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Abstract

To demonstrate the capability of a Wireless Amplifier NMR (Nuclear Magnetic Resonance) 

Detector (WAND) to improve the visibility of lesion heterogeneity without the use of exogenous 

contrast agents, a cylindrically-symmetric WAND was constructed to sensitively detect and 

simultaneously amplify MR signals emitted from adjacent tissues. Based on the design of 2-leg 

high-pass birdcage coil, this WAND could be activated by a pumping field aligned along the main 

field (B0), without perturbing MR signal reception. Compared with an equivalent pair of external 

detectors, the WAND could achieve more than 10-fold gain for immediately adjacent regions. 

Even for regions with 3.4-radii distance separation from the detector’s cylindrical center, the 

WAND was at least 1.4-fold more sensitive than an equivalent pair of surface arrays or at least 2-

fold more sensitive than a single-sided external surface detector. When the WAND was inserted 

into a rat’s rectum to observe adjacent tumors implanted beneath the mucosa, it could enhance the 

detection sensitivity of lesion regions, thus enlarge the observable signal difference between 

heterogeneous tissues and clearly identify lesion boundaries as continuous lines in the intensity 

gradient profile. Hyperintense regions observable by the WAND existed due to higher levels of 

blood supply, which was indicated by a similar pattern of signal enhancement after contrast agent 

administration. By better observing the endogenous signal contrast, the endoluminal WAND could 

characterize lesions without the use of exogenous contrast agents, thus reduce contrast-induced 

toxicity.
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Introduction

Intravenous contrast agents (1) are widely used to identify lesions rich in blood supply, by 

virtue of their ability to modulate MR signal intensities through relaxation enhancement (2). 

However, some of the well-accepted contrast agents have now been found to have the 

undesirable side effects of tissue retention (3,4) and toxicity (5,6). To characterize lesions 

without contrast agents, it is possible to utilize the endogenous signal contrast created by 

elevated levels of blood supply in hyper-permeable lesions or by reduced levels of blood 

supply in fibrous tissues. But due to the limited sensitivity of conventional Magnetic 

Resonance Imaging (MRI) detectors, the endogenous contrast can be too weak to observe, 

especially for regions that are deep-lying inside the body. Recently, it has been demonstrated 

that the detection sensitivity of deep-lying tissues can be greatly enhanced by a Wireless 

Amplified NMR Detector (WAND) (7–11). This method is based on the well-known concept 

that a smaller detector has better local sensitivity when placed adjacent to the region of 

interest (12). But instead of relying on connection wires or passive inductive coupling (13–

16) that are either inconvenient or inefficient to transmit MR signals emitted from regions 

deep-lying inside the body, the WAND can sensitively detect and simultaneously amplify 

weak MR signals before efficiently broadcasting them to the external world. Aided by this 

sensitivity-enhanced detector, individual glomeruli could be clearly identified as 

hyperintense spots in T1-weighted images (17), where the signal difference between blood-

rich glomeruli and water-rich renal tubules were directly observable by in situ signal 

amplification. Although the WAND was initially developed as an implantable detector, it has 

been re-engineered with cylindrical shape for non-surgical use inside the digestive tract (18), 

in a similar fashion as gastrointestinal endoscopy. But unlike an endoscopic camera whose 

field of view is confined inside intestinal lumens, the endoscopic WAND can sensitively 

detect signals emitted from extraluminal regions and clearly observe vascular walls that are 

deep-lying inside the body. In this work, we are going to describe in detail the design 

consideration and the detection performance of a cylindrically symmetric endo-luminal 

detector. For extra-luminal regions that are within 3.4-radii from the WAND’s cylindrical 

center, this detector can significantly enhance the detection sensitivity, enabling improved 

visibility of endogenous signal contrast inside heterogenous tumors implanted beneath rats’ 

rectum mucosa. This tumor model is created to mimic extraluminal metastasis that was 

difficult to observe by ordinary optical endoscopy. Compared with external detection, the 

