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Phase shifts: The process where protons lose coherence between
cach other due to magnetic field inhomogeneities; diffusion gradients
have the sole purpose of enhancing the dephasing of spins thereby
accelerating signal losses that are only recovered for spins that have
remained static.

Appendix 2. Roadmap for DW-MRI Development as Response Biomarker

Define clinical/pharmaceutical issues

.

Is DW-MRI an appropriate
biomarker?

Yes

T,-shine through: A term denoting visibility or mildly hyperin-
tensity of tissues/structures related to the intrinsic T,-weighting of
DW images; usually stated to be present when mild hyper intensity
is seen on very high b value images (800-1000 sec/mm?) and on
ADC maps.

Understand therapy needs & limitations of
current approaches

Do alternative strategies exist and what stops
their usage now?

Define level of confidence that would alter
decision making

DW-MRI downstream of therapy intervention
Probes major pathways affected by Rx
Availability, cost, expertise

Known biological basis of observations
Recognised methods of quantification

therapy response settings

Initial feasibility studies in <®  Establish link with
pathological processes

Quantified parameter(s) biologically meaningful
Parameter meaning known/the same in pre- &
post Rx settings

Histological/other validation available

Sens/Spec sufficient for clinical
utility (Credentialing)?

=J] - Test optimisation - 1

Y

Establish group/individual test
performance and reproducibility

Are correlations statistically robust
viz clinical question?

Use generic class of drug study

Does DW-MRI change in response to Rx
Determine timing and magnitude of changes
Develop link between pathological changes and
DW-MRI changes

Which DW-MRI parameter is best?

Understand mechanisms by which changes in
DW-MRI are related to changes induced by
therapy

Increase accuracy of measurement
Increase tumor coverage

Minimise inter and intra-observer variability
Improve ROI definitions

More physiological methods of data analysis

Single/few labs for analysis

Limited number of disease sites

Appropriate statistical methods

Validate via intermediate endpoints (histology,
clinical response)

Predefined measurement and
Test analysis methods
optimisation - 2 Appropriate QA/QC in place
Develop multisite working/analysis methods Central data collections
Standardised software, validated, fit
No Yes for purpose and 21 CFR part 11
Develop clinical trial(s) with efficacy Z compliant
c;;'e';:' i outcomes as 1° or 2° endpoints in
prospective human study

No

Are correlations statistically
robust viz clinical question?

Human study of utility of DW-MRI to

. direct therapy/predict outcome
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Appendix 3. Measurement Error Methodology

The International Standards Organization (ISO: 5725) definitions
repeatability and reproducibility as follows:

1. Repeatability refers to test conditions that are as constant as pos-
sible, where the same operator using the same equipment within
a “short time interval” obtains independent test results with the
same method on identical items in the same laboratory.

2. Reproducibility refers to test conditions under which results are
obtained with the same method on identical test items but in
different laboratories with different operators using equipment.

Thus, repeatability refers to the ability of 2 measurement system to
provide consistent readings on a given object. A major requirement is
that external sources of error are controlled; in this case, only one
observer performs the measurement and the spontaneous variability
of the biologic parameter is assumed to change little during the brief
period. Repeatability thus informs on equipment variation. In MR],
the repeated measurement of tissue relaxation properties without
moving the patient over a short period is thus a repeatability study.
It should be noted that repeatability is both a concept but also a spe-
cific statistical measure (see below).

Reproducibility, however, is the ability for multiple operators/
experiments to achieve consistent results on identical objects. Thus,
reproducibility measures the typical error between observers when
cach observes the same quantity. Reproducibility informs on appraiser/
experimental variation. A DW-MRI measurement repeated on pa-
tients a few days apart is considered to be a reproducibility study. Even
if the equipment and analysis technique used for the two measure-
ments is identical, the experimental conditions are different because
of the timing element.

Appropriate statistical parameters include the within-subject SD
and coefficient of variance and interclass correlation coefficient.
The repeatability statistic is a useful parameter for DW-MRI studies
because it informs on whether changes in a particular patient are
significant. Before statistical tests are applied, assumptions intrinsic
to reproducibility analysis must be verified (normality of data and
the nature of any relationship between measurement error and the
magnitude of the parameters). Test-retest studies would need to
be performed within a short period (the same day would do pro-
vided that patients are taken off the imaging couch for a period
and a machine reboot takes place in a serics of patients with the as-
sumption that no significant changes are expected to occur over such
a short period).

