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To assess the feasibility of imaging deep-lying internal
organs at high spatial resolution by imaging kidney glo-
meruli in a rodent model with use of a newly developed,
wireless amplified nuclear magnetic resonance (MR)
detector.

This study was approved by the Animal Care and Use
Committee at the National Institutes of Health/National
Institute of Neurologic Disorder and Stroke. As a preclin-
ical demonstration of this new detection technology, five
different millimeter-scale wireless amplified nuclear MR
detectors configured as double frequency resonators were
chronically implanted on the medial surface of the kidney
in five Sprague-Dawley rats for MR imaging at 11.7 T.
Among these rats, two were administered gadopentetate
dimeglumine to visualize renal tubules on T1-weighted
gradient-refocused echo (GRE) images, two were admin-
istered cationized ferritin to visualize glomeruli on T2*-
weighted GRE images, and the remaining rat was admin-
istered both gadopentetate dimeglumine and cationized
ferritin to visualize the interleaved pattern of renal tu-
bules and glomeruli. The image intensity in each pixel was
compared with the local tissue signal intensity average to
identify regions of hyper- or hypointensity.

T1-weighted images with 70-pwm in-plane resolution and
200-pm section thickness were obtained within 3.2 mi-
nutes to image renal tubules, and T2*-weighted images of
the same resolution were obtained within 5.8 minutes to
image the glomeruli. Hyperintensity from gadopentetate
dimeglumine enabled visualization of renal tubules, and
hypointensity from cationic ferritin enabled visualization
of the glomeruli.

High-spatial-resolution images have been obtained to ob-
serve kidney microstructures in vivo with a wireless am-

plified nuclear MR detector.

©RSNA, 2013

Supplemental material: http://radiology.rsna.org/lookup
/suppl/doi:10.1148/radiol . 13121352/-/DC1
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he applicability of magnetic res-

onance (MR) imaging is often

limited by its detection sensitivity
(1), which determines the achievable
spatial resolution (2). With the advent
of higher magnetic fields, array de-
tectors (3), faster imaging sequences
(4-6), and hyperpolarization schemes
(7-10), the detection sensitivity of MR
imaging has increased dramatically over
the 4 decades of its existence. In this
study, we evaluate a new method that
has been developed that utilizes a wire-
less local detector for further improve-
ment in sensitivity. This method benefits
from the well-known fact that a minia-
turized detection coil has better local
sensitivity when placed in close prox-
imity to the object of interest (11,12).
Unlike the traditional microcoils that
need a wired connection, the wireless
detector can provide superior local sen-
sitivity by amplifying the nuclear MR
signal before coupling it to an external
receiver (13,14). The wireless ampli-
fier integrated with the detector uses
parametric amplification (15,16) to
amplify the weak nuclear MR signal in
situ, so that it can be placed inside the
body without the need for an internal
power source (Fig la). This wireless
detector may potentially be useful for
such applications as the repeated long-
term monitoring of transplant organs

Advances in Knowledge

B A millimeter-scale wireless ampli-
fied nuclear MR detector
(WAND) with a power gain of 23
dB has been developed to
enhance the detection sensitivity
of deep-lying internal organs.

B Superior sensitivity of the local
detection coil can be maintained
without wired connections
because the signal is amplified in
situ by a wirelessly powered am-
plifier that is integrated with the
detection coil.

B This new detector can obtain
images with 70-pm in-plane reso-
lution and 200-pwm section thick-
ness to visualize ferritin-
enhanced glomeruli in the rodent
kidney.

or engineered tissues that are inacces-
sible by means of a wired connection.
This approach may also be used with
rectal (17) or catheter coils to reduce
radiofrequency heating by eliminating
conductive wires. The purpose of this
study was to assess the feasibility of im-
aging deep-lying internal organs at high
spatial resolution by imaging kidney
glomeruli in a rodent model with use of
a newly developed, wireless amplified
nuclear MR detector (WAND).

