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Magnetization Transfer Imaging Is Unaffected by Decreases
in Renal Perfusion in Swine
Kai Jiang, PhD,* Christopher M. Ferguson, MS,* John R. Woollard, MS,* Vanessa L. Landes, BS,†
James D. Krier, MS,* Xiangyang Zhu,MD, PhD,* Krishna S. Nayak, PhD,† and Lilach O. Lerman, MD, PhD*
Objectives:Multiparametric renal magnetic resonance imaging (MRI), including
diffusion-weighted imaging, magnetic resonance elastography, and magnetiza-
tion transfer imaging (MTI), is valuable in the noninvasive assessment of renal fi-
brosis. However, hemodynamic changes in diseased kidneys may impede their
ability to measure renal fibrosis. Because MTI assesses directly tissue content
of macromolecules, we test the hypothesis that MTI would be insensitive to renal
hemodynamic changes in swine kidneys with acute graded ischemia.
Materials andMethods: Seven domestic pigs underwent placement of an inflat-
able silicone cuff around the right renal artery to induce graded renal ischemia.
Multiparametric MRI was performed at baseline, 50%, 75%, and 100% renal ar-
tery stenosis as well as reperfusion. Measurements included regional perfusion,
R2*, apparent diffusion coefficient (ADC), stiffness, and magnetization transfer
ratio (MTR) using arterial spin-labeled MRI, blood oxygenation–dependent
MRI, diffusion-weighted imaging, magnetic resonance elastography, and MTI,
respectively. Histology was performed to rule out renal fibrosis.
Results:During graded ischemia, decreases in renal perfusion were accompanied
with elevated R2*, decreased ADC, and stiffness, whereas no statistically signif-
icant changes were observed in the MTR. No fibrosis was detected by histology.
After release of the obstruction, renal perfusion showed only partial recovery, as-
sociatedwith return of kidney R2*, ADC, and stiffness to baseline levels, whereas
cortical MTR decreased slightly.
Conclusions: Renal MTI is insensitive to decreases in renal perfusion and may
offer reliable assessment of renal structural changes.
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C hronic kidney disease (CKD) is a worldwide health issue,
afflicting around 14% of the population.1 Chronic kidney disease

is progressive andmay eventually lead to end-stage renal disease, a dev-
astating disorder that requires renal transplant therapy and imposes
great cost to both the individual and society. Early and reliable diagnosis
of CKD is imperative for timely and optimal management to prevent
disease progression. Renal fibrosis is the final common pathway of
CKD and serves as an important biomarker in the diagnosis of renal dis-
eases as well as evaluation of therapeutic interventions.2 The current cri-
terion standard method for evaluation of renal fibrosis is percutaneous
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renal biopsy, which is limited by its invasiveness, incomplete sampling
coverage, and potential complications.3

Recent advances in renal magnetic resonance imaging (MRI)
have shown promise for noninvasive assessment of renal fibrosis by
assessing its impact on the functional, mechanical, and molecular
properties of the kidney. Diffusion-weighted imaging (DWI) can be
used to measure tissue water mobility characterized by the apparent
diffusion coefficient (ADC), which is considered to fall secondary
to deposition of extracellular matrix in fibrotic kidneys. Extracellular
matrix deposition leading to scarring typically stiffens affected or-
gans.4 Therefore, tissue stiffness measured using magnetic resonance
elastography (MRE) has been used as an index of fibrosis. At the mo-
lecular level, a fibrotic kidney is featured by elevated macromolecule
content due to accumulation of extracellular matrix components, com-
posed mainly of fibronectin and collagen type I, III, and IV.5 Such in-
creased macromolecule content serves as an important biomarker for
renal fibrosis and can be assessed using magnetization transfer
imaging (MTI).

The utility of these MRI techniques for measuring renal fibrosis
has been demonstrated in previous studies. Significant negative correla-
tions between the ADC and renal fibrosis have been reported in both
preclinical animal models6–9 and patients,10–12 supporting the useful-
ness of the ADC in noninvasive measurement of renal fibrosis. Never-
theless, decrease in the ADC in fibrotic kidneys is attributable to not
only restricted true water diffusion but also lower microvascular perfu-
sion and tubular flow.13,14 Similarly, kidney stiffness drops due to de-
creased tissue turgor resulting from renal hypoperfusion,15 which
offsets the effect of renal fibrosis on tissue stiffness.16 The anisotropic
structure of renal tissue has also been shown to influence tissue stiff-
ness.17 Therefore, the usefulness of DWI and MRE in measuring renal
fibrosis might be compromised by lower renal perfusion.

