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Abstract

Purpose—To study the dependence of apparent diffusion coefficient (ADC) and T, on echo time
(TE) and b-value, respectively, in normal prostate and prostate cancer, using two-dimensional
MRI sampling, referred to as “hybrid multidimensional imaging.”

Materials and Methods—The study included 10 patients with biopsy-proven prostate cancer
who underwent 3 Tesla prostate MRI. Diffusion-weighted MRI (DWI1) data were acquired at b =
0, 750, and 1500 s/mm?2. For each b-value, data were acquired at TEs of 47, 75, and 100 ms. ADC
and T, were measured as a function of b-value and TE, respectively, in 15 cancer and 10 normal
regions of interest (ROIs). The Friedman test was used to test the significance of changes in ADC
as a function of TE and of T, as a function of b-value.

Results—In normal prostate ROIs, the ADC at TE of 47 ms is significantly smaller than ADC at
TE of 100 ms (P = 0.0003) and T at b-value of 0 s/mm? is significantly longer than T, at b-value
of 1500 s/mm? (P = 0.001). In cancer ROls, average ADC and T, values do not change as a
function of TE and b-value, respectively. However, in many cancer pixels, there are large
decreases in the ADC as a function of TE and large increases in T as a function of b-value.
Cancers are more conspicuous in ADC maps at longer TEs.

Conclusion—Parameters derived from hybrid imaging that depend on coupled/associated values
of ADC and T, may improve the accuracy of MRI in diagnosing prostate cancer.
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PROSTATE CANCER IS the second leading cause of cancer-related mortality in men in the
United States (1). MRI is currently the best noninvasive tool for imaging of prostate cancer
because of its high soft tissue contrast, multiplanar capabilities, and the potential for
providing unique biologic information not available with other imaging modalities.
Multiparametric MR imaging, including To-weighted imaging, diffusion-weighted MRI
(DWI), and dynamic contrast enhanced MRI (DCE-MRI), is a widely accepted tool for
diagnosis, local staging, and detection of recurrence of prostate cancer (2-9).

Combinations of data from T,-weighted imaging and DWI have been demonstrated to
improve diagnostic accuracy (10,11). A recent meta-analysis concluded that combination of
To-weighted imaging with DWI is a better tool for detection and overall evaluation of
prostate cancer compared with To-weighted images alone, and provides a pooled sensitivity
of 76% and specificity of 82% for detection of prostate cancer (12). Although this
improvement is encouraging, higher sensitivity and specificity are needed for routine
clinical applications of MRI.

Previous work using combinations of To-weighted imaging and DWI measured T, and
apparent diffusion coefficient (ADC) independently, and thus implicitly assumed that the T,
and ADC in each voxel are independent (10-12). However, studies of neuro-logical model
systems, such as ex vivo tissues of bovine optic nerve (13) and in vivo acute cerebral
infraction (14), demonstrated that T, and ADC are frequently coupled; that is, distinct
populations of water molecules in each voxel with specific paired T, and ADC values can be
identified. These different populations of water protons are probably heteroge-neously
distributed on a microscopic level. For example, previous work (13,15) suggests that, within
single voxels in brain, a population of water molecules that interacts strongly with myelin
sheath along nerves has both a short T, and restricted, anisotropic diffusion, and that other
populations of water molecules in the same voxel with different ADC and T, can be
identified. Multiple compartments with characteristic T, and ADC have also been identified
in muscle (16). Theoretical models of diffusion in tissue have included a compartment of
intracellular water with a long T, and a low ADC due to restricted diffusion (17). This
earlier work suggests that two-dimensional (2D) analysis can be used to analyze
heterogeneous tissues, and identify populations of water molecules characterized by specific
combinations of ADC and T,. This approach may pick out specific environments that are
likely to be associated with cancer, even in the presence of a large percentage of normal
tissue, and therefore might increase diagnostic accuracy. This is analogous to the use of
multidimensional nuclear MR spectroscopic methods to detect specific functional groups
and structural features in complicated molecules with a large number of resonances (18,19).
Does and Gore used this approach, which they referred to as ‘hybrid diffusion-weighted
imaging’, to study compartmentation in normal and ischemic rat brain (20).