Materials and Methods

The Wand Resonator

Previously, it was demonstrated that a
centimeter-scale WAND could be im-
plemented as a triple frequency resona-
tor (14), where the weak MR signal at
o, is mixed with a strong pumping sig-
nal at , to produce an amplified output
at the idler frequency o, = w;- ®,. The
idler signal at w, mixes again with the
pumping signal at o, to produce a sec-
ondary amplified output at »,. We have
found, however, that by making the
idler frequency w, close enough to the
Larmor frequency o, and making w, ap-
proximately twice w,, it is possible for
o, and w, to share a single circuit mode
and to reduce the triple frequency res-
onator into a double frequency reso-
nator. To differentiate the amplified
outputs at w, and w,, it is necessary
to separate o, from w, by a difference
frequency that is slightly larger than the
receiver bandwidth of the system.
Figure 1b shows the schematic of the
double frequency parametric resonator.
It consists of a parallel resonant circuit
(L, and C)) placed in series with L, and
C,, where C, is the varactor diode that
performs frequency mixing. The circuit

Implication for Patient Care

B The WAND may potentially be
useful for intravascular or intesti-
nal applications where the de-
tector can be placed close to the
tissue of interest; applications
may also be found in bioengi-
neered tissue constructs where
the detector can be imbedded.

is constructed in such a way as to ensure
sufficient radiofrequency current flow
through the varactor at w,, w,, and o,.
In addition to the parametric resonator,
there are two external single tuned loops
that inductively couple to the detector.
Loop 1 is tuned to receive the ampli-
fied MR imaging signal at the Larmor
frequency, and loop 2 provides external
pumping power for amplification. Figure
lc is an enlarged view of the WAND.
In this figure, L, and L, are oriented
perpendicular to each other so that the
resonator couples effectively to nuclear
spins when placed inside the magnet at
different orientations. The entire WAND
is coated with polydimethylsiloxane
(PDMS) and has outside dimensions of
7 X 3.5 X 3.5 mm®. The WAND has two
circuit modes: a lower frequency mode
for reception of the MR imaging signal
and a higher frequency mode for recep-
tion of the pumping power. The lower
resonance frequency is tuned 4 MHz
below the Larmor frequency to reduce
its coupling with the transmit B, field.
Moreover, since the zero-biased varac-
tor has high capacitive nonlinearity, the
WAND is dynamically decoupled by the
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10.1148/radiol. 13121352 Content code:

Radiology 2013; 268:228-236

Abbreviations:

DNR = deviation-to-noise ratio

FLASH = fast low-angle shot

FOV = field of view

GRE = gradient refocused echo
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WAND = wireless amplified nuclear MR detector
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periodic modulation of its resonance
frequency in the presence of the trans-
mit field. During radiofrequency recep-
tion, the pumping power is turned on,
and the pumping frequency is set to ap-
proximately twice the Larmor frequency.
The WAND can be wirelessly “tuned” by
the external pumping signal, which is
demonstrated by measurements shown
in Figure E1 (online).

In Vitro Experiments

The resonator was tested by positioning
it above a 1% (weight/volume) agarose
gel phantom, as indicated in Figure 1d.
Loop 1 was separated from the gel by a
distance of 15 mm, which is representa-
tive of the coil separation from regions
of interest for subsequent in vivo stud-
ies in rodents. All experiments were

w, (Amplified)

W,=w,-w, v, /r .,wa (pump)

(idler) m

Pumping Power (w;)l

MR Receiver (w,)

W, = 499.55 MHz

™™
L fe-s
T L, TC
w, (MR input) L
W,=999.16 MHz
b.
Figure 1:

(a) WAND device implanted within

an animal couples inductively to two external
loops (Loop 7 and Loop 2). Loop 2 couples
power via the pumping signal to the WAND at
o, to convert the weak MR signal at w, into
an amplified output at the idler frequency w,.
The idler current at w, mixes again with the
pumping signal at w, to amplify the current

at w,, which couples out to loop 1 connected
to the MR imaging system. (b) Schematic of
the WAND implemented as a double resonant
circuit coupled inductively to the external loops.
(c) Photograph of the PDMS-encapsulated
WAND device (see text for discussion of ,, C,,
L,, and C). (d) The phantom test arrangement
with the WAND device placed on the surface of
a 1% agarose gel. Loop 1 and loop 2 are both
22 mm in diameter and are mounted concentri-

cally above the gel.

