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REVIEW ARTICLE

Restriction Spectrum Imaging: An Evolving
Imaging Biomarker in Prostate MRI

Ryan L. Brunsing, MD, PhD,1 Natalie M. Schenker-Ahmed, PhD,1

Nathan S. White, PhD,1 J. Kellogg Parsons, MD, MHS,2 Christopher Kane, MD,2

Joshua Kuperman, PhD,1 Hauke Bartsch, PhD,1 Andrew Karim Kader, MD, PhD,2

Rebecca Rakow-Penner, MD, PhD,1 Tyler M. Seibert, MD, PhD,3

Daniel Margolis, MD,4 Steven S. Raman, MD,4 Carrie R. McDonald, PhD,5

Nikdokht Farid, MD,1 Santosh Kesari, MD, PhD,6 Donna Hansel, MD, PhD,7

Ahmed Shabaik, MD,7 Anders M. Dale, PhD,1,8 and David S. Karow, MD, PhD1*

Restriction spectrum imaging (RSI) is a novel diffusion-weighted MRI technique that uses the mathematically distinct
behavior of water diffusion in separable microscopic tissue compartments to highlight key aspects of the tissue micro-
architecture with high conspicuity. RSI can be acquired in less than 5 min on modern scanners using a surface coil. Multi-
ple field gradients and high b-values in combination with postprocessing techniques allow the simultaneous resolution
of length-scale and geometric information, as well as compartmental and nuclear volume fraction filtering. RSI also uses
a distortion correction technique and can thus be fused to high resolution T2-weighted images for detailed localization,
which improves delineation of disease extension into critical anatomic structures. In this review, we discuss the acquisi-
tion, postprocessing, and interpretation of RSI for prostate MRI. We also summarize existing data demonstrating the
applicability of RSI for prostate cancer detection, in vivo characterization, localization, and targeting.
Level of Evidence: 5

J. MAGN. RESON. IMAGING 2017;45:323–336

Prostate cancer (PCa) is the most common noncutaneous

malignancy in males and the second leading cause of

cancer-related death among men in the United States,1 with
an estimated one in six American men diagnosed with PCa
in their lifetime.2 MRI has demonstrated potential value for
PCa staging, treatment planning, and follow-up.3–8 Howev-
er, suboptimal sensitivity and specificity and inconsistency
in identifying foci of high-grade disease highlight that cur-
rent MRI protocols remain suboptimal for cancer detection,
staging, and in vivo characterization.9–12 Thus, more robust
diagnostic tools are needed to maximize the potential of this
promising imaging modality.

Advances in MR scanner technology have allowed the

development of powerful MRI sequence protocols that high-

light specific biophysical properties of tissue. One such tech-

nique is diffusion-weighted MRI (DWI), which detects

limitations in the microscopic movement of water molecules

due to tissue architecture. DWI has a high conspicuity for

PCa relative to normal tissue,8–21 and when combined with

T2-weighted imaging offers higher sensitivity and specificity

in cancer detection (0.76 and 0.94, respectively) as com-

pared to T2-weighted images alone (0.61 and 0.91, respec-

tively).10 Based on an abundance of supporting data, the
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recently released American College of Radiology guidelines

for PCa MRI interpretation, PI-RADS version 2

(PIRADSv2), uses DWI as the core sequence for assessing

peripheral zone lesions.22,23 Current standard-of-care PCa

MRI also includes a dynamic contrast enhanced imaging

(DCE) and anatomic T1 and T2-weighted (T1w and T2w)

sequences in addition to DWI. Despite its clinical utility,

there are some notable limitations of conventional DWI.

Information from the T2 component of the signal is not

used; information about the underlying geometry is not

obtained; signal from intracellular and extracellular water is

mixed; and inherent spatial distortion issues caused by field

inhomogeneities are not addressed.

A recently developed advanced diffusion-based technique

termed restriction spectrum imaging (RSI) attempts to address

many of these limitations.24 In this review, we discuss the

acquisition, postprocessing, and interpretation of RSI in the

setting of prostate cancer. We also summarize existing data

demonstrating the applicability of RSI for prostate cancer

detection, in vivo characterization, localization, and targeting

Principles of Diffusion Weighted Imaging

Signal in DWI is inversely related to the net movement of

water within the tissue being probed. Water molecules spread

apart due to random motion driven by thermal energy. In pure

solution they will disperse in a predictable way following a

Gaussian distribution in a process called “free diffusion.” How-

ever, in biological tissues the process is more complex. Water

diffusion can be impeded by one of two general mechanisms:

hindrance by the physical boundaries of the extracellular space

(predominantly determined by the geometric tortuosity associ-

ated with the cell packing density – see Fig. 1A) or restriction

of water within the intracellular compartment (Fig. 1A). For

discussion purposes in this paper, restricted diffusion refers specifi-
cally to water trapped within the intracellular space, as defined

classically,25,26 and “impeded diffusion” refers to the collective

signal from restricted and hindered compartments. By this def-

inition, conventional DWI generally reflects signal attenuation

due to impeded diffusion, noting that increased sensitivity to

restricted diffusion can be achieved with increasing diffusion-

weighting (b-value, see below).