Although this approach is accurately described as 2D imaging (or multidimensional imaging
if multiple independent parameters are interrogated), we refer to it as “hybrid imaging,” to
distinguish it from the previous imaging studies that used both T, and ADC, but treated
them as independent parameters. To acquire the “hybrid” data reported here, a diffusion-
weighted spin echo was used to sample echo time (TE) values and “b”-values, and the
resulting signal was detected with echo planar imaging (EPI) to produce a matrix of signal
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inten-sities associated with each image pixel. This method was used because it is compatible
with standard clinical pulse sequences available on Philips scanners.

Application of this principle to cancer has potential to produce new diagnostic parameters:
the ADC in each voxel can be measured as a function of TE and the T, can be measured as a
function of “b.” The dependence of ADC on TE and of T, on “b” may provide novel
diagnostic useful information. Thus, analysis of 2D hybrid datasets provides opportunities to
develop image-based markers that may help to differentiate cancer from normal prostate and
might also be sensitive to Gleason grade.

This pilot study is a first step toward evaluating the usefulness of the hybrid approach for
prostate cancer diagnosis. Prostate cancers were identified on MR images based on biopsy
results and contrast in T, and diffusion-weighted images. Hybrid data from preselected
regions of interest (ROISs) in prostate cancers and normal prostatic tissue are compared. As a
result, the study did not determine sensitivity and specificity of hybrid imaging for detection
of prostate cancer. Rather the goals were to determine whether T, and ADC change as a
function of “b” and “TE” and to compare the dependence of T, and ADC on “b” and “TE”
in normal prostate and prostate cancer.

MATERIALS AND METHODS

Patients

This HIPAA-compliant prospective study was approved by our Institutional Review Board,
and all participants provided written informed consent. Fifteen consecutive patients with
transrectal ultrasound (TRUS)-guided biopsy proven prostate cancer that were referred to
the Department of Radiology at our institution for a diagnostic MRI exam of the prostate
between April 2012 and October 2012 and consented to the study were recruited. A
minimum of six cores (range, 6—12) were obtained in each case (apex, mid-gland, and base
from each side). Of the 15 patients consented, three patients were excluded due to no
evidence of prostate cancer on MRI, and two patients were excluded because scaling
information regarding the signal intensity was lost during data transfer. Fifteen cancer
regions in the 10 remaining patients (average age 64.8 years, range 48—74 years; Gleason
score range 6-8, median 6; serum prostate-specific antigen (PSA) median 7.06 ng/mL, range
3.53-20.34 ng/mL) were identified on MRI.

MRI Protocols

All MR examinations were performed using a 3.0 Tesla (T) scanner (AchievaTX, Philips
Healthcare). An endorectal coil combined with a six-channel phasedarray cardiac coil was
used for all examinations. Immediately before the MR examination, 1 mg of glucagon was
injected intramuscularly to reduce intestinal motility. For anatomic reference, the entire
prostate was imaged in the axial plane, with slices positioned to be perpendicular to the
rectal wall, guided by sagittal images. The following images were obtained: axial, coronal,
and sagittal T, weighted turbo spin-echo (TSE) (slice thickness, 3 mm; echo time/repetition
time TE/TR = 115/4589 ms, 1 echo, TSE factor = 17, number of averages = 2), axial T1-
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weighted TSE (TE/ TR = 8.0/556 ms), axial T, maps (TR = 2000-2337 ms, TE = 0-100 ms,
with 20 ms increments), and axial DCE-MRI.

For hybrid DWI/T, measurements, diffusion-weighted images were acquired in the axial
plane with free breathing. The DWI pulse sequence was a standard pelvic prostate DWI
protocol (Philips Medical Systems, Netherlands) composed of a single spin echo module
with diffusion sensitizing gradients placed symmetrically around the 180 degree pulse,
followed by a single-shot EPI module for signal detection (180 x 180 mm? field of view
with 2.5 x 2.5 mm? in plane resolution, 128 x 128 reconstruction matrix giving a 1.4 x 1.4 x
3 mm3 voxel size). Data were acquired with b-values of 0, 750, and 1500 s/mm? and TEs of
47 ms, 75 ms, and 100 ms. TR was 3000 ms, spectrally adiabatic inversion recovery
(SPAIR) module was used for fat saturation; NEX = 4, total scan time was 7.0-8.7 min. In
this case, “TE” refers to the length of the spin echo diffusion-sensitizing module. This
provides a 2D, 3 x 3 array of measurements for each image pixel; each measurement is
associated with different “b” and “TE” values. Because a standard Philips DWI sequence
was used, increased TE at constant “b”-value resulted in increased separation between the
two diffusion gradients (A), and reduced gradient amplitude; “A” increased from 24.5 ms to
77.5 ms when TE was increased from 47 ms to 100 ms. The “8” was 11.8 ms and was
constant for all three TEs.