performed by using a 11.73-T magnet
(Agilent, Oxford, England) equipped
with an AVANCE Il console (Bruker
Biospin, Billerica, Mass). For compar-
ison purposes, multisection two-dimen-
sional (2D) fast low-angle shot (FLASH)
images were acquired with the follow-
ing parameters: repetition time msec/
echo time msec, 476/4.9; flip angle,
30°; section thickness, 0.2 mm; field
of view (FOV), 4 X 4 cm?; and matrix
size, 256 X 256. These experiments
were performed during a series of de-
tection configurations: first, using only
loop 1; second, with loop 1 passively

coupled to the parametric resonator
but no pumping power; third, the active
situation with pumping power applied;
and finally, with a surface coil of the
same size as the parametric resona-
tor but with a direct connection to the
spectrometer preamplifier. The B, ho-
mogeneity of the WAND was evaluated
by using the double angle method (18).

In Vivo Experiments

Animal experiments and surgery were
approved by the National Institutes of
Health/National Institute of Neurologic
Disorder and Stroke Animal Care and
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Use Committee. Five male Sprague-
Dawley rats (200-300 g) were anes-
thetized with isoflurane (5% induction,
1.5-2.0% maintenance), and an inci-
sion was made on the lateral abdomen
of each rat to expose the left kidney.
The resonator was fixed to the medial
surface of the kidney by using a mixture
of 10% (weight/volume) type A gelatin
solution and 1% (weight/volume) glu-
taraldehyde (Sigma-Aldrich). The kid-
ney was then returned to the abdominal
cavity, and the incision was closed with
an absorbable suture. An antibiotic
ointment was applied to the wound, and
the analgesic ketoprofen (5 mg/kg) was
administered during recovery. The rats
were treated with trimethoprim and
sulfamethoxazole from 1 day ahead of
the surgery until the wound was healed,
approximately 7 days after surgery, be-
fore they were taken for imaging.

Each rat was placed under ventila-
tion with 2% isoflurane and secured in
the supine position with a restraint belt
wrapped about its abdomen to reduce
respiratory-induced motion. Coaxial,
22-mm-diameter pick-up and pumping
loops were situated externally beneath
the left kidney. With the rat immobi-
lized in its cradle inside the imager, a
low-spatial-resolution, multisection 2D
FLASH image was first acquired to lo-
cate the WAND. Subsequently, both
T1- and T2*-weighted high-spatial-res-
olution gradient-refocused echo (GRE)
images were acquired in the vicinity
of the parametric resonator, with the
acquisition parameters summarized in
the Table. The readout direction was
aligned approximately perpendicularly
to the pick-up loop, so that the intense
surface signal directly detected by the
external pick-up loop could be filtered
out. Among the five rats used in this
study, two were imaged both before
and after administration of a bolus of
gadopentetate dimeglumine (Magnev-
ist; Bayer, Berlin, Germany) at 5 pmol
per kilogram of body weight by using a
T1-weighted GRE sequence. Two others
were imaged both before and after ad-
ministration of a bolus of cationized
ferritin (Sigma-Aldrich) at 113 mg/kg
by using a T2*-weighted GRE sequence.
The fifth rat was first infused with

gadopentetate dimeglumine (5 pmol/
kg) followed by administration of cat-
ionized ferritin (113 mg/kg) and imaged
with both T1-weighted and T2*-weight-
ed sequences during the intervals be-
tween contrast agent administration.
All contrast agents were administered
through tail veins. Dilute gadopentetate
dimeglumine concentrates in the renal
tubules during the urine formation (19)
and increases the signal intensity of the
image, whereas cationized ferritin binds
specifically to the basement membrane
of glomeruli (20) and reduces the image
intensity. To quantitatively identify con-
trast-enhanced regions, the intensity
value of each pixel was compared with
the local average and their difference
was divided by the noise floor to obtain
the deviation-to-noise ratio (DNR). The
threshold for region identification was
chosen to be twice the standard devia-
tion of DNR on non-contrast-enhanced
(hereafter, precontrast) images, so that
regions enhanced by the contrast agent
can be identified at the 95% confidence
level.

