1
Title: In-vivo assessment of optimal b-value range for perfusion-insensitive apparent
diffusion coefficient imaging
Authors:
Moti Freiman* PHD, Stephan D Voss MD PHD, Robert V Mulkern PHD, Jeannette M
Perez-Rossello MD, Michael J. Callahan MD, Simon K Warfield PHD

*Corresponding Author (Address correspondence)
Moti Freiman, Computational Radiology Laboratory, Dept. of Radiology,
Children’s Hospital Boston, Harvard Medical School,
300 Longwood Ave., Boston MA, 02115
Phone: +1-617-255-3755
Fax: +1 617-730-4644
E-mail: moti.freiman@childrens.harvard.edu

Funding information: This investigation was supported in part by NIH grants R01
RR021885, R01 EB008015, R03 EB008680 and R01 LM010033.

Article type: Original research
Paper citation:
“In-vivo assessment of optimal b-value range for perfusion-insensitive apparent diffusion
coefficient imaging “, Moti Freiman, Stephan D Voss, Robert V Mulkern, Jeannette M
Perez-Rossello, Michael J. Callahan, Simon K Warfield, Medical Physics 39(8):48324839, 2012. DOI: http://dx.doi.org/10.1118/1.4736516
WWW: http://online.medphys.org/resource/1/mphya6/v39/i8/p4832_s1?isAuthorized=no

2
Abstract:
Purpose: To assess the optimal b-values range for perfusion-insensitive apparent
diffusion coefficient (ADC) imaging of abdominal organs using short-duration DW-MRI
acquisitions with currently available ADC estimation methods.
Materials and methods: DW-MRI data of 15 subjects was acquired with 8 b-values in
the range of 5-800 s/mm2. The reference-standard, a perfusion insensitive, ADC value
(ADCIVIM), was computed using an intra-voxel incoherent motion (IVIM) model with all
acquired diffusion-weighted images. Simulated DW-MRI data was generated using an
IVIM model with b-values in the range of 0-1,200 s/mm2. Mono-exponential ADC
estimates were calculated using: 1) 2-point estimator (ADC2); 2) least squares 3-point
(ADC3) estimator and; 3) Rician noise model estimator (ADCR). We found the optimal
b-values for perfusion-insensitive ADC calculations by minimizing the relative root mean
square error (RRMS) between the ADCIVIM and the mono-exponential ADC values for
each estimation method and organ.
Results: Low b-value=300 s/mm2 and high b-value=1,200 s/mm2 minimized the RRMS
between the estimated ADC and the reference-standard ADCIVIM to less than 5% using
the ADC3 estimator. By considering only the in-vivo DW-MRI data, the combination of
low b-value=270 s/mm2 and high b-value of 800 s/mm2 minimized the RRMS between
the estimated ADC and the reference-standard ADCIVIM to <7% using the ADC3
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).
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Conclusion: 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 bvalues 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.

Keywords: diffusion-weighted imaging, b-value optimization, apparent diffusion
coefficient, intra-voxel incoherent motion

Introduction:
Diffusion-weighted MRI (DW-MRI) is a noninvasive imaging technique sensitive to
thermally-driven motion of water molecules inside the body. This motion is usually
represented with a mono-exponential model with the apparent diffusion coefficient (ADC)
as its parameter.1 The ADC plays an increasingly important role as a quantitative
biomarker for many clinical applications including its ability to differentiate between
benign and malignant lesions 2; evaluate tumor aggressiveness 3; perform early
assessment of tumor response-to-therapy 4-6; evaluate the extent of liver fibrosis 7-9; and
assess the extent of Crohn’s disease 10, 11 as well as other diseases that are best
evaluated with DW-MRI. Moreover, accurate estimates of ADC have been demonstrated
as critical to diagnosing, evaluating, and monitoring these pathologies with precision. 12-14
Depending on the acquisition parameters, in-vivo measurements of the DW-MRI signal
decay and its associated ADC can reflect a slow diffusion component associated with the
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Brownian motion of water molecules combined with a fast diffusion component
associated with the bulk motion of intravascular molecules in the tissue micro capillaries.
15, 16