A water phantom was used to test the performance of the pulse sequence. The measured
mean ADC (2.20 x 1073 mm?/s) was consistent with the standard value for pure water at 20
C. In addition, studies of phantoms did not show any change in T, as a function of b-value
or any change in ADC as a function of TE.

Data Analysis

A radiologist with 10 years of experience in prostate MRI (AO) reviewed MR images
together with TRUS guided biopsy results. The tumor regions were identified as focal low
signal intensity lesions on To-weighted images, high signal intensity on diffusion-weighted
images, and homogenously dark foci on ADC maps in sextants that were biopsy positive.
Normal regions were identified in the peripheral zone as homogenously hyperintense areas
on To-weighted images, low signal on diffusion-weighted images, and high signal areas on
ADC maps in sextants with no tumor based on biopsy results. ROIs were drawn on T»,-
weighted images or ADC maps and were transferred to images acquired using the other
pulse sequences. The Gleason score for each tumor region was also recorded based on
sextant specific TRUS guided biopsy results. Voxel-wise T, values for each b-value were
calculated from signals acquired at the three TEs using a least-squares fit to the formula:

S(t)=A exp (—%) )

R, values (1/T,) were also calculated and used in 2D plots, to better represent the voxels
with very long T, values. Voxel-wise ADCs were calculated for each “TE” from signal
acquired at the three b-values, using a least-squares fit to the formula:
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S(t)=A exp(—bx ADC(TE)). (2

The contrast-to-noise ratios for cancers relative to normal tissue were estimated in ADC and
T, maps as a function of “TE” and “b,” respectively. The contrastto-noise ratio (CNR) was
calculated as:

CNR= (S, —Sys) /0 @3

where SC is the average signal in the cancer ROI, SNT is the average signal in the adjacent
tissue region including all voxels that are two voxels or less from the cancer ROI edges, and
s is the standard deviation of signal in the normal ROI outlined for the same patient.

Statistical Analysis

RESULTS

The Mann-Whitney U test was used to test for statistical significance in the ADC or T,
value differences between prostate cancer foci and normal prostate ROIs. The Friedman test
was used to test for statistical significance in the differences among ADC values measured
at different TEs, among T, values measured at different b-values, and among cancer ROI
contrast-to-noise ratios at different TEs and different b-values. The average ADC, T,, and
contrast-to-noise ratio value within an ROl were used in these statistical tests. All statistical
tests were two-sided. A P value less than 0.05 was considered to be statistically significant;
after a Bonferroni correction for 12 multiple comparisons, P < 0.0042 was considered
statistically significant.

Variation of ADC as a Function of TE

The average ADC values estimated from scans at different TE values all show a significant
difference between prostate cancer ROIs and normal prostatic tissue ROIs (Table 1). For
example, at TE=47 ms, the ADC averaged over all normal prostatic pixels in the selected
ROIs is 1.40+6 0.24 x 1073 mm?/s versus 0.89+6 0.23 x 1073 mm?/s averaged over all
pixels in the selected cancer ROIs, and this difference is statistically significant (P < 0.001).
In prostate cancers, the average ADC values do not change significantly as a function of TE;
the average ADC is 0.89+6 0.22 x 1073 mm?/s at TE = 47 ms and 0.95%6 0.32 x 1073 mm?/s
at TE = 100 ms. In contrast, the average ADC in normal prostatic tissue ROIls increases
significantly at longer TES; ADCrg=47 =1.40%6 0.18 x 10~ mm?/s and
ADC1g=100=1.660.19 x 1073 mm?/s (P=0.0003). The dependence of the calculated ADC
on TE is illustrated by the plots of the ADCtg=47 versus ADCyg=1go for each voxel in all
ROIs (Fig. 1A) Figure 1B shows the change in ADC as a function of TE on a pixel-by-pixel
basis (AADC; ADCyg=47-ADCtEg=100). The average AADC is much closer to zero for
cancer pixels (-0.026 x 10~3 mm?/s) than for normal tissue (-0.265 x 1073 mm?/s), and this
difference is statistically significant (P <0.001). Figure 1 demonstrates that for almost all
pixels in normal prostate ADCyg=1qg is greater than ADCyg=47, While in many cancer pixels
ADCyg=10g is less than ADCrg=47. An alternative interpretation of Figure 1 is that the
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difference between ADCrg=19¢ and ADCyg=47 decreases, and eventually becomes negative
as ADCrg=47 decreases.