Measures of the spontaneous variability of parameter estimates

* Within subject coefficient of variation (wCV).

* Variance ratio (F): ratio of the between-patient variance and
within-patient variance. A parameter with a larger variance in
the patient population, but a small variance within individual
patients (WCV) would have a higher variance ratio.

Measures of measurement error

 Intraclass correlation coefficient (ICC): a measure of the preci-
sion of parameter estimates (defining the reliability of the mea-
surement method).

* Repeatability statistic: threshold value (absolute value or per-
cent change) below which the absolute difference berween

two measurements on the same patient (7 = 1) is expected
to lic for 95% of pairs of observations.

Statistical calculations also need to take into account that there
may be more than one lesion measured per patient. Parameter val-
ues cannot be treated as independent samples because of the behav-
ior of tumors within a particular patient shares to a degree, a biologic
environment that is not common to other tumors. That is, some
correlation berween tumors in a patient is expected, and this clus-
tering within patients needs to be taken into account in the methods
of statistical analyses. The latter is likely to affect not only measure-
ment error calculations but also the behavior of tumors owing to
the effect of treatment. About the latter, it is likely that the behav-
ior of tumors within a particular patient, due to treatment, is more
likely to have a higher correlation than the variation between differ-
ent patients.

Appendix 4. Diffusion Phantoms and
QA Procedures

Quality control procedures for DW-MRI can characterize the per-
formance of measurements obtained on clinical MRI systems and
can assist in clinical studies performed in centers where there maybe
limited specialist experience in diffusion imaging. Key features of
QA protocols are as follows: 1) preparation of test objects (phan-
toms), 2) the systematic application of DW-MRI procedures, and
3) the parameters chosen to analyze the results of QA protocols must
be helpful in identifying errors/deviations in the performance of
MRI systems. There is debate on the best phantom material (op-
tions are outlined below), but whatever material is used, there is a
pressing need for machine vendors to define clearly QA procedures
for DW-MRI.

Test Object Manufacture

Ideally, test objects should be made of material with tissue-equivalent
diffusions and MR signal properties (e.g., Ts-relaxation rate). Mate-
rials should be inexpensive, easy to prepare in a reproducible way,
safe to transport, stable over time, and ideally nontoxic. However,
it is recognized that multiple, complex phantoms to validace ADC
measurements in multicenter clinical studies are difficult to make be-
cause the cellular environment of living tissues cannot be easily mim-
icked. Simple phantoms filled with gels/liquids with different
diffusion coefficients may be acceprable initially.

A number of liquids have been suggested as substances for diffu-
sion phantoms including the following:

1. Ice water is most dense, essentially 1.00 g]cms. at 4°C. This
property makes ice water an attractive choice for a diffusion
phantom because the measurement will not be temperature sen-
sitive. Disadvantages include that fact that the free diffusion of
ice water is not similar to that found in biologic tissues. The T1-
relaxation rate of ice water is also long and requires measure-
ments with long TRs. However, the safety and availability of this
material are highly advantageous.

Water is a good choice of phantom for performing image quality
evaluations because the geometric effects are not normally ob-
served at the edge of phantoms, the problems associated with di-
electric standing wave effects do not affect the geomerry of the
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sample, and the dielectric effects are independent of the effect of
motion-probing gradients (MPGs).

2. Alkanes hydrocarbons such as decane, dodecane, and tetracane
are thick, oily liquids of the paraffin series. These substances are
harmful and may cause lung damage if swallowed. They should
be used in original manufacturer’s delivery bottles. Dodecane
is nonhazardous for air, sea, and road freight and when used
in a sealed state and it has diffusion values close to that of brain
tissue [74].

3. Sucrose either used as an aqueous solution or used in combina-
tion with gels is a reliable test material whose properties can be
readily adjusted to obtain tissue-like relaxations and diffusion
properties [75,76]. Aqueous sucrose phantoms are easier to pro-
duce and are highly stable over time, although they require some
form of antibacterial treatment during manufacture.

4. Polydimethylsiloxane is a high-viscosity, high-molecular weight
polymer with a very low self-diffusion that is not detectable by
DW-MRYI; it also has a very low relative permirdvity value. It
is a useful marterial for evaluating a range of artifacts arising
from DW-MRI but is not a uscful material for determining
ADC [77). This is an excellent choice for phantom material be-
cause of the very low sclf-diffusion coefficient, resulting in no
image attenuation resulting from the application of MPGs, its
low dielectric constant eliminates standing wave problems; this
is an advantage at increased static field strengths. However, ic is
also expensive.