There are two discrete properties of diffusion that can

be measured using diffusion-based techniques. The first is the

length-scale distribution, reflecting the scalar distance that
water is able to travel over a given time (e.g., the diffusion
time). The second is orientation or geometric information,
reflecting preferential diffusion vectors in three-dimensional
(3D) space resulting from regional tissue architecture (for
example water will tend to travel along an axon rather than
through its membrane). In general, the mathematical frame-
works used for current clinical diffusion-based MRI protocols
calculate one of these two diffusion properties at the expense
of the other. MR tractography, such as diffusion tensor imag-
ing (DTI), is an example of a clinical diffusion-based tech-
nique that collects geometric information.27

Most conventional DWI protocols are based on the

classic Stejskal-Tanner single-shot pulsed-gradient spin-echo

(PGSE) technique28 which measures length-scale distribu-

tion properties. In this sequence, signal is generated from a

“root” spin-echo sequence where the inversion pulse is

flanked by diffusion gradients of strength G for a duration

d separated by a time D (Fig. 1B). The first gradient serves

to encode the initial physical position of the water molecule

relative to the gradient field and the second gradient serves

as a refocusing pulse. Increased movement of water (by

FIGURE 1: Foundations of DWI. A: Water within tissue can be confined to the intracellular or extracellular compartment, the intra-
cellular water having a limited range determined by the configuration of the plasma membrane. The combined signal from both is
measured in conventional DWI and referred to as impeded water. B: Standard spin-echo echo-planar pulse sequence used in con-
ventional diffusion weighted imaging. It is important to note that signal from diffusion imaging represents the sum effect of both
the diffusion and T2 properties of the tissue being probed.
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means of diffusion) along the diffusion gradient axis in the

time D results in decreased signal due to increasingly inef-

fective refocusing. Thus impeded water movement results in

a less attenuated (or relatively increased) diffusion signal

compared with free water.

An important aspect of the PGSE sequence, which is

often overlooked, is that it is a T2-weighted sequence. This

means that the strength of the DWI signal within a given

voxel is determined by both the degree of diffusion and the

inherent T2 of the tissues therein. Mathematically, the signal

from DWI (SDWI) is equal to the intrinsic T2-weighted sig-

nal of the tissue (ST2) multiplied by the diffusion gradient

effects (SDIFF) described in the preceding paragraph.

SDWI5ST2 � SDIFF

(see Fig. 1B)

To distinguish between the two sources of DWI signal,

images are compared with apparent diffusion coefficient

(ADC) maps, calculated from a mathematical framework

proposed by Stejskal and Tanner in 1965.28 Lower ADC

values represent true impeded diffusion, while high signal

on both DWI and ADC represent T2 shine-through. In the

Stejskal and Tanner model, signal from the diffusion com-

ponent (SDIFF) decays exponentially according to the ADC

value, encompassing the length-based diffusion properties of

the system, and the b-value, encompassing effects of the

machine-controlled parameters:

SDIFF 5 S0 � e2ðb �ADCÞ

b 5 ðG2 � c2 � d2Þ � ðD2d=3Þ

where S0 is the signal at b 5 0 and c 5 the Lamor frequen-

cy of protons remaining parameters defined in Figure 1B.

Decay of the diffusion component of the signal (SDIFF) can

be enhanced by increasing the b value, which may be achieved by

increasing the diffusion time D, gradient strength G, or both. In

this setting, only tissues that have high levels of impeded water

will retain signal. These properties explain why DWI has been so

widely investigated as a tool for oncologic imaging: highly cellu-

lar tumors have increased volumes of restricted intracellular water

and should theoretically exhibit high signal on conventional

DWI and low values on the quantifiable ADC maps.

While powerful, this framework has several limitations:

As a composite measure, the standard DWI measurement of

the apparent diffusion coefficient (ADC) reflects the average

molecule displacements of water molecules within the imaging

voxel and does not differentiate diffusion signals stemming

from separable tissue sub-compartments (e.g. intracellular and

extracellular spaces). This limitation in the ability to distin-

guish signals from different sub-compartments likely contrib-

utes to the suboptimal sensitivity and specificity of ADC in

discriminating cancer from healthy tissue.9–12 This issue is

further compounded in the setting of iatrogenic changes to the

tumor microenvironment such as postbiopsy hemorrhage.29

Additionally, DWI does not take advantage of information

from the T2 component of the signal nor the geometric infor-

mation embedded in the mechanism of signal acquisition.

Finally, conventional DWI images are subject to significant dis-

tortion from B0 magnetic field inhomogeneities created by

material interfaces, patient geometry, and eddy currents,30 lim-

iting DWI’s role in discerning anatomic localization for biopsy,

cancer staging, and treatment planning.

Restriction Spectrum Imaging
Theory and Acquisition

The major advantage of RSI over most other diffusion tech-

niques is that it uses diffusion data collected with multiple

gradient directions and b-values (termed a “multi-shell”

acquisition), together with an advanced linear mixture mod-

el to resolve a spectrum of length scales (hence, “restriction

spectrum imaging”)25 while simultaneously acquiring geo-

metric information.24 This is accomplished using a linear

mathematical framework allowing reasonable computation

times. In addition, because the multi-shell sequence acquisi-

tion used for RSI captures information across a broader set

of variables than conventional DWI, RSI has the potential

to be normalized across institutions, unlike ADC, which

remains machine and technique dependent. In the future,

this may eliminate one of the major roadblocks that have

undermined clinical application of ADC maps.

