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Purpose: To assess the optimal b-values range for perfusion-insensitive apparent diffusion coeffi-
cient (ADC) imaging of abdominal organs using short-duration DW-MRI acquisitions with currently
available ADC estimation methods.

Methods: DW-MRI data of 15 subjects were acquired with eight b-values in the range of
5-800 s/mm?. The reference-standard, a perfusion insensitive, ADC value (ADCpypy), wWas com-
puted using an intravoxel incoherent motion (IVIM) model with all acquired diffusion-weighted im-
ages. Simulated DW-MRI data was generated using an IVIM model with b-values in the range of
0-1200 s/mm?. Monoexponential ADC estimates were calculated using: (1) Two-point estimator
(ADC,); (2) least squares three-point (ADCj3) estimator and; (3) Rician noise model estimator
(ADCR). The authors found the optimal b-values for perfusion-insensitive ADC calculations by min-
imizing the relative root mean square error (RRMS) between the ADCrypv and the monoexponential
ADC values for each estimation method and organ.

Results: Low b-value = 300 s/mm? and high b-value = 1200 s/mm? minimized the RRMS between
the estimated ADC and the reference-standard ADCyypy to less than 5% using the ADC3 estimator.
By considering only the in vivo DW-MRI data, the combination of low h-value = 270 s/mm? and high
b-value of 800 s/mm? minimized the RRMS between the estimated ADC and the reference-standard
ADCryivm to <7% using the ADC; estimator. For all estimators, the RRMS between the estimated
ADC and the reference standard ADC correlated strongly with the perfusion-fraction parameter of
the IVIM model (r = [0.78-0.83], p < 0.003).

Conclusions: The perfusion compartment in DW-MRI signal decay correlates strongly with the
RRMS in ADC estimates from short-duration DW-MRI. The impact of the perfusion compartment
on ADC estimations depends, however, on the choice of b-values and estimation method utilized.
Likewise, perfusion-related errors can be reduced to <7% by carefully selecting the b-values used for
ADC calculations and method of estimation. © 2012 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4736516]
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Il. INTRODUCTION

Diffusion-weighted MRI (DW-MRI) is a noninvasive imag-
ing technique sensitive to thermally driven motion of wa-
ter molecules inside the body. This motion is usually repre-
sented with a monoexponential model with the apparent dif-
fusion coefficient (ADC) as its parameter.' The ADC plays an
increasingly important role as a quantitative biomarker for
many clinical applications including its ability to differenti-
ate between benign and malignant lesions;’ evaluate tumor
aggressiveness;® perform early assessment of tumor response-
to-therapy;*° evaluate the extent of liver fibrosis;’ and as-
sess the extent of Crohn’s disease!®!! as well as other dis-
eases that are best evaluated with DW-MRI. Moreover, accu-
rate estimates of ADC have been demonstrated as critical to
diagnosing, evaluating, and monitoring these pathologies with
precision.'>14

Depending on the acquisition parameters, in vivo mea-
surements of the DW-MRI signal decay and its associated
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ADC can reflect a slow diffusion component associated with
the Brownian motion of water molecules combined with a
fast diffusion component associated with the bulk motion of
intravascular molecules in the tissue micro capillaries.'>'®
When using the monoexponential model, however, this
combination may produce an overestimate of the ADC
values.

While the more complex intravoxel incoherent motion
(IVIM) model'” is able to separate the diffusion compart-
ment from the micro capillaries’ blood flow; this technique re-
quires long-duration acquisitions with multiple b-value DW-
MRI to encompass the wide range of fast diffusion decay due
to perfusion, and similarly, slow diffusion decay due to pure
diffusion. '

Such extended imaging, however, is not always desirable
or feasible in routine clinical imaging, as increased scan times
needed to acquire multiple b-values may likewise prolong se-
dation or anesthesia, and may result in poor image quality
due to motion artifact.'® Short-duration DW-MRI acquisitions
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capable of providing accurate, perfusion-insensitive, ADC es-
timates are therefore of broad clinical interest.