WAND can amplify the observable signal difference between heterogeneous tissues, 

enabling better identification of fine structure details inside heterogeneous tumors. The 

similar pattern of signal enhancement after contrast agent administration indicates that 

endogenous contrast exists due to higher levels of blood supply. Although this work is 

performed as a proof-of-concept demonstration for implanted tumors that are relatively easy 

to access, future work will include robotic delivery of the WAND inside the tortuous GI tract 

to sensitively observe multiple deep-lying organs, such as the pancreas, kidney, aorta and 

abdominal lymph nodes.
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Experimental

Detector fabrication

Compared with conventional endo-cavity coils (19–21), the WAND can operate without 

batteries or wired connections, enabling convenient use inside confined body cavities. The 

operating principle of the WAND is also distinct from that of wireless chargers because the 

WAND can directly convert wirelessly harvested energy into amplified MR signals (7), 

without going through the intermediate stage of direct current that will take up extra space. 

With better cylindrical symmetry over its recent predecessor (22), this improved version of 

WAND can be activated by a longitudinal pumping field that has reduced interference with 

MR signal reception. As shown in Fig. 1a, the WAND is constructed by mounting 0.2-mm 

diameter copper wires on a 4.9-mm diameter cylinder to create a circuit pattern with two 

identical legs soldered with two identical end-rings. Separated by a distance of 11.4 mm, 

both end-rings are split by a pair of nonlinear capacitors (DB2S30800L, Panasonic). As a 

result, the WAND has a transverse resonance mode around 301.8 MHz (Q = 48) and a 

longitudinal resonance mode around 605 MHz (Q = 31). According to the schematic 

diagram shown in Fig. 1b, the WAND can utilize its transverse resonance mode to receive a 

weak MR signal at the Larmor frequency (ω1) and its longitudinal mode to receive a strong 

pumping signal at ω3 ~ 2ω1. The two varactors on each end ring are aligned in a head-to-tail 

fashion, so that they are modulated in phase by the longitudinal pumping field. Enabled by 

the voltage-dependent capacitance of varactors, the weak MR signal at ω1 can mix with the 

strong pumping signal at ω3 to generate an amplified output at the difference frequency ω2 = 

ω3 – ω1. Instead of being directly detected, this “idler” signal can mix back with the 

pumping signal at ω3 (red arrow) to generate a second amplified output at ω1 (cyan arrow) 

that can be directly detected by standard external detectors. It is necessary to make |ω3 –2ω1| 

slightly larger than the imaging bandwidth, so that the amplified MR signal at ω1 doesn’t 

interfere with the “idler” output at ω2. Because the circuit loss is compensated by energy 

exchange enabled by multi-stage signal mixing, the WAND will have increased gain as the 

pumping power increases (Fig. 1c). This increased gain is manifested by the increased 

quality factor, i.e. Qamp/Q0 = R0/(R0 − RNeg), where the circuit resistance R0 is partially 

compensated by the “negative resistance” RNeg introduced by the pumping signal. When the 

pumping field is strong enough to provide a negative resistance that can completely 

overcome the circuit resistance, the WAND will self-oscillate at a single frequency. To have 

an amplifier with 7.5-fold gain and a large enough bandwidth at 838 kHz, it is necessary to 

reduce the pumping power by 0.6 dBm below its oscillation threshold.

Simulation of Specific Absorption Rate (SAR)

To evaluate the possible heating effect of the pumping field, SAR inside and outside the 

WAND cylinder is simulated using CST Studio (Dassault Systèmes, France), To reduce 

computational burden, the detector circuitry was modeled as a two-leg high-pass birdcage 

coil soaked inside a uniform medium (ε = 1, σ = 0.59 S/m). Each leg of the detector was 

modeled to have an excitation port whose excitation power was adjusted to obtain a peak 

voltage of 0.044-V across each varactor on the end-ring, enabling ± 2.1% modulation of the 

varactor’s capacitance. According to the simple relation (M = 1/Q) between the modulation 

index M and the detector’s quality factor Q (7), an M of 2.1% would completely compensate 
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for the energy loss of the resonator with a Q of 48 at its lower resonance mode. As shown by 

the axial (Fig. 1e) and longitudinal (Fig. 1f) SAR profiles, there is non-negligible SAR value 

only inside a narrow region around the end-ring varactor. Within this narrow region, the 

highest SAR is only 0.64 W/kg, which is still below the average whole-body SAR 

recommended by IEC 60601-2-33. According to the proportional relationship between the 

temperature rise ΔT and the SAR (23), i.e. ΔT/Δt = SAR/Cp, an SAR of 0.64 W/kg 

corresponds to a temperature rise of 0.16 mK per second, assuming the tissue specific heat 