Although ADCtg=190 and ADCtg=47 are significantly correlated, the range of different
ADCtg=10g values that correspond to each ADCyg=47 is large (typically greater than
twofold). The relationship between ADCrg=1990 and ADCrg=47 is significantly different in
cancers versus normal prostate. In cancer ROIs, the slope of the linear regression of
ADCtg=109 versus ADCrg=47 is 0.87, while in normal tissue ROIs the slope is 1.17 (P <
0.001). In regions of the plot in Figure 1B where there is significant overlap between
ADCqg-47 for cancer and normal tissue (between ADC1g=47=0.9 x 1073 mm?/s and 1.3 x
1073 mm?/s), the average AADC (ADCrg=47-ADCre=100) is less negative for cancer pixels
(-0.0760.17 + 1073 mm?/s) than for normal tissue (-0.2860.13 + 10~3 mm?/s), and this
difference is highly statistically significant when the pixels in the overlap region are treated
as independent data points.

Variation of T, and R, as a Function of b-Values

The average T values in selected ROIs in normal prostatic tissue and cancer are
significantly different: 330 £ 208 ms in normal prostate versus 106 £ 52 ms in cancer at b =
0 s/mm?2 (P = 0.003; Table 2). The average T values of cancer ROIs decrease slightly, but
not significantly, from 106 6 52 ms to 95 6 70 ms (P = 0.42), as b-value increases from 0 to
1500 s/ mmZ. In contrast, T in normal prostate decreases significantly (P = 0.001) with
increasing “b.” Ty.p=q is on average 330 £ 208 ms and Ty.p=1500 IS ON average 113 + 77 ms.
The results are illustrated by plots of the Ryo.p=¢ (1/T>5) versus Ro.p=1500, and DRy versus
Ro.p=g in Figure 2. Figure 2A demonstrates that for almost all pixels in normal prostate
R2.p=0 is less than Ro.p=1500, Whereas this is not true for cancer pixels. In Figure 2B, the
average ARy (Ro:p=0—R2:b=1500) is different for cancers (—0.0008 ms~1) than for normal
tissue (-0.007 ms™1), and this difference is statistically significant (P<0.001). While AR,
(R2:p=0—R2:b=1500) is almost always less than zero in pixels from normal prostate, ARy is
positive for over half of the pixels from cancers.

In both normal and cancer pixels, Ry-p=g and Ry-p=1500 are moderately correlated
(correlation coefficients are r=0.46 and r=0.36, respectively), and the correlation coefficient
between Rj.p-g and A(R2) are r=0.41 and r=0.64 (P<0.0001; see Fig. 2B). However, the
relationship between Ry.p=g and Ro-p=1509 is significantly different in cancers versus normal
prostate. In cancers, the slope of linear regression of Ry.p=g versus Ry.p=1500 i 0.32, while in
normal tissue, the slope is 0.53 (p<0.0001). In regions of the plot in Figure 2B where there is
significant overlap between Ry.,—q for cancer and normal tissue (between Ry.,-0=0.0075
ms~1 and 0.015 ms™1), the average AR, (Ro-p=0—R2:p=1500) is different for cancers
(-0.001+004 ms~1) than for normal tissue (—0.0066003 ms™1), and this difference is highly
statistically significant when the pixels in the overlap region are treated as independent data
points.

Figure 3A shows images of ADC at TE=47, 75, and 100 ms, and the subtracted images,
“ADCtg=47- ADCtg=100.” The increased contrast showing the tumor more clearly is
evident in the ADCrtg=100 image and the subtracted image. Figure 3B shows T, images for
the same cancer as in Figure 3A, at b=0, 750, and 1500 s/mm?. The contrast for cancer
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versus normal tissue is higher at low b-value, and in the subtracted image (T2:b=0-T2:b=1500)-
Figures 3C and 3D show bhox plots of average contrast-to-noise ratio (from Eq. (3)) for the
tumor ROIs compared with the surrounding tissue on ADC and T, maps, as a function of
“TE” and “b,” respectively. The contrast-to-noise ratio in ADC maps is significantly higher
(P=0.02) at TE=100 ms compared with TE=47 ms. Contrast-to-noise ratio in T, maps is
significantly higher (P=0.001) with b=0 s/mm? compared with b=1500 s/mm?.

