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The aim of this study was to assess the effect of differences in
acquisition technique on whole-brain apparent diffusion coefficient
(ADC) histogram parameters, as well as to assess scan-rescan
reproducibility. Diffusion-weighted imaging (DWI) was performed
in 7 healthy subjects with b-values 0-800, 0-1000, and 0-1500
s/mm?2 and fluid-attenuated inversion recovery (FLAIR) DWI with
b-values 0-1000 s/mm?2. All sequences were repeated with and
without repositioning. The peak location, peak height, and mean
ADC of the ADC histograms and mean ADC of a region of interest
(ROI) in the white matter were compared using paired-sample
t-tests. Scan-rescan reproducibility was assessed using paired-
sample t-tests, and repeatability coefficients were reported. With
increasing maximum b-values, ADC histograms shifted to lower
values, with an increase in peak height (p<0.01). With FLAIR DWI,
the ADC histogram shifted to lower values with a significantly
higher, narrower peak (p<0.01), although the ROl mean ADC
showed no significant differences. For scan-rescan reproducibility,
no significant differences were observed. Different DWI pulse
sequences give rise to different ADC histograms. With a given
pulse sequence, however, ADC histogram analysis is a robust and
reproducible technique. Using FLAIR DWI, the partial voluming
effect of cerebrospinal fluid, and thus its confounding effect on
histogram analyses, can be reduced.



Introduction

In many brain diseases, clinical reading of images generated by conventional magnetic resonance
imaging (MRI) sequences provides adequate diagnostic information; however, there is increasing
awareness of the added value of quantitative MRI techniques, including apparent diffusion
coefficient (ADC) measurements from diffusion-weighted imaging (DWI)*5. Diagnostically, the
main application for DWI is in the early detection of ischemic stroke?®. In this focal neurological
disorder, therapeutic decision making may be assisted by determination of ischemic lesion sizes
and the presence of an ischemic penumbra region on DWI and ADC maps™®.

Moreover, volumetric histogram analysis of ADC maps is emerging as a technique for quantitation
of the extent of both visible and invisible parenchymal damage in the whole brain (global
lesion load) in diffuse demyelinating and degenerative brain disorders®*4. For example, in a
demyelinating disorder, such as multiple sclerosis, volumetric ADC histogram parameters of the
global lesion load provide measures of structural brain damage and a potential tool for disease
monitoring?sY,

Recently, it has been demonstrated that variation in diffusion weighting and the application
of cerebrospinal fluid (CSF) suppression using fluid-attenuated inversion recovery (FLAIR) DWI
affects ADC values in regions of interest (ROIs)'®2¢, In this study, we assessed the effect of
different maximum b-values (800, 1000, and 1500 s/mm?) and the use of FLAIR on whole-brain
ADC histogram parameters. In addition, we assessed reproducibility of ADC histograms that were
based on different DWI sequences on our clinical scanner.

Materials and methods

Study design

Seven healthy volunteers (three women, four men; mean age 30 years, age range 25-37 years)
with no history of neurological disease were scanned after written informed consent. In each
volunteer DWI sequences with maximum diffusion weightings of 800, 1000, and 1500 s/mm?
were performed to assess the influence of b-weighting on whole-brain ADC histograms. To assess
the influence on an ADC histogram of adding a FLAIR prepulse to a DWI protocol, the sequence
with maximum b-value of 1000 s/mm? was repeated with a FLAIR prepulse in each volunteer
(FLAIR DWI). To assess the reproducibility of ADC histograms all sequences were repeated with
and without repositioning in all subjects. Finally, to assess the potential influence of segmentation
steps on whole-brain ADC histograms acquired with DWI and FLAIR DWI, mean ADC values of the
whole segmented brain were compared with mean ADC values measured in ROIs in the white
matter (WM).

