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Abstract12

Purpose: Prostate cancer remains the 2nd leading cancer killer of men, yet it is also13

a disease with a high rate of overtreatment. Diffusion weighted imaging (DWI) has14

shown promise as a reliable, grade-sensitive imaging method, but it is limited by low15

image quality. Currently, DWI image quality is directly related to low gradient ampli-16

tudes, since weak gradients must be compensated with long echo times.17

Methods: We propose a new type of MRI accessory, an “inside-out” and nonlinear18

gradient, whose sole purpose is to deliver diffusion encoding to a region of interest.19

Performance was simulated in OPERA and the resulting fields were used to simulate20

DWI with two compartment and kurtosis models. Experiments with a nonlinear head21

gradient prove the accuracy of DWI and ADC maps diffusion encoded with nonlinear22

gradients.23

Results: Simulations validated thermal and mechanical safety while showing a 5 to24

10-fold increase in gradient strength over prostate. With these strengths, lesion CNR25

in ADC maps approximately doubled for a range of anatomical positions. Proof-of-26

principle experiments show that spatially varying b-values can be corrected for accurate27

DWI and ADC.28

Conclusions: Dedicated nonlinear diffusion encoding hardware could improve29

prostate DWI.30
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I. Introduction37

I.A. Prostate DWI38

The lifetime risk of being diagnosed with prostate cancer is approximately 1/9 for American39

men1–3, but because of slow progression and the significant morbidities associated with40

treatment, many men should consider declining, or at least delaying, treatment4,5. On the41

other hand, prostate cancer remains the 2nd leading cancer killer of men (following only lung42

cancer), so early detection of aggressive cancers remains an urgent problem. Therefore, one43

of the greatest needs in prostate cancer is a monitoring method that distinguishes benign44

or low grade prostate lesions from aggressive ones. Standard template biopsy, which blindly45

samples 10+ cores in a regular pattern, risks overdiagnosis, underdiagnosis, and urinary and46

erectile dysfunction, making it a poor option for diagnosis or surveillance6,7.47

Diffusion-weighted MR imaging (DWI) does noninvasively detect prostate cancers8–1048

and the images can be quantified into maps of apparent diffusion coefficient (ADC), which49

consistently reflect Gleason score and aggressiveness. Therefore, DWI has potential to specif-50

ically improve the detection of deadly cancers. Brightness in a DWI image (or darkness in an51

ADC map, with inverted contrast) reflects restricted water diffusion, so it is sensitive to the52

decreased luminal space and increased epithelial volume that accompanies malignancy. For53

men with high PSA (prostate specific antigen), prior MRI, typically can reduce unnecessary54

biopsies by a third11. In addition, these images can be used for biopsy guidance, increasing55

detection of high grade cancer and reducing biopsies of low grade disease12–15. However,56

clinical adoption has been limited by the poor image quality observed in routine prostate57

DWI, which is a key part of the multiparametric protocol. Fig. 1 shows typical image quality58

from a prostate imaging protocol. While the structural T2w image (Fig. 1a) has good SNR59

and resolution, it shows little contrast between cancerous and benign tissue. This is not un-60

common for peripheral zone lesions, which make up ≈ 75% of cancer cases8. The ADC map61

(Fig. 1b), though very noisy and low resolution, does show markedly lower ADC in what62

was later confirmed to be an aggressive lesion. However, it was initially misread as artifact,63

due to the poor image quality. Images like these result in inconsistent interpretations, with64

high interreader variability, and limited clinical deployment16.65
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Figure 1: Images from a typical prostate MRI underscore the need for better imaging. (a)
While a T2w image has high signal and resolution, it often fails to show contrast for periph-
eral zone tumors, which make up ≈ 75% of cases. (b) In the same patient, a hypointense
region in the ADC map (i.e. a region of low diffusion) does distinguish the cancerous region
from healthy prostate. But the overall image quality is low due to the low SNR of conven-
tionally encoded diffusion MRI. Because of these shortcomings in prostate imaging, most
clinicians rely on blind biopsies of the prostate, which can lead to over- and under-diagnosis
of lethal disease.

Prostate DWI images are noisy because diffusion weighting depends exponentially on66

the square of gradient strength, and limited gradient strength must be compensated for by67

applying the gradient for very long times. The most widely used and simplistic model of68

diffusion is for Gaussian unrestricted diffusion, where:69

SDWI ≈ S0e
(−Dγ2G2δ2(∆−

δ

3
)) ≡ S0e

(−Db), (1)70

where SDWI and S0 are the signal intensities with and without diffusion weighting,71

respectively, D is the intrinsic diffusion rate of the spins, analogous to the apparent diffusion72

coefficient (ADC) observed in vivo, γ is the gyromagnetic ratio, G is the local gradient73

