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Abstract

To map the hemodynamic responses of kidney microstructures at 7.05 T with improved sensitivity,
a Wireless Amplified NMR Detector (WAND) with cylindrical symmetry was fabricated as an
endoluminal detector that can convert externally provided wireless signal at 600.71 MHz into
amplified MR signals at 300.33 MHz. When this detector was inserted inside colonic lumens to
sensitively observe adjacent kidneys, it could clearly identify kidney microstructures in the renal
cortex and renal medullary. Owing to the higher achievable spatial resolution, differential
hemodynamic responses of kidney microstructures under different breathing conditions could be
individually quantified to estimate the underlying correlation between oxygen bearing capability
and local levels of oxygen unsaturation. The WAND’s ability to map Blood Oxygen Level
Dependent (BOLD) signal responses in heterogeneous microstructures will pave way for early-
stage diagnosis of kidney diseases, without the use of contrast agents for reduced tissue retention
and toxicity.
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Introduction

There is an unmet need for non-invasive monitoring of kidney physiology in focal regions.
Renal diseases often start from regional dysfunction in glomerular filtration, compensated by
hyperfiltration in remaining nephrons. Therefore, circulatory or urinary biomarkers are often
insensitive to focal deficits until substantial renal function is lost. Compared to other
noninvasive imaging modalities that cannot simultaneously provide good spatial resolution
and tissue-dependent signal contrast, MRI (if given adequate sensitivity) can in principle
provide important insights into renal microcirculation that is closely related to focal
physiology. For example, blood-oxygen-level-dependent (BOLD) signal changes in MR
images can map the kidney’s oxygen homeostasis under altered physiological conditions [1-
3]. Although BOLD MRI can map tissues’ hemodynamic responses without the potential
side effects of exogeneous contrast agents [4], such as tissue retention or toxicity, its
successful application in brains [5, 6] and muscles [7] doesn’t directly translate to consistent
results in kidneys. Some studies found transverse relaxivity changes in kidneys’ overall
layers during hyperoxia breathing [8], but others did not [9, 10]. Such inconsistent results
are partly due to the insufficient sensitivity and resolution enabled by conventional external
MR detectors that cannot identify differential hemodynamic responses of kidney
microstructures, including the glomeruli and renal tubules that serve the vital function of
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plasma filtration and filtrate reabsorption. Prior studies using lower-resolution images could
only characterize average hemodynamic responses, concealing important information about
their differences.

To improve MRI detection sensitivity for deep-lying renal tissues, smaller coils implanted in
closer proximity to the region of interest were used for larger signal responses to
electromotive forces induced by precessing nuclei spins [11, 12]. Although these implanted
detectors were originally developed with wired connections, mutual inductive coupling [13—
17] was later used to wirelessly transmit MR signals for better operation convenience and
reduced risk of chronic infection. However, wireless inductive coupling can be inefficient
when the implanted detector is separated from the body’s surface by a distance much larger
than the detector’s own dimension. To improve signal transmission efficiency of inductive
coupling, a Wireless Amplified NMR Detector (WAND) was later developed to
simultaneously amplify locally detected MR signals, reducing sensitivity loss during signal
transmission. Just like “passive” inductive couplers, the “amplified” WAND was initially
used as an implantable detector mounted on the surface of kidney, but with greatly improved
sensitivity to identify individual nephrons 7n vivo[18, 19]. Later, the WAND was re-
engineered with cylindrical symmetry for non-surgical use inside the digestive tract [20-22],
to better image aorta walls or heterogenous tumors. In this work, we are going to extend the
non-surgical application of the WAND into kidney microstructure imaging /n vivo, an
application scenario primarily addressed by surgically implanted MR detectors before.
Utilizing the proximity between the colon and the kidney, this endo-cavity detector can
sensitively identify heterogenous microstructures in different kidney layers. By sequentially
exposing the rat to 50%-0, and 96%-0, breathing conditions, the differential BOLD signal
response of vascular-rich and vascular-sparse regions can be utilized to evaluate local
oxygen delivery that is correlated with capillary blood flow. Because renal hypoxia is a
common etiological factor that originates locally, the ability to detect differential
hemodynamic responses of renal microstructures will enable early diagnosis of renal
abnormities based on O, delivery deficiency, without contrast agent induced toxicity.