Recently, MTI has emerged as a promising technique for mea-
surement of renal fibrosis. Magnetization transfer is a physical phenom-
enon that describes the cross relaxation betweenwater molecules bound
to macromolecules (the bound pool) and free water molecules (the free
pool). In MRI, the macromolecules cannot be directly measured due to
their extremely short T2 (<1 millisecond).18 Nonetheless, saturation of
the bound pool with off-resonance MT pulses induces a decrease in
the free pool MR signal because of the MT between these 2 pools.
The percent change in the detected MR signal, or MT ratio (MTR), re-
flects the content of macromolecules and has recently been shown to
correlate well with ex vivo renal fibrosis by histology.19–22 Notably, be-
cause the MTR is dependent on tissue macromolecule content, MTI,
compared with other MRI techniques, may be less sensitive to alter-
ations in renal hemodynamics.

Therefore, in this study, we aimed to test the hypothesis that MTI
is insensitive to decreases in renal perfusion. The impact of renal perfu-
sion on MTI was evaluated in swine kidneys with graded ischemia. To
compare MTI with other MRI techniques, changes in renal perfusion,
water diffusion, and stiffness were also evaluated using arterial spin la-
beling (ASL), DWI, and MRE, respectively. In addition, renal oxygen-
ation was assessed by blood oxygenation–dependent (BOLD) MRI.
Finally, renal histology was performed to exclude the presence of renal
fibrosis in this acute model.
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MATERIALS AND METHODS

Animal Preparation
All animal experiments were approved by the Institutional Ani-

mal Care and Use Committee in our institution. Seven 3-month-old fe-
male domestic pigs (Sus scrofa; Manthei Hog Farm LLC, Elk River,
MN) were used. Anesthesia of animals was maintained with 1% to
2% isoflurane during surgery and MRI. Endotracheal intubation was
performed for mechanical ventilation and ear-vein catheterization for
saline infusion (5 mL/min). To restrict renal blood flow and induce
graded renal ischemia, an inflatable MR-compatible silicone cuff
(DocXS Biomedical Products & Accessories, Ukiah, CA) was placed
around the right renal artery, after a small flank incision. The cuff was
first calibrated for various degrees of renal artery stenosis (RAS, dic-
tated by cuff diameter) by injection of saline. After the placement of
the cuff, the animal was prepared for MRI.

MRI Study
All MRI studies were performed on a GE Signa HDxt 3.0 T

scanner (GE Healthcare, Waukesha, WI). The body coil was used as
the transmitter and an 8-channel surface coil used as the receiver. Kid-
ney imaging was performed first at baseline, then 50%, 75%, and 100%
RAS by inflating the renal artery cuff using cumulative amounts of sa-
line, and finally recovery after release of the cuff. A 5-minute resting
period between different grades of RAS was maintained for hemody-
namic stabilization before the next iteration of MRI examination.
Multiparametric MRI was used to successively measure renal perfu-
sion, R2*, MTR, stiffness, and diffusion in this order in all animals.
To avoid respiratory motion artifacts, all MRI scans were performed
with suspended respiration. A complete set of MRI scans took approx-
imately 50 minutes, resulting a total imaging time of approximately
4 hours per animal.

Renal perfusion was measured by ASL using a FAIR-SSFP
(flow-sensitive alternating inversion recovery labeling and transient bal-
anced steady-state free precession) imaging sequence.23–25 One 10-mm
axial slice was imaged at the kidney hilum, from which 12 control and
tagged image pairs were obtained. A hyperbolic secant adiabatic pulse
was used for magnetization inversion. Slice-selective inversion was per-
formed on a 30-mm slab to achieve uniform inversion of the imaging
slice. Other imaging parameters were as follows: repetition time (TR),
3.0 milliseconds; echo time (TE), 1.5 milliseconds; field of view (FOV),
30 � 30 cm2, matrix size, 128 � 128; and inversion delay, 1.2 seconds.