Cp to be ~4 kJ kg−1 K−1. This is equivalent to a small temperature rise of 0.5 K after 

continuously pumping for 52 mins (a time frame much longer than any MRI experiments). 

In fact, this small temperature rise could be further reduced by turning off the pumping field 

during the recycle delay.

MRI experiments

All images were acquired with fast spin-echo sequences, using TR/TE=1000/8.5 ms, 90° flip 

angle, 30 × 30 mm2 FOV, 256 × 256 matrix, 50 kHz bandwidth, NA = 1. To improve 

detection sensitivity, the WAND was inserted into the detection object placed above a 

rectangular surface coil (28 × 28 mm). The distance separation between the WAND’s 

cylindrical center and the external detector was ~22 mm. A single-turn loop mounted around 

a green plastic cylinder (Fig. 1d) was aligned along the static magnetic field B0 to wirelessly 

provide the pumping field. The entire assembly was inserted into the horizontal bore of a 7T 

magnet (Bruker Biospin). During RF excitation, the WAND was wirelessly decoupled by the 

excitation field that can strongly modulate the capacitance of its constituting varactors. As a 

result, there would be negligible RF induced heating (24) or excitation angle over-flipping as 

are normally encountered in inductively coupled implantable resonators (25,26). During 

signal reception, less than 10-mW of power was required on the pumping loop to operate the 

WAND at 0.6 dBm below its oscillation threshold for efficient signal amplification. This 

level of pumping power would induce negligible heating in the sample, as confirmed by non-

observable temperature rise measured by a rectal temperature probe (Small Animal 

Instruments, NY) inserted near the WAND. For sensitivity comparison, images were also 

obtained by the external detector in the absence of the WAND, and by an internal loop coil 

of the same dimension as the WAND but with a direct wire connection to the scanner.

All animal experiments were performed in accordance with guidelines approved by the 

Institutional Animal Care and Use Committee at Michigan State University. Each rat 

(Charles River) weighing around 200 g received 25 million HT29 tumor cells. These cells 

were grown in McCoy’s 5A medium (Sigma-Aldrich) supplemented with 0.22 g/L L-

glutamine and maintained in 5% CO2 atmosphere at 37°C for 2–3 days, until reaching the 

confluency level of 90%. After being digested by 0.25% trypsin (Invitrogen) for 10 mins, 

HT29 cells were pelleted at 1500 rpm and re-suspended in phosphate-buffered saline for 

injection. From two days before tumor cell implantation, the rat received one intraperitoneal 

bolus of cyclosporine at 35 mg/kg/day for 6 days, which can suppress the rat’s immune 

system and promote tumor growth (27). One month after tumor cell implantation, the rat was 

anesthetized with isoflurane and secured in the supine position for MR imaging with the 

WAND inserted inside its rectum. The insertion depth of the WAND was manually adjusted 

by an insertion rod until the tumor appeared inside the active region of the WAND in MR 
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images. After the tumor was imaged by the WAND with elevated sensitivity, it was imaged 

again by the external detector after the WAND was removed. To identify the underlying 

mechanism of endogenous image contrast, pre-contrast images were also compared with 

post-contrast images obtained after intravenous administration of MultiHance (Bracco 

Diagnostics) at 0.125 mmol/kg of body weight. A similar pattern of hyperintensity after 

contrast agent administration could indicate that the endogenous image contrast observable 

by the WAND existed due to higher levels of blood supply.