Materials and Methods

Detector Operation Principle

The WAND was advantageous over conventional signal amplifiers because it could operate
without batteries or wires and is thus easier to deploy inside the body. It can non-surgically
enter the GI tract, approach deep-lying tissues and sensitively observe them across the
luminal walls. Unlike wireless chargers, the WAND could directly convert wirelessly
harvested energy into amplified MR signals [23], without the need for rectifiers that would
require extra space. As shown in Fig. 1, the WAND could be implemented as a cylindrical
resonator mounted on a 2.4-mm diameter polyurethane cylinder, with two identical
conductor legs interlaced with two identical conductor end- rings. A continuous center ring
was optionally introduced to neutralize excessive charge accumulated across end-ring
diodes. The 0.5-mm wide conductor legs and rings are etched on copper-clad polyimide.
Both end-rings were split by a pair of Schottky diodes (BAS3005A, Infineon, Neubiberg,
Germany) connected in a head-to-tail configuration. The vertical legs, along with the diodes
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junction capacitance (C) at zero-bias voltage, create the transverse resonance mode that was
sensitive to MR signal input at the Larmor frequency w;. Meanwhile, the two identical split
end rings created a longitudinal resonance mode that was sensitive to an electromagnetic
pumping field at the frequency ws, which was wirelessly provided by a single-turn pumping
loop (red) wrapped around the rat. By making the pumping frequency w3 to be 600.71 MHz,
which was approximately twice the Larmor frequency wj of 300.33 MHz at 7.05 T, the
nonlinear capacitance (C) of end-ring diodes could facilitate efficient energy transfer from
the longitudinal mode to the transverse resonance mode.

During the slice excitation period, about 10 watts of power was applied on an external
transmit coil (not shown for brevity) to excite nuclei spins. This strong excitation field would
transiently couple with the transverse resonance mode of the WAND to induce large voltage
modulations across all diodes. During each half of the modulation cycle, at least two diodes
were turned on to detune the WAND from the Larmor frequency, thus decoupled the WAND
from the excitation field. During the subsequent signal reception period, a milliwatts-level
pumping power was applied on the (red) pumping loop that continuously coupled with the
longitudinal resonance mode of the WAND, modulating all end-ring diodes in a
synchronized way. As a result, a weak MR signal at the Larmor frequency wy (green arrow)
could mix with the much larger pumping signal at w3 (red arrow) to create an amplified
output at the idler frequency wy = w3 — wq (pink arrow). This amplified output at w, (pink
circular arrow) could mix back with the pumping signal at ws (red arrow) to create a second
amplified output at wy (cyan arrow), which could be detected by a standard external coil. In
our case, |wy—wq| was set to at least 50 kHz, which was slightly larger than the imaging
bandwidth, so that the amplified MR signal at «w; would not interfere with the idler signal at
a». Compared to external detection, the WAND in its passive state had up to 3-fold gain in
normalized intensity for regions with at least one diameter separation from its cylindrical
surface; active amplification could provide an additional 3-fold gain. The WAND’s favorable
feature of wireless operation and excitation-induced decoupling would also make it safer
than conventional interventional detectors, by eliminating hard-wired connections that could
effectively couple with the strong excitation field due to wavelength effect. The negligible
heating effect of the WAND was experimentally confirmed by the non-measurable
temperature rise on a rectal probe inserted nearby during MR experiments. Finally, because
the WAND'’s center ring is parallel to the B1 excitation field or the precessing magnetic
moment, this center ring would create negligible impact on the detector’s cylindrical
symmetry, as confirmed by the phantom image, the sensitivity-gain profile and the excitation
angle map shown in Supplemental Figures.