Renal oxygenation was assessed by BOLD-MRI using a
multiecho gradient echo sequence. A total of 16 images with echo times
from 3.5 to 63.5 milliseconds were acquired per slice. Other imaging
parameters were as follows: TR, 200 milliseconds; flip angle, 40 de-
grees; slice number, 5; slice thickness, 2.6 mm; FOV, 30� 30 cm2; ma-
trix size, 192 � 128; and number of excitations, 1.

KidneyMTRwasmeasured using anMT-prepared gradient echo
(GRE) sequence. Images without MT pulses were acquired in the coro-
nal plane with the following parameters: TR, 300 milliseconds; TE,
5.3 milliseconds; flip angle, 30 degrees; slice thickness, 2.6 mm; slice
number, 5; FOV, 30 � 30 cm2; matrix size, 192 � 128; phase field of
view, 0.75; and number of excitations, 1. Then MT-weighed images
were acquired by adding Fermi pulses before GRE acquisition. The
MT pulse parameters were as follows: offset frequency, both 600 and
1000 Hz; pulse width, 16 milliseconds; and flip angle, 800 degrees.

Kidney stiffness was measured by MRE using a spin-echo echo-
planar imaging sequence with motion sensitizing gradients and flow
compensation. As described previously,15 shear waves (120 Hz vibra-
tions) were transmitted to the kidneys by placing 2 passive pneumatic
drivers under each kidney on the posterior of the body. A total of 48 axial
slices were acquired to cover the entire kidneys. Other imaging parame-
ters were as follows: TR, 2200 milliseconds; TE, 65 milliseconds; FOV,
682 www.investigativeradiology.com
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35 � 35 cm2; matrix size, 96 � 96; and slice thickness, 2.5 mm. For
corticomedullary segmentation, T1-weighted images of the same slices
were acquired using the GRE sequence with the following parameters:
TR, 200 milliseconds; TE, 5.6 milliseconds; matrix size, 256 � 192;
and flip angle, 45 degrees.

Kidney diffusion was measured by DWI using a single-shot
spin-echo echo-planar imaging sequence. Diffusion-weighted images
were acquired from 4 to 6 coronal slices. Two relatively high b-values
at 600 and 1000 s/mm2 were selected tominimize the impact of reduced
blood flow on measured ADC.26 Other imaging parameters were TR,
1800 milliseconds; TE, 51.8–101.5 milliseconds; FOV, 35 � 35 cm2;
matrix size, 128 � 128; and slice thickness, 2.6 cm.

Image Analysis
Renal elastograms were generated by postprocessing wave im-

ages using a multimodel direct inversion algorithm (MMDI).27,28

Briefly, the MMDI algorithm uses a multitude of polynomial fits and
utilizes a statistical F test that aids in selection of the optimal fit. Re-
moval of longitudinal waves was achieved with MMDI by using the to-
tal least squares, satisfying the Helmholtz equation in the remaining
shear waves. The cortical and medullary regions of interest were de-
fined on the T1-weighted images and propagated onto the elastograms
to calculate stiffness.15

All other image analysis was performed using software modules
developed in-house inMatlab (Mathworks, Natick, MA). Renal cortical
perfusion map was generated from the difference image of the tagged
and nontagged images, as described previously.23 To calculate renal
perfusion, cortical and medullary T1 values of 1.3 and 1.6 seconds were
used for all animals.29 Kidney T2* was calculated by monoexponential
fitting of the BOLD images with different echo times and R2* as 1/T2*.
The MTR was calculated as the percentage signal decrease from base-
line to MT-weighted images, and then normalized by MTR of the ipsi-
lateral psoas muscle major to correct for B1 variations.

22 Kidney ADC
maps were generated by pixel-wise monoexponential fitting of the
diffusion-weighted images. Cortical and medullary regions of interest
for BOLD-MRI, MTI, and DWI were selected on T2*-weighted images
using a semiautomated image segmentation algorithm.22 For measure-
ment of renal R2* and ADC, kidney regions with susceptibility artifact
were excluded to avoid biased estimation.

Ex Vivo Studies
After MRI, pigs were euthanized with kidneys harvested and

fixed in 10% formalin. Trichrome staining was performed on 5-μm-
thick kidney sections to evaluate the presence of renal fibrosis, in com-
parison to normal kidneys of matched pigs.

Statistical Analysis
Statistical analysis was performed using JMP 14.0 (SAS Insti-

tute, Cary, NC). All results were expressed as means ± standard devia-
tions. One-way analysis of variance followed by paired t test was
performed to compare all renal parameters at different time points. Sta-
tistical significance was judged at P < 0.05.