DISCUSSION

In pixels with high To.p—q, primarily pixels in normal prostate, T, decreases markedly at
high b-values. In pixels with lower T,.=g, primarily tumor pixels, the average T, decreases
slightly with increasing b-value. However, in many pixels with low T».p=q, particularly
pixels identified as cancer, there are large increases in T with increasing b-value. In pixels
with higher ADCyg=47, primarily pixels in normal prostate, ADC increases as a function of
TE. In contrast, in pixels with lower ADCtg=47, primarily cancer pixels, there is relatively
little change in average ADC as a function of TE. However, in a large percentage of pixels
with lower ADCyg=47, predominantly pixels from cancers, there is a decrease in ADC as a
function of TE. Thus, the coupling or association between ADC and T, appears to be
markedly different in cancers compared with normal prostate.

The results suggest modest correlation between ADCs measured at different TEs, and
between T, values measured at different b-values. If the ADC at TE = 47 ms could be
reliably predicted from the ADC at TE = 100 ms, and if T at b=0 s/mm? could be reliably
predicted from T at b=1500 s/mm?, then hybrid, 2D imaging would not provide new
information. However, differences in the plots for cancer pixels versus normal pixels in
Figures 1 and Figure 2 suggest that this is not the case. The slopes of the linear regression
lines through data from cancer pixels and normal pixels, for plots of ADCyg-47 versus
ADCtg=10g and plots of Ry.p=q Versus R-p=1500, are significantly different. In addition, in
areas where ADCtg=47 and R,-p=g values for cancer and normal pixels overlap, changes in
ADC as a function of TE and R, as a function of b-value differentiate cancer from normal
prostate. These results suggest that the coupling/association between T, and ADC can
differentiate between cancer and normal tissue. However, it should be emphasized that these
results apply to the pooled data from all patients and all ROISs. It is not possible to evaluate
the diagnostic value of these relationships, based on the small number of cases reported
here.

The scatter around the best-fit lines through the plots in Figures 1A and 2A is large
compared with the expected random variation in ADC and R, measurements. For example,
the coefficient of variation for in vivo ADCs is reported to be approximately 14% in ROIs in
the liver, spleen, and pancreas (21). Although coefficients of variation due to random error
for single pixels are expected to be larger, the observed variations of twofold and greater in
the ADCyEg=47 values associated with each ADCtg=10g value, and the even larger variations
in the values of Ry.p= associated with each value of Ry.p=1500 (See Figures 1 and 2) may
reflect local biology and physiology. This suggests that hybrid imaging is sensitive to local
properties that may differentiate cancer from normal prostatic tissue, and cannot be detected
by conventional methods.
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These results are consistent with a simple model of prostatic tissue. Normal prostate tissue
has a large number of glands with large lumina. Fluid in the glandular lumina is likely to
have a long T, and a high ADC (22). The hybrid approach selects for water protons that
combine both of these characteristics. Strong diffusion sensitizing gradients attenuate signal
from rapidly diffusing spins in the glandular lumen, and thus emphasize shorter T, signals
from other regions of normal prostate. Alternatively, long echo times emphasize long T,
signals in prostatic glands, and these signals are characterized by a high ADC. Thus, our
data are consistent with the presence of at least two populations of water protons in the
normal tissue, one with long T, and high ADC, and one with comparatively shorter T, and
lower ADC. A large decrease in ADC at long TE, and a large decrease in T, at high b-value,
may be more reliable markers for high luminal volume fraction than either ADC or T,
measured independently.

Glandular luminal volume is lower in cancers than in normal tissue, with the percentage of
luminal volume decreasing on average as Gleason grade increases (23). As a result, the
average T» in cancers is generally shorter than in normal prostatic tissue. However, these
preliminary results suggest that “hybrid” measurements at high b-values detect a population
of water molecules with a relatively long T, within some pixels in cancer ROIs. This may
represent extracellular water with restricted diffusion through densely packed cancer cells
and a relatively long T, (16,24). Alternatively, this may represent intracellular water with
restricted diffusion, consistent with previous publications suggesting that intracellular water
in cancers has a relatively long T, compared with intracellular water in normal tissue (25).
In either case, a signal with long T, coupled to, or associated with low ADC may be
characteristic of cancers, and isolation of this signal using a hybrid approach may increase
diagnostic accuracy. Hybrid imaging might be particularly useful when cancers are diffuse
and intermixed with a large percentage of normal prostatic tissue. In such cases, hybrid
imaging could filter out the bulk signal from normal tissue, and identify a relatively small
population of cancer cells, based on specific combinations of coupled or associated
parameters, including T, and ADC.