Figure 2 shows 2D FLASH images ac-
quired with different detection config-
urations. In column 2, images acquired
with the unamplified resonator (column
2) were 12 dB more sensitive than those
acquired with only the external pick-up
loop (column 1) owing to the stron-
ger, proximal B, field of the local coil
(21,22). The images in columns 3 and
4 show that the detection sensitivity
was further enhanced by 9 dB when the
parametric resonator provided a power
gain of 23 dB. Further increase in gain
level did not provide better sensitivity,
because at 23 dB, the noise originating
in the small detector dominated that of
the external pick-up loop. Comparing
the signal intensities of columns 4 and
5, the WAND retained 72% of the sen-
sitivity obtained by a directly connected
surface coil of similar size (column 3),
even though the WAND was separated
from the external pick-up loop by a
distance much larger than its own di-
mension. The loss in sensitivity results
from the noise added by parametric

amplification (23). Since the WAND is
decoupled from the transmit field by a
combination of static frequency offset
(4 MHz) and dynamic resonance mod-
ulation, there was little B, distortion
around the resonator, as evidenced
by the homogeneous B, profile of the
transmit coil in column 6.

Figure 3, A, shows a low-spatial-
resolution axial image acquired from
the external pick-up loop and WAND
device without applying any pumping
power. Even without parametric am-
plification, the WAND device shows
higher local sensitivity from inductive
coupling to the external coil (21). Fig-
ure 3, B, shows a high-spatial-resolu-
tion T1-weighted image obtained with
the pumping power adjusted to 0.3 dB
below the oscillation threshold. Images
with good sensitivity at an in-plane res-
olution of 70 wm and section thickness
of 200 pm were obtained in 3.2 mi-
nutes. Before the injection of gadopen-
tetate dimeglumine, little intracortical
contrast enhancement was observed in
the renal cortex, except for the blood
vessels, which appeared as bright spots
on the zoomed-in image in Figure 3,
C1. Twenty minutes after injection
of a low-dose bolus of gadopentetate
dimeglumine at 35 pmol/kg, bright
strips appeared on the image in Figure
3, DI, as gadopentetate dimeglumine
was filtered out of blood and became
sufficiently concentrated inside renal
tubules (19). This contrast enhance-
ment persisted for the entire imaging
session, possibly due to slow excretion
of gadopentetate dimeglumine for a rat
under deep anesthesia. The contrast
enhancement within the renal cortex
is quantitatively illustrated by the one-
dimensional intensity profile on Figure
3, D2. When compared with Figure 3,
C2, the red curve of Figure 3, D2, has
multiple peaks with intensities higher
than the local average (blue). The DNR
can be calculated by dividing the differ-
ence between the red and blue curves
with the standard deviation of the noise
floor. This DNR curve has an almost flat
profile before the injection of contrast
agent (Fig 3, C3), which indicates lit-
tle intrinsic T1 contrast. After the in-
jection of gadopentetate dimeglumine,
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Acquisition Parameters for in Vivo Images

Parameter Low-spatial-resolution FLASH T1-weighted GRE T2*-weighted GRE
Echo time (msec) 6 3.6 10

Repetition time (msec) 357 37.4 58

Flip angle (degree) 30 40 20

Section thickness (mm) 1 0.2 0.2

FOV (mm?) 40 X 40 9x9 9x9

Matrix 256 X 256 128 X 128 128 X 128

1. External coil 2. Passive coupling

Coronal

1D Profile

3. Passive coupling
(Zoomed in view)

4. Parametric amplify | 5. Direct connection
{Zoomed in view) {Zoomed in view)

6. Tip angle map
{Zoomed in view)

L -

Tip angle scale

S
45° 75°

Figure 2:

FLASH 2D images (476/4.9, 30° flip angle, 4 X 4 cm? FQV, 0.2 mm section thickness, 256