For prostate MRI, RSI is used to separate restricted diffu-

sion within small spherical cells from extra-cellular hindered

and free water compartments. RSI cellularity index (RSI CI),

derived from the spherically restricted diffusion signal, has dem-

onstrated correlation to the nuclear-cytoplasmic ratio in a simu-

lated cancer cell model28 and shows great promise as a

quantitative imaging biomarker. Finally, RSI incorporates an

advanced postprocessing technique for distortion correction

based on the reverse phase encode method29 that allows for

accurate colocalization with fast spin-echo T2-weighted sequen-

ces for discrete anatomic precision.30–32 Importantly, RSI main-

tains the many strengths of conventional DWI, including high

signal-to-noise ratio (SNR) and does not require a separate

pulse-sequence or additional scan time. The mathematical

foundations of RSI have previously been described in detail by

White et al.24 That manuscript also includes a discussion of

other advanced diffusion-based techniques.

Protocol
The current institutional prostate RSI protocol uses non-zero

b-values of 125, 375, and 1000 s/mm2 with 6, 6, and 15 diffu-

sion gradients, respectively (Table 1 and Fig. 2A) using a cardi-

ac coil on a 3.0 Tesla (T) GE (Milwaukee, WI) platform.

Following postprocessing (described below), RSI Cellularity

Maps, acquired using the parameters outlined in Table 1, are

Brunsing et al.: Prostate MRI with Restriction Spectrum Imaging: A Review
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fused to axial T2w images. Currently, all patients who undergo

prostate MRI at our institution receive RSI as part of their

exam in addition to current standard-of-care sequences; axial

T2w images, axial dynamic contrast enhanced images (DCE),

and axial DWI images (b 5 0 and 1000) with ADC map

reconstruction. For purposes of discussion, this collective pro-

tocol will be referred to as mpMRI1RSI. Furthermore, any

patients referred to our institution for prostate MRI receive

RSI as part of their exam. To date, RSI has been acquired on

both GE and Siemens (Erlangen, Germany) 3T scanners.

RSI Postprocessing in PCA

Compartmental Filtering
As discussed above conventional DWI does not reliably and

predictably differentiate between the intracellular and

extracellular water compartments, which demonstrate dis-

tinct diffusion properties (SDIFF) and T2 signal characteris-

tics (ST2), and likely have distinct implications in tumor

detection, characterization, localization, and treatment. Sig-

nal diffusion-based techniques, including RSI (SRSI), is the

sum of unique signals from the hindered (SH) and restricted

compartments (SR) as well as signal from free water (SF):

SDWI=RSI 5 SHðHinderedÞ1SRðRestrictedÞ1SFðFreeÞ:

Upon closer investigation into the diffusion characteristics

of the two compartments (Fig. 2A), it is clear that water in

the extracellular compartment has essentially unlimited

range to travel, while intracellular water is confined by the

walls of the cell. (Note: in reality there is exchange of water

between the intra- and extracellular compartments, however,

on the time scales used in RSI exchange effects are small.31)

Therefore, as one increases the diffusion weighting, e.g., by

increasing the diffusion time D, signal drops out more

quickly in the extracellular compartment. At high b values,

signal from intracellular water can be isolated (Fig. 2A). In

this setting, increasing signal correlates with increasing intra-

cellular water and thus tissue cellularity (Fig. 2B). RSI uses

multiple b-values to separate a spectrum of length-scales,

which correlate with distinct compartments within a tissue.

In the setting of PCa, signal from this highly restricted

intracellular compartment is highlighted. This concept

forms one of the two foundations of PCa RSI cellularity

maps.

Geometric Filtering
The second foundation for RSI cellularity maps comes from

the ability to simultaneously separate water fractions based

on geometric information. Using advanced postprocessing

FIGURE 2: Foundations of RSI, compartmental filtering. A: With time, the signal from hindered water dissipates more quickly than
that from restricted water (darker green indicates greater signal). B: Signal from RSI increases with greater cell density.

TABLE 1. Prostate RSI Protocol

Coil: cardiac, no endorectal coil is required

Repetition time: 9900 ms

Echo time: 69-72 ms

Field of View: 200-260 mm

Matrix: 96396

Slice thickness: 3.0 mm

b values (s/mm2):

0: alternate phase encoding direction for distortion
correction

125: 6 diffusion gradient directions

375: 6 diffusion gradient directions

1000: 15 diffusion gradient directions

Journal of Magnetic Resonance Imaging
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techniques discussed,24,32,33 the high number of distinct gra-

dient directions (Fig. 3A) allows for water exhibiting isotro-

pic (spherical) diffusion (as would be seen within tumor cell

that is small and round, for example) to be distinguished

from water exhibiting anisotropic (cylindrical) diffusion (as

would be seen in axons, for example), similar to the diffu-

sion tensor based techniques used in tractography27 (Fig.

3B). For PCa, RSI cellularity maps represent isotropic diffu-

sion signal.

In summary, RSI uses a range of high b-values and

multiple diffusion gradients to simultaneously separate mul-

tiple length-scales / compartments and geometric informa-

tion, respectively. In the setting of PCa, RSI cellularity maps

are tuned to highlight signal from highly restricted spherical

compartments of water, such as those expected in small

round tumor cells.

Nuclear Volume Fraction filtering
The concept of an imaging biomarker centers on the usage of

quantitative information derived from medical imaging to

guide preclinical development and clinical decision making.34

Imaging biomarkers hold great promise in personalized cancer

care,35 where matching the patient to the appropriate thera-

peutic regimen will become increasingly complex and impor-

tant. Despite a great deal of focus on the use of ADC as an

imaging biomarker in oncology,36 overlap between theoretical

reference ranges37 and confounding results38 continue to make

clinical guidance using ADC values untenable. New techniques

are needed to build upon the promising, but thus far unreal-

ized, quantitative potential of diffusion-based imaging.