MR imaging

Brain MRI was performed in the axial plane. Scans were aligned parallel to the plane through
the anterior and posterior commissure and covered the whole brain. Scanning was performed
on a Philips Gyroscan Intera ACS-NT 1.5-T MR scanner (Philips Medical Systems, Best, The
Netherlands), equipped with hardware for echo-planar imaging (EPI) and shielded gradients. The



body-coil was transmitting, while the standard quadrature head-coil was in receiver mode. Multi-
slice, single-shot DW-EPI of the whole brain was performed in three orthogonal directions (x, y, and
z). For each diffusion direction a combination of x, y, and z gradients was used to apply strenghts
of 30 mT/m and a slew rate of 150 mT/m s*. From the individual DWI images an isotropic
diffusion image was calculated, from which an isotropic ADC map was derived. Additionally, an
image with no diffusion weightings was acquired (b=0 s/mm?). Geometric imaging parameters
for all DWI sequences were as follows: field of view (FOV) 240 mm; scan matrix 128x128; and
44 contiguous slices of 3 mm thickness. To reduce scan time, a scan percentage of 60% was
applied (resulting in an EPI factor of 77, 60% of 128). With this single-shot DW-EPI sequence, no
cardiac triggering was applied and the repetition time was fixed per sequence. In the equation
for diffusion weighting

o
b=~"G** [A- 5] (equation 1)

where y is the gyromagnetic ratio, G is the gradient magnitude, 8 is the diffusion time, and A the
time between the onset of the diffusion gradients*%’, 8 and A were varied to achieve maximum
diffusion weightings of 800, 1000, and 1500 s/mm?, keeping G constant. For the sequences
with b-values 0-800, 0-1000, and 0-1500 s/mm?, respectively, & was 20.1/22.1/26.1 ms, A
37.4/39.4/43.2 ms, echo time (TE) 74/74/84 ms, repetition time (TR) 6083/6694/7239 ms,
number of signal averages (NSA) 1 for all, and scan times 43/47/51 s. Subsequently, a slice-
selective inversion recovery (IR) pulse was added to the 0-1000 s/mm? sequence described
previously, to suppress the signal of CSF at the moment of image acquisition (6 22.1 ms, A 39.4
ms, TE 74 ms, TR 7350 ms, inversion time (TI) 2000 ms, NSA 2, scan time 103 s). A fat-saturation
pulse was applied on all sequences to minimize chemical-shift artifacts. For postprocessing
purposes, before repositioning the subject a three-dimensional T,-weighted gradient echo
sequence was performed with a FOV of 240 mm, scan matrix 256x256, TE/TR=12/29 ms, and
44 contiguous slices of 3 mm. Total scan time for all DWI sequences with rescanning and three-
dimensional T -weighted scan was 19 minutes.

Data processing and analysis

Magnetic resonance images of all subjects in this study were evaluated on both T,- and b=0
s/mm? (T,-) weighted images by a neuroradiologist and were all unremarkable. By calculating
ADC from the isotropic diffusion map and the image without diffusion weighting for every voxel,
ADC maps were created automatically online, and then transferred to an offline workstation
for postprocessing (figure 1). Subsequently, ADC histogram parameters were generated fully
automatically using an inhouse developed software package (SNIPER: Software for Neuro-Image
Processing in Experimental Research). Image processing consisted of three main steps: (a)
automatic brain stripping; (b) CSF segmentation; and (c) ADC histogram generation.