When using the mono-exponential model, however, this combination may produce

an overestimate of the ADC values.
While the more complex intra-voxel incoherent motion (IVIM) model 17 is able to separate
the diffusion compartment from the micro capillaries’ blood flow; this technique requires
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.18
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 sedation or anesthesia, and may result in poor image quality due to motion
artifact. 16 Short duration DW-MRI acquisitions capable of providing accurate, perfusioninsensitive, ADC estimates are therefore of broad clinical interest.
Yamada et al. 19 , for example, suggest using intermediate and high b-values (e.g., 300
and 1,100 s/mm2, respectively) to approximate true diffusion using the monoexponential model while Padhani et al. 20 suggest using a lower b-value ≥ 100 s/mm2 to
obtain perfusion-insensitive ADC measurements. However, these studies are limited by
the fact that neither performed a detailed quantitative analysis to identify optimal bvalues. Although several papers have examined the choice of b-values for ADC
calculations by evaluating the performance of the estimated ADC as a quantitative
biomarker for various applications (usually for a specific pathology) 12-14; these
analyses may represent over-fitting of the b-values to the clinical diagnostic question
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rather than to the pure diffusion measurements which are of interest. Moreover, the
above-mentioned studies were limited to a specific ADC estimation method—most often
the 2-point estimator for 2 b-value images12, 21 or the least-squares estimator for more
than 2 b-value images.12-14 Recently, several groups have shown that the accuracy of
parameter estimates 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 variance of the estimates. 22-24 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. 25
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.
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 (9 males and 6 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.
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
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spine array coil for signal reception. The data was acquired with a free-breathing singleshot echo-planar imaging sequence using the following parameters: repetition time/echo
time (TR/TE) = 6800/59 ms; SPAIR fat suppression; matrix size = 192×156; field of view
= 300×260 mm; slice thickness/gap = 5 mm/0.5 mm; nominal diffusion time (∆) = 25 ms;
maximum gradient amplitude (Gmax) = 2 G/cm; 40 axial slices; 8 b-values =
5,50,100,200,270,400,600,800 s/mm2 with 1 average. To acquire 4 images at each bvalue with an overall scan acquisition time of 4 min, a tetrahedral gradient scheme first
proposed by Conturo et al. 26 was used Next, trace-weighted diffusion images at each
b-value were generated using geometric averages of the images acquired in each
diffusion sensitization direction. 27
Quantitative MR Image Analysis:
Reference-standard diffusion measurements:
The IVIM model, first introduced by Le Bihan 17, accounts for both diffusion and
perfusion effects on the signal decay
si = s0 ( f exp(−bi ( D * + D )) + (1 − f )(exp(−bi D ))) [1]

where si is the observed signal with b-value: bi ; s0 is the baseline signal (without any
diffusion attenuation); f is the perfusion fraction; D* is the perfusion compartment; and
D is the diffusion coefficient. We estimated the model parameters for each voxel, using

the 8 b-value images that were acquired with the estimation method proposed by
Freiman et al. 28 Last, we defined the IVIM model D parameter, which represents the
perfusion-insensitive diffusion compartment, as the reference standard ADC (ADCIVIM)
for all of our experiments.
Regions of interest annotation:
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Abdominal organs, including the liver, spleen, and kidneys, were entirely segmented
using the semi-automatic ITK-SNAP software tool29 to define the ROI for ADC
calculations. The initial manual annotation and the semi-automatic segmentation were
performed on the DW-MRI image with b-value=5 s/mm2.The kidneys were further
separated into the cortex and medulla regions using graph min-cut segmentation30
based on ADCIVIM values derived from their respective diffusivity properties.31
Simulated data experiment:
DW-MRI data was simulated from the estimated parametric maps at each voxel using
Eq. 1 with b-values in the following range: 0 to 300 s/mm2 with gaps of 25 s/mm2,
400, and 600 to 1200 s/mm2 with gaps of 25 s/mm2.
Images were corrupted by Rician noise with each channel Gaussian noise of µ=0 and
σ=8 representing the actual noise level observed in clinical DW-MRI.
Next, the commonly used mono-exponential diffusion model:1
si = s0 exp(−bi ADC )

[2]

was fitted to the simulated images using the following 3 estimators:
1. 2 b-values estimator (ADC2): 1, 32
ln s1 − ln s 2
= ADC
b2 − b1

[3]

where b1 ,b2 are the b-values used to acquire the signal s1 , s 2 , and ADC is the
unknown model parameter.
2. Least-squares estimator (ADC3) with 3 b-value images: 25
N