RESULTS
All experimental pigs had similar body weight (54.1 ± 2.5 kg).

Representative cortical perfusion maps overlaid on anatomical images
acquired at baseline, graded ischemia, and recovery are shown in Fig-
ure 1A. The cortical perfusion decreased substantially from baseline
to all degrees of RAS (Fig. 1B, Table 1; P < 0.001). After the release
of the cuff, cortical perfusion showed mild recovery compared with
full occlusion (P = 0.045), but remained lower than at baseline
(P = 0.001). Similar decreases in the medullary perfusion were also
observed at graded ischemia (50% RAS, P = 0.003; 75% and 100%
RAS, P < 0.001), as compared with baseline. At recovery, the
© 2019 Wolters Kluwer Health, Inc. All rights reserved.

ealth, Inc. All rights reserved.

www.investigativeradiology.com


FIGURE 1. Kidney perfusion by arterial spin labeling. A, Representative cortical perfusion maps (overlaid on anatomical images) acquired at baseline,
graded ischemia, and recovery. B, Cortical andmedullary perfusionmeasured at all time points. *P < 0.05 vs baseline, #P < 0.05 vs 50%RAS, $P < 0.05 vs
75% RAS, &P < 0.05 vs 100% RAS.
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medullary perfusion rose significantly compared with all degrees of
RAS (P = 0.027 vs 50% RAS; P = 0.009 vs 75% RAS; P = 0.004 vs
100% RAS), but remained slightly lower than at baseline (P = 0.019).

Representative renal R2* maps overlaid on anatomical images
acquired at baseline, gradedRAS, and recovery are shown in Figure 2A.
Similar changes in renal R2* were observed in the renal cortex and me-
dulla throughout the study. Significant renal hypoxia developed at 50%
RAS compared with baseline, as indicated by a rise in both cortical
(Fig. 2B, Table 1; P = 0.008) and medullary (P = 0.003) R2*. Increasing
TABLE 1. Renal Changes During Acute Renal Ischemia and Recovery by

Baseline 50% RAS

Perfusion, mL/mL/min
Cortex 2.19 ± 0.63 0.67 ± 0.47*
Medulla 1.26 ± 0.32 0.34 ± 0.35*

R2*, s
−1

Cortex 17.8 ± 1.8 31.2 ± 9.4*
Medulla 20.2 ± 2.5 41.8 ± 13.4*

Stiffness, kPa
Cortex 4.76 ± 0.49 3.72 ± 0.34*
Medulla 4.54 ± 0.53 3.59 ± 0.20*

ADC, �10−3 mm2/s
Cortex 1.54 ± 0.21 0.94 ± 0.22*
Medulla 1.51 ± 0.23 0.99 ± 0.19*

MTR at 600 Hz
Cortex 0.81 ± 0.03 0.81 ± 0.05
Medulla 0.75 ± 0.04 0.76 ± 0.05

MTR at 1000 Hz
Cortex 0.76 ± 0.03 0.78 ± 0.06
Medulla 0.67 ± 0.03 0.71 ± 0.05

Data are means ± standard deviations.

*P < 0.05 vs baseline.

†P < 0.05 vs 50% RAS.

‡P < 0.05 vs 75% RAS.

§P < 0.05 vs 100% RAS.

MRI indicates magnetic resonance imaging; RAS, renal artery stenosis; ADC, app
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constriction of the renal artery led to higher R2* at 75% (cortex,
P = 0.011; medulla, P < 0.001) and 100% (cortex, P = 0.010; medulla,
P < 0.001) RAS. At recovery, kidney reperfusion abolished tissue
hypoxia, as demonstrated by normalized cortical and medullary R2*.

Shown in Figure 3A are representative renal elastograms at all
time points. Renal cortical and medullary stiffness showed similar
changes in response to the graded ischemia and reperfusion. Compared
with baseline, renal stiffness at 50% (Fig. 3B, Table 1; cortex,
P = 0.003; medulla, P = 0.005), 75% (cortex, P = 0.008; medulla,
Multiparametric MRI

75% RAS 100% RAS Recovery

0.45 ± 0.19* 0.38 ± 0.13* 0.83 ± 0.43*§
0.21 ± 0.05* 0.17 ± 0.03* 0.74 ± 0.39*†‡§

