstrated in previous studies [18, 29]. Second,
normalization of T1-weighed image by the proton density image automatically corrects B;
field inhomogeneity, and thus avoids biased estimation of contrast concentration. Moreover,
the TRICKS sampling scheme yields an acceleration factor of 2.7, allowing full kidney
coverage with a temporal step size of 1.23 sec/scan, which has been shown to be sufficient
for reliable estimation of renal function in mouse kidneys [18]. Additionally, for the first
time we demonstrated the feasibility of implementing TRICKS in DCE-MRI employing
saturation recovery-based rapid T, measurement. With these, similar contrast dynamics were
obtained, as compared to the previous single-slice technique [18]. Given the view sharing at
relatively high temporal resolution and low acceleration factor, our multi-slice TRICKS
technique, as compared to the single-slice technique, was still capable of differentiating
perfusion at different renal regions, as characterized by the highest perfusion in the renal
cortex, followed by the outer medulla, inner medulla, and papilla. Importantly, the measured
renal perfusion and GFR agreed well with those measured using the single-slice technique,
supporting the validity of the multi-slice technique in measuring renal function. The
measured renal perfusion in control mice also agreed well with those assessed by non-DCE
MR method arterial spin labeling [35, 36] and ultrasonography [37]. Our measured single-
kidney GFR in control mice also closely agreed with those obtained by the FITC-Inulin
clearance method [38, 39]. Therefore, the proposed DCE-MRI technique provides reliable
measurement of mouse kidney function.
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Distinctive spatiotemporal patterns of contrast dynamics were exploited in the proposed
semi-automated scheme to facilitate image processing. While the particular dynamics in the
AIF allowed its measurement using cross correlation, the strong signal enhancement at the
early vascular and late tubular phases was utilized for delineation of kidney dynamics and
output by the thresholding-based algorithms [40-42]. Notably, rapid renal clearance of
contrast agents in mice compared to some other species [7, 8, 34], as well as its uni-papillary
structure concentrating the filtered contrast in a small region, causes more pronounced
gadolinium blooming effect in the renal pelvic region, which needs to be excluded for
reliable measurement of renal function. To avoid time-consuming and user-dependent
manual exclusion, the machine learning algorithm SVM, which has been successfully used
for localization of tumors in DCE-MRI [43-47], was employed to take advantage of the
distinctive features in contrast dynamics with the blooming effect, for automated and reliable
exclusion. With the aid of such semi-automated scheme, image analysis on both kidneys
could be accomplished within approximately 15 minutes, including time for operator-
required exclusion of images with motion artifacts and manual segmentation of renal pelvis
in stenotic kidneys with minimal enhancement.

Although the current DCE-MRI technique is proposed for measurement of murine kidney
function, it may also be applicable in human kidneys after further technical development.
Importantly, more slices are needed to cover larger kidneys, which may prolong the
sampling time after saturation recovery. Fortunately, lower temporal resolution may suffice
in human kidney DCE-MRI [48]. However, caution is needed to avoid sampling at recovery
times near full magnetization recovery, which may confound estimation of contrast
concentrations. For this, additional saturation modules may be needed during data
acquisition.

This study faces limitations. First, the current DCE-MRI technique remains 2D rather than
3D. This is partly due to the T, measurement method, i.e., saturation recovery Snapshot-
FLASH, which requires accurate timing of signal recovery after saturation. Two-
dimensional imaging provides faster image readout per slice and less motion and blurring
artifacts. Second, given that the principles of the 2D measurements of GFR had been
previously validated against a reference standard [18], additional validation of the measured
renal functional parameters was not undertaken. However, similar values in both normal and
RAS kidneys were obtained compared to those by the previously validated single-slice
technique [18], supporting the validity of the current multi-slice technique. Third, future
studies are needed to further develop the potential of this technique to identify local foci of
decreased renal function. Additionally, other fast imaging techniques, such as compressed
sensing or k-t acceleration methods, may be used to further expedite image acquisition.
Nevertheless, their applicability in DCE-MRI employing saturation recovery-based rapid T
measurement and accuracy in assessing renal function remain to be investigated.

In conclusion, the proposed multi-slice TRICKS-based DCE-MRI technique allows rapid
and reliable tracking of contrast dynamics in whole mouse kidneys. Our developed semi-
automated image processing scheme may be useful in facilitating extraction of contrast
dynamics. With the aid of the validated bi-compartment model, the current DCE-MRI
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technique allows comprehensive measurement of kidney volume, renal perfusion, blood
flow, and GFR in mouse kidneys.
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Figure 1. The TRICKS sampling scheme used in the multi-slice saturation recovery Snapshot-
FLASH technique.