4.1. When considering phantom development, the white matter
of normal brain has a highly reproducible ADC value (rang-
ing from 60 to 105 x 107 mm?®/s [78,79] and might serve
as a “raveling living phantom.” Whereas the human brain
has been proposed as a standard for calibration because of
its stable temperature regulation, there are obvious limita-
tions to using a human “phantom” in the context of multi-
center trials.

Measurement Procedures

Whatever the final choice of diffusion phantom material used, the

following measurement conditions should apply.

* A scanner-specific QA measurement protocol should be pre-
pared in advance of the commencement of studies and should
not be changed for the duration of the study.

* Imaging coils should be identical to those used in proposed
clinical studies.

* Phantom position should be highly reproducible within the
coils used for the QA procedure. This can be achieved either
by the manufacture of positioning aids or with the use of bead-
filled vacuum bags (often used to assure positioning in radio-
therapy systems). Markers placed on phantoms can help to
ensure that alignment and positioning are reproduced.

* The shape of the phantom should be either spherical or cylindrical.

* The temperature of the phantom and the scanner room
should be recorded. Ideally, the phantoms should be left per-
manently in magnet rooms so that that temperature equilib-
rium is reached before scanning procedures are performed.
Phantom ADC measurements need to be adjusted to take into
account temperature because ADC increases by 2.5% per de-

gree Celsius [74]. The advantage of ice water as a test material
if used as an alternative is that it is always measured at the
same temperature and it eliminates temperature dependence
from measurements.

*  Clearly, the FOV, & values, MPG directions, imaging matrix, TR,
TE, parallel imaging factor, number of slices, slice positions, and
slice thickness must be held constant and be matched to clinical
protocols. Data should be acquired without filters or image cor-
rection algorithms.

*+ All QA procedures should be performed with and withour the
use of fat suppression methods. The fat suppression method
may affect image quality, and the effect of fat suppression
method used should be evaluated.

* Because most clinical studies are performed with the acquisi-
tion of axial slices, the phantom setup should be designed to
evaluate the QA DW-MRI measurements in this orientation.

*» For all clinical DW-MRI protocols using multiple MPG di-
rections, cach MPG direction should be assessed indepen-
dently (e.g., ADC,, ADC, ADC,) and ADC trace for the
range of & values used in the clinical protocol, this could be
restricted to two & values (&, and largest & value used). Vari-
ability should be established for each directional measurement.
Apparent diffusion coefficient values should vary from less than
1% to 2% in each MPG direction for & values greater than b =
500 sec/mm’.

= Apparent diffusion coefficient calculations may be affected
by interactions of MPGs with the imaging gradients (a cross-
term phenomenon) particularly at lower 4 values and on re-
duced FOVs.

Quality Assurance Analyses

* Analyses should be on ADC measurements obtained using
methods described by Delakis et al. [75] about long-term fluc-
tuations of ADC measurements and directional variations of
ADC measurements.

+ Diffusion decay curves should be evaluated to verify its monoex-
ponential nature (& values should be sufficiendy large >200 sec/
mm? to reduce the effect of imaging gradient cross-terms on
the actual 4 value). This is best achieved by performing a mul-
tiple averaged experiment, with TRs at least five times greater
than the sample T1 to produce very high SNR diffusion decay
curves. This should be evaluated in each direction that the
MPGs are applied. Three-scan trace (tetrahedral) approaches,
in general, do not enable users to evaluate the individual scan
measurement data because only trace images are produced (it
would be helpful if vendors provided an option to supply the
directional images).

* In general, machine vendors do not provide a suitable software
for evaluating the quality of the ADC fitting; this evaluation
will require the use of dedicated software tools to perform eval-
uations (several software tools are freely available on the Inter-
net). An ROI analysis can be performed using the vendor
software, and the mean value per & value from a central ROI
can be recorded and evaluated in a spreadsheet form using
commonly available software (e.g., Matlab, Microsoft Excel,
SPSS Inc. Sigmaplot, and many others). Significant data de-
viations from a monoexponential form or calculated ADC
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estimates at variance with the vendor software results should be
reported to vendors for remedial correction.

* Quality assurance measurements should be performed initially
on a daily/weekly basis to establish the variability in the mea-
surement data. Having established the variability for a given
scanner, QA procedures should be performed routinely on a
weekly basis and following any software/hardware changes.