50.6 ± 13.6*† 57.1 ± 18.1*† 19.5 ± 6.9†‡§
64.1 ± 13.3*† 67.2 ± 13.5*† 19.1 ± 3.7†‡§

3.79 ± 0.47* 3.66 ± 0.57* 6.19 ± 1.46†‡§
3.46 ± 0.39* 3.40 ± 0.42* 5.31 ± 0.97†‡§

0.87 ± 0.18* 0.82 ± 0.19* 1.41 ± 0.07†‡§
0.94 ± 0.16* 0.95 ± 0.15* 1.51 ± 0.16†‡§

0.80 ± 0.04 0.79 ± 0.04 0.77 ± 0.03*†
0.77 ± 0.04 0.75 ± 0.03 0.73 ± 0.05

0.76 ± 0.04 0.74 ± 0.04 0.64 ± 0.05*†
0.71 ± 0.02 0.69 ± 0.04 0.73 ± 0.05

arent diffusion coefficient; MTR, magnetization transfer ratio.
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FIGURE 2. Renal oxygenation by blood oxygenation level–dependent MRI. A, Representative kidney R2* maps at baseline, graded ischemia, and
recovery. Increasing intensity and extent of the red color suggests development of hypoxia. B, R2*measured in the renal cortex andmedulla at all time
points. *P < 0.05 vs baseline, #P < 0.05 vs 50% RAS, $P < 0.05 vs 75% RAS, &P < 0.05 vs 100% RAS.
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P = 0.003), and 100% (cortex, P = 0.008; medulla, P = 0.001) RAS all
significantly decreased. After renal reperfusion, both cortical and
medullary stiffness rose above those at all degrees of RAS, and
tended to increase (cortex, P = 0.063; medulla, P = 0.069) compared
with their basal values.

Representative renal ADC maps are shown in Figure 4A. The
whole kidney parenchyma showed similar changes in ADC in response
to different degrees of renal ischemia. Similar to renal stiffness, the cor-
tical ADC, compared with baseline, dropped substantially at all levels
of RAS (Fig. 4B, Table 1; P < 0.001), and completely recovered after
release of the cuff (P < 0.05 compared with all levels of RAS).
Similar changes in the medullary ADC were also observed at graded
ischemia (P < 0.001), as compared with baseline. At recovery, the
FIGURE 3. Kidney stiffness by magnetic resonance elastography. A, Represe
B, Cortical and medullary stiffness measured at all time points. *P < 0.05 vs
100% RAS.

684 www.investigativeradiology.com
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medullary ADC rose significantly compared with all degrees of RAS
(P < 0.001), and returned to the basal level.

Representative kidney MTR maps overlaid on anatomical im-
ages acquired at different time points are shown in Figure 5A. Unlike
all aforementioned renal parameters, cortical and medullary MTR at
600 Hz remained unchanged from baseline to all levels of RAS (Fig. 5B,
left; Table 1). A mild but significant decrease was observed in cortical
MTR at recovery, as compared with baseline (P = 0.013) and 50% RAS
(P = 0.026), although it was not different from 75% and 100% obstruction.
Similar changes in cortical and medullary MTR were observed with
the MT offset frequency set at 1000 Hz (Fig. 5B, right; Table 1).

Trichrome-stained cortical andmedullary tissue sections showed
no renal fibrosis in any experimental kidney (Fig. 6). However, some
ntative kidney elastograms at baseline, graded ischemia, and recovery.
baseline, #P < 0.05 vs 50% RAS, $P < 0.05 vs 75% RAS, &P < 0.05 vs
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FIGURE 4. Renal apparent diffusion coefficient by diffusion-weighted imaging. A, Representative kidney ADC maps at baseline, graded ischemia, and
recovery. B, Kidney parenchymal ADC measured at all time points. *P < 0.05 vs baseline, #P < 0.05 vs 50% RAS, $P < 0.05 vs 75% RAS, &P < 0.05 vs
100% RAS.
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evidence of acute kidney injury was observed, including enlarged
Bowman's space, tubular dilation, and inflammatory infiltration.

DISCUSSION
In this study, we show that MTI-measured MTR is unaffected by

decreases in renal perfusion during graded ischemia in swine kidneys.
By contrast, renal stiffness by MRE and ADC by DWI dropped sub-
stantially, despite no development of renal fibrosis. Those changes were
FIGURE 5. Kidney magnetization transfer ratio (MTR) by MTI. A, Representati
Cortical and medullary MTR quantified with the MT offset frequency at 600 (l
*P < 0.05 vs baseline, #P < 0.05 vs 50% RAS.