(a) The 128 phase encoding lines were segmented into low (L, 28 center lines) and high (H,
100 peripheral lines) frequency lines. The H lines were further divided into 5 groups (noted
by different colors), with each interleaving with lines from other groups in a sequential
manner. (b) During data acquisition, while the L lines were constantly sampled, only one of
the H groups was acquired per repetition. (c) A total of eight slices were sampled during
saturation recovery with delays from 0.25 to 1.05 sec. A Tq of 1 sec is assumed in the
recovery curve.
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Figure 2. Schematic illustrations of the semi-automated scheme for image analysis.
The AIF is measured from the abdominal aorta by using cross correlation. Kidney dynamics

are measured from the renal parenchyma. First, kidney segmentation was performed by
interactive image thresholding, opening, and edge smoothing on vascular enhancement
images. Second, a supervised machine learning algorithm support vector machine (SVM)

was trained and implemented, in order to exclude renal pelvic regions with gadolinium

& Model Fitting

blooming effect. Kidney output was automatically measured from the slice containing the
kidney hilum with a thresholding technique. Then extracted gadolinium dynamics were
fitted by a bi-compartment model to measure renal parameters.
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Baseline 30s 60 s 100 s

Figure 3. Representative T-weighted images acquired using the proposed DCE-MRI technique.
Images of four adjacent slices of one normal kidney at baseline, 30, 60, and 100 sec are

shown. Sequential enhancement of different renal regions at different time points reflects
renal perfusion, filtration, and tubular flow. Notably, gadolinium blooming effect causes
signal dropout at late tubular phase, as indicated by white arrows.
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Figure 4. Measurement of kidney volume from the multi-slice DCE-MRI dataset.
(a) Representative kidney masks semi-automatically selected using the proposed

segmentation technique. The background images were obtained at early vascular phase. (b-
c) Linear correlation (b) and Bland-Altman analysis (c) of kidney volume estimated from
the DCE-MRI and 3D-FISP datasets.
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Figure 5. Exclusion of blooming areas and model fitting of contrast dynamics.
(a) SVM-processed kidney masks overlaid on M; images at late tubular phase. Pixels

automatically selected for measurement of kidney output curves are also highlighted on slice
3 and 5 for the left and right kidneys, respectively. (b) Representative extracted AlF, kidney
dynamics and output curves. (c) The representative raw and model-fitted gadolinium
dynamics as well as the vascular and tubular components in the renal parenchyma.
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Figure 6. Validation of multi-slice DCE-MRI technique by the validated single-slice technique.
(a) Representative renal perfusion maps acquired using the single-slice (left) and multi-slice

(middle) techniques. The unit of the color bar is mL/100g/min. A representative H&E-
stained mouse kidney section (right) is also shown with cortex (CO), outer medulla (OM),
inner medulla (IM), and papilla (P) segmented by yellow, cyan, green, and blue lines,
respectively. The multi-slice DCE-MRI technique yielded comparable renal perfusion (b)
and normalized GFR koFR (c), as compared to the validated single-slice technique.
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Figure 7. Utility of the proposed multi-slice DCE-MRI technique in differentiating renal
functional differences in control and RAS mice.

Representative renal perfusion maps (a) and measured renal perfusion (b), volume (c), RBF
(d), and GFR (e) in control, stenotic, and contralateral kidneys. The unit of the color bar is
mL/100g/min. Data expressed as meanzstandard deviation. *P<0.05 compared to control
kidney. TP<0.05 compared to stenotic kidney. RAS, renal artery stenosis; RBF, renal blood
flow; GFR, glomerular filtration rate.
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Table 1.

Model-fitted parameters in control, stenotic, and contralateral kidneys

Control Kidney

Stenotic Kidney  Contralateral Kidney

To(s) 0.1740.13
ky(sh)  0.4620.12

f, 0.18+0.04
Keer (5 0.011+0.001

Kot (5)  0.014x0.003

0.26+0.11
*

0.30+0.11
*

0.11+0.06

*
0.006+0.002
0.011+0.007

0.21+0.10
0.37+0.16

0.17+0.03 F

0.012+0.001 7

0.013+0.004

Data expressed as meanstandard deviation.

*

P<0.05 compared to control kidney.

fP<0.05 compared to stenotic kidney.
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