* Records should be kept of QA analyses. Confidence limits
should be established from the initial QA measurement data,
and action procedures should be prescribed for QA measure-
ments results that fall outside the confidence intervals [80].

Quantifying Artifacts in DW-MRI

Methods of quantifying artifacts in a systematic way are helpful in
developing clinical protocols and maintaining image quality. Nondif-
fusing phantoms are well suited for this purpose. Apparent diffusion
coefficient maps generated from measurements on nondiffusing test
nbjects provide a direct indication of the source and magnitude of
artifacts. Nyquist ghosts and distortions can be quantified [80],
and protocols are optimized to reduce the magnitude of artifacts as
indicated in the next section [77].

Using Phantoms to Improve DW-MR Image Quality

All DW-MRI measurements are influenced by artifacts and ma-
chine imperfections. These include 4, inhomogeneity resulting from
susceptibility variations within biologic or physical test objects/samples
(this includes patients, volunteers, and nonhomogeneous structured
phantoms). Chemical shift artifacts result from the presence of more
than one chemical species or scalar coupling. Other artifacts are
measurement-induced, for example, Nyquist ghosting and geometric
distortions from residual MPG-induced eddy currents.

Before deciding on the measurement protocol for dlinical studies,
artifacts should be characterized, and their effects minimized using
QA phantoms. There is extensive published literature on DTT inform-
ing on methods for improving DW-MR image quality [81,82]. Unfor-
tunately, most successful DTI correction techniques are not easily
applied in extracranial applications because of factors such as motion,
patient-induced b, variations (including time variation), and chemical
shift artifacts from fa.

Phantom measurements can be used to improve the quality of
DW-MR images. One of the most challenging areas to tackle is
geometrical distortion (which occurs over large FOVs typically
used in extracranial imaging) resulting from residual eddy currents.
Large homogeneous phantoms (>20 cm) are suitable for the eval-
uation of in-plane geometric distortions and have the advantage
that they lack internal structures, which may confound the analy-
sis [83). Measurements performed on these phantoms are casy to
evaluate using vendor measurement tools (distance and grid tools).
Subrraction images (the DW image is rescaled by the ratio of
mean values from the by and DW images and then subtracted from
the &g image) enable the degree of geometric distortion to be visual-
ized easily.

Image distortion in clinical scanners can be improved in a number
of ways:

1. By reducing the amplitude of the higher & values either directly
or by using three-scan trace methods (these generally reduce the

amplitude of the individual gradients by a factor of 0.5-0.67 de-
pending on vendor implementation).

2. Increasing the pixel bandwidth (image bandwidth, increased fat-
water shift); this effectively reduces the length of the image read-
out and it may reduce image distortion and will reduce SNR. In
practice, the bandwidth is normally increased until Nyquist
ghosting becomes apparent in the images and is then subse-
quently reduced to an acceptable level.

3. Other choices include increasing the speed-up factor in the par-
allel imaging; factors greater than 2 can be problematic or un-
available depending on the scanner configuration.

4. Vendor-specific DW-MRI measurement methods exploiting the
use of double refocused spin echo with balanced MPG (zero
net MPG integral) are very effective in reducing eddy current—
induced distortions; they do incur a minor increase in the mini-
mum TE of the measurement [84].

Appendix 5. Sample 1.5-T Protocols

Brain Liver
Sequence type SS-EP1 SS-EPI
FOV* (cm) 23 x 23 28-40
Marrix size® (x. y) 112 x 256 128 = 128; interpolate if possible
TR (msex) Shortest = 4000 »2500
TE (msec) 89 Minimum
Fat suppression SPIR SPAIR/STIR
EPI factor 89 128
Parallel imaging factor N/A 2
Signal averages 1 47
Secrion thickness (mm)/gap 510 5-710-1
Directions of MPGs 3 directions 3 dircctions
b factors (mm*/scc) b= 0, 1000 Use three including 4 = 0, 50, or 100,
500, or 1000

Pixcl bandwidth (Hz) 1833 1446
Patient preparation None Empty stomach
Other comments Nonc Free breathing or respinatory-triggered
Imaging protocols are for 1.5-T systems.
*Recrangular to fit body size and shape.
SPIR indi pectral p with inversion recovery; WE, water excitarion.