X 256 matrix) acquired in three orientations from the gel phantom. Column 1 images were acquired with
the external pick-up loop only, separated from the gel surface by 15 mm. Column 2 images were acquired
with passive coupling to the resonator but without application of pumping power. Zoomed-in views of the
image regions defined by the square are shown in column 3. Column 4 shows zoomed-in views acquired
with parametric amplification. Column 5 shows images acquired from a sample coil of the same dimension
as the parametric resonator and having a direct connection to the MR receiver. Column 6 shows tip angle
maps obtained with the double angle method (18), acquired with 60° and 120° excitations in the absence of
pumping power, with repetition time of 5 seconds and echo time of 3 msec (remaining parameters same as
above). One-dimensional intensity profiles in the bottom row are taken along the black dashed lines shown
on the coronal sections in the third row to have the same horizontal scale. Their vertical axes are scaled to
the same noise level on the images, so that their heights are a measure of MR sensitivity.

many distinct peaks appeared on Figure
3, D3, that exceeded the threshold line
(orange dashed line), which was set
as twice the standard deviation of the
DNR from precontrast images (Fig 3,
C3). This threshold was chosen to iden-
tify regions enhanced by the contrast

agent with 95% confidence level. Fig-
ure 3, E1, shows an image from a dif-
ferent rat before injection of contrast
agent. Again, there was high contrast
enhancement in the renal cortex after
the injection of gadopentetate dimeglu-
mine (Fig 3, FI). For this second rat,

the DNR of Figure 3, E3, has similar
standard deviation to that of Figure 3,
C3, and the same threshold can be ap-
plied to identify the contrast-enhanced
image segments.

Previous reports have demon-
strated that cationized ferritin is a
good T2* contrast agent with which to
visualize glomeruli ex vivo (20,24), and
the WAND technology is used here to
observe glomeruli in vivo with higher
spatial resolution. The experimental
set-up in Figure 4 is the same as for
the T1-weighted images in Figure 3,
and high-spatial-resolution T2*-weight-
ed images were acquired to visualize
glomeruli. As is shown in Figure 4,
A, and Figure 4, C, the native kidney
has some intracortical contrast en-
hancement on T2*-weighted images,
probably due to the dephasing effect
of venous blood (25). Thirty minutes
after bolus injection of cationized fer-
ritin at 113 mg/kg, additional contrast
enhancement appears as dark spots,
as can be seen in Figure 4, BI, and
Figure 4, D1. These dark spots have
an average diameter of 150 wm and
adjacent spots are separated by an av-
erage distance of approximately 400
pm, which is in reasonable agreement
with the previous observation for glo-
meruli in perfused kidneys (20). Be-
cause iron-rich ferritin particles (13
nm) specifically bind to the glomeruli
basement membrane and dephase the
surrounding signal, each black dot can
be identified as an individual glomer-
ulus. Plots for the DNR in the third
column quantitatively identify image
segments in kidneys both before and
after ferritin injection. As indicated in
Figure 5, B3, and Figure 5, D3,, many
glomeruli spots can be identified by
means of values that are more nega-
tive than twice the standard deviation
of the DNR of the native kidney.

In Figure 5, gadopentetate dimeglu-
mine was administered together with
cationized ferritin to obtain both posi-
tive and negative contrast enhancement
to distinguish renal tubules from glo-
meruli. Before injection of any contrast
agent, there is some intrinsic contrast
in the renal cortex, such as from blood
vessels, which appear as bright spots
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on T1-weighted images (Fig 5, AT) and
dark lines on T2*-weighted images (Fig
5, B1). The different high signal inten-
sity on the left of each image is an ar-
tifact due to near field effects. Twenty
minutes after bolus injection of gado-
pentetate dimeglumine, bright ribbons

P L]
1234567829

appear on T1-weighted images, which
are tentatively assigned as renal tu-
bules (Fig 5, A2). At low concentration
of gadopentetate dimeglumine, there
is little additional contrast enhance-
ment on the T2*-weighted images, as
indicated in Figure 5, B2. However, 30

Figure 3:  Axial T1-weighted GRE images of rat
kidney. A, Low-spatial-resolution image acquired
without parametric amplification (357/6, 30° flip
angle, one signal acquired, 156 X 156 wm?
in-plane resolution, 4 X 4 cm? FOV, 1 mm section
thickness). B, High-spatial-resolution image, with
FOV defined by the white dashed box in A (37.4/3.6,
40° flip angle, 70 X 70 wm? in-plane resolution