© 2019 Wolters Kluwer Health, Inc. All rights reserved.
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accompanied by elevated tissue R2*, that is, hypoxia as measured by
BOLD-MRI. Subsequent tissue reperfusion normalized kidney stiff-
ness, ADC, and R2*, although renal perfusion remained lower than
baseline, possibly as a result of ischemia-reperfusion injury, whereas
the cortical MTR slightly rose.

Renal fibrosis is closely related to chronic changes in renal func-
tion30,31 and has beenwidely used in diagnosis of renal diseases, predic-
tion of renal outcome in CKD32,33 or transplant status,34–36 and
ve kidney MTR maps acquired with the MT offset frequency at 600 Hz. B,
eft) and 1000 (right) Hz at baseline, graded ischemia, and recovery.
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FIGURE 6. Kidney injuries post graded ischemia and reperfusion. Representative trichrome-stained cortical andmedullary tissue sections fromnormal and
ischemic kidneys. No renal fibrosis was detected in either cortex or medulla of pig kidneys with graded ischemia. However, signs of acute kidney injury
were observed, including enlarged Bowman's space, tubular dilation, and inflammatory infiltration as marked by arrows with black, red, and blue colors,
respectively.
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assessment of therapies.37–40 Although renal biopsy is the reference
standard method for fibrosis assessment, it is fraught with limitations.
Noninvasive and reliable assessment of renal fibrosis would be of great
value in clinical practice and research, and has greatly fueled investiga-
tors' efforts in developing novel fibrosis imaging techniques. Recent
advances in MR renal imaging provide exciting opportunities for
noninvasive assessment of renal fibrosis. MRI techniques such as
DWI, MRE, andMTI offer new opportunities for noninvasive measure-
ment of renal fibrosis by assessing its impact on the kidney. Yet, concur-
rent alterations in hemodynamics of dysfunctional kidneys constitute a
confounding element that may hamper the reliability ofMRI techniques
in fibrosis assessment. Swine kidneys with graded renal ischemia and
no detectable renal fibrosis provide a good model to elucidate the direct
effect of renal hemodynamics on these MRI techniques.

In nonfibrotic ischemic kidneys, reduction in perfusion was ac-
companied by a substantial decrease in kidney ADC, despite the use
of high b-values greater than 600 s/mm2 to minimize the effect of per-
fusion on measured ADC.26 In line with our findings, Prasad et al41 ob-
served a significant correlation between the cortical ADC derived from
b-values ranging from 200 to 1000 s/mm2 and ASL-measured perfu-
sion in CKD patients. The fall in ADC may be attributed to the tubular
compartment, which introduces a third intermediate diffusion compo-
nent in the kidney,14 because a reduction in renal blood flow can in turn
decrease tubular volume,42 and thereby lower water diffusion and ADC.
Therefore, a drop in renal perfusion may limit the specificity of the
ADC in serving as a true index of renal fibrosis.43 Pertinently, one study
reported that the cortical ADC decreased in vivo but increased at
postmortem due to tubular dilation and expanded extracellular space
in rat fibrotic kidneys with unilateral ureteral obstruction.43 In addi-
tion, we have also shown that excessive renal fat may lead to under-
estimation of renal ADC, compromising its utility in detection of
renal pathology.44 Taken together, the in vivo ADC is notably depen-
dent on renal hemodynamics as well as fat content, limiting its sensitiv-
ity to renal fibrosis.
686 www.investigativeradiology.com
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Similar to the ADC,MRE-measured renal stiffness also dropped
substantially during graded ischemia, possibly due to a fall in perfusion
pressure. This is consistent with previous findings in a similar swine
model15 and in patients with lupus nephritis,45 and in line with the im-
pact of renal perfusion on stiffness using ultrasound elastography.46,47

Indeed, renal stiffness is dependent on a number of factors other than re-
nal fibrosis, including tissue perfusion pressure, tubular or interstitial
pressure, and tissue anisotropy.17 Changes in these factors may offset
the effect of fibrosis in stiffening the kidney. As a result, MRE has been
shown to be unreliable in assessing cortical fibrosis during a fall in renal
blood flow.16