For automatic brain stripping (a), an average EPl image in a stereotaxic space (provided by the
Montreal Neurological Institute) was first automatically registered to the b=0 s/mm? image
using a 12-parameter affine transformation?®. The standard deviation of ratio images was used
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Figure 1. Diffusion-weighted images and apparent diffusion coefficient maps from diffusion-weighted
imaging sequences with b-values 0-800 s/ymm? (B 0-800), b-values 0-1000 s/mm? without fluid-at-
tenuated inversion recovery (FLAIR; B 0-1000), b-values 0-1500 s/mm? (B 0-1500), and b-values
0-1000 symm? with FLAIR (B 0-1000ir).
as cost function. The resulting transformation matrix was then used to resize and reslice an
intracranial prior probability map in order to mask automatically non-brain voxels (skin, bone,
and eyeballs). For a more accurate intracranial delineation, a foreground vs background (two
clusters) fuzzy clustering was performed. Mathematical morphology filters (opening and closing)
were then applied to delete (or reduce as much as possible) the intracranial-skin connections. A
region-growing algorithm, automatically seeded in the brain and constraint to remain within the
resliced intracranial map, was finally applied. The ADC map was then automatically segmented
into parenchyma and CSF (b) using fuzzy clustering (two clusters, parenchyma and CSF). Voxels
belonging to the CSF cluster with a membership degree higher than 0.3 were classified as CSF.
Voxels with CSF membership degree value between 0.3 and 0.6 are mainly partial volume. By
assigning them to CSF the effect of partial volume on the histogram measurements was reduced.
All segmentations (intracranial and brain parenchyma) were approved by an experienced observer.
Finally, ADC histograms were generated (c) and normalized across the subjects for differences
in brain size by division by the total number of voxels in the individual histograms. From these
normalized histograms, several parameters were calculated: the location of the peak (10°
mm?/s), the peak height (1073, no unit), and mean ADC (10° mm?2/s). The whole data-processing
procedure did not exceed 2 minutes (on average) per scan on a desktop computer.



Additionally, ROIs were drawn on the three-dimensional T,-weighted images in the WM of the
centrum semiovale in the left and right hemisphere, and subsequently copied to the ADC maps
of the initial four DWI sequences. Because of potential differences in distortion with the three-
dimensional T,-weighted images, after placement on the three-dimensional T -weighted images
all ROIs were visually inspected on the ADC maps. For the left and right hemisphere ROI, the
mean ADC of both was calculated (volumes 1430+155 voxels or 3775+409 mm?).

Statistical analysis

To evaluate the effect of changes in maximum b-value and the use of FLAIR, paired-sample
t-tests were performed on the ADC histogram peak location, peak height, and mean ADC and
ROI mean ADC for the sequences with maximum b-values 800 vs 1000 s/mm?2, 1000 vs 1500
s/mm?, and 1000 s/mm? with FLAIR vs 1000 s/mm? without FLAIR. Analysis of scan-rescan
reproducibility with and without repositioning was performed using paired-sample t-tests and
repeatibility coefficients®. All significance thresholds were set at 0.01.

Results

Changes in maximum b-value

A stepwise increase in the maximum b-value from 800 via 1000 to 1500 s/mm? resulted in a
significant increase in the height of ADC histogram peaks (2.99-3.38-3.60x1073, respectively),
with a significant shift of the peak to lower values (736-708-657%10° mm?/s), and a significantly
decreasing mean ADC (750-724-674%10° mm?/s). Similarly, the mean ADC of the ROls decreased
significantly with increasing maximum b-values (751-708-642x10° mm?/s).

DWI versus FLAIR DWI

Adding an IR prepulse to the DWI sequence with a maximum b-value of 1000 s/mm? (FLAIR
DWI) resulted in ADC histograms with narrower, significantly higher peaks (3.74-3.38x10° for
the DWI sequence with and without FLAIR), that were shifted to lower ADC values (peak location
690-708x10° mm?/s conform, figure 2, trend towards significance, p=0.034). Furthermore, it
resulted in significantly lower mean ADC values (699-724x10° mm?/s, conform) and significantly
higher volume estimates of the brain (446-379%10° voxels, conform). In the ROIs in the centrum
semiovale, on the other hand, mean ADC values were similar using DWI sequences with and
without FLAIR (701-708%x10° mm?/s, p=0.288; figure 3).