The characteristics of different tissue compart-ments (e.g. intracellular, extracellular, lumen,
etc.) can be inferred from analysis of the dependence of ADC and T, on TE and b-value, as
discussed here. Alternatively, compartments could be evaluated more explicitly by fitting
hybrid data to two or more exponential terms, each a function of a different combination of
ADC and T, values, and each with an amplitude indicating the size of each compartment.
This approach might increase diagnostic accuracy, by reliably identifying specific
compartments with characteristics (e.g., ADC and T, values) associated with cancer. Scans
of more patients, with histopathologic correlation will be required to develop appropriate
models for hybrid data from normal prostatic tissue and cancers.

The results show that contrast between cancers and normal tissue, and morphologic detail
can be improved with hybrid imaging. Cancers were detected with higher contrast in ADC
maps acquired at longer TEs, and more complete sampling of the 2D parameter space may
identify parameters that produce ADC maps with maximum conspicuity of cancers.
Alternatively, data from 2D hybrid imaging could be used to synthesize ADC maps with an
optimal contribution from T, to maximize tumor conspicuity. In T, maps, cancers were
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most conspicuous with the nominal b-value set to zero. However, the true b-value for these
images was not zero because of the rapidly switching gradients used in the echo-planar
imaging sequence. Cancers might be detected with even higher contrast if pulse sequences
with minimal sensitivity to diffusion are used for signal acquisition. Alternatively, hybrid
data could be used to estimate a pure T, image with minimal diffusion-weighting.

This study has several limitations:

These preliminary results suggest that cancers and normal tissue can be separated based on
differences in the functional dependence of ADC on TE and of T, on b-value. However,
there are other plausible explanations for these results. For example, the results could simply
reflect differences between water protons with low and high ADC, or low and high T,. The
relationship between ADC and TE, and between T, and b-value may be nonlinear; this could
explain the apparent differences in the plots for cancer and normal pixels shown in Figures 1
and 2. More studies with phantoms and detailed correlation of hybrid data with
histopathology will be necessary to definitively test the diagnostic utility of hybrid data.

Hybrid analysis was performed on cancer and normal ROIs chosen by an experienced
radiologist according to the biopsy results, To-weighted images, and diffusion-weighted
images. Therefore, the study was not designed to evaluate the diagnostic accuracy of hybrid
imaging. Instead, the goal was to determine the interdependence of the ADC and T, and
characterize hybrid data from normal prostate and cancer. A larger clinical trial will be
required to evaluate diagnostic accuracy.

The study included data from a relatively small number of patients (n = 10) with a small
range of Gleason scores and cancer stages and, therefore, was not powered to precisely
define the characteristics of cancers and normal tissue, or to evaluate the sensitivity of
hybrid parameters to Gleason score. Because the subjects did not receive a prostatectomy,
detailed correlation of hybrid data with histopathology was not possible. A more rigorous
evaluation of the hybrid approach will require a study of patients who subse-quently receive
a prostatectomy.

In this study, a commercially available Philips DWI pulse sequence was used to acquire
hybrid data. For a constant “b” value, this sequence increases separation between diffusion
sensitizing gradients, “A,” and reduces the amplitudes of diffusion-sensitizing gradients as
“TE” increases. This may affect sensitivity to restricted diffusion (26). The SPAIR fat
suppression module may also affect the results.

The number and range of “TE” values sampled, and the number of b-values sampled was
modest. The shortest TE was limited by the slew rate, gradient duration (5) and the value of
A required to achieve large b-values. The number of values of “b” and “TE” sampled was
limited by the need to limit total exam times in these pilot studies. In the future,
improvements in pulse sequence design and dedicated research exams that allow more time
for hybrid data acquisition will address these problems.

Estimates of contrast-to-noise ratio were based on the assumption that the signal from
normal prostatic tissue surrounding lesions should be homogeneous, and that signal
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variation in these regions is primarily due to noise. More accurate estimates of contrast-to-
noise ratio and signal-to-noise ratio will require repeated hybrid acquisitions.