Pelvis Whole body*
Sequence type $S-EPI SS-EP
FOV' (cm) 26 28-40
Matrix size” (x, y) 160 x 256 128 x 128; interpolate if possible
I'R (msec) >3500 »2500
T'E (msec) Minimum Mintmum (<80)
Far suppression STIR SPAIR/STIR
EPI facror 114 128
Parallel imaging 2 2
Signal averages 6 47
Section thickness (mm)/gap 6/1 5-7/0-1
Directions of MPGs 3 3
b factors (mmzfscc) 0. 100, 800 0, 50-100. 500-1000
Pixcl bandwidth (Hz) 1000-1500 1000-1500
Patient preparation Antiperistaltic - i.m. Empry stomach

for longer action

Other comments Free breathing Free breathing or respiratory-triggering

Imaging protocols are for 1.5-T systems.

*Koh DM, Takahara T, Imai Y, and Collins D] (2007). Practical aspects of assessing tumors using
clinical diffusion-weighted imaging in the body. Magn Reson Med Sci 6(4), 211-224.
"Rectangular to fit body size and shape.
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Comparison and Reproducibility of ADC
Measurements in Breathhold, Respiratory
Triggered, and Free-Breathing Diffusion-Weighted

MR Imaging of the Liver
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Purpose: To compare and determine the reproducibility of
apparent diffusion coefficient (ADC) measurements of the
normal liver parenchyma in breathhold, respiratory trig-
gered, and free-breathing diffusion-weighted magnetic res-
onance imaging (DWI).

Materials and Methods: Eleven healthy volunteers un-
derwent three series of DWI. Each DWI series consisted of
one breathhold, one respiratory triggered, and two free-
breathing (thick and thin slice acquisition) scans of the
liver, at b-values of 0 and 500 s/mm?. ADCs of the liver
parenchyma were compared by using nonparametric
tests. Reproducibility was assessed by the Bland-Altman
method.

Results: Mean ADCs (in 1072 mm?/sec) in respiratory trig-
gered DWI (2.07-2,27) were significantly higher than mean
ADCs in breathhold DWI (1.57-1.62), thick slice free-
breathing DWI (1.62-1.65). and thin slice free-breathing
DWI (1.57-1.66) (P < 0.005). Ranges of mean difference in
ADC measurement * limits of agreement between two
scans were —0.02-0.05 * 0.16-0.24 in breathhold DWI,
—0.14-0.20 %= 0.59-0.60 in respiratory triggered DWI,
—0.03-0.03 %= 0.20-0.29 in thick slice free-breathing DWI,
and —-0.01-0.09 * 0.21-0.29 in thin slice free-breathing
DWI1.

Conclusion: ADC measurements of the normal liver paren-
chyma in respiratory triggered DWI are significantly higher
and less reproducible than in breathhold and free-breath-
ing DWI.
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DIFFUSION-WEIGHTED (DW) MAGNETIC RESONANCE
(MR) imaging with apparent diffusion coefficient (ADC)
measurements is an emerging technique for the detec-
tion and characterization of liver lesions (1-6). Three
approaches can be used for DW MR imaging (DW1) of
the liver: breathhold, respiratory triggered, and free-
breathing scanning (2). Breathhold scanning requires
only a relatively short examination time, but signal-to-
noise ratio (SNR) may be compromised (2). Respiratory
triggered scanning allows achieving higher SNR; how-
ever, at the expense of prolonged examination time (2).
The recently developed concept of DWI under free
breathing, also known as diffusion-weighted whole-
body imaging with background body signal suppres-
sion (DWIBS) (7), is an emerging technique for whole-
body oncological imaging (including the liver}), and
allows thin slice acquisition and multiple slice excita-
tions (which is impossible in breathhold DWI), without
seriously prolonging image acquisition time (as would
happen in respiratory triggered DWI). Free-breathing
DWI of the liver is relatively time-efficient and offers
good SNR, although respiratory triggered scanning
usually provides sharper anatomical details (2).

ADC measurements in breathhold, respiratory trig-
gered, or free-breathing DWI can be helpful in the char-
acterization of liver lesions (1-6), provided that they are
accurale and reproducible. However, Lo our knowledge,
ADC measurements of the liver in breathhold, respira-
lory triggered, and free-breathing DWI have never been
compared before. Furthermore, it is still unknown
whether ADC measurements of the liver are reproduc-
ible in each of the three DWI sequences.