In vivo Imaging

All animal experiments were approved by the Institutional Animal Care and Use Committee
at MSU, in accordance to guidelines established by the U.S. National Academy of Sciences.
Four male SD rats weighing ~ 250 g were imaged inside a 7.05-T magnet equipped with a
77-mm bore volume coil and an AVANCE 111 console (Bruker Biospin, Billerica, MA). Each
rat was anesthetized with 1.5-2% isoflurane at a flow rate of 0.9 mL/min. Its respiratory rate
was monitored by a pneumatic pillow sensor (SA Instruments, Stony Brook, NY) and its
heart rate monitored by three electrodes (two inserted in its front paw and one in its rear
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paw), as anesthesia was fine adjusted to maintain an average respiration rate at 50
breaths/min and a heart rate at 350 beats/min. The blood oxygen saturation level was
maintained above 96%, as monitored by a pulsed oximetry sensor clamped on the empty
rear paw. To provide signal interface with the MRI console, a rectangular surface coil with a
dimension of 28 x 28 mm? was placed beneath the left kidney and used as the external
detector whose dimension was chosen to be slightly larger than the depth of the kidney’s
medial surface. For sensitivity enhancement, the WAND was inserted into the lower
digestive tract, whose insertion depth was manually adjusted by a connection rod until the
WAND’s cylindrical tip was levelled with the cranial extremity of the left kidney as
confirmed by low-resolution localizer images (that were acquired using TE/TR = 2.9/138
ms, Flip Angle = 35°, FOV = 6 x 6 cm?, matrix size = 256 x 256, slice thickness = 1 mm,
Number of Acquisition = 1). This position adjustment procedure would ensure the WAND to
reproducibly observe similar kidney regions in each rat. Subsequently, higher-resolution
images of kidney microstructures were acquired in the absence and presence of pumping
power, using Gradient Refocused Echo sequence and the following acquisition parameters:
TE/TR =20/1200 ms, Flip Angle = 60°, FOV = 25.6 x 25.6 mm2, matrix size = 256 x 256,
in-plane resolution = 0.1 mm, slice thickness = 0.8 mm, Number of Acquisition (NA) = 1.
This large enough slice thickness and the large enough TE (at 7.05 T) were chosen to
highlight the signal contrast between vascular-rich (grayer) and vascular-sparse (brighter)
regions. To avoid motion artifacts, respiratory gating was used to acquire images during
static intervals. To evaluate the BOLD effect in the renal cortex, amplified images were first
acquired under 50%-0,, breathing to identify pixels with lower intensity from their
surroundings. Images acquired under 50%—-0, breathing were then divided by the those
acquired under 96%—0, breathing to quantify differential signal responses of individual
pixels.

Image processing and statistical analysis—All images were normalized against the
standard deviation of their respective noise floors. Kidney regions in Fig. 2 that were directly
observed by the external detector were compared for normalized intensity to those regions
observed by the WAND in the absence and presence of pumping power. To quantify the
distribution of bright bundles that were clearly visible in the amplified images, the
intersection angles between adjacent bundles were measured and averaged across the
enhanced regions of renal medulla. To identify the underlying correlation between
differential hemodynamic responses and microstructure signal heterogeneities, regression
analysis was performed over individual pixels in the renal cortex, with details procedures
summarized below. All measurement results were presented as the mean £ s.e.m.

Fig. 2a showed the low-resolution localizer image acquired to identify the position of the
WAND, whose top edge was adjusted by the connection rod to approximately level with the
cranial extremity of the kidney. Fig. 2b was a longitudinal image slice with a ~3.5- mm
distance separation from WAND’s cylindrical surface to pass through the kidney’s Inner
Medulla (IM). Acquired in the absence of pumping power, Fig. 2b could identify the four
kidney layers from outer to inner, i.e. the cortex, the Outer Strip of Outer Medulla (OSOM),
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the Inner Strip of Outer Medulla (ISOM) and the inner medulla. But because of the
relatively large distance separation between the renal medulla and the rat’s skin, none of the
medulla layers showed clearly identifiable internal structures, except in the upper half of the
kidney where bundle structures were vaguely visible due to theirproximity to the passive
WAND placed inside the nearby colon, leading to ~2.4- fold gain (6=0.4) over external
detection. With the pumping power turned on, white bundles in the renal medulla were
clearly identified to separate from each other by an angle of 10.1+1.2° (Fig. 2c). These white
bundles were highlighted to have another ~3- fold gain (6=0.5) in normalized intensity over
passive detection, showing better connectivity and sharper contrast from their surroundings.
In Fig. 2c, the approximate distance separation of 0.2 mm between adjacent grayer bundles
could be clearly identified in the 0.8-mm slice, because the 20-ms echo time at 7.05 T would
induce large enough signal dephasing in the otherwise brighter background. Figs. 2d and 2e
showed the longitudinal images acquired across the outer medullar in a different rat,
demonstrating the WAND’s reproducible capability for microstructural imaging in different
kidney layers.