Yamada et al.,' for example, suggest using intermedi-
ate and high b-values (e.g., 300 and 1100 s/mm?, respec-
tively) to approximate true diffusion using the monoexponen-
tial model while Padhani ez al.”® suggest using a lower b-value
> 100 s/mm? to obtain perfusion-insensitive ADC mea-
surements. However, these studies are limited by the fact
that neither performed a detailed quantitative analysis to
identify optimal b-values. Although several papers have
examined the choice of b-values for ADC calculations by
evaluating the performance of the estimated ADC as a quanti-
tative biomarker for various applications (usually for a spe-
cific pathology);'>"'* these analyses may represent overfit-
ting of the b-values to the clinical diagnostic question rather
than to the pure diffusion measurements which are of inter-
est. Moreover, the above-mentioned studies were limited to a
specific ADC estimation method—most often the two-point
estimator for two b-value images'>?! or the least-squares es-
timator for more than two b-value images.'>"'* Recently, sev-
eral groups have shown that the accuracy of parameter es-
timates may be improved by using a Rician noise model
to approximate the actual noise in diffusion-weighted MRI,
though this approach may, at the same time, increase the vari-
ance of the estimates.?>>* Specifically, Walker-Samuel et al.
have demonstrated that by maximizing a Rician likelihood
function, body DW-MRI can produce ADC estimates that
are more accurate (but with higher variance) than the least
squares estimator, which implicitly assumes a Gaussian noise
model.?

In our experiment, we set out to quantitatively identify the
range of b-values that provide ADC estimates of abdominal
organs, less contamination from perfusion phenomena. We
then compared our results to diffusion measurements from the
IVIM model, specifically against the various ADC estimation
methods in current clinical use.

Il. MATERIALS AND METHODS

We carried out the study according to a protocol approved
by our Institutional Review Board. MRI was retrospectively
collected from 15 subjects [Nine males and six females with a
mean age of 14.13 (range 7-24, std 4.09)] that underwent an
abdominal MRI study between September 2010 and March
2011 due to suspected Crohn’s disease. Abdominal organ
findings in these subjects were normal.

Il.LA. MR imaging acquisition

The MRI imaging data of the abdomen was acquired using
a 1.5 T unit (Magnetom Avanto, Siemens Medical Solutions,
Erlangen, Germany) and a body-matrix coil and spine array
coil for signal reception. The data were acquired with a free-
breathing single-shot echo-planar imaging sequence using
the following parameters: repetition time/echo time (TR/TE)
= 6800/59 ms; SPAIR fat suppression; matrix size = 192
x 156; field of view = 300 x 260 mm; slice thickness/gap
= 5 mm/0.5 mm; nominal diffusion time (A) = 25 ms; max-
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imum gradient amplitude (Gp.x) = 2 G/cm; 40 axial slices; 8
b-values = 5,50,100,200,270,400,600,800 s/mm? with 1 av-
erage. To acquire four images at each b-value with an over-
all scan acquisition time of 4 min, a tetrahedral gradient
scheme first proposed by Conturo et al.?® was used. Next,
trace-weighted diffusion images at each b-value were gener-
ated using geometric averages of the images acquired in each
diffusion sensitization direction.?’

II.B. Quantitative MR image analysis
II.B.1. Reference-standard diffusion measurements

The IVIM model, first introduced by Le Bihan,!” accounts
for both diffusion and perfusion effects on the signal decay

s; = so(f exp(=b;(D* + D)) + (1 = f)(exp(=b;D))) (1)

where s; is the observed signal with b-value:b;; s is the base-
line signal (without any diffusion attenuation); f is the per-
fusion fraction; D* is the perfusion compartment; and D is
the diffusion coefficient. We estimated the model parame-
ters for each voxel, using eight b-value images that were
acquired with the estimation method proposed by Freiman
et al.”® Finally, we defined the IVIM model D parameter,
which represents the perfusion-insensitive diffusion compart-
ment, as the reference standard ADC (ADCpyv) for all of our
experiments.

1l.B.2. Regions of interest annotation

Abdominal organs, including the liver, spleen, and kid-
neys, were entirely segmented using the semiautomatic
ITK-SNAP software tool” to define the ROI for ADC
calculations. The initial manual annotation and the semiauto-
matic segmentation were performed on the DW-MRI image
with b-value = 5 s/mm?.The kidneys were further separated
into the cortex and medulla regions using graph min-cut
segmentation®® based on ADCyypy values derived from their
respective diffusivity properties.’!