[s0 , ADC ] = arg min ∑ (si − s0 exp(−bi ADC ) )2
s0 , ADC

i =1

[4]
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where bi is the b-value used to acquire the signal si ; N is the number of b-value
images (3 in our case); and s0 , ADC are the unknown model parameters. The
Singular Value Decomposition method was used to solve the derived linear
system.
3. Maximum likelihood estimator with Rician noise model (ADCR) with 3 b-value
images.25
N
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where I 0 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 wasestimated using a pre-defined background
region and Eq. 5 was maximized using the BOBYQA non-linear optimization
algorithm.33

Both the values of the IVIM parameters and the ADC estimates were averaged over
each organ. We aimed to find the b-values bmin and bmax that minimize the average
relative root mean squared error (RRMS) between the ADCIVIM and the ADC calculated
with bmin and bmax over the J subjects:
J


[bmin , bmax ] = arg min 1 ∑ 100 ×  ADCIVIM − ADC (bmin , bmax ) 
ADC IVIM
bmin ,bmax J j =1



2

[6]

We found the bmin, bmax that minimize Eq. 6 by performing an exhaustive search over a
lower b-value range of bmin=[0-300 s/mm2], and a bmax=[600-1,200 s/mm2] with gaps of
25 s/mm2 . In turn, we determined the optimal combination of b-values that provide
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perfusion-insensitive ADC estimates from a minimum duration acquisition for each
estimator (ADC2, ADC3, ADCR) and organ. For the estimators that require 3 b-value
images [Eq. 4, 5], we used the additional b-value=400s/mm2 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 images (>800 s/mm2) that were not part of the original
clinical acquisition.
In-vivo data experiment:
Next, we fitted the mono-exponential diffusion model (Eq. 2) to the acquired DW-MRI
data using the 3 estimators described above (Eq. 3, 4, 5). Sets of b-value images (in
pairs and triplets) covering the lower b-value range of 5-270 s/mm2 and the higher bvalue range of 600-800 s/mm2 from the acquired DW-MRI data were used.
We found the b-values bmin and bmax that minimize the average relative root mean
squared error over the J subjects between the ADCIVIM and the ADC calculated with bmin
and bmax (Eq. 6) by performing an exhaustive search over pairs of bmin and bmax from
the acquired DW-MRI data for each estimator (ADC2, ADC3, ADCR) and organ
respectively.
Results:
Table 1 depicts the summary statistics for the IVIM parameters and the ADC values
calculated with bmin=270 s/mm2 and bmax =800 s/mm2 for each organ. The greatest
difference between the ADCIVIM and the estimated ADC using the mono-exponential
model was observed in the medulla of the kidney, which has the highest perfusionfraction (f) value as compared to the other organs.
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Fig. 1 presents ADC maps calculated with the ADC2 estimator using bmin of 0,100,200
s/mm2 and bmax=800 s/mm2 along with their signal decay curves. As the bmin increases,
the discrepancy between the ADC model and the slow-diffusion component of the signal
decay decreases.
Simulation experiments:
Fig. 2 presents the RRMS surfaces as a function of the bmin and bmax for each organ and
estimator as calculated from the simulated DW-MRI data. The RRMS between ADCIVIM
and ADC2, ADC3, and ADCR decreases as bmin increases. The effect of increasing the
bmax also improves the RRMS. However, bmin has relatively greater influence. As
hypothesized, the RRMS between ADCIVIM and ADC2, ADC3, and ADCR 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).
Table 2 summarizes sets of b-values (in pairs and triplets) that minimize the RRMS
between the reference standard ADCivim and the ADC values. These b-value sets were
calculated using the three estimators being evaluated for each organ along with their
RRMS value. The minimal RRMS obtained using the ADC3 estimator with bmin=300
s/mm2 and bmax=1200 s/mm2. The ADCR estimator has the greatest discrepancy
between the reference standard ADCIVIM 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 3 shows that for all estimators, the RRMS strongly correlates with the f values.
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In-vivo experiments
Fig. 3 presents the RRMS surfaces as a function of the bmin and bmax for each organ and
estimator as calculated from the in-vivo DW-MRI data. The RRMS between ADCIVIM and
ADC2, ADC3, and ADCR decreases as bmin increases. The effect of increasing the bmax
also improves the RRMS. However, bmin has relatively greater influence. As also seen
in the simulation results, the RRMS between ADCIVIM and ADC2, ADC3, and ADCR 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).
Table 4 shows the sets of b-values (pairs and triplets) that minimize the RRMS between
the reference standard ADCIVIM and the ADC values calculated with the three estimators
being evaluated for each organ along with their RRMS value. The minimal RRMS
obtained using the ADC3 estimator with bmin=270 s/mm2 and bmax=800 s/mm2.
For all organs, the ADC3 calculated with bmin=270 s/mm2 and bmax=800 s/mm2 provides
a relatively accurate (i.e. RRMS error < 7%) estimation of the ADC.