Image processing by Matlab

To demonstrate the sensitivity advantage of the WAND in a water phantom, relative 

sensitivity maps were obtained by dividing images acquired using the WAND with reference 

images acquired using an equivalent pair of external detectors. Both images were normalized 

to the same noise floor. Because the scanner only has one plug-in connector for a single-

channel user coil, reference images were obtained by summing up individual images 

acquired with the external detector placed above and beneath the phantom respectively, 

mimicking the effect of external receiver arrays surrounding the sample.

To identify boundaries of heterogenous tumors, the intensity gradient of each pixel was 

calculated to identify regions with abrupt changes in signal intensity. Lesions with well-

defined boundaries are surrounded by continuous lines representing large intensity gradients. 

Conversely, lesions with fuzzy boundaries are surrounded by discontinuous lifnes 

representing smaller intensity gradients.

Results

Fig. 2a1 and 2b1 show the transverse and longitudinal images acquired across the cylindrical 

core of the WAND that was inserted inside a water phantom. Due to the lack of water 

protons in its cylindrical core, the WAND has a signal void in its center. Just like any other 

endo-cavity detectors, the WAND also has a distance-dependent sensitivity profile. For 

regions adjacent to its surface, the WAND can achieve more than 10-fold gain (Fig. 2a2) 

over the sensitivity of an equivalent pair of external receiver coils placed above and beneath 

the water phantom. For regions farther away, the WAND can still maintain its sensitivity 

advantage. Even when the distance separation from the WAND’s cylindrical center is 3.4-

times the detector’s own radius, the WAND is at least 1.4-fold more sensitive than a pair of 

external detectors, or equivalently, at least 2-fold more sensitive than a single-sided external 

detector. This level of sensitivity gain is mostly maintained over a 12-mm region in the 

longitudinal direction (Fig. 2b2). Although slices passing through the WAND’s cylindrical 

core have relatively steep sensitivity profiles, slices outside the WAND’s cylindrical core 

have much smoother profiles. For example, for a longitudinal slice that is 6-mm (about 2.4-

radii) away from the WAND’s cylindrical center (Fig. 2c1), the WAND has a sensitivity gain 

of 2.7 ± 0.5 over a 10.5 × 8.0-mm2 region (Fig. 2c2). According to the flip angle maps in 

Figs. 2a3, 2b3 and 2c3, the WAND introduces little perturbation to the uniformity of RF 

excitation in its active detection region outside its cylindrical core, owing to the efficient 

modulation of its constituting varactors by RF excitation fields. Compared with images 

obtained by a directly connected coil of the same dimension (Figs. 2a4, 2b4 and 2c4), 
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images obtained by the WAND have similar enhancement patterns with only slightly smaller 

effective ranges than the directly connected coil (Figs. 2a5, 2b5, 2c5).

Because of their smoothness, longitudinal slices were first acquired outside the WAND’s 

cylindrical core to demonstrate the improved visibility of lesion heterogeneity. As shown in 

Fig. 3a1, the lesion node in the pre-contrast image is barely visible by the external detector. 

This is corroborated by the fuzzy boundary line defined in the intensity gradient profile (Fig. 

3a2) and by the modest difference between hyper-intense peaks inside the lesion region and 

the enclosed valleys highlighted by red dashed lines (Fig. 3a3). With the WAND inserted 

nearby for in situ amplification, multiple hypo-intense spots are clearly visible inside the 

lesion node (Fig. 3b1) with well-defined boundary (Fig. 3b2), owing to the 5-fold (± 0.8) 

gain of normalized intensity (Fig. 3b3). Because the WAND has a fixed position inside the 

rectum to receive constant pumping power, amplified images have negligible motion artifact. 

MultiHance administration can also improve the visibility of lesion node with respect to its 

surroundings (Fig. 3c1). Compared with the pre-contrast image, the lesion boundary is better 

visualized in the gradient plot (Fig. 3c2) owing to the about 2-fold gain of normalized 

intensity (Fig. 3c3). The similar pattern of hyperintensity brought by contrast agent 

administration suggests that endogenous contrast observable by the WAND exists due to 

higher levels of blood supply in vascular-rich regions that are more amenable to contrast 

agent accumulation.