I. INTRODUCTION I.A. Prostate DWI
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amplitude, and ∆ and δ are timings related to the duration of the gradient pulses which74

contribute to the overall echo time (TE)17,18. The known experimental parameters in this75

expression are typically grouped together as a single measure of diffusion weighting, b. Using76

standard clinical gradients, strong diffusion weighting requires echo times of ≈ 100ms, during77

which signal decays precipitously. Furthermore, long TE overemphasizes the luminal volume78

of the prostate, which reduces contrast between aggressive and benign tissues. Empirical79

studies on the impact of TE and diffusion encoding time have shown that shorter encoding80

times and higher b-values increase the ability to distinguish between benign and cancerous81

lesions19–24. The need for gradients that can deliver strong diffusion weighting in short times82

motivated the search for alternative possibilities in gradient design.83

I.B. Nonlinear Gradients84

Existing gradient hardware generates a Bz magnetic field whose magnitude changes linearly85

with position (Fig. 2a, red line), so the local field slope or gradient is uniform across86

the field of view. Nonlinear gradients similarly generate a Bz whose magnitude varies in87

space (Fig. 2a, blue line), but the magnitude and direction of the field slope is different at88

different locations25–28. Put another way, for a given Bz, linear gradients distribute gradient89

amplitude (‖ ∇Bz ‖) with perfect equality to all positions in the field of view (FOV). (Fig.90

2b) A comparable nonlinear gradient, by mathematical necessity, concentrates the gradient91

amplitude, leaving some regions with almost no gradient, but in other regions providing92

much higher gradient. For example, in the theoretical example of Fig. 2, a significant region93

in the field of view receives > 5 times the gradient strength of the comparable linear gradient94

field.95

This insight can be used to design hardware that efficiently generates very strong gra-96

dients in a particular anatomy of interest. For the targeted region of interest, the strong97

gradients deliver strong diffusion weighting in a short encoding time, thereby increasing sig-98

nal to noise ratio (SNR) and contrast. On the scale of a voxel or the distance travelled by99

a diffusing spin, the field change remains approximately linear, so the same equations are100

applicable, except that gradient strength varies from voxel to voxel. This approximation has101

been confirmed by both experiments (Fig. 7 and Fig. 8) and first principles derivations (see102
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Figure 2: Conceptual schematic showing the inherent advantages of linear vs nonlinear field
variations. For a maximum ‖ Bz ‖ of 60mT over this FOV (2a), linear gradients provide all
points with the same gradient strength (2b) of 36mT/m. A nonlinear gradient with the same
maximum ‖ Bz ‖, by mathematical definition, provides less gradient in some regions but
more gradient in others. For part of the field of view, this results in a much stronger gradient
that can be used to impart diffusion weighting. In practice, the advantages of a nonlinear
diffusion gradient are even greater, including fewer cancellations which would normally be
needed to achieve linearity and potential for “inside-out” single-sided gradient designs.

APPENDIX I).103

Designing a gradient specifically for diffusion weighting, rather than repurposing hard-104

ware primarily designed for spatial encoding, brings additional advantages for increasing105

gradient strength. The usual requirements on slope uniformity, both in magnitude and di-106

rection, require many field cancellations which ultimately waste amplifier energy. Reducing107

the volume over which the field must be generated may also reduce power needs29.108

In fact, nonlinearity allows for hardware designs that do not encompass a volume at109

all, like the one presented here. Finally, since diffusion weighting requires just a few ramps110

per TR, short rise times are less critical. This allows higher inductance, more turns and111

therefore more field per amp. Alternatively, less voltage is required to achieve the slew rate,112

I. INTRODUCTION I.B. Nonlinear Gradients
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which reduces requirements on the amplifier and lowers the voltage breakdown strength113

requirements in the gradient coil29,30. Linear gradients, which can provide fast switching114

times and homogeneous spatial encoding over the entire FOV, can still be used for the rest115

of the pulse sequence, including slice selection, frequency and phase encoding, or any kind of116

preparation module. Therefore, standard DWI pulse sequences can be modified by simply117

adding a synchronization pulse that turns the nonlinear gradient on and off during diffusion118

encoding time. Notably, the nonlinear gradient can be played simultaneously with linear119

gradients, either for spatial encoding purposes like a prephaser, or to further add to the120

diffusion encoding gradient. When the spatial encoding is done by conventional means, the121

reconstruction is similarly conventional and can use regular FFT.122

I.C. Nonlinear Gradients for Prostate DWI123

Anatomically, DWI encoding with nonlinear gradients (NLG) is most naturally suited to an124

organ that is (i) small, so that each experiment yields an acceptable range of b-values across125

the region of interest (ROI), (ii) close to an accessible surface of the body, since gradients126

are typically strongest near the device, and (iii) structurally isotropic, so that variation in127

gradient direction is not a major confound. In practice, to justify additional hardware, the128

DWI contrast would also need to be a critical image for diagnosis. Thus, prostate cancer129

imaging is an ideal initial target for this type of hardware. The prostate is a small 4cm130

organ located only ≈ 6cm from the perineal surface with relatively isotropic diffusion, and131

prostate cancer is a widespread and deadly disease which is best imaged by DWI MRI.132