In PCa, one area where imaging biomarkers could pro-

vide valuable clinical guidance would be in predicting Glea-

son grade. RSI approaches this by using the T2 properties of

the intracellular space. The inherent T2 values of the nucleus

and cytoplasm differ substantially measuring approximately

65 ms and 25 ms, respectively31 (Fig. 4A). As the ratio of

nuclear to cytoplasmic space increases, the percentage of

intracellular water contained within the nucleus correspond-

ingly increases. This percentage has previously been termed

the nuclear volume fraction (NVF),33 and correlates with the

histopathologic concept nuclear-to-cytoplasmic ratio.

As NVF increases, the effective T2 of the intracellular

space and thus the signal ST2 also increase (Fig. 4B). Note that

the diffusion characteristics (SDIFF) of the nucleus and cyto-

plasm are the same. Therefore, when the underlying cellularity

remains unchanged, increased signal within a voxel on the RSI

cellularity map represents a proportional increase in NVF

within that voxel (Fig. 4B) due to increasing ST2. An example

is provided in Figure 4c. The glioblastoma in the left panel

(WHO grade 4) demonstrates high signal on the RSI Cellular-

ity map, correlating with the small isotropic cells seen on the

histopathological section and with a high NVF.

Conversely, there is minimal RSI signal on the WHO

grade 2 glioma in the right panel, correlating with the lower

NVF seen on the histopathological section. By normalizing to

remove effects from the diffusion component, NVF can be

mathematically estimated from RSI cellularity map (RSI-CM)

data acquired at multiple echo times. Within this framework,

one would theoretically expect the RSI Z-scores (referred to as

“cellularity index,”39 calculated below) to correlate with NVF.

Preliminary data obtained from the application of prostate MRI

suggests that this is true40,41 as discussed below. This represents a

major advancement beyond current DWI, which is indifferent to

intracellular changes in histopathologic architecture.

In practice, the approach has been to calculate the

mean value (MVN) and standard deviation (SDN) of RSI

FIGURE 3: Foundations of RSI, geometric filtering. A: Schematic outlining the basic parameters of the RSI multishell acquisition,
with opposed phase encoding gradients in the b 5 0 acquisition used for distortion correction and 6, 6, and 15 nonparallel gra-
dients for the non-zero b values. B: Using this data, RSI can simultaneously acquire length-scale distribution data and geometric
information, allowing isolation of isotropic and anisotropic orientation data. In prostate cancer, RSI is used to isolate signal from
highly restricted and isotropic water.
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signal per voxel from a normal region of the tissue in ques-

tion. This can be done from individual or pooled patient

data. The RSI cellularity index (CI) (representing the Z-

score) can then be calculated as:

RSI CI 5 ðRSI-CM VOXEL SIGNAL2MVN Þ=SDN

Distortion Correction
DWI is prone to image distortion due to B0 magnetic field

inhomogeneities.30,33 Distortion can lead to misregistration

of signal by up to 13 mm32 and is of particular importance

in the phase-encoding direction because of the time between

sample points. This carries large implications for cancer

staging.42 Dilemmas at critical treatment decision points can

arise when tumor margins approach important anatomic

landmarks or when suspicious lesions detected outside the

primary mass do not declare themselves as benign or malig-

nant. To address this, RSI uses a distortion correction tech-

nique based on the acquisition of b 5 0 images with

opposite phase encoding polarizations43 (Fig. 5A). This

technique has been applied to the PCa RSI protocol32 and

FIGURE 4: Foundations of RSI, nuclear volume fraction. A: The inherent T2 signal of the cytoplasm and nucleus differ substantially.
B: Increasing nuclear volume fraction (NVF) results in a corresponding increase in effective T2. As the nucleus and cytoplasm
exhibit similar diffusion properties, this change in effective T2 can be measured and used to calculate NVF.

FIGURE 5: Foundations of RSI, distortion correction. Opposed phase encode gradients are used to cancel out distortion caused
by magnetic field inhomogeneities (A), allowing for the fusion of RSI cellularity maps with high resolution anatomic images (B).
These fused images are the foundation of clinical RSI interpretation.

Journal of Magnetic Resonance Imaging
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others, allowing RSI cellularity maps to be fused to high res-

olution T2-weighted sequences for detailed anatomic locali-

zation (Fig. 5B) on a voxel-by-voxel level.

In PCa, distortion correction is particularly valuable

for identifying extra-prostatic extension (EPE) beyond the

capsule, which has important staging and surgical implica-

tions.5,42 In a proof of concept study by Rakow-Penner

et al, fused T2-RSI images with distortion correction dem-

onstrated improved sensitivity for EPE in prostate cancer

patients (8/9, 89%) versus standard of care mpMRI alone

(2/9, 22%).44 Notably, this was a nonblinded pilot study

with small patient numbers. While theoretically possible to

apply to conventional DWI, most current clinical protocols

do not use distortion correction.

Summary of Filtering Techniques
For prostate MRI, RSI provides a direct estimate of tissue cel-

lularity by isolating signal from isotropic intracellular water,

uses T2 signal characteristics to provide quantitative informa-

tion about nuclear volume fraction, and incorporates distor-

tion correction techniques allowing fusion of RSI cellularity

maps with high spatial resolution imaging. While the first and

last of these are theoretically possible with conventional DWI,

they are not widely used. The other two, which represent

advancements for quantitative imaging, are unique to RSI. A

comparison of the two approaches can be found in Table 2.