In addition to high-resolution structural imaging, the WAND could also map differential
hemodynamic responses of kidney microstructures under altered inhalation conditions. As
shown in an image slice passing through the renal cortex of another rat (Fig. 3al), there were
multiple black dots with much lower intensities than their surroundings. For example, the
intensity valley in the center of the 1D plot (Fig. 3a2) had ~30% the height of its left-
shoulder peaks. When the inhaled gas was switched from 50% O, to 96% O, the valleys’
height increased by ~2.0-fold (6=0.4), whereas the heights of their shoulder peaks in Fig.
3b2 increased by ~1.4-fold (6=0.1). The differential intensity responses of peaks and valleys
confirmed the larger hemodynamic responses of regions with lower intensity in Fig. 3al. To
quantify the differential hemodynamic responses of individual pixelsover the cortex region,
we calculated the Medium-hyperOxia-Ratio (MOR) of each image pixel, by dividing the
sensitivity-normalized image acquired under 50%-0, breathing with that acquired under
96%-0; breathing: MOR = /j;10¢//1per- To identify the local image contrast of each pixel
under 50%-0, breathing, we also calculated the Relative Intensity (R1) of each pixel by
dividing its signal intensity with the smoothed intensity evaluated over a contiguous region
around that pixel. The size of this contiguous region was 7 x 7 pixels, which was slightly
larger than the average distance separation between adjacent black spots. We then plotted
MOR with respect to RI for each pixel and found a positive correlation between these two
variables (Fig. 3c). The differential hemodynamic responses of heterogeneous
microstructures were again verified in another rat under 50%-05 (Fig. 3d1) and 96%-0O,
(Fig. 3el) breathing, where the positive correlation between hyperoxia-induced signal
response (as represented by MOR) and signal heterogeneity (as represented by R1) was
reproducibly identified (Fig. 3f). More measurement results for different rats were
summarized in Table 1.

Discussion

Normally, MR microimaging of kidneys are primarily performed ex vivo [24-30]. For in
vivo microimaging, cryogenic coils have been used to map blood perfusion in mouse
kidneys with good spatial resolution [31, 32], although coil cooling works better for mouse
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kidneys near surface regions where sample noise is smaller compared to coil noise [33, 34].
To perform microimaging on rat kidneys in deeper regions where sample noise [35]
dominate, the reduced image sensitivity can be partially compensated by the use of targeted
contrast agents, and the image quality of glomeruli distribution [36—38] can be further
improved by repetitive acquisition.

In our work, a cylindrically symmetric WAND operating at room temperature is fabricated
and non-surgically inserted into rats’ rectums to observe deep-lying regions of adjacent
kidney from colonic lumens. The enhanced sensitivity offered by this WAND detector has
provided additional possibilities to better observe the endogenous signal contrasts of kidney
micro-structures, without the need for exogenous agents or repetitive acquisition. For
example, the interlaced patterns in the renal medulla can be clearly observed by the actively
amplified detector (Figs. 2c, 2e). These interlaced patterns are consistent with histological
results reported previously [39-42], where bundles of vasa recta are interlaced with
medullary rays supplied by capillary plexus.