9 x 9 mm2 FOV, 0.2 mm section thickness, 40
signals acquired; experiment time, 3.2 min). The
black rectangular region in the center of Bis the
PDMS-coated resonator. C—F, Column 1 shows

1.5 X 3.5 mm? region of interest defined by

green dashed box in Band positioned 0.5 mm
from the edge of the resonator. Column 2 shows
one-dimensional intensity profiles along the pink
dashed line in B with an extended width of 9 mm.
Red = unsmoothed profile, blue = smoothed profile.
Smoothing was done by averaging image intensity
over seven adjacent pixels. Green dashed line =
edges of the resonator. Noise plotted within the
green lines is taken along the white dashed line in
Bthrough the center of the coated resonator where
there is little background signal. Column 3 shows
DNR for each one-dimensional profile, obtained by
dividing the difference between image intensity for
each pixel and the local average with the standard
deviation of noise floor defined in B. For each plot,
horizontal axis is in millimeters and vertical axis is
a dimensionless unit. Standard deviation of DNR is
evaluated within the region of interest defined by
the green dashed line. Threshold (dashed orange)
lines for peak identification in D3 and F3 are defined
by twice the standard deviation of DNR in C3and
E3, respectively. Peaks above the threshold lines in
D3and F3 are labeled by black dashed lines in D7
and F1.

minutes after injection of cationized
ferritin, glomeruli show up as dark
spots on T2*-weighted images (Fig 3,
B3). T1 contrast enhancement, on the
other hand, remains approximately the
same, as can be seen in Figure 5, A3.
In the segmented images in column 4,
the cyan regions on the T1-weighted
image (Fig 5, A4) have a DNR larger
than twice the standard deviation of
the DNR on the precontrast image
(Fig 5, A1), and the red regions on the
T2*-weighted image (Fig 5, B4) have a
DNR that is more negative than twice
the standard deviation of the DNR on
the precontrast image (Fig 5, B1). For
clarity of display, precontrast images
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of the kidney in Figure 5, A1, and Fig-

ure 5, BI, were also segmented, and

segmented regions from those images (A1) (A2) (A3)1 5

were excluded from the color labeling. 10l : ‘[

In Figure 5, C, glomeruli and putative £ | 5 I I
renal tubules are visualized together by & e I | ‘
overlaying Figure 5, A4, with Figure 5, @ E 0

B4. The interleaved distribution pattern -3 St I \
indicates that the spatial resolution ob- @ -104 e 5=3.1-
tained with the WAND is adequate to '150 123 |4 56 7‘ 8o
resolve the kidney’s internal morphol-

ogy in vivo. (B1) (B2) (B3)

In our work, a millimeter-scale WAND
has been fabricated and implanted onto
the medial surface of the rodent kidney.
Although the detection region is deeply
buried inside the body, the WAND has
adequate sensitivity to observe individ-
ual glomeruli and renal tubules in vivo.
There are several unique features of the
WAND in this application. First, it is an
entirely wireless device that does not re-
quire an internal power supply. Second,
it has very low power consumption. In
our study, 10 mW of power applied to
the external pumping loop was sufficient
to drive a WAND implanted at a depth
of 1.5 em. For future human applica-
tions, the device would likely be used at
much lower field strengths, where the
pumping signal will have better pene-
tration properties at lower frequencies.
A third feature of the WAND resonator
is that it can be “tuned” wirelessly by
adjusting the frequency of the pump-
ing signal. When the pumping power
is turned off, the lower resonance of
the WAND shifts several megahertz be-
low the Larmor frequency, reducing its
coupling with the transmit field. The
WAND’s coupling with transmit coil is
further reduced because its resonance
frequency is strongly modulated by the
transmit field due to the nonlinearity of
the zero-biased varactor. Fourth, WAND
provides sensitivity comparable to direct
connection to the local detection coil
when the gain is sufficient to overcome
the noise from the external pick-up loop.
Fifth, the WAND is coated with PDMS
with excellent biocompatibility; it is me-
chanically and electrically stable inside
the rat’s abdomen for at least 6 months.