Interpretation of Prostate MRI with RSI:
Existing Data

Next follows a summary of publications to date demonstrat-

ing the utility of RSI as an imaging biomarker for prostate

cancer detection, in vivo characterization, and localization/

targeting.

Cancer Detection
Cancer treatment begins with cancer detection. Diffusion-

based techniques are attractive as a tool in cancer detection giv-

en their high conspicuity and fast acquisition and have already

proven clinical utility in prostate cancer.3–6,8–16 However, as

noted earlier, these techniques remain marred by several limi-

tations including suboptimal sensitivity and specificity.9–12

The power of RSI as a tool for cancer detection was

initially demonstrated by work with intracranial neoplasms.

In a study evaluating 10 patients with CNS malignancy, RSI

demonstrated (i) increased tumor conspicuity and (ii) greater

sensitivity/specificity (based on receiver-operating characteris-

tic curve data) in delineating malignant tissue from normal

white matter tracts (which can also exhibit some degree of

impeded diffusion) as compared to DWI images and ADC

maps derived from b-values of 500, 1500, and 4000.49 Addi-

tionally, bevacizumab treatment of intracranial neoplasms can

be associated with regions of persistent DWI signal despite

elimination of the underlying tumor, so called bevacizumab-

related imaging abnormalities (BRIA).50 In fact, the presence

of impeded diffusion following bevacizumab treatment of

malignant gliomas correlated with improved overall survival,51

suggesting prognostic value. RSI demonstrated increased sen-

sitivity in detecting areas of persistent restricted diffusion rela-

tive to conventional DWI, and when combined with relative

cerebral blood volume measurements may be able to differen-

tiate BRIA from residual tumor.45,46 Prior manuscripts have

presented and discussed the promising results using RSI in

intracranial neoplasms.33,45–48

In PCa, McCammack et al directly compared the

detection capacity of RSI cellularity maps to that of quanti-

tative maps from current mpMRI sequences,40 namely DWI

(ADC) and DCE (Ktrans, Kep, and Ve). Tumors were defined

and graded by an experienced uropathologist using thin

whole-mount sections from 33 patients who underwent pre-

operative mpMRI1RSI before radical prostatectomy. Corre-

sponding regions of interest (ROIs) were drawn on T2w

images by an experienced radiologist, and subsequently cross

referenced to the above quantitative maps for direct compar-

ison of histopathological results and imaging data. RSI CI

significantly outperformed ADC values in differentiating

tumor from normal tissue. Both RSI and ADC significantly

outperformed DCE-based measures40 (Fig. 6). The MRIs in

this study were acquired using a current clinical-grade pro-

tocol with a cardiac surface coil on a GE platform. No bow-

el prep or endorectal coil was required. These results

demonstrate that RSI can outperform current mpMRI tools

in detecting PCa as assessed by direct comparison to histo-

pathological data.

To evaluate the clinical performance of RSI in PCa

detection, McCammack et al conducted a retrospective

TABLE 2. Advantages of RSI

Compartmental
filtering

Geometric
filtering

Nuclear
fraction

Distortion
correction

DWI/ADC Possible No No Possible

RSI Yes Yes Yes Yes

DWI 5 diffusion-weighted imaging; ADC 5 apparent diffusion coefficient; RSI 5 restriction spectrum imaging.
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study of 100 patients (67 with pathologically proven pros-

tate cancer, 30 of which were high-grade) who underwent

mpMRI1RSI within 6 months of systematic biopsy or

prostatectomy.41 Studies were reviewed by three independent

radiologists.41 Analysis at both the sextant and hemigland

level demonstrated that mpMRI with RSI (area under the

receiver operating characteristics curve [AUC] 0.69 and

0.71, respectively) outperformed mpMRI alone (AUC 0.63

and 0.68). At the sextant level, the independent perfor-

mance of all three readers was significantly improved with

the incorporation of RSI. Moreover, inter-reader agreement

was higher when RSI was added to mpMRI. These results

demonstrate that RSI-MRI can outperform current standard

of care mpMRI in the clinical setting as well.

Additional data from this same study may have impli-

cations for PCa screening programs. Population screening

with serum prostate specific antigen (PSA) testing reduces

prostate cancer mortality, but is limited by PSA’s relatively

low specificity, which can lead to PCa over-detection and

over-treatment.52 In an abbreviated MR protocol using RSI

and T2 (RSI1T2) in the same cohort of 100 patients,

RSI1T2 was found to be at least as effective as convention-

al mpMRI in detecting high-grade PCa (primary Gleason

grade� 4). Moreover, variability in reader interpretations

was the lowest when RSI was evaluated in isolation, possibly

due to the increased conspicuity that makes RSI images easi-

er to read. Notably, this RSI1T2 protocol does not require

administration of contrast and can be acquired in less than

10 min on a GE Signa HDxt 3.0T machine using a cardiac

surface coil. Use of a more modern scanner would reduce

the time required even further. The combination of robust

delineation of disease, reproducibility of interpretation, and

ease of acquisition make this limited protocol an interesting

prototype for MRI-based PCa screening. It may also prove

valuable as a follow-up tool in patients who cannot tolerate

prolonged positioning in the MR scanner.