Furthermore, prostate MRI is a rapidly growing application, as it is increasingly recognized133

as a cost-effective step following elevated PSA31–37. Therefore, this was chosen for a first134

and ideal organ to benefit from this class of device.135

Putting these insights together, we designed an inside-out gradient that provides very136

high diffusion weighting at the prostate. Standard gradient hardware is generally built137

into a volume-encompassing former, typically a tube-like shape, and the relevant fields are138

generated inside the volume of the hardware. In contrast, nonlinear gradients windings can139

be placed in a wand-type former, generating the relevant fields outside the hardware. The140

proposed device has a diameter of 10cm, comparable to a typical coffee mug, and can be141

placed between the upper thighs to achieve close proximity to the prostate. (Fig. 3) This142
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geometry also minimizes interference with the standard linear gradients, which can be used143

for spatial encoding in the usual way, and standard receiver geometry, which is typically a144

set of anteriorly and/or posteriorly positioned surface coils.145

Figure 3: Positioning logistics for proposed hardware. Panel (a) shows general device place-
ment and an overlay of the generated field. Panel (b) shows positioning in the scanner along
with placement of a flex receive array. The gradient is placed externally, posterior to the
genitalia and anterior to the anus, which provides close proximity to the prostate.

II. Methods146

II.A. Simulations147

From analyses of body MRI scans, the prostate is approximately a 4cm sphere whose lower148

edge is 6cm superior from the perineal surface.The presented prototype was designed by149

Tesla Engineering Ltd and simulated using OPERA Electromagnetic Simulation Software150

(Oxfordshire, UK). This design was then analyzed by Siemens Healthcare GmbH for whole-151

body forces and coupling effects with the Siemens superconducting magnet and gradient coils152

of a MAGNETOM Prisma with in-house software. All imaging simulations are performed153

in Matlab assuming a two compartment model comprised of a luminal compartment and154

a joint cellular and epithelial compartment. Parameters taken from20–23 were used to set:155

II. METHODS
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T2l=250ms, T2c=50ms, Dl=2.5µm2/ms, Dc=1.3µm2/ms. Recent studies suggest the main156

driver of increased ADC with malignancy is loss of the luminal compartment volume, so this157

fraction was varied as 30%, 15% and 7% for healthy prostate, medium grade prostate cancer158

in a lesion on the left, and aggressive prostate cancer in a lesion on the right, respectively24.159

The multicompartment model introduced nonmonoexponential signal behavior observed160

clinically, both in the signal as a function of b and in ADC as a function of echo time. How-161

ever, as done clinically, the resulting signal as a function of b was fit to a simple monoexpo-162

nential to create maps of ADC. Since these experiments are meant to model the commonly163

used spin echo DWI sequence with ∆ < 100ms, rather than a STEAM sequence, the impact164

of ∆ on ADC was neglected. While 80mT/m gradients are now available commercially,165

these are often associated with very expensive and comprehensive upgrades. Thus we have166

performed comparisons against the more commonly available 40mT/m gradient strengths.167

Simulated ADC maps were generated using b-values of 60, 600, and 1500 for linear168

gradients and a maximum gradient strength of 40mT/m. For nonlinear gradients, diffusion169

gradient duration was chosen according to the prostate position in the FOV so that the least170

encoded pixel in prostate achieved a b value of 400. Diffusion weighted images were then171

simulated for 20%, 45%, 75% and 100% gradient strength. The highest b-values used for172

ADC calculation were 3000. Diffusion values higher than this were sometimes induced in the173

4th DWI image for pixels very close to the device, but in this case the first 3 DWI images174

were sufficient for ADC calculation. Studies of position used a noise power of 15.175

Simulations were also performed for a model of diffusion which includes kurtosis, with176

T2/D/K equal to 130ms/1.89µm2/ms/0.63 and 80ms/1.41µm2/ms/1.19 for healthy and can-177

cerous prostate tissue, respectively. In these simulations, images were simulated for gradient178

strengths of 20, 30, 40, 55, 70, 85, 100% maximum amplitude for both linear and nonlinear179

gradients, and noise power was reduced to 5. Durations were set to achieve a maximum180

b-value of 3000 in the linear experiment and a minimum b-value of 500 in the nonlinear181

experiment.182

Due to the spatially varying b-value in nonlinear experiments, the raw data from these183

scans also exhibits spatially varying contrast and spatially varying SNR. While the nonlinear184

scans can be used to make DWI with uniform b-value (as shown in Fig. 7), the fidelity of those185

images is ultimately determined by the fidelity of the ADC map used for scaling. Therefore,186
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as an equitable metric to compare nonlinear and linear experiments, we calculated CNR in187

ADC maps as: (µ(ADClesion)-µ(ADCnormal)/(σ(ADCnormal)
2 + σ(ADClesion)