As another example, the WAND can clearly identify hemodynamic responses of individual
pixels at high spatial resolution, based on the Blood-Oxygen-Level-Dependent (BOLD)
modulation of signal intensity under altered breathing conditions. The black spots in Figs.
3al and 3d1 have higher signal response to hyperoxia breathing than their surroundings.
These larger hemodynamic responses could be explained by the lower oxygen saturation of
these spots under 50%-0, breathing. Meanwhile, 96% O, inhalation will increase the
oxygen pressure in these spots through increased oxygen delivery in arterial blood and
increased arteriovenous oxygen shunting, leading to increased 7*5 and increased signal
intensity. In order to quantify the hemodynamic responses of heterogeneous microstructures
while removing baseline variations, we calculated the Medium-hyperOxia Ratio (MOR) as
the signal intensity ratio under 50%-0, and 96%—0, breathing: smaller MOR indicates
higher levels of oxygen bearing capability, while larger MOR indicates lower levels of
oxygen bearing capability. To depict signal heterogeneity of kidney microstructures under
50%-0, breathing, the Relative Intensity (RI) of each pixel is calculated by dividing its
signal intensity with the local average. A positive relation is found between MOR and R,
which can probably be attributed to the proportionality between O,-bearing capability and
the local level of deoxyhemoglobin. Of course, further study is needed to understand this
positive correlation. Although BOLD-MRI has previously been used to map oxygen levels
in overall layers [43] of kidney (i.e. renal cortex, outer medulla and inner medulla), due to
the relatively low detection sensitivity of external detectors, conventional BOLD-MRI was
acquired at a spatial resolution that couldn’t discern the differential hemodynamic responses
of kidney microstructures within overall kidney layers. With the enhanced sensitivity
delivered by the WAND, it is possible to individually identify the differential BOLD
responses of individual pixels, which are closely related local changes in oxygenation.

Because renal hypoxia is a common etiological factor that starts from localized regions, the
ability to identify distinct hemodynamic responses of kidney microstructures will pave the
way for early diagnosis of kidney diseases. Without administration of exogenous contrast
agents, high-resolution hemodynamic response imaging utilizes the endogenous contrast of
deoxyhemoglobin under adjustable breathing conditions, avoiding the side effects of tissue
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retention and toxicity. This work focuses on microimaging of rats’ kidneys that are relatively
easier to access from the rectum and colon. Future development of MR-compatible
endoscope that is robotically controlled [44] will potentially enable dexterous delivery of the
WAND through the human rectum.

As a rule of thumb, an endo-luminal detector of the size of human colon would be effective
for extraluminal region separated from the detector’s cylindrical surface by at least the
detector’s own diameter. Exploiting the proximity between the descending (ascending) colon
and the left (right) kidney in humans, the WAND will be particularly useful to image the
anterior surface of the kidney. Even though not every clinical scanner has sufficiently large
gradient strength to easily obtain 0.1-mm in-plane voxel size, the WAND’s sensitivity-
enhancement capability will still enable better observation of endogenous signal contrasts at
any achievable spatial resolution, paving way for earlier identification of subtle lesions that
were too deep inside the abdomen to be sensitively imaged before. For example, as a
sensitivity-enhanced endo-luminal MRI detector, the WAND can be used along with
endoscopes in patients aged >50 y, for whom recommended routine colonoscopy screening
is every 10 years. But unlike conventional endoscopy whose field-of-view is limited to colon
epithelium, the WAND’s enhanced diagnostic capability for abdominal organs beyond
intestinal lumens will be valuable for people who share common risk factors (e.g. age,
obesity) for cancer and chronic kidney diseases. For live kidney donors, the WAND may
also provide unique ability to discern focal lesions previously undiagnosable by renal biopsy
or body fluid biomarkers, prior to costly, high-risk and irreversible donation surgery.

In conclusion, a cylindrically symmetric endo-cavity WAND has been fabricated and non-
surgically used inside rat colons to image kidney microstructures and to map hemodynamic
responses at high spatial resolution, paving the way for early-stage diagnosis of kidney
diseases without the use of contrast agents. When combined with endoscopy, this WAND
will potentially enable improved diagnosis on other deep-lying organs from body cavities,
such as pancreas (from stomach), and pituitary (from nasal cavities), creating transformative
potential to increase the repertoire of diagnostic practice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. A wireless amplified NMR detector can sensitively image kidney from the
colonic lumen

2. kidney microstructures, including medullary rays, can be clearly identified in
Vivo.

3. BOLD MRI of kidney microstructures reveal their differential hemodynamic
responses.

4, Signal modulation by inhalation oxygen level provides insights into oxygen
delivery.
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Fig. 1.