In Vivo Characterization
One of the primary goals of an imaging biomarker is to

inform clinical decisions. In cancer, pathological grading is

central to predicting tumor behavior. Due to the relatively

high prevalence of clinically indolent tumors, distinguishing

aggressive high grade tumors from lower grade lesions is

particularly important for the appropriate management of

PCa, as patients with lower grade disease may benefit from

active surveillance rather than curative treatment.52 Thus

tools that can reliably distinguish low grade from high grade

PCa are needed. RSI is well suited for evaluating tumor his-

topathology based on the fact that: cellularity maps can

highlight intracellular water, reflecting tissue cellularity (Fig.

2) and the RSI CI signal should increase with increasing

nuclear volume fraction (Fig. 4B). Both of these tissue char-

acteristics play a role in histopathological grading.

In a retrospective analysis of 36 tumors from 28

patients,39 Liss et al demonstrated that the RSI CI in

aggressive PCa (primary Gleason score of �4) was statisti-

cally different from lower grade lesions (primary Gleason 3

or less), while ADC values trended toward, but did not

achieve, statistical significance in this sample. This later

result is likely attributable to the small number of patients

in the study, as several prior studies have demonstrated a

statistically significant correlation between primary Gleason

grade and ADC value.53,54 For example, in a study of 131

men who underwent 1.5T MRI with an endorectal coil

before prostatectomy, Donati et al53 demonstrated a Spear-

man coefficient of -0.36 when ADC value (b 5 0,1000) was

compared with Gleason grade. They also showed that 10th

percentile ADC value can distinguish Gleason 6 from Glea-

son 7 lesions with and AUC of 0.76.53

Building upon the results of Liss et al,39 McCammack

et al40 (described above) compared Gleason grade from 33

tumors as determined on whole-mount section to RSI cellu-

larity, ADC, and Ktrans map values derived from preopera-

tive MRIs. Gleason grade was also compared with

preoperative PSA levels. RSI CI had the closest correlation

to Gleason grade (Spearman rank-order correlation coeffi-

cient (q) 5 0.53), outperforming ADC maps (q 5 -0.42,

negative value due to inverse relationship) and PSA levels

(q 5 0.36). An example case in which ADC was relatively

equivocal while RSI was positive can be seen in Figure 7A.

Ktrans values did not significantly correlate with Gleason

grade.40 Further analysis of these data demonstrated a strong

association between the upper quartile of the RSI CI for

each ROI and primary Gleason grade (Fig. 8A). Thus RSI

FIGURE 6: Receiver-operating characteristic curves for the
quantitative discrimination of prostate cancer from normal
peripheral zone. Areas under the curve are listed in the legend.
Used with permission from McCammack et al. PCAN, 2016.40
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CI reliably and predictably correlates with underlying histo-

pathology (Fig. 8B–D) (unpublished data).

Yamin et al further validated these findings at the

voxel level. Regions of tumor were identified by a uropa-

thologist on thin whole-mount sections from 10 patients

with PCa with presurgical MR imaging. The sections were

stained, scanned at high resolution (75 lm/pixel), and then

divided into voxel size tiles. Each tile was graded on the

Gleason scale and then compared with the RSI CI from

preoperative MRI. In total 2795 individual tiles were

reviewed and analyzed. On a voxel-by-voxel basis, RSI CI

was significantly different among benign (mean RSI cellular-

ity index 5 0.16), low grade (mean score 5 1.15) and high

grade disease (mean score 5 1.52) with increasing cellularity

index correlating to increasing Gleason grade. Thus RSI CI

correlates with Gleason grade at the voxel level, reflecting

variation within individual tumors.55

Localization and Targeting
Once cancer has been detected by screening PSA or imag-

ing, it must be confirmed by biopsy. Ultrasound-guided

biopsy with a minimum of 10–12 cores systematically sam-

pled from various regions of the prostate using a standard

template remains the gold standard for PCa diagnosis.52

However, the diagnostic yield of random systematic prostate

biopsy remains limited, and variations between biopsy Glea-

son sum and surgery Gleason sum are relatively common.

For example, in one study of 1113 men with prostate cancer

diagnosed with systematic biopsy, 27% of cases were

upgraded and 11% downgraded based on the radical prosta-

tectomy specimen.56

Promising results have demonstrated that targeted

biopsy using MRI, fused to ultrasound or using direct MRI

guidance, may improve the detection of clinically significant

disease while decreasing the diagnosis of clinically indolent

disease.57–59 One challenge with this approach is that tar-

geted biopsies alone may miss clinically significant lesions

found using current systematic biopsy methods.58,59 This is

thought to relate to imperfections in the diagnostic accuracy

of current mpMRI protocols, both in distinguishing PCa

from normal tissue and in identifying areas of high grade

disease within the tumor. Areas of clinically relevant disease

missed on imaging would naturally not be targeted for biop-

sy, while these sites may be found by chance using the sys-

tematic biopsy approach. In the prior sections “Cancer

detection” and “In vivo characterization,” we outlined data

demonstrating the superior detection accuracy of RSI over

current mpMRI, and showed that RSI CI strongly correlates

FIGURE 7: A: RSI guided biopsy where ADC is equivocal, but RSI clearly identifies the lesion. B: RSI guided biopsy finds high
grade disease after repeated negative systematic biopsies. Modified with permission from McCammack et al. PCAN 2016.40

FIGURE 8: A: Correlation between primary Gleason score and RSI cellularity index, using the same data presented in McCammack
et al. PCAN, 2016,40 reanalyzed to show the top quartile for each ROI. Benign, 0–1.5; Primary 3, 1.5–3; Primary 4, 3–4.5; Primary
5, > 4.5. B: RSI cellularity map in color. C: RSI cellularity map in gray-scale, showing the RSI cellularity index for the indicated ROI.
D: corresponding whole-mount histopathology slide with the tumor outline in blue.
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with Gleason grade. This combination of assets suggests

that areas of high-grade disease can be identified and direct-

ly targeted under RSI guidance, potentially increasing sam-

pling yield and diagnostic accuracy while reducing the need

for repeat procedures.