II.B.3. Simulated data experiment

DW-MRI data were simulated from the estimated paramet-
ric maps at each voxel using Eq. (1) with b-values in the fol-
lowing ranges: 0-300 s/mm? with gaps of 25 s/mm?, 400, and
600-1200 s/mm? with gaps of 25 s/mm?.

Images were corrupted by Rician noise with each channel
Gaussian noise of u = 0 and o = 8 representing the actual
noise level observed in clinical DW-MRI.

Next, the commonly used monoexponential diffusion
model’

si = so exp(—b; ADC) (2)

was fitted to the simulated images using the following three
estimators:
1. Two b-values estimator (ADC,):!»32

Ins; —Insy

= ADC 3
by — b 3
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TABLE I. Summary statistics of IVIM and ADC values for each organ and ADC estimation method.

F D D(ADCpym)? ADC,*P ADC3*P ADCg®P
Liver 0264004 274+35 1.1+0.1 1.1+0.1 11401 1.1+0.1
Kidney cortex 0.14+003 222+38 1.9+0.1 194005 19401 19+0.1
Kidney medulla ~ 0.354+0.07 222+7.7 13+0.1 1.5+0.1 144£01 15+02
Spleen 0.14+£0.05 19642 0.9+0.1 0.9+0.1 09401 09+0.1

Note: Data are means =+ standard deviations.
aData is in units of m>/ms.

YADC calculated with by, = 270 s/mm? and bpay = 800 s/mm?. For ADC3 and ADCy additional middle b-value = 400

s/mm? was used.

where by, b, are the b-values used to acquire the signal sy, 57,
and ADC is the unknown model parameter.
2. Least-squares estimator (ADCj3) with three b-value
images: >
N
[so, ADC] = arg min Z (s; — so exp(—b; ADC))2, @)
50,ADC =

where b; is the b-value used to acquire the signal s;; N is the
number of b-value images (three in our case); and sy, ADC are
the unknown model parameters. The singular value decompo-
sition method was used to solve the derived linear system.

3. Maximum likelihood estimator with Rician noise model
(ADCgR) with three b-value images.>

N <s,~(s0 exp(—b; ADC)))
In I()
1

[so, ADC] = arg max Z 5

ADC.5y i OR,

_h. 2
-y ((So exp(—b; ADC)) ) )

2
. 2013,-

where I is the modified Bessel function of the first kind with
order zero.

Initial estimates of the model parameters were obtained
with the least squares estimator Eq. (4). Noise variance was
estimated using a predefined background region and Eq. (5)
was maximized using the BOBYQA nonlinear optimization
algorithm.?* Both the values of the IVIM parameters and the
ADC estimates were averaged over each organ. We aimed to
find the b-values by, and b« that minimize the average rel-
ative root mean squared error (RRMS) between the ADCryv
and the ADC calculated with by, and by, over the J subjects

[bminv bmax]

J
1
= argm1n72 100 x

<ADcmM — ADC(bin, bmax>>2
DminsPmax

— ADCryiv
]_

(6)

We found the bpin, bmax that minimize Eq. (6) by perform-
ing an exhaustive search over a lower b-value range of by,
= [0-300 s/mm?], and a by, = [600-1200 s/mm?] with gaps
of 25 s/mm?. In turn, we determined the optimal combina-
tion of b-values that provide perfusion-insensitive ADC esti-
mates from a minimum duration acquisition for each estima-
tor (ADC,, ADC3, ADCR) and organ. For the estimators that
require three b-value images [Eqs. (4) and (5)], we used the
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additional b-value = 400s/mm? as the middle b-value. This
simulation study also enabled us to evaluate the effect of b-
value choice on ADC estimation for very high b-value im-
ages (>800 s/mm?) that were not part of the original clinical
acquisition.

II.B.4. In vivo data experiment

Next, we fitted the monoexponential diffusion model
[Eq. (2)] to the acquired DW-MRI data using the three es-
timators described above [Egs. (3)-(5)]. Sets of b-value im-
ages (in pairs and triplets) covering the lower b-value range of
5-270 s/mm? and the higher b-value range of 600-800 s/mm?>
from the acquired DW-MRI data were used.