2)1/2, where µ188

is the mean and σ is the standard deviation over each ROI. In simulations, since the exact189

delineation of healthy prostate and lesions were known, these were used as the ROIs for each190

tissue type.191

II.B. Experiments192

To prove the feasibility of encoding diffusion with a nonlinear gradient, initial experiments193

were performed with an existing nonlinear gradient, a volume encompassing head coil that194

produces a “C3” field shape Bz(x, y) = x3 − 3xy2. These studies imaged a kiwi, which195

has been lauded as a highly concordant phantom for prostate DWI38, embedded in gelatin196

and a nominal gradient strength of 816, 1632, and 2449mT/m3 with TE=32ms and gradient197

duration of 12ms. The linear experiments on this phantom used strengths of 10, 20, and198

30mT/m with TE=60ms and gradient durations of 26ms. All experiments were acquired199

with a 1-channel Tx/Rx head coil nested inside the existing nonlinear gradient insert. In200

nonlinear gradient studies, scaling to a uniform b-value was performed by using raw data with201

acquired b-values to generate an ADC map and then extrapolating, via a monoexponential202

fit, to the desired b-value39.203

Additional experiments were performed on a High Precision Device (HPD) diffusion204

phantom Model 128 containing thirteen 30ml vials of the nontoxic polymer polyvinylpirroli-205

done (PVP) in aqueous solution having different concentrations of PVP40,41. As the ADC206

depends on temperature, it is necessary to maintain a constant temperature in order to207

achieve reproducible ADCs. Coexistence of ice and water in the phantom serves to maintain208

temperature at 0◦C. Because b-values from NLG encoding vary substantially over this rela-209

tively large phantom, gradient durations that achieved reasonable diffusion weighting for one210

vial would provide too much or too little diffusion weighting in another vial. Furthermore,211

regions far from the bore periphery have very little diffusion weighting even at long gradient212

durations. Instead, across a series of studies with increasing gradient duration, we identified,213

for each vial, the study where the maximum b-value averaged across the ROI was closest to214

a target value of 1500. ADC for the region was then calculated using that experiment and215

compared to the result from a conventional DWI experiment using linear gradients. Linear216
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experiments on this phantom used TE=61ms, gradient lobes of 26ms, and gradient strengths217

as in the kiwi experiment. NLG experiments used TE=26-98ms with gradient durations of218

14-38ms and gradient strengths as in the kiwi experiment.219

Field mapping was performed by incrementing the duration of a single gradient lobe220

(1.5-2ms) at low amplitude to avoid intravoxel dephasing, holding TE fixed at 20ms. The221

observed phased progression was used to calculate local frequency as ω(x, y) = ∆Φ(x, y)/∆t,222

and this was used to generate a map of the static field, which was then masked and fit to ta223

polynomial to generate a field map across the entire FOV. The local gradient was calculated224

as (Gx(x, y)
2 + Gy(x, y)

2)
1
2 , and this was used to calculate the b-values for each voxel. To225

control for any differences in processing, linear gradients and b-values were calculated by the226

same procedure, but high uniformity and agreement with the nominal field was observed, as227

expected.228

For imaging in these proof-of-principle experiments, a 2D GRE sequence with bipolar229

diffusion encoding gradients was used with the following parameters, FOV=250× 250mm2,230

matrix size 256×256, TR=500ms, 500Hz/pixel receiver BW, flip angle 50◦. All experiments231

used standard gradient echo sequences with Cartesian trajectories played out on linear gra-232

dients and bipolar diffusion encoding gradients. The only difference between experiments233

was whether the diffusion encoding pulses were delivered on the linear vs nonlinear gradient234

hardware. All experiments were performed on a 3T Siemens Trio system.235

III. Results236

III.A. Simulation of Hardware Performance237

Fig. 3a shows the general positioning and the field generated by the device, and Fig. 3b238

shows a mock-up of the device placed on the scanner bed. A patient would be positioned239

with the device externally nestled between the legs, and a receiver coil would be placed above240

these. Water and power cables would extend in the foot direction.241

Simulations were also performed on this design to assess thermal and mechanical prop-242

erties. Because the device is designed for placement at isocenter in the homogeneous region243

of the magnet, net forces due to device operation are expected to be negligible. Even for244
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misplacement up to ±1cm, forces are less than 1N due to symmetry. Even in a maximally245

catastrophic case of complete symmetry loss at 100% current, forces on the device reach246

< 500N, which can be restrained with adequately designed scaffolding. Improper position-247

ing could also affect image quality through coupling to the linear gradients, but preliminary248

analysis indicates that a positioning tolerance of ±2mm is both sufficient and achievable.249

The device is cooled and insulated such that surface temperature at maximum duty cycle250

will not exceed 42◦C. Other key metrics are reported in Table 1.251

Gradient Specifications

Diameter 94mm
Length of active section 110mm

Total length 170mm
Resistance 37µΩ
Inductance 305µH

Peak Current 625A
Peak Voltage 500V

Steady state DC current 550A
Dissipation at max DC current 13kW

Pressure Drop 0.68bar
Parallel water circuits 8

Flow rate 8.8 L/min
Water inlet temp 20◦C

Maximum temperature 42◦C

Table 1: Summery of the key metrics

Fig. 4 shows the generated field predicted for this design for a coronal plane assuming a252