Scan-rescan reproducibility

With a given DWI sequence, scan-rescan reproducibility revealed no significant differences for
all ADC histogram parameters with and without repositioning. The repeatability coefficients,
which display the difference that will only be exceeded by 5% if the measurement is repeated
on the same subjects, were calculated from the standard deviation of the mean differences?°.
For rescan without repositioning these were 0.17, 0.11, 0.12, and 0.15x%107 for the peak height
for sequences with b-values 0-800, 0-1000, and 0-1500 without FLAIR, and 0-1000 s/mm? with
FLAIR, respectively, 1.5, 21.9, 31.0, and 24.3x10° mm?/s for the peak location, and 14.4, 12.6,
11.8, and 10.9x10° mm?2/s for the mean ADC. Scanning with repositioning revealed repeatability
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Figure 3. Mean apparent diffusion coefficient (ADC) values for the ADC histograms and regions of
interest (ROI) for sequences with b-values of 0-800 s/mm? (B 0-800), 0-1000 s/mm? without fluid-
attenuated inversion recovery (FLAIR, B 0-1000), b-values 0-1500 s/ymm? (B 0-1500), and b-values
0-1000 s/ymm? with FLAIR (B 0-1000ir) averaged over the seven volunteers. Visualized with error

bars are the 95% confidence intervals. Mean ADC for the ROIs are the average values of the left and
right hemisphere.

coefficients of 0.12, 0.17, 0.09, and 0.09x10° for the peak height for sequences with b-values 0-
800, 0-1000, and 0-1500 without FLAIR, and 0-1000 s/mm? with FLAIR, respectively, 5.5, 22.0,

22.0, and 33.7x10° mm?/s for the peak location and 16.0, 21.7, 9.8, and 16.9%x10° mm?/s for
the mean ADC.

Discussion

In this study, we demonstrated that differences in DWI sequence parameters give rise to significant
differences in volumetric ADC histograms; however, with a given DWI sequence, reproducible
volumetric data can be obtained with repeated scanning.



A stepwise increase in the maximum b-value from 800 via 1000 to 1500 s/mm? resulted in an
increasing height of the histogram peak, with a shift of the peak to the left, and a decreasing
mean ADC for the brain. Similarly, increasing maximum b-values resulted in decreasing mean
ADC values in ROIs in the WM. These observations can be explained by the work of Norris®°,
who demonstrated that using sequences with high maximum b-values, signal is lost from the
water component of tissues with high ADC values, a phenomenon that does not affect sequences
with lower maximum b-values. The resulting filtering out of the high-ADC component of tissues
with increasing maximum b-values gives rise to a decrease in the measured ADC values (the
histogram shifts to the left). Since the remaining tissue is more homogeneous in terms of ADC
values, the dynamic range of the histogram is also decreased. This phenomenon gives rise to
narrowing and an increase in peak height, since the area under the curve of the ADC histogram
remains equal.

The effect of adding an inversion recovery prepulse to a DWI sequence (FLAIR DWI) resulted in
ADC histograms with narrower, higher peaks that were shifted to lower ADC values. Furthermore,
it resulted in lower mean ADC values and higher volume estimates of the brain. These volumetric
observations, which provide descriptives on the whole brain, contrast with observations in ROIls
in the centrum semiovale. In these ROIs, mean ADC values were similar using DWI sequences
with and without FLAIR, demonstrating that the observed differences in ADC histograms are
not based on an effect of the prepulse on brain parenchyma per se?%2%, The increase of brain
volume and redistribution of pixels from the right tail of the histogram to the region of the peak
in the FLAIR DWI suggest that, even after removal of CSF, partial volume effects at the brain-
CSF interface still lead to inaccurately high ADC values in the sequence without FLAIR10:2225:26:31,
Additionally, the observation that ADC values measured in ROIs in the centrum semiovale, which
only contained brain parenchyma and therefore did not suffer from partial voluming between
brain parenchyma and CSF, were consistently lower than the observed mean ADC for the whole
brain in the sequences without FLAIR, whereas they were much more similar in the FLAIR DWI
sequence, supports this hypothesis.