The aims of this study were therefore to compare and
to assess the reproducibility of ADC measurements of
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Figure 1. Example of ADC measurement in a coronally refor
matted image. a: A rectangular region of interest (ROI), mea-
suring 100 mm X 10 mm, is placed in the homogeneous
hepatic parenchyma, at the lateral side of the right hepatic
lobe, in the image with a b-value of 0 s/mm?® b: The ROI is
copied and pasted onto the ADC map. and ADC is automati-
cally calculated.

the normal liver parenchyma in breathhold, respiratory
triggered, and free-breathing DWI.

MATERIALS AND METHODS
Study Participants

This study was approved by the local Institutional Re-
view Board and written informed consent was obtained
from all participants. Eleven healthy adull volunteers
(four men and seven women; mean age, 21.5 years,; age
range, 18-26 years) with no prior history or findings
related to liver disease al the time ol the study prospec-
tively underwent DWI of the liver. Exclusion criteria
were general contraindications to MR imaging, such as
implanied pacemaker and claustrophobia.

Kwee et al.

MR Imaging

All volunteers were examined with a 1.5T MR scanner
(Achieva, Philips Medical Systems, Best, The Nether-
lands) using a 16-element phased array surface coil
(SENSE XL Torso coil, Philips Medical Systems). In each
volunteer one (single, mid-expiratory) breathhold (slice
thickness/gap: 7/1 mm), one (end-expiratory) respira-
tory triggered (slice thickness/gap: 7/1 mm), and two
free-breathing (slice thickness/gap: 7/1 mm, and 5/0
mm) axial DW single-shotl spin-echo echo-planar im-
ages of the liver were obtained, and this series was
repeated two times. Thus, three series of one breath

hold, one respiralory Lriggered, and two free-breathing
DWI scans were obtained in each volunteer, resulting in
a total of 12 scans in each volunteer. Applied sequence
parametlers [or brealhhold and respiralory Llriggered
DWI were as follows: (repetition time [TR]/) echo time of
(2247/) 70 msec, parallel imaging factor of 2, halfscan
factor of 0.6. echo-planar imaging factor of 45, band-
width of 1478.6 Hz, image acquisition in the axial
plane, number of slices of 20, field of view (FOV) of
360 x 292 mm?, rectangular FOV of 81.1%, matrix of
256, scan percentage of 80.4, actual voxel size of 2.8 X
3.5 ¥ 7.0 mm®, calculated voxel sizeof 1.4 X 1.4 X 1.7
mm®, chemical shift selective fat suppression, 2 signals
averaged. Thick slice [ree-breathing DWI (slice thick-
ness/gap: 7/1 mm) was performed with a TR of 2248
msec and 5 signals averaged, and thin slice {ree-breath

ing DWI (slice thickness/gap: 5/0 mm) was performed
with a TR of 3596 msec and 4 signals averaged, but
olther sequence parameters were identical Lo those of
breathhold and respiratory triggered DWI. In each of
the 12 DWI scans, motion probing gradients (MPGs)
with two b-values (0 and 500 s/mm?®) were applied in
three directions: phase encoding (P), frequency encod-
ing (M), and slice select (S). In each of the 12 DWI scans,
five images were oblained at each level of the liver: one
image at a b-value of 0 s/mm?, P, M, and S images at a
b-value of 500 s/mm?, and one index isotropic (I) image
al a b-value of 500 s/mm?. Nominal scan times ol breath-
hold DWI, respiratory triggered DWI, thick slice free

breathing DWI (slice thickness/gap: 7/1 mm), and thin
slice [ree-breathing DWI (slice thickness/gap: 5/0 mm)

Table 1
Comparison of ADCs (in 10-3 mm2/s) of the Normal Liver Parenchyma
Sequence Series P M S P value
BH 1 1.66 = 0.19 1.61 = 0.19 161 £0.21 0.779
2 1.62 = 0.16 1.65 = 0.23 1.65 = 0.23 0.993
3 1.60 £ 0.14 1.54 = 0.16 152 2021 0.664
RT 1 2.09 = 0.68 2.26 = 0.84 2.04 = 0.44 0.993
2 1.93 * 0.23 2.77 = 1.08 2.02 * 0.38 0.069
3 1.87 = 0.27 2.29 * 0.73 1.94 = 0.47 0.429
FB7/1 1 1.71 £ 0.25 .72 2> D18 1.63 = 0.28 0.190
2 1.59 = 0.10 1.68 = 0.16 1.61 + 0.19 0.342
3 1.64 = 0.08 1.67 = 0.18 1.61 = 0.32 0.381
FBS5/0 1 1.66 = 0.19 1.61 = 0.19 1.61 = 0.21 0.686
2 1.62 = 0.16 1.65 = 0.23 1.65 * 0.23 0.139
3 1.60 = 0.14 1.54 * 0.16 1.52 = 0.21 0.092