625A 500V amplifier, showing both the z-component of the gradient (4a) and the component253

in the transverse plane (4b). The device and field exhibit cylindrical symmetry about the254

z-axis. The typical expected position of a prostate is outlined in red. Putting these together255

as Gtot (4c), it can be seen that the total gradient magnitude varies mostly as a function256

of z (i.e., the head-foot direction). Therefore, gradient is plotted as a function of z in 4d,257

focusing on the ROI of a typical prostate. Fig. 4e shows a contour plot of b-values for a 1ms258

pulse at full current. The overall topology of this plot is that of G2
tot, and the values scale259

uniformly with the square of amplifier power. Minimum rise times to maximum current are260
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Figure 4: Images of gradient strength across the field of view. (a,b) Field variations in both
the head-foot (a) and left-right direction (b) contribute to diffusion encoding. Summing
these, the overall gradient magnitude (c) varies primarily along the head-foot direction. In
each figure, the red outline shows the typical position of the prostate at closest approach.
Various traces in the total gradient and a map of b-values are plotted in (d) and (e), respec-
tively.

397µs, though practical rise times would depend on peripheral nerve stimulation, as further261

considered in Discussion.262

III.B. Simulation of ADC Map Improvement263

Fig. 5 shows simulations of the potential image improvements from implementing such a264

gradient. Because SNR and b-weighting vary spatially in images acquired with nonlinear265

gradients, standard DWI images would require scaling via an ADC map, so analyses focus266

on these.267
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Figure 5: CNR of ADC maps simulated for diffusion encoding with linear and nonlinear
gradients. (a,b) As expected, at the lowest noise levels, lesions are identifiable even with
the longer echo times needed by linear gradients. However, the shorter echo time used with
nonlinear gradients ultimately results in a consistent doubling of CNR in ADC maps. (c)
With nonlinear gradients, position of the prostate relative to the hardware could potentially
affect performance, as a longer diffusion time is required to achieve sufficient weighting.
However, simulations show that this dependence is relatively minor, and CNR remains well
above that observed with linear gradients.

Linear gradient Nonlinear Gradient
Position (mm) 60 60 80 100 120
CNR, Lesion 1 100% (ref) 200% 230% 210% 190%
CNR, Lesion 2 100% (ref) 200% 230% 210% 190%

Time corr. CNR Lesion 1 100% (ref) 175% 200% 180% 165%
Time corr. CNR Lesion 2 100% (ref) 175% 200% 180% 165%

Table 2: CNR insensitivity to position

Fig. 5a shows simulated ADC maps generated with linear and nonlinear gradients at268

various noise levels. Fig. 5b, summarizes the contrast to noise ratios observed in each image269

for the medium and high grade lesions. The proposed nonlinear gradient is associated with270
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a consistent doubling of contrast to noise over the standard method.271

Fig. 5c simulates the effect of different positionings of the nonlinear gradient coil, mim-272

icking either alternate placement or anatomy. The CNR improvements for these scenarios273

are summarized in Table 2. While these studies do reveal a weak dependence of CNR on274

position of approximately ±10%, all values are approximately a 2-fold improvement over the275

contrast to noise ratio (CNR) achieved with linear gradients.276

Fig. 6 explores the importance of these stronger gradients for higher b-value imaging277

with greater SNR to fit kurtosis in a higher order model of diffusion42,43. For the high SNR278

simulated in these experiments, the ADC maps are comparable in both cases. However, the279

kurtosis maps show much better delineation of the lesions when using nonlinear gradients.280

Figure 6: Fitting higher order models of diffusion. In this example, high b-value data was
simulated with an additional second order term in the exponent of the standard diffusion
model. The fit coefficient on this second order term is shown in (a), showing clearer delin-
eation of the lesions with the NLG hardware. In these relatively low noise simulations, both
ADC maps clearly delineate the lesion.
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III.C. Experimental Demonstration of DWI with NLG281

One key to achieving an order of magnitude increase in gradient strength is accepting non-282

linearity in the field, which introduces nonuniform diffusion weighting across the image and283

could theoretically introduce bias in an ADC map. Thus we sought to show initial feasibility284

of DWI with nonlinear gradients using nonlinear gradient hardware available at our cen-285

ter44–48. Though the geometry of this device is not suitable for prostate imaging, the degree286

of nonlinearity is comparable and these results provide proof of principle demonstrations for287

encoding diffusion with a nonlinear field.288

Fig. 7 shows individual diffusion weighted images acquired with nonlinear (7a) and289

linear (7b) gradients. To generate the images in 7a, the raw images must be scaled to a290

uniform b-value in the same way that low b-value images are routinely scaled to higher291

b-value images in clinical practice39. The raw images acquired with nonlinear gradients292