Distortion correction techniques also carry implica-

tions for targeted biopsies. Rakow-Penner et al developed

distortion maps derived from direct comparison of pre- and

postdistortion corrected images from preoperative MRIs of

27 PCa patients. Their findings demonstrate that uncorrect-

ed diffusion weighted images can have spatial registration

errors of up to 13 mm (SD 3.1)32 or up to one third of the

prostate gland itself. Misregistration on that scale could have

significant deleterious effects on targeted biopsy, as well as

staging and treatment planning. Correction for spatial dis-

tortion opens the door to image-guided targeting of small

volume lesions suspected to be high-grade disease. This

would overcome one of the major limitations of systematic

biopsy, which can miss smaller lesions.60,61

A previously published example demonstrates the pow-

er of this approach, with RSI guided-biopsy revealing Glea-

son 4 1 3 disease in a patient who had three previous

negative systematic biopsies (Fig. 7B).40 While systematic

biopsy currently remains the gold standard for diagnosis in

patients undergoing initial prostate biopsy, RSI can serve a

role in identification of biopsy targets, particularly in

patients who have undergone at least one prior negative

prostate biopsy.62

Interpretation of Prostate MRI with RSI:
Clinical Practice

The studies presented above demonstrate that the addition

of RSI (mpMRI1RSI) provides superior diagnostic accuracy

in both computer-based and clinical radiologist-based detec-

tion of prostate cancer as compared to current standard-of-

care multiparametric MRI. Given these findings, we now

incorporate the RSI sequence into all prostate MRIs at our

institution, with the fused axial T2 1 RSI cellularity maps

forming the foundation for RSI interpretation (Fig. 5B). In

practice, the same principle outlined for interpretation of

ADC in the PIRADS version 2 (v2) guidelines are applied

to the RSI cellularity map (RSI-CM). Information from the

ADC map and RSI-CM are interpreted in conjunction for

initial scoring of peripheral zone lesions; in keeping with

PIRADS v2 principles (Fig. 9A). Conversely, transitional

zone lesions are primarily scored using findings from T2w

images with RSI-CM used in conjunction with ADC maps

to further characterize T2w grade 3 lesions; also in line with

PIRADS v2 guidelines (Fig. 9B). Moreover, the data out-

lined above also underscore that the RSI CI, derived from

the RSI cellularity maps, strongly correlates with histopatho-

logical Gleason grade down to the voxel level. In light of

these results we sometimes include a predicted Gleason

score on MRI reports based on the RSI CI (Fig. 9C), as

guided by data in Figure 8A. The reported RSI CI is deter-

mined by drawing an ROI that incorporates approximately

half of the suspicious lesion, with care taken to avoid lesion

margins. The RSI CI is tabulated from the top quartile cut-

off within the ROI.

Future Applications

As discussed above, there is great interest in developing

robust, cost-effective, prostate cancer screening tools. The

work by McCammack et al41(see Cancer Detection section)

demonstrated that an abbreviated protocol combining RSI

and T2w images alone is as sensitive in detecting prostate

cancer as mpMRI. This protocol can be acquired in less

than 10 min on a GE Signa HDx 3T scanner, with the

potential for even faster times on more modern systems.

One of the major critiques of using MRI as a screening tool

is the cost. As a significant portion of the cost of MRI is

attributable to the length of acquisitions, shorter protocols

could lead to a decrease in the cost of an MRI. Moreover,

limiting the number of sequences should increase the speed

of interpretation, which may provide an additional source of

cost savings. Future efforts will be needed to determine if

this abbreviated RSI 1 T2w protocol can offer an alternative

to current screening methods.

An added benefit of using MRI for screening is that

images can subsequently be used for targeted biopsy. The

above-described distortion correction techniques combined

with improved diagnostic performance over conventional

MRI tools suggest that RSI is well suited for image-guided

biopsy and targeted therapy. Thus, fast acquisition RSI-

based screening studies could subsequently be used for biop-

sy guidance with increased diagnostic yield and assist in

FIGURE 9: Proposed follow-up guidelines based on PIRADSv2
incorporating RSI-MRI. A: Peripheral zone. B: Transitional zone.
C: Predicted Gleason score based on RSI Cellularity index (CI).
*using PIRADSv2 guidelines for conventional DWI; **using
PIRADSv2 guidelines for dynamic contrast enhancement;
***using PIRADSv2 guidelines for T2-weighted images
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treatment plan development at no additional cost. Direct

comparison of RSI-guided biopsy against current standard-

of-care systematic biopsy will be needed.

Future studies should be aimed at vetting the associa-

tion between Gleason grade and RSI CI. With further

refinement there may be instances where imaging-based

evaluation of tumors will obviate the need for biopsy alto-

gether leading to additional cost savings while avoiding the

small, but not inconsequential, risk of complications follow-

ing biopsy.