In conclusion, these preliminary results suggest potential advantages of 2D hybrid
acquisition and analysis of DWI and T, data for prostate cancer diagnosis. While
conventional “multidimensional” MRI implicitly considers T, and ADC to be independent,
the hybrid method considers T, and ADC as coupled or associated parameters. The ADC is
evaluated as a function of “TE”, and the T is evaluated as a function of b-value in each
voxel. This approach may produce new image-based markers for prostate cancer. In
addition, hybrid imaging provides new methods for increasing lesion conspicuity in MR
images and improving depiction of morphology, e.g., by producing ADC maps at long TEs,
or by calculating To maps with minimal sensitivity to diffusion. Although 2D diffusion- and
To-dependent hybrid imaging is discussed here, in principle this approach can be extended
to include a larger number of dimensions and contrast mechanisms (e.g., Tq, T>*,
magnetization transfer, spin tagging, etc.). The hybrid method presented here, as well as
generalizations of this approach, may pick out subpopulations of water protons in the micro-
environment that are associated with cancers and thus increase diagnostic accuracy.
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Figure 1.
A: A scatter plot of voxel-wise ADC values at two TEs. The dashed line is the identity line.

Red triangles are cancer pixels, green circles are normal pixels. The number of voxels (n)
and the Pearson correlation coefficient (r) are reported in the legend. B: A scatter plot of
voxel-wise ADCrg=47 versus ADCrge=47-ADCyg=100. Red triangles are cancer pixels; green
circles are normal pixels. The dashed line is the zero-difference line. The number of voxels
(n) and the Pearson correlation coefficient (r) are reported in the legend
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A: A scatter plot of voxel-wise 1/T, values estimated from scans at two different b-values.
Red triangles are cancer pixels, green circles are normal pixels. The dashed line is the
identity line. The number of voxels (n) and the Pearson correlation coefficient (r) are
reported in the legend. B: A scatter plot of voxel-wise 1/T5.p=g versus 1/T,.p=0— L/T2-p=1500-
Red triangles are cancer pixels, green circles are normal pixels. The dashed line is the zero
difference line. The number of voxels (n) and the Pearson correlation coefficient (r) are

reported in the legend.
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Figure 3.
A: Axial ADC images from a 71-year-old patient with prostate cancer are shown. Images

from left to right are: ADC at TE = 47, 75, 100 ms and the absolute value of the difference
image: ADCtg=47-ADCyg=19g (arrow points to cancer location: right mid medial, Gleason
score 8). Scale is the same for the first three images, and the last image was scaled from 0 to
the maximum signal in the difference image. The increased contrast showing the tumor
more clearly is evident in ADCtg=10g and the subtraction image. B: Same patient and slice
as in Figure 3a is shown. Conventional images of T, at b=0, 750, 1500 s/mm? and the
absolute value of the subtraction image, T2.p=0—T2:h=1500, are shown. All the images are set
to the same scale. Increased contrast appears in the cancer region (right mid medial, Gleason
score 8) compared with normal region (right mid lateral) at b=0 and in the subtraction
image. The images were scaled identically. C: Boxplot of estimated contrast-to-noise ratio
for ADC values in the 15 prostate cancer ROIs, at different TEs. D: Boxplot of contrast-to-
noise ratios for 1/T, values in the 15 prostate cancer ROIs, at different b-values.
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Table 1

Average ADC Values (x1072 mm?2/s) Calculated From Scans With Different TEs, for Prostate Cancer and
Normal Tissue ROIs

Echotime(ms) Cancer (n=15) Normal (n=10) P value"

47 0.89 £0.22 1.40+0.18 0.00009
75 0.93+0.26 1.55+0.20 0.00009
100 0.95+0.32 1.66 +0.19 0.00006
P vaIueT 0.94 0.0003

*
Mann-Whitney test comparing cancer and normal ROls.

TFriedman rank sum test comparing ADC values at 47, 75, and 100 ms.
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Table 2

Average To Values (ms) Estimated From Scans With Different b-Values, in Prostate Cancer and Normal
Tissue ROIs

b value (¥mm? Cancer (n=15) Normal (n=10) P value"

0 106 + 52 330 + 208 0.003
750 85+21 140+ 81 0.06
1500 95+ 70 11377 0.64
P valueT 0.42 0.001

*
Mann-Whitney test comparing cancer and normal ROls.

TFriedman rank sum test comparing T2 values at b=0, 750, and 1500 s/mm?.
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