(7c) exhibit the spatial nonuniformity in diffusion weighting (blue arrows). As can be seen293

by comparing 7a to 7c, standard b-value scaling corrects this variability while maintaining294

improved SNR from the reduced TE. Parameter maps generated from fitting the data to a295

monoexponential signal model show good agreement in the ADC maps (7d,e). The fit to S0296

(7f,g) reflects the much higher signal achieved in the nonlinear gradient study. Though these297

proof-of-concept experiments do not use gradients optimized for this sample or positioning298

and employ ≈half the amplifier current, DWI with nonlinear gradients required less encoding299

time for comparable diffusion weighting across this phantom. This led to a doubling in signal,300

which is reflected in the maps of S0.301

To further explore the importance of the additional SNR associated with shorter echo302

times, the ROIs shown in panel (h) were used to assess image homogeneity over presumably303

homogeneous regions in both ADC maps and DWI images. These results, shown in panels (i)304

and (j) for agar and kiwi regions, respectively, do suggest improved precision in the images305

acquired with nonlinear gradients.306

Finally, to probe quantitative ADC agreement, experiments were performed on the307

High-Precision Device (HPD) diffusion phantom shown in Fig. 8a. A summary of those308

results is shown in Fig. 8b. For vials 10 and 11, even with a gradient duration of 42ms309
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Figure 7: Experimental results from DWI with nonlinear and linear gradients. Panel (a)
shows DWI images using a nonlinear C3 gradient and scaled to a uniform b-value. Standard
images acquired by using linear gradients at these b-values (b) are shown for comparison and
show excellent agreement. In the raw NLG images (c), the nonuniform diffusion weighting
can be observed in the corners highlighted by blue arrows. Fitting this data to a monoex-
ponential model yields ADC maps (d) that are in good agreement with those from linear
gradients (e). Mapping S0 from these monoexponential fits (f,g) shows that the shorter echo
time afforded by nonlinear gradients results in about a doubling of signal. Furthermore,
a comparison of image uniformity over the ROIs shown in (h) suggests the higher SNR of
nonlinear DWI translates to better precision (i,j).

(TE=98), the maximum b-values were less than 200s/mm2, so ADC could not be accurately310

calculated. However, for the remaining vials, ADC agreement was very high. In these311

studies, because of the phantom geometry and the shape of the field, most of the vials312

required longer gradient durations for nonlinear gradient experiments. Thus, SNR of the313

underlying images and accuracy of the measured ADC was not necessarily better. However,314

these results provide reassurance that the diffusion contrast from nonlinear gradients closely315

matches that of linear gradients.316
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Figure 8: Quantitative comparisons of ADC in a diffusion phantom. (a) A diffusion phantom
composed of vials of aqueous PVP (concentration in %) was used to test the agreement
between ADC values measured with linear and nonlinear gradients. The three smaller 5mL
vials are fiducial markers. (b) A comparison among measured ADCs shows good agreement.

IV. Discussion317

Because the device is meant only to deliver diffusion weighting, image encoding and recon-318

struction are unaffected. By focusing on ‖ ∇Bz ‖ over the anatomy of interest, the concept319

presented here could be comparable in price to other anatomically specific MRI accessories,320

such as RF coils, and be portable between scanners. Yet this accessory would deliver an or-321

der of magnitude increase in gradient strength and double contrast to noise ratios in prostate322

cancer detection.323

The presented design shows that by abandoning design specifications required for imag-324

ing, particularly unidirectional linearity of the gradient and cylindrical geometry, the local325

magnitude and diffusion encoding can be greatly improved. Recently, this potential has326

also been explored in a volume-encompassing design for breast imaging49. Our experimental327

results show that nonlinear gradients can produce diffusion weighting that is qualitatively328

and quantitatively comparable to standard methods, even for phantoms whose geometry is329
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not particularly suited to the gradient topology. While current results focus on improved330

ADC mapping, more sophisticated models of diffusion could also potentially be probed using331

these much stronger imaging gradients21–24,50–56.332

Several features make this approach highly feasible with minimal changes to an existing333

MRI system. Because diffusion waveforms for prostate DWI do not require a high degree334

of flexibility, a dedicated DWI gradient would only require the addition of pulse sequence335

synchronization pulses which then trigger a very simple waveform generator. Furthermore,336

while initial implementations will feed these waveforms to a dedicated amplifier, a DWI337

gradient of this kind could share the amplifier of one of the linear gradients via a switch.338