DWI evaluation of prostatic lesions is sometimes com-

plicated by hemorrhage and inflammation post biopsy.29

However, as discussed previously, RSI is specific for areas of

high cellularity (Figs. 3 and 5B) and should be less suscepti-

ble to the effects of extracellular edema or blood products.

This concept was validated in a small study of patients with

CNS neoplasms, wherein RSI was superior to DTI in delin-

eating normal white matter tracts in the setting of peritu-

moral FLAIR hyperintensity,48 demonstrating the ability of

RSI to identify meaningful pathology despite regional

inflammation. Early clinical experience suggests a similar

trend in prostate cancer patients (unpublished data).

The principles that make diffusion-based techniques

attractive in prostate cancer are readily applied to other neo-

plasms. DWI is now included in routine MR protocols for

oncologic imaging at institutions around the world,63,64

with a strong correlation to tissue cellularity65 and progno-

sis36 in many abdominal and pelvic malignancies in addi-

tion to PCa. Despite these results, ADC values remain

difficult to apply in the clinical setting for reasons outlined

above, namely overlapping reference ranges and variable

reproducibility. RSI is currently being evaluated in several

abdominal and pelvic cancers where ADC maps have dem-

onstrated clinical utility: in cervical cancer to evaluate for

parametrial invasion,66 in rectal cancer to evaluate for exten-

sion through the mesorectal fascia,67 and in several tumor

types for identifying pathological lymph nodes.68 RSI also

has a potential role in evaluating suspicious renal lesions.

Oncocytomas in particular, present an important diagnostic

dilemma as these lesions can appear indistinguishable from

renal cell carcinoma on CT69 and anatomic MR70 sequen-

ces, yet are benign lesions that generally do not require sur-

gery.71 Other areas of active research include early

posttreatment assessment and whole body MRI.

Limitations

Like all diffusion-based techniques, RSI suffers from low reso-

lution and in most settings will be best used as an adjunct to

high spatial resolution sequences. Additionally, some normal

structures such as the spleen and spinal cord show inherently

high signal on RSI cellularity maps (Fig. 10). Thus, RSI will

be best applied as part of a multiparametric / multimodal

imaging protocol.

The application of RSI to PCa has been designed to high-

light the highly restricted isotropic water found in epithelial

cells. The findings that RSI CI correlates with Gleason grade

match segmentation studies wherein increasing epithelial cell

number correlated positively with increasing Gleason grade.72

However, other pathological changes such as decreased stromal

tissue and decreased luminal space have also been shown to cor-

relate with increasing Gleason grade,72 highlighting the com-

plex nature of the architectural changes that occur during

neoplastic dedifferentiation. Thus, another limitation of RSI is

that it may fail to identify some of the histopathologic features

that characterize increasing Gleason grade.

While the strength of RSI comes from being able to isolate

specific water fractions (e.g., intracellular water), other diffusion-

based techniques may prove more powerful for certain pathologi-

cal settings not focused on identifying highly cellular tissues. For

example, conventional DWI proves to be better than RSI at iden-

tifying edema in patients with CNS malignancy.45 Future studies

will be needed to clarify the pathological questions best suited to

each unique diffusion-based technique.

ADC values are technique and machine depen-

dent.36,37 This limits if not precludes the development of

generalizable parameters and reference ranges, a critical step

in the development of an effective imaging biomarker.34

While partially addressed by the normalization steps used in

calculating RSI cellularity maps, RSI techniques will need to

be standardized to avoid the technique variability that has

constrained comparison of ADC maps across sites.

Image distortion is a critical issue in the translation of

imaging findings to clinically actionable information. Differ-

ences on the scale of a millimeter can result in changes in

treatment plans. Thus the vetting and continued refinement

of distortion correction tools will be vital to the implemen-

tation of RSI in guiding patient care.

Focused efforts should initially be aimed at those

tumors where compelling data exists from the ADC litera-

ture, as some cancer patients may not benefit from RSI or

other advanced diffusion-based techniques. For example,

FIGURE 10: Limitations of RSI: normal structures with high sig-
nal on the RSI cellularity map include the spinal cord (green
arrow) and the spleen (blue arrow).
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evaluation of pulmonary nodules with DWI have had mixed

results. One study demonstrated no difference in ADC val-

ues between 18 malignant pulmonary nodules and 10

benign nodules,73 and a meta-analysis by Li et al raised

questions about the clinical utility of DWI in evaluating

pulmonary nodules.74 While usage of DWI contrast ratios

between the lesion in question and an internal control (for

example, the spinal cord)73,75 may help resolve some of

these issues, it is important to keep in mind that no single

tool will be adequate for all oncologic imaging.

In conclusion, diffusion-weighted imaging has proven

utility in PCa. Results to date suggest that RSI can build

upon the success of conventional DWI while addressing sev-

eral known limitations. RSI isolates signal from isotropic

restricted volumes of water to highlight regions of cellularity

with high conspicuity making it a powerful tool in PCa

detection and localization. An abbreviated protocol combin-

ing RSI and an anatomic T2-weighted image may offer a

viable option for imaging-based PCa screening, using a deci-

sion tree developed on current PIRADSv2 recommenda-

tions. RSI CI strongly correlates with Gleason grade making

imaging-based in vivo characterization a reality, while robust

distortion correction techniques allow RSI data to be clini-

cally applied in the setting of cancer staging, image-guided

targeted biopsy or therapy. With the advent of RSI, com-

bined with the continued development of other imaging

techniques, new standards in the early detection of malig-

nancy and improved therapeutic guidance are on the

horizon.
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