113 mglkg ferritin
Rat 3

—_—

1) (C2)

Before ferritin
Rat 4

g

(D2)

113 mglkg ferritin
Rat 4

R RN a5, , , =0=6l6—
012345678 01234567849

w0

—500 um

Figure 4:  T2*-weighted GRE kidney images acquired with parametric amplification (58/10, 20° flip angle, 9
X 9 mm? FOV, 0.2 mm section thickness, 70 X 70 wm? in-plane resolution 40 signals acquired; experiment
time, 5.8 min). Column 1 images show 3.5 X 1.5 mm? region of interest apbroximately 0.5 mm away from the
edge of the resonator. Column 2 shows one-dimensional intensity profiles along pink dashed line defined in the
region of interest. Red = unsmoothed profile, blue = smoothed profile. Smoothing was done by averaging image
intensity over seven adjacent pixels. One-dimensional intensity profiles are displayed along an extended region
of 9 mm. Green dashed line = vertical boundary of the region of interest. Column 3 shows DNR for each one-
dimensional intensity profile in column 2, obtained by dividing the difference between image intensity for each
pixel and the local average with the noise floor as defined in Figure 3. For each plot, standard deviation of DNR
is evaluated within the region of interest defined by the green line. The threshold (dashed orange) lines in B3
and D3 are defined by twice the standard deviation in A3 and C3, respectively. The peaks below the threshold
lines in B3and D3 are labeled by black dashed lines in B7 and D7. These peaks correspond to glomeruli spots
darkened by cationized ferritin that specifically bind to the basement membrane.

There are certain limitations of
this study. First, parametric amplifi-
cation is somewhat more noisy than a

modern preamplifier (23). As is imple-
mented here, WAND retains 72% of
the sensitivity obtained by an equally
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Kidney images obtained with the combined use of gadopentetate dimeglumine and cationized

ferritin. Top row: T1-weighted images (37.4/3.6, 40° flip angle, 9 X 9 mm?2 FOV, 0.2 mm section thickness,
=70 X 70 wm? in-plane resolution 40 signals acquired; experiment time, 3.2 min). Bottom row: T2*
-weighted GRE images (58/10, 20° flip angle, remaining parameters as for T1-weighted images; experiment
time, 5.8 min). A first set of images was acquired before injection of contrast agents (column 1). A second
set was acquired after injection of gadopentetate dimeglumine at a bolus of 5 wmol/kg (column 2). A third
set was acquired after subsequent injection of cationized ferritin at a bolus of 113 mg/kg (column 3). Green
regions in A4 have DNR greater than twice the standard deviation of DNR in A7, and red regions in B4 have
DNR ratio more negative than twice the standard deviation of DNR in B7. C, Image is overlaid view of A4 and
B4, which is indicative of the interleaved distribution pattern of glomeruli and renal tubules.

sized surface coil directly connected
to a transistor-based amplifier. How-
ever, WAND is still more sensitive than
a passive resonator and the external
pick-up loop under weak coupling con-
ditions, when the sensitivity loss due
to parametric amplification is much
smaller than the sensitivity gain due to
local signal detection. Compared with
an unamplified resonator, WAND re-
mains more sensitive at larger distance
separations even when the attainable
gain is not sufficient to preserve the lo-
cal detector’s signal-to-noise ratio (Fig
E2 [online]). Second, the MR contrast
enhancement observed by means of
the WAND at high spatial resolution
is not entirely understood. Further
study combined with tissue histologic

examination is needed to confirm the
assignment of glomeruli and renal tu-
bules. Third, WAND is an invasive de-
vice that has a limited FOV, similar to
other intravascular or intracavity coils.
But because of its wireless capability,
WAND will find potential applications
where a chronic monitoring device is
needed to observe selected regions on
transplant organs or tissue engineered
constructs. Since this double-resonant
device has a simple construction, the
possibility exists for further miniaturi-
zation, so that it could be less invasive
as an interventional device into a blood
vessel or as an ingestible device inside
the digestive tract.

In summary, the WAND enables
wireless amplification of MR signals for

sensitive detection of deep-lying inter-
nal organs. It may also find applications
with catheters, where the radiofre-
quency heating along wires has limited
their use as detection devices.
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