In either case, the rest of the pulse sequence, including excitation with the body coil, image339

encoding with linear gradients, reception with standard RF arrays, and Fourier transform340

image reconstruction, proceeds unmodified. During the diffusion encoding module, the linear341

gradients could either be turned off or run in tandem, to achieve still higher local gradient342

or effectively move the region targeted for optimal diffusion weighting.343

One concern with nonlinear gradients is the sensitivity of CNR to position. If the344

prostate is too close to the device, there is higher gradient variability and additional DWI345

images might be needed to get adequate diffusion encoding across the entire prostate. Alter-346

nately, if the prostate is too far from the device, there may be concern that the gradient is347

too weak to yield a significant benefit. While more sophisticated algorithms are possible for348

optimizing gradient durations and amplitudes, the presented simulations show that even a349

rudimentary algorithm for modifying ∆ as a function of position can achieve very high CNR350

for a range of anatomical placements.351

Another consideration is whether the nonlinearity in the gradient affects the calculated352

ADC value. In the present design, nonlinearity over a 1mm voxel with a median gradient353

of 500mT/m contains deviations of approximately ±10mT/m or 2%, but the effects of this354

deviation partially cancel across the voxel46. This amount of gradient variation across a voxel355

is comparable to that present in our experimental work, which achieved good agreement356

using just the midpoint gradient value for the b-value of each voxel. However, more realistic357

assignments of local b-value may show better performance.358

In addition, the dependence of ADC values on TE, diffusion time and b-value is an ac-359

tive area of research, and several models have been proposed. We have tried to address some360
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of these concerns by using a two-component model, which does impart b-value dependence361

to the measured ADC. However, this cannot be entirely resolved with simulations, particu-362

larly because the models are typically based on measurements with conventional hardware363

that cannot access the short diffusion times achieved here. However, this type of device364

could play an important role in further developing models that accurately characterize the365

microstructure that contributes to DWI contrast21–24.366

For greater nonlinearity or higher-precision applications, it is also possible to derive367

the diffusion equations for a nonlinear gradient. We have performed this analysis for the368

simplest version of diffusion weighting, included in the supplementary material, which shows369

that nonlinearity can lead to similarly small deviations in the calculated ADCs (O(1%)) that370

depend on the ratio of linear and nonlinear field contributions in the field across a voxel. For371

clinical applications, however, these corrections are never expected to be necessary. A greater372

factor skewing ADC values is the dependence on encoding and echo times, which has been373

demonstrated in human studies. However, stronger gradients only extend the potential to374

characterize ADC as a function of time and TE. Encouragingly, clinical studies have already375

shown that shorter encoding times improve the ability to distinguish cancerous and benign376

prostate21,22.377

Like linear gradients, the proposed device could induce eddy currents during an echo-378

planar imaging (EPI) readout. In the current experiments, long-lasting eddy currents were379

not observed, and images were reconstructed via FFT without additional corrections. Fur-380

thermore, the shorter echo times afforded by stronger gradients could potentially reduce the381

distortions associated with EPI. However, more complicated and persistent fields could be382

characterized via 2D phase-encoded mapping strategies, like those used to map dynamic383

nonlinear gradient encodings27,47,48. Once known, linear and certain nonlinear components384

could be physically compensated by appropriate waveforms, particularly since they need385

only be compensated over the small ROI of the prostate and also because diffusion gradient386

waveforms do not generally need to be changed with standard protocol changes. Finally,387

since even standard “linear” gradients are not truly linear, modern eddy correction post-388

processing techniques already model the observed eddy currents with a nonlinear basis57.389

With a change of basis, these same methods could be applied to the nonlinear gradient390

presented here.391

IV. DISCUSSION

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 February 2021                   doi:10.20944/preprints202011.0647.v2

https://doi.org/10.20944/preprints202011.0647.v2


Nonlinear gradient for prostate DWI September 22, 2020 page 19

Finally, while mechanical and thermal safety concerns were discussed in the Results, one392

important safety concern may be the potential for peripheral nerve stimulation. Achievable393

gradient moments in clinical imaging are often restricted by peripheral nerve stimulation394

(PNS) limits on the slew rate, but those limits are based on studies with full body gradients.395

More recent studies of PNS show that the overlap of anatomy with induced currents is the396

real key to PNS stimulation, and due to their highly localized nature, nonlinear gradients397

have long been hypothesized to produce less PNS for a given dB/dt26,58. Furthermore,398

for this particular design, the most serious potential outcomes of PNS (i.e. stimulation of399

currents across the heart) are avoided, since the field and gradient are very small at that400

distance.401

While true PNS limits are complex phenomena and will require additional testing for402

confirmation, the geometry of this device also provides important new degrees of freedom403

for mitigating PNS. In addition to lengthening ramp times, PNS can be further mitigated404

by shifting device placement a few centimeters.405

Fig. 9 in the supplementary material shows dB/dt assuming a 1ms ramp time for a406

device placed 6cm inferior to the perineum. With this geometry, only a small volume of the407

anatomy is subject to dB/dt greater than 20mT/m and, as shown in Fig. 5, CNR is still408

approximately double of that achieved with standard linear gradients59,60.409
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Figure 9: dB/dt for nonlinear gradient. Peripheral nerve stimulation is a complicated phe-
nomenon which is made more difficult to predict in the presence of nonlinear gradients.
However, one advantage of the hardware proposed here is that PNS can be mitigated by
device placement. This plot shows dB/dt for a 1ms ramp time with an offset of 120mm from
the prostate. The standard 20T/s slew is exceeded over a very small volume of the anatomy,
reaching a maximum of 43T/s along the x=0 line, with reductions in leg stimulation achiev-
able by spacers or positioning. Notably, simulations for this positioning (Fig. 5) show that
CNR is still approximately twice what is achievable with linear gradients.
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V. Conclusion410