In addition to longitudinal slices outside the detector’s cylindrical core, transverse slices 

passing through the detector’s center are also useful to characterize subtle lesion nodes, such 

as the one with a diameter of ~1.7 mm (Fig. 4a1). When observed by the external detector 

placed on the rat’s dorsal side, the lesion region appears as a slightly more intense node due 

to elevated levels of blood supply. But because of the relatively low sensitivity of the 

external detector, the lesion node has blurred boundaries (Fig. 4a2) and barely visible 

internal structures with non-obvious signal contrast in the normalized intensity plot (Fig. 

4a3). When the WAND is inserted inside the rectum for sensitivity enhancement, the lesion 

node has much sharper boundary and a clearly visible hypo-intense spot in its center (Fig. 

4b1), which probably corresponds to fibrous tissues. Compared with Fig. 4a2, the WAND 

can better identify lesion boundaries and hypo-intense spots enclosed inside the lesion node 

(Fig. 4b2), by increasing the normalized intensity by a factor of 3.0 ± 0.6 (Fig. 4b3). To 

attribute endogenous contrast to blood flow, the lesion node is again observed by the 

external detector after MultiHance administration (Fig. 4c1). Due to contrast agent 

accumulation, the lesion node has visible boundaries (Fig. 4c2). Its normalized intensity is 

enhanced by a factor of 2.0 ± 0.4 (Fig. 4c3) when compared with the pre-contrast intensity 

profile (Fig. 4a3). The similar pattern of hyperintensity brought by MultiHance 

administration again suggests that the endogenous contrast observable by the WAND results 

from higher levels of blood supply.

Finally, the WAND is utilized to characterize multiple lesion nodes of different sizes and 

shapes near the rectum, without the use of contrast agents. For example, the oval-shaped 

lesion (Fig. 5a1) defined by its clear boundary (Fig. 5a2) has a flake-shaped hypo-intense 

region in its center. Beneath the lesion is the exudation region that extends towards the 

muscular gap aligning approximately parallel to the long axis of the oval lesion. Meanwhile, 
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the lesion node in Fig. 5b1 has partially defined boundaries (Fig. 5b2) at its bottom due to 

muscular invasion. The hypo-intense spots inside the lesion have sharp contrast with respect 

to their surroundings, demonstrating the effectiveness of the WAND to identify tissue 

heterogeneities. As another example, the gourd-shaped lesion in Fig. 5c1 has clear 

boundaries (Fig. 5c2), inside which is a hypo-intense line that is parallel to the lesion’s long 

axis (Fig. 5c1). Beneath the bottom tip of the hypo-intense line is a circular node surrounded 

by a slightly hypo-intense ring that can be clearly identified by the WAND. Details about the 

lesions in the five different rats mentioned in Figs 3, 4 and 5 are summarized in Table 1.

Discussion

In this work, a Wireless Amplified NMR Detector (WAND) with improved cylindrical 

symmetry has been fabricated, whose effective detection range is fully characterized. Based 

on the design of 2-leg high-pass birdcage coil, this detector has improved cylindrical 

symmetry over its predecessors. Unlike previous versions of WANDs (7,22,28) that required 

a pumping field perpendicular to the main field B0, the current version of WAND relies on 

the normally under-utilized ring resonance mode to harvest wirelessly-provided pumping 

energy for in situ signal amplification. As a result, this cylindrically-symmetric WAND can 

be activated by a pumping field aligned along the B0 direction, which doesn’t interfere with 

MR signal reception. This detection configuration is compatible with most endovascular or 

endo-cavity applications, where the WAND is often aligned (at least partially) along the B0 

direction by the body’s natural cavity. Like any other endo-cavity detectors, the WAND has 

a distant-dependent sensitivity profile. Therefore, its effective range has been calibrated in 

this work to evaluate its detection capability for extraluminal regions. Even when the region 

of interest is separated from the detector’s cylindrical center by 3.4-radii, the WAND is at 

least 1.4-fold more sensitive than a pair of external detector arrays, whose equivalent 

sensitivity was evaluated by adding two images that were sequentially acquired with a 

single-sided external detector placed beneath and above the detection object. (This image 

summation process is adapted to mimic the detection sensitivity of whole body array, 

without being limited by scanner’s single-channel connector for user-developed coils.) 