We found the b-values by, and b« that minimize the av-
erage relative root mean squared error over the J subjects be-
tween the ADCiypy and the ADC calculated with b, and
bmax [Eq. (6)] by performing an exhaustive search over pairs
of bpnin and by,x from the acquired DW-MRI data for each
estimator (ADC,, ADC3, ADCR) and organ, respectively.

lll. RESULTS

Table I depicts the summary statistics for the IVIM param-
eters and the ADC values calculated with by, = 270 s/mm?
and by = 800 s/mm? for each organ. The greatest differ-
ence between the ADCyypy and the estimated ADC using the
monoexponential model was observed in the medulla of the
kidney, which has the highest perfusion-fraction (f) value as
compared to the other organs.

Figure 1 presents ADC maps calculated with the ADC; es-
timator using by, of 0,100,200 s/mm? and bp,a = 800 s/mm?
along with their signal decay curves. As the b, increases, the
discrepancy between the ADC model and the slow-diffusion
component of the signal decay decreases.

lllLA. Simulation experiments

Figure 2 presents the RRMS surfaces as a function of by,
and b« for each organ and estimator as calculated from the
simulated DW-MRI data. The RRMS between ADCpyy and
ADC,, ADC;3, and ADCR decreases as by, increases. The
effect of increasing the by also improves the RRMS. How-
ever, bnin has relatively greater influence. As hypothesized,
the RRMS between ADCrypy and ADC,, ADC3, and ADCgr
is greater in high perfusivity organs (i.e., the liver and the
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FIG. 1. Representative ADC maps (first row) and liver (encircled) signal-decay plots (second row) organized according to the minimal b-value used to calculate
the ADC. The ADC maps were calculated using the ADC; estimator with fixed bpax = 800 s/mm? and varying bpin. The discrepancy between the ADC, and
the slow-diffusion component of the IVIM model (ADCrypv) decreases as the b, increases.

medulla of the kidney) than in low perfusivity organs (i.e.,
the cortex of the kidney and the spleen).

Table II summarizes sets of b-values (in pairs and triplets)
that minimize the RRMS between the reference standard
ADCyiv and the ADC values. These b-value sets were cal-
culated using the three estimators being evaluated for each
organ along with their RRMS value. The minimal RRMS ob-
tained using the ADCj; estimator with b, = 300 s/mm? and
bmax = 1200 s/mm?. The ADCg estimator has the greatest
discrepancy between the reference standard ADCyypy and the
estimated ADC values.

To assess the contribution of the perfusion compartment in
the DW-MRI signal decay to the inaccurate estimation of the
ADC; we evaluated the correlation between the f values for
each organ and patient, and the minimal RRMS obtained by
each ADC estimator. Table III shows that for all estimators,
the RRMS strongly correlates with the f values.

lll.B. In vivo experiments

Figure 3 presents the RRMS surfaces as a function of by,
and b« for each organ and estimator as calculated from the
in vivo DW-MRI data. The RRMS between ADCypy and
ADC,, ADC;3;, and ADCy decreases as b, increases. The
effect of increasing the by, also improves the RRMS. How-
ever, by, has relatively greater influence. As also seen in the
simulation results, the RRMS between ADCrypv and ADC,,
ADCj3, and ADCy is greater in high perfusivity organs (i.e.,
the liver and the medulla of the kidney) than in low perfusivity
organs (i.e., the cortex of the kidney and the spleen).
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Table IV shows the sets of b-values (pairs and triplets)
that minimize the RRMS between the reference standard
ADCyiv and the ADC values calculated with the three esti-
mators being evaluated for each organ along with their RRMS
value. The minimal RRMS obtained using the ADCj3 estima-
tor with by = 270 s/mm? and b, = 800 s/mm?.

For all organs, the ADC; calculated with by, =270 s/mm?
and by, = 800 s/mm? provides a relatively accurate (i.e.,
RRMS error < 7%) estimation of the ADC.

IV. DISCUSSION

Our study demonstrates the effect of the perfusion com-
ponent in the DW-MRI signal decay on ADC measurements
from short-duration DW-MRI acquisitions. While previous
studies show the effect of the minimal b-value used for
monoexponential ADC calculations due to the inclusion of
perfusion-related signal decay;'®3! the rigorous optimization
of the b-values used in short-duration DW-MRI with available
ADC estimators has not been previously explored.