Phase encoding (P), frequency encoding (M), and slice select (S) directions in coronally reformatted breathhold (BH), respiratory triggered

(RT), free breathing DWI with slice thickness/gap of 7/

1 mm (FB 7/1), and free breathing DWI with slice thickness/gap of 5/0 mm (FB 5/0)



ADC Measurements of the Liver

Table 2

Overall Comparison of Isotropic ADCs (in 10-3 mm2/s) of the Normal |

Series BH RT
1 1.60 = 213 = 0.33
2 1.62 0. 2.27 0.47
3 1.57 = 0.15 2.07 = 0.43

Coronally reformatted breathhold DWI (BH), :‘;:;uat:;w trige

and free breathing DWI with slice thickness

ap of 5/0 mm (FB 5/0)

were 22.5 seconds, 24 seconds, 51.7 seconds, and 64.7

seconds, respeclively. For respiralory lriggered DWI, a
commercially availa

ble air-filled pressure sensor (capable
of measuring respiratory-induced pressure changes) was
[ixed Lo the hypochondrial region by an elastic bell. The
respiratory cycle was automatically monitored by this de
vice. Prior to scanning, volunteers were asked to perform
normal. regular breathing. which was checked by the
operator on the monitoring screen. Actual scan time of
respiratory triggered DWI was manually recorded. Ob-
tained axial images were coronally reformatled, with a
slice thickness of 8 mm. ADC maps were created of coro
nally reformatted and axial images, using the b-values of
0 s/mm? and 500 s/mm?.

Image Analysis

MR images were transferred to a workstation (ViewFo-
rum; Philips Medical Systems) and reviewed by consen

sus of a researcher and a radiologist with 14

years of
experience in MR imaging. Only the right hepatic lobe
was evaluated, because no cardiac gating was em-

ployed. Image quality of some axial slices can be poor;

Breathhold Respiratory triggered

ed DWI (RT), free breathing DWI with slice thickness/gar

ver Parenchyma

1.65 x 0.17 1.5

selection bias is introduced when only (locations on)
1
asurements were initially only

axial slices of good image quality are selected for ar
ysis. Therefore, ADC n

done on coronally reformatted images as follows: rect
angular regions of interest (ROIs), measuring 100 10
mm, were created on all coronally reformatted breath
hold,
at a b-value of 0 s/mm*. Each ROl was placed in the

respiratory triggered, and free-breathing images

homogeneous liver parenchyma (visible vascular and
biliary structures were excluded), at the lateral side of
the right hepatic lobe (with at margin of at least 0.5 mm
from the lateral border of the liver), at the slice through
the right portal vein. This approach was chosen be
cause large vessels would inevitably have been included
if the ROIs were placed in the medial part of the liver.
Subsequently, all ROIs were copied and pasted onto the
P, M, S, and | ADC maps, and ADCs were automatically
calculated (Fig. 1).

Despite its previously mentioned disadvantage, ADC

measurements were also done on axial imnages as fol

lows: three circular ROIls, each measuring 20 mm?,

were created on all axial breathhold, respiratory trig

Free breathing

sentative
hted im-
ages and ADC maps in breath

Figure 2. Re ex

ample of diffusion-weig

hold, respiratory triggered, and
. scanning (slice

1 1 mm), in one

of the volunteers. A-C: Axial

DWI scans at a b-value of 500
* and (D-F) correspond-
ing ADC maps, at the level of
ght portal vein. G-1: Coro-
nally reformatled DWI scans al
of W

COTTES]

s/mm-

the ri

and
ponding ADC
the level of the right
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Figure 3. Box-and-whisker plots of ADC measurements of the
normal liver parenchyma in (A) three series of coronally refor-
matted breathhold DWI (BH), free-breathing DWI with slice
thickness/gap of 7/1 mm (FB 7/1), free-breathing DWI with
slice thickness/gap of 5/0 mm (FB 5/0), and respiratory trig-
gered DWI (RT), and (B) three series of axial breathhold DWI
(BH), free-breathing DWI with slice thickness/gap of 7/1 mm
(FB 7/1), and respiratory triggered DWI (RT).