Agsimple cylindrical detector inside the digestive tract can sensitively detect and
simultaneously amplify MR signals emitted from deep-lying tissues. As shown in the picture
(left) and the schematic diagram (right), the WAND has four diodes (BAS3005A, Infineon)
equally distributed on its two end rings. It has a longitudinal resonance mode to receive
pumping signal and a homogeneous transverse resonance mode to receive weak MR signals.
The pumping loop (red) provides magnetic energy into the WAND through wireless
coupling. Aided by multi-stage signal mixing, this pumping energy is converted to amplified
MR signals that are re-emitted by the WAND for signal reception in the external coil (cyan).
For better operation stability, the WAND has an additional ring placed in its cylindrical
center to neutralize accumulated charge across end-ring diodes.
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Fig. 2.

(a?A low-resolution image slice passing through both the cylindrical axis of the WAND and
the cranial edge of the kidney, acquired using TE/TR = 2.9/138 ms, Flip Angle = 35°, FOV
=6 x 6 cm?, matrix size = 256 x 256, slice thickness = 1 mm, Number of Acquisition = 1.
(b) A high-resolution image slice acquired parallel to the WAND’s cylindrical surface to
show microstructures inside the inner medulla, using Gradient Refocused Echo (GRE)
sequence and TE/TR=20/1200 ms, Flip Angle = 60 deg, In- plane resolution = 0.1 mm, slice
thickness = 0.8 mm, Number of Acquisition = 1. The normalized intensity is plotted along
the green dashed line in the bottom half of the image and the orange dashed line in the upper
half of the image to respectively demonstrate the limited sensitivity of external detection and
passive inductive coupling. (c) A longitudinal slice acquired by the WAND in the presence
of pumping power, using the same parameters as (b). This sensitivity-enhanced image has
bundles of bright stripes in the renal medulla that are interlaced with gray stripes. (d) and (e)
are longitudinal images acquired across the outer medulla of another rat in the absence and
presence of pumping power, demonstrating the reproducible signal enhancement patterns of
kidney microstructures under amplification.
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Fig. 3.

Higgh-resolution hemodynamic response images of micro vessels. (al) is a sensitivity-
enhanced image acquired across the renal cortex when the rat was inhaling 50% O», using
TE/TR=20/1200 ms, Flip Angle = 60 deg, 0.1-mm In-plane resolution, 0.8-mm slice
thickness. The normalized intensity profile along the yellow-dashed line in (al) is plotted in
(a2). The Relative Intensity (R1) is obtained by dividing the intensity of each pixel with the
intensity of the smoothed profile (red dotted line). For each pixel in the image, a smaller RI
is indicative of a higher level of oxygen unsaturation. (b1) is the same image acquired on the
same kidney region when the rat was inhaling 96% oxygen. (b2) is the corresponding
normalized intensity profile with greatly decreased signal contrast between vascular-rich and
vascular-sparse regions. (c) shows the positive correlation between the Medium-hyperOxia
Ratio (MOR) and the Relative Intensity (R1) in the cortex of a healthy kidney. The MOR of
each pixel is obtained by dividing the sensitivity-normalized image acquired under 50%-0,
breathing with that acquired under 96%-0-, breathing. A lower MOR is indicative a higher
02-bearing capacity. (d) and (e) are images acquired on another rat using the same protocol,
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when the rat was breathing 50% O, and 96% O, respectively. (f) shows the reproducible
correlation between MOR and RI for this different rat.
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Table 1:

Summary of image results in different rats

Rat# | Enhancement factor | Inter-stripe angle | Hyperoxia response v.s. Image contrast
1 8.2+14 10.1£1.2° MOR = 0.56 RI + 0.068 (R=0.60)
2 7.3%£15 9.8+1.0° MOR = 0.58 RI + 0.060 (R=0.57)
3 7.8+1.3 10.3+1.4° MOR = 0.55 RI + 0.055 (R=0.58)
4 8.4+1.2 10.0+1.1° MOR = 0.57 RI + 0.073 (R=0.58)

For each rat listed in column 1, the signal enhancement factor for its medulla region is listed in column 2. The intersection angle between adjacent
medullary rays is evaluated across the entire medulla and listed in column 3. Column 4 shows the correlation between pixels’ hemodynamic
responses under hyperoxia breathing and the relative intensity of individual pixels in the renal cortex.
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