Compared with conventional endo-cavity coils with direct wire connection, the WAND’s 

constituting varactors have led to several favorable features, including wireless powered 

amplification and excitation field decoupling, both of which make the WAND convenient to 

operate inside the body with reduced risk of sample heating. This is corroborated by the 

WAND’s negligible perturbation to the excitation field homogeneity and unmeasurable 

heating over its surrounding regions. The wireless signal interface also enables convenient 

switching between high-resolution imaging by internal detector and low-resolution imaging 

by external detector, without the need for cable rewiring.

To demonstrate the application of this wireless endo-cavity detector for tumor 

characterization, the WAND is non-surgically inserted inside a rat’s rectum to sensitively 

identify the endogenous signal contrast in tumors implanted beneath the mucosa, without the 

use of exogenous agents. Once the WAND is delivered by an insertion rod to an endoluminal 

position that was close enough to the tumor, it is secured at this fixed location to receive 

constant pumping power and to amplify MR signals with negligible motion artifact. 

Compared with an external surface coil placed on the animal’s dorsal side, the WAND can 
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highlight the observable signal difference between heterogenous tissues, thus improve the 

visibility of lesion heterogeneity. This is evidenced by the increased intensity differences 

between hypointense spots and their surrounding regions in the lesion node, whose boundary 

can be clearly identified as continuous lines in intensity gradient profiles. (For in vivo 
images, the reference standard is a single-sided surface coil placed on the dorsal side rather 

than an equivalent pair of external detector because the lesion node is much closer to the 

dorsal side than to the abdominal side.) When the lesion region is within 3.4-raddi 

separation from the WAND’s cylindrical center, the WAND can clearly identify lesion 

heterogeneity without the need for contrast agents, highlighting the endogenous image 

contrast between hyper-perfuse and hypo-perfuse regions, thus provide an alternative but 

effective way to diagnose early stage metastasis of colorectal tumors beyond the submucosal 

layer. By reducing the need for contrast agents, this sensitivity-enhanced detector can be 

even more suitable for deep-lying lesions with no or little blood supply, such as lipid-rich 

plaques with thin but intact fibrotic caps, where contrast agents are difficult to enter. 

Although the current study focuses on rodent models with tumors implanted beneath their 

rectum mucosa for easy access through manual insertion, future work will include automatic 

delivery of the WAND with a flexible catheter inside the tortuous GI tract to sensitively 

characterize subtle abnormalities in deep-lying organs adjacent to the GI tract, such as the 

pancreas (29–31), prostate (32,33), kidney (34), aorta (35) and abdominal lymph nodes (36).

In conclusion, a cylindrically symmetric endo-cavity WAND has been designed and 

characterized to improve the visibility of lesion heterogeneity without contrast agents, thus 

avoid their side effects of tissue retention and toxicity. In addition to implantable and 

interventional applications, this compact design of an integrated signal amplifier may also 

help to improve wireless detectors placed outside the body (37–40), by further reducing their 

weight and power consumption for improved operation flexibility.
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Fig. 1. 
(a) The picture of an 11.4-mm long WAND made of two identical legs interlaced with two 

identical end-rings mounted on a 4.9-mm diameter cylinder. (b) The schematic diagram of 

this cylindrically symmetric detector with a horizontal (lower frequency) resonance mode 

and a longitudinal (higher frequency) resonance mode. (c) The S21 curve measured with a 

double pick-up loop placed adjacent to the resonator and connected to a network analyzer. 