Unlike other MRI techniques, MTI provides unique tissue con-
trast that is indicative of the macromolecule content, which serves as
a useful biomarker for renal fibrosis. Notably, the capability of MTI
in measuring renal fibrosis has been demonstrated by a good spatial
concordance between the MTR map and histological sections as well
as by its good correlation with the degree of fibrosis.20 Yet, it remained
unclear whether factors other than renal fibrosis, such as lower renal
perfusion, could contribute to the increased MTR. In this study, we
extend our previous findings and demonstrate the relative insensitiv-
ity of MTI to alterations in renal hemodynamics, as supported by the
unchanged MTR at different degrees of RAS. Therefore, MTI may
offer a reliable tool for assessing renal fibrosis, regardless of renal
hemodynamic hypoperfusion.

Kidney reperfusion after releasing the renal artery cuff caused
differential levels of recovery of the measured MRI parameters. The
prolonged ischemia during the experimental protocol followed by
reperfusion-induced detectable kidney changes, including enlarged
Bowman's space, tubular dilation, and inflammatory infiltration. These
tissue injuries might have led to an incomplete recovery of renal perfu-
sion after releasing the renal artery obstruction. On the other hand, we
observed a slight drop in cortical MTR after reperfusion. Previous
studies have shown that acute kidney injury results in short-term ac-
tivation of proteases that lead to a decrease in laminin and
© 2019 Wolters Kluwer Health, Inc. All rights reserved.
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collagen.48,49 By contrast, renal oxygenation, stiffness, and water diffu-
sion all fully recovered to basal levels. Importantly, the divergent find-
ings by these MRI techniques at recovery underscore the importance of
utilizing multiparametric MRI for more informative and integrated
evaluation of renal conditions, as demonstrated in previous experimen-
tal21,50 and clinical51 studies.

Our study is associated with some limitations. First, calibration
of the cuff did not consider in vivo factors, such as variation in renal ar-
tery size and vascular resistance, which may lead to inaccurate estima-
tion of the degree of RAS. Nevertheless, graded renal ischemia was
clearly achieved, as supported by the ASL-measured renal perfusion.
Furthermore, measurements using the different techniques were all ob-
tained at the same level of renal arterial obstruction. Rather than the pre-
cise degree of obstruction, our study focused on comparing the
sensitivity of these techniques to similar changes in renal perfusion
pressure. Yet, a ~70% fall in renal perfusion at ~75% stenosis is high
compared with other large vessels like the iliac artery.52 Pertinently, in
the renal artery of pigs, renal blood flow (RBF) starts falling over a
threshold of 42% of RAS, with a rapid drop in RBF when RAS reached
70%.53 Therefore, the combination of underestimated degree of RAS
and the unique properties of the pig renal artery might have contributed
to this ostensible precipitous fall in RBF. Second, we measured in this
study renal perfusion, rather than renal arterial flow, which can be
achieved using phase contrast MR or Doppler sonography.54 Third,
no control group was included in this study. However, our previous
study using the same pig model has shown no change in renal parame-
ters throughout the experimental period.15 Furthermore, the main goal
of this study was to compare the changes in different MRI methods.
Therefore, renal parameters at baseline can be used for comparison with
other time points. Fourth, we cannot rule out the possibility that at the
recovery phase the MTR was affected by tissue edema. Fifth, although
we have demonstrated that renal MTR is not affected by perfusion
changes, other factors present in a fibrotic kidney, such as tubular atro-
phy, tissue edema, accumulation of other extracellular proteins, or in-
flammatory cell infiltration, may alter the measured MTR and thus
compromise its specificity for renal fibrosis. Although we have previ-
ously shown that MTR measured in vitro in a collagen phantom at
16.4 T or 3 T correlates directly with collagen concentrations,20,22

future studies are needed to investigate the impact of in vivo factors
on renal MTR. Lastly, additional novel techniques for assessment of
renal fibrosis with molecular MRI have not been tested.

In summary, MRI techniques useful for assessment of renal fi-
brosis have different susceptibility to acute alterations in renal perfu-
sion. In swine kidneys with acute ischemia, renal ADC by DWI and
stiffness by MRE substantially decrease without evidence of renal fi-
brosis, indicating their dependence on renal hemodynamics. By con-
trast, MTI is relatively insensitive to an acute decrease in renal
perfusion and may offer a relatively reliable MRI technique for mea-
surement of renal structural changes.
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