We present a new approach to improving DWI of prostate, introducing a new type of MRI411

accessory that delivers high diffusion weighting at short echo time, resulting in much stronger412

gradients and higher SNR. Prostate is anatomically ideal for diffusion weighting via a non-413

linear “inside-out” gradient, and the clinical significance and increasing ubiquity of prostate414

MRI is likely to justify the additional hardware, which could be shared across many scan-415

ners. Our results predict a doubling of CNR, which could improve the reliability of MRI for416

prostate cancer imaging, which in turn could reduce both the high mortality and overtreat-417

ment rates for this widespread disease.418
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VI. Appendix419

VI.A. Theory420

The simplest calculation of diffusion weighting is to consider two infinitely short gradient421

pulses separated by a delay τ . To simplify notation and without loss of generality, we consider422

spin with initial location x(t = 0) = φ(t = 0) = 0, so that ∆x = x and ∆φ = φ0. Over the423

delay, the spins have localized to a Gaussian distribution of positions,424

P (x) = e−
x
2

σ2 (2)425

where σ is related to the rms distance travel in time τ . For linear gradients, Gl, after426

the refocusing gradient lobe, the phase of each spin depends on its positions at t = τ ,427

φ(t = τ, x) ≡ φ(x) = klτx = klx and dφ = kldx. We can therefore calculate the ensemble428

average of magnetization M . Assuming uniform spin density, the ensemble average of M is429

proportional to the ensemble average of eiφ, which can be reformulated as an integral over430

x, as follows.431

〈

eiφ
〉

∝
∫

∞

−∞

P (φ)eiφdφ =
∫

∞

−∞

e−
x
2

σ2 eiklxkldx = kl
√
πσe−

k
2
l
σ
2

4 . (3)432

The product σ2k2
l reflects gradient winding, diffusion time, and diffusion rate. Thus the433

exponent is analogous to the product b⋆ADC in the well-known Stejskal-Tanner equation18.434

Using the same simplified approach for a spin in the presence of both linear and a second435

order nonlinear field, the difference is in the relationship between φ and x: φ(t = τ, x) ≡436

φ(x) = Glτx+Gnlτx
2 = klx+knlx

2 and dφ = (kl+2knlx)dx Now the integral to be evaluated437

is,438

〈

eiφ
〉

∝
∫

∞

−∞

P (φ)eiφdφ =
∫

−∞

∞

e
−x

2

σ2 ei(klx+knlx
2)(kl + 2knlx)dx. (4)439

Using standard formulas, we obtain440

〈

eiφ
〉

= kl





√
πσ√

1− σ2knl
e
−

k
2
l
σ
2

4(1−iσ2knl)



 + 2knl





√
πikl
2

(

σ2

(1− iσ2knl)

)3/2


 e
−

k
2
l
σ
2

4(1−iσ2knl) . (5)441
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Rearranging, one can obtain:442

〈

eiφ
〉

= kl
√
πσe

−

σ
2
kl

4(1−iσ2knl)





1
√

(1− iσ2knl)
+

iknlσ
2

(1− iσ2knl)3/2



 . (6)443

Simplifying and removing complex values from the denominators, this becomes:444

〈

eiφ
〉

= kl
√
πσe

−

k
2
l
σ
2

4(1+σ4k2
nl

) e
−

iσ
4
knlk

2
l

4(1+σ4k2
nl

)





√
1 + iσ2knl

√

1 + σ4k2
nl

+
iknlσ

2(1 + iσ2knl)
3/2

(1 + σ4k2
nl)

3/2



 (7)445

As expected, when knl is zero this matches the linear gradient expression. More, gener-446

ally, neglecting nonlinear winding will cause a slight underestimation of the effective diffusion447

weight, which will lead to a slight overestimation of ADCs by a scaling factor of (1+ σ4k2
nl).448

This could bias ADCs by a few percent, if not corrected. The imaginary term in the ex-449

ponent indicates that nonlinear winding can also add a periodic phase shift in the signal,450

similar to what is observed with dephasing under a nonlinear gradient41.451

The complex factor in braces can alter both the magnitude and phase of the signal,452

in principle. However, in practice σ ≈ 10−2cm and knl ≈ 102-103Hz/cm2, over which the453

magnitude of this term ranges from 1 to 0.993 and its phase changes by less than 9 degrees.454

These corrections are highly unlikely to have clinical significance even in high precision work.455
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