Compared with the solid curve measured in the absence of pumping power, the dotted curve 

measured in the presence of pumping power has obvious increase in peak height and shift in 

peak frequency, demonstrating the effectiveness of wireless powered amplification and 

frequency tuning. (d) The arrangement for phantom imaging with the WAND inserted inside 

a water tube placed along the normal axis of a single-turn pumping loop. The distance 

separation between the WAND’s cylindrical center and the external detector placed beneath 

the sample tube is about 22 mm. Based on a pumping power that was set to approximately 

0.6 dB below the resonator’s oscillation threshold, Specific Absorption Rate (SAR) was 

simulated in both the transverse (e) and longitudinal (f) cross sections. The highest SAR 

value adjacent to the end-ring varactors is only 0.64 W/kg, which is far below the safety 

value recommended by IEC 60601-2-33.
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Fig. 2. 
The transverse (row 1) and longitudinal (row 2) images acquired across the cylindrical core 

of the WAND inserted inside a water phantom, using TR/TE=1000/8.5 ms, 90° flip angle, 30 

× 30 mm2 FOV, 256 × 256 matrix, 50 kHz bandwidth, NA = 1. Row 3 shows longitudinal 

images acquired outside the WAND’s cylindrical core, using the same acquisition 

parameters. Column 1 shows zoomed-in views of images acquired with active amplification. 

Column 2 shows the relative intensity ratio between images acquired using the amplified 

detector and those images acquired using an equivalent pair of external detectors placed 

beneath and above the phantom. Column 3 shows flip angle maps of the WAND obtained by 

the double angle method using 60° and 120° excitations (41), with TR = 5 s and all other 

parameters remaining the same as above. For sensitivity comparison, the same images 

acquired with a loop coil of the same dimension as the WAND but with direct wire 

connection are shown in column 4, whose relative intensity profiles with respect to the 

equivalent pair of external detectors are shown in column 5.
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Fig. 3. 
(a1) and (c1) are zoomed-in views of T1-weighted longitudinal images acquired before and 

after MultiHance administration, using the external detector placed on the rat’s dorsal side. 

(b1) is the same image acquired with the WAND inserted in the rectum to enhance the 

endogenous signal contrast without administration of exogenous agents. (a2), (b2) and (c2) 

show the intensity gradient profile evaluated for each zoomed-in view, where smooth 

continuous lines correspond to well-defined boundaries. (a3), (b3) and (c3) show the 

normalized intensity (solid blue) and intensity gradient (dotted black) plotted along the 

yellow dashed line passing through multiple hypointense spots inside the lesion nodes.
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Fig. 4. 
(a1) and (c1) are zoomed-in views of T1-weighted transverse images acquired before and 

after MultiHance administration, using the external detector placed on the rat’s dorsal side. 

(b1) is the same image acquired with the WAND inserted in the rectum to enhance the 

endogenous signal contrast without administration of exogenous agents. (a2), (b2) and (c2) 

show the intensity gradient profile evaluated for each zoomed-in view, where smooth 

continuous lines correspond to well-defined boundaries. (a3), (b3) and (c3) show the 

normalized intensity (solid blue) and intensity gradient (dotted black) plotted along the 

yellow dashed line passing through the hypointense spot inside the lesion node.
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Fig. 5. 
Row 1 shows a series of sensitivity-enhanced images acquired by the WAND for improved 

visibility of endogenous signal contrast in lesion nodes of different sizes and shapes, leading 

to clearly visible boundary lines in the intensity gradient profiles (row 2).
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Table 1

The geometry and enhancement factor of lesions in different rats

Rat # Fig. Label Center-to-center* Size & Shape Sensitivity gain

1 Fig. 3 5 mm 7.0 × 3.8 (oval) 5.0 ± 0.8

2 Fig. 4 6.7 mm D=1.7 (circle) 3.0 ± 0.6

3 Fig. 5a 8 mm 3.8 × 2.2 (oval) 2.2 ± 0.4

4 Fig. 5b 8 mm 6.7 × 5.3 (oval) 2.1 ± 0.3

5 Fig. 5c 9 mm 12 × 2.6 (gourd) 1.6 ± 0.3

*
Center-to-center means the distance separation between the lesion node’s center and the WAND’s cylindrical center.
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