Discussion:
Our study demonstrates the effect of the perfusion component 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 mono-exponential ADC
calculations due to the inclusion of perfusion-related signal decay 19, 31; the rigorous
optimization of the b-values used in short-duration DW-MRI with available ADC
estimators has not been previously explored.
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Our simulation results suggest that perfusion-insensitive ADC measurements can be
obtained by using short-duration DW-MRI with bmin=300 s/mm2 and bmax=1,200 s/mm2.
However, increasing the bmax to 1,200 s/mm2 may both reduce the signal-to-noise ratio
in the DW-MRI image and create greater distortion because of the larger TE required.
Our in-vivo experiments show that by combining bmin=270 s/mm2 and bmax=800 s/mm2
we can obtain adequate perfusion-insensitive ADC measurements with short-duration
DW-MRI without increasing the bmax beyond optimal levels. Our findings also suggest
that increases in bmin have a greater impact on the accuracy of ADC estimation than do
increases in bmax. Moreover, our study shows a strong correlation between 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 ADCR25 is more sensitive
to perfusion effects than are ADC21, 32 and ADC3,25, respectively.
Our findings are of particular interest for detecting abdominal 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 performed 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 1.5T system 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 different vendors. Second, although our simulation experiments used
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very large and densely sampled ranges of b-values, we were forced, in part because of
the in-vivo nature of our second experiment, and in part because of scanning time
limitations, to use a fixed, small set of b-values rather than exhaustively perform ADC
calculations with all possible choices of b-values.
In conclusion, we have numerically identified the appropriate range of b-values that
should be used in mono-exponential ADC estimations relative to existing ADC
estimation methods. By comparing mono-exponential ADC estimates to perfusioninsensitive reference-standard ADCIVIM for multiple organs, we have shown the
feasibility of obtaining relatively accurate perfusion-insensitive ADC measurements
using the mono-exponential model with a fixed range of b-values for multiple organs
using short-duration DW-MRI acquisition. 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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Table 1: Summary statistics of IVIM and ADC values for each organ and ADC estimation method.
†

†

†,‡

†,‡

†,‡

f

D*

D(ADCIVIM)

Liver

0.26±0.04

27.4±3.5

1.1±0.1

1.1±0.1

1.1±0.1

1.1±0.1

Kidney cortex

0.14±0.03

22.2±3.8

1.9±0.1

1.9±0.05

1.9±0.1

1.9±0.1

Kidney medulla

0.35±0.07

22.2±7.7

1.3±0.1

1.5±0.1

1.4±0.1

1.5±0.2

Spleen

0.14±0.05

19.6±4.2

0.9±0.1

0.9±0.1

0.9±0.1

0.9±0.1

ADC2

ADC3

ADCR

Note - data are means ± standard deviations.
†

data is in units of µm /ms

2

‡

ADC calculated with bmin=270 s/mm and bmax=800 s/mm . For ADC3 and ADCR additional middle b-value=400

2

2

s/mm was used.

2

21

Table 2: Recommended pairs and triplets of b-values for each organ and ADC estimation method.
ADC2

ADC3

ADCR

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

5.4%

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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Table 3: Correlation analysis between the fastdiffusion fraction (f) and the optimal RRMS
obtained by the ADC estimators.
r

p

ADC2

0.79

0.002

ADC3

0.78

0.003

ADCR

0.83

>0.001
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Table 4: Recommended pairs and triplets of b-values for each organ and ADC estimation method based on the invivo data.
ADC3

ADC2

ADCR

b-values

RRMS

b-values

RRMS

b-values

RRMS

Liver

270,800

3.5%

270,400,800

3.1%

270,400,800

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%

200,400,800

13.4%

Spleen

270,800

6.7%

270,400,800

6.1%

270,400,800

5.6%
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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 ADC2 estimator with fixed bmax=800 s/mm2
and varying bmin. The discrepancy between the ADC2 and the slow-diffusion component
of the IVIM model (ADCIVIM) decreases as the bmin increases.
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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 ADCIVIM as a function of the bmin
and bmax. The surfaces are organized according to the organ (rows) and the ADC
estimator (columns).
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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 ADCIVIM as a function of the bmin
and bmax. The surfaces are organized according to the organ (rows) and the ADC
estimator (columns).