Our observation that adding FLAIR to a DWI sequence provides ADC histograms that suffer less
from partial volume effects at the brain-CSF interface is not trivial. Many degenerative brain
diseases are associated with both atrophy and changes of the remaining brain parenchyma.
Atrophy may give rise to widening of the sulci, and this may lead to an increased number of pixels
at the brain-CSF interface that contain CSF and brain. Using a DWI sequence without FLAIR, this
gives rise to an increased number of pixels with high ADC values. In general, degeneration of
brain parenchyma also gives rise to increased diffusivity and therefore increased ADC values;
thus, both processes may give rise to an increased number of voxels with increased ADC values,
and the ADC histogram changes that are expected in such diseases may be attributed to atrophy
as well as changes of the remaining brain tissue. Differentiating between these processes may
be important but impossible. The ADC histograms based on FLAIR sequences do not suffer from
that limitation, since an inclusion of CSF in a given voxel gives rise to a lower ADC value of that
voxel as compared with voxels representing pure parenchyma, whereas disease-related increase
of diffusivity gives rise to increased ADC values. Using FLAIR DWI, shifting of an ADC histogram
to higher ADC values can thus only be attributed to increased diffusivity of brain tissue, and not



to atrophy. The FLAIR DWI sequences may thus provide better volumetric, quantitative estimates
of the integrity of the (remaining) brain tissue than DWI sequences without FLAIR.

Repetition-time values for the non-FLAIR and FLAIR sequence with maximum b-value 1000
s/mm? were slightly different; however, this cannot explain our ADC histogram findings for two
reasons. Firstly, in the FLAIR sequence the time for recovery of longitudinal magnetization after
the inversion pulse was 5.4 s (TR~7.4 s, Tl 2 s), in the non-FLAIR sequence time for recovery
was 6.7 s. Normal WM has a T,~0.7 s*, and is thus fully relaxed for both TR values. Gray matter
would be slightly more affected since T, is slightly longer, but still saturation would be small
since TR is several times T,. Secondly, ADC values are calculated by dividing signals collected
at different b-values but same TR; therefore, T -saturation effects in a homogeneous voxel are
divided out regardless of the specific TR value. If a voxel contains a mixture of protons in different
(unconnected) pools having different T -values, the measured ADC is a weighted average of the
values for each pool. As the weighting depends on the signal (and thus saturation) for each
pool, it would be slightly dependent on TR; however, given the long TR and the scarcity of multi-
exponential T,-behavior, we believe this effect is negligible.

With a given DWI sequence, scan-rescan reproducibility showed no significant differences for
all histogram parameters. In a heterogeneous population of patients with degenerative brain
disorders, reproducibility as indicated by the repeatibility coefficients?® is expected to be even
higher than observed in this study, since the variation in ADC histogram parameters in such
patients will be larger.

DWI sequences are sensitive to flow artifacts and motion from brain pulsations and gross head
movements. In this study, a single-shot EPI sequence was used for DWI. Although single-shot
EPI may suffer from magnetic field inhomogeneities causing image distortions and low spatial
resolution, in a single excitation all information for reconstruction of one image is acquired:,
Additionally, the short scan time and relative insensitivity to macroscopic motion (as opposed
to multi-shot EPI sequences) improve image quality. Non-EPI sequences do not suffer from
image distortions and low spatial resolution; however, these are often degraded by flow and
motion artifacts because of longer scan times; therefore, EPl remains the method of choice for
performing DWI,

Conclusion

The results of this study demonstrate that changes in DWI sequence parameters have a
significant effect on ADC histograms; therefore, within one study, sequence parameters must
be kept constant. With a given sequence, however, scan-rescan with and without repositioning
returned good values. Furthermore, our results suggest that use of CSF suppression at the time
of scanning reduces partial voluming effects, which limits the confounding effect of atrophy on
whole-brain ADC histograms.
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