Our simulation results suggest that perfusion-insensitive
ADC measurements can be obtained by using short-duration
DW-MRI with by, = 300 s/mm? and by = 1200 s/mm?.
However, increasing the by, to 1200 s/mm? may both re-
duce the signal-to-noise ratio in the DW-MRI image and cre-
ate greater distortion because of the larger TE required. Our in
vivo experiments show that by combining b, = 270 s/mm?
and by = 800 s/mm” we can obtain adequate perfusion-
insensitive ADC measurements with short-duration DW-
MRI without increasing the b, beyond optimal levels. Our
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FIG. 2. The relative root mean squared error surface between the ADC estimates from the simulated DW-MRI data and the reference standard ADCyypy as a
function of the byin and bpmax. The surfaces are organized according to the organ (rows) and the ADC estimator (columns).

TABLE II. Recommended pairs and triplets of b-values for each organ and ADC estimation method.

ADC, ADC3 ADCRr
b-values RRMS % b-values RRMS % b-values RRMS %
Liver 300,1200 1.8 300,400,1200 1.5 300,400,1175 12.2
Kidney cortex 300,1200 0.6 300,400,1200 0.6 300,400,600 2.66
Kidney medulla 300,1200 54 300,400,1200 4.8 300,400,1075 10
Spleen 300,1175 2.6 300,400,1175 2.3 300,400,1175 4.7
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FIG. 3. The relative root mean squared error surface between the ADC estimates from the in vivo DW-MRI data and the reference standard ADCyypy as a
function of the byin and bmax. The surfaces are organized according to the organ (rows) and the ADC estimator (columns).

TABLE III. Correlation analysis between the fast-diffusion fraction (f) and
the optimal RRMS obtained by the ADC estimators.

r P
ADC, 0.79 0.002
ADCj3 0.78 0.003
ADCRr 0.83 >0.001
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findings also suggest that increases in b, have a greater im-
pact on the accuracy of ADC estimation than increases in
bmax do. Moreover, our study shows a strong correlation be-
tween the error in perfusion-insensitive ADC estimation and
the actual contribution of the fast-diffusion compartment to
the DW-MRI signal decay. By comparing the errors in ADC
estimations to the existing estimation methods, we were able
to show that ADCg (Ref. 25) is more sensitive to perfusion
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TABLE IV. Recommended pairs and triplets of b-values for each organ and ADC estimation method based on

the in vivo data.

ADC, ADC;3 ADCg
b-values RRMS % b-values RRMS % b-values RRMS %
Liver 270,800 3.5 270,400,800 3.1 270,400,300 9.1
Kidney cortex 200,800 1 100,400,800 1 270,400,800 1.8
Kidney medulla 200,800 8.6 270,400,800 6.8 200,400,300 13.4
Spleen 270,800 6.7 270,400,800 6.1 270,400,800 5.6

effects than are ADC, (Refs. 1 and 32) and ADC; (Ref. 25),
respectively.

Our findings are of particular interest for detecting abdom-
inal pathology in applications where a specific patient’s ADC
is compared to normative ADC values. Further, our data will
aid in calibrating ADC estimates for assessing response-to-
therapy, especially where ADC calculations have been per-
formed in clinical practice using different ranges of b-values.

Our study had two significant limitations: First, to keep the
imaging variables as constant and homogenous as possible,
we performed all imaging experiments on the same 1.5 T sys-
tem from a single vendor. This ideal scenario may not reflect
the actual effect of the choice of b-values on DW-MRI data
acquired with various field strengths or with systems from dif-
ferent vendors. Second, although our simulation experiments
used very large and densely sampled ranges of b-values, we
were forced, in part because of the in vivo nature of our sec-
ond experiment, and in part because of scanning time limita-
tions, to use a fixed, small set of b-values rather than exhaus-
tively perform ADC calculations with all possible choices of
b-values.

In conclusion, we have numerically identified the appro-
priate range of b-values that should be used in monoexpo-
nential ADC estimations relative to existing ADC estimation
methods. By comparing monoexponential ADC estimates to
perfusion-insensitive reference-standard ADCyyyy for multi-
ple organs, we have shown the feasibility of obtaining rela-
tively accurate perfusion-insensitive ADC measurements us-
ing the monoexponential model with a fixed range of b-values
for multiple organs using short-duration DW-MRI acquisi-
tion. In addition, we have identified the extent of errors in
estimating ADC for each organ and likewise, have identified
the best method for estimating a given choice of b-values.
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