FB71 RT

gered, and free-breathing images (only with slice thick-
ness/gap of 7/1 mm) at a b-value of 0 s/mm?. One ROI
was placed in the homogeneous liver parenchyma (vis-
ible vascular and biliary structures were excluded), at
the lateral side of the right hepatic lobe (with at margin
of at least 0.5 mm from the lateral border of the liver), at
the slice through the right portal vein. The two other
ROIs were placed four slice levels above and four slice
levels below the slice through the right portal vein,
respectively. Subsequently, all ROIs were copied and
pasted on the I ADC maps, and ADCs were automati-
cally calculated.

Statistical Analysis

First, liver isotropy in each of the coronally reformatted
breathhold. respiratory triggered, and the two free-
breathing DWI scans was evaluated by comparing
ADCs obtained in three directions (P, M, and S). Next, |
ADCs of the liver parenchyma among coronally refor-

Kwee et al.

matted breathhold, respiratory trigdered. and the two
free-breathing DWI scans were compared. Subse-
quently, I ADCs of the liver parenchyma among axial
breathhold, respiratory triggered, and free-breathing
DWI scans (only with slice thickness/gap of 7/1 mm)
were compared, after averaging the measured ADCs of
the three ROIs on each image. The nonparametric
Kruskall-Wallis test was used for overall comparison
and the nonparametric Wilcoxon's signed rank test was
used for paired comparisons when the overall compar-
ison was significant. Differences were considered sig-
nificant when P values were less than 0.05.

Furthermore, reproducibility of ADC measurements
on coronally reformatted breathhold, respiratory trig-
gered, and the two free-breathing DWI1 scans was deter-
mined as mean absolute difference (bias) and 95% con-
fidence interval of the mean difference (limits of
agreement) according to the methods of Bland and Alt-
man (8).

All statistical analyses were done three times, since
three series of one breathhold, one respiratory trig-
gered, and two free-breathing DWI scans were obtained
in each volunteer. Statistical analyses were executed
using Statistical Package for the Social Sciencesv. 12.0
software (SPSS, Chicago, IL) and MedCalc Software
(MedCalc, Mariakerke, Belgium).

RESULTS

Mean actual scan time of respiratory triggered DWI was
75.0 second (range, 41.7-117.1 sec). The liver paren-
chyma was isotropic in each of the coronally reformat-
ted breathhold, respiratory triggered, and free-breath-
ing DWI1 scans; only small, nonsignificant differences in
ADCs were observed among P, M, and S directions (Ta-
ble 1). On coronally reformatted images, ranges of mean
ADCs in breathhold DWI, respiratory triggered DWI,
free-breathing DWI with slice thickness/gap of 7/1
mm, and free-breathing DWI with slice thickness/gap
of 5/0 mm were 1.57-1.62 x 10~ mm?/sec, 2.07-
2.27 x 107% mm?/sec, 1.62-1.65 X 10~2 mm?/sec,
and 1.57-1.66 x 10~? mm?/sec, respectively (Table 2).
ADCs in respiratory triggered DWI were significantly
higher (P < 0.005) than ADCs in breathhold and free-
breathing DWI (both with slice thickness/gap of 7/1
mm and 5/0 mm) (Figs. 2, 3; Tables 2, 3). There were no
significant differences in ADCs among breathhold and
free-breathing DWI scans (Tables 2, 3). ADCs in re-
spiratory triggered DWI were more scattered than
ADCs in other sequences (Figs. 2, 3; Table 2). Analy-
sis of axial images resulted in similar findings (Figs.
2, 3; Tables 4, 5).

Figure 4 shows the results of Bland-Altman repro-
ducibility analysis of ADC measurements on coronally
reformatted images of each sequence. In breathhold
DWI, mean bias in ADC measurement between two
scans varied from —0.02 X 10~® mm?/sec to 0.05 X
10~2 mm?/sec, and the limits of agreement varied be-
tween * 0.16 x 1072 mm?/sec and * 0.24 x 1072
mm?/sec (Fig. 4; Table 6). In respiratory triggered DWI,
mean bias in ADC measurement between two scans
varied from —0.14 X 10~% mm?/sec to 0.20 x 1072
mm?/sec, and the limits of agreement varied between *



ADC Measurements of the Liver

Table 3

1145

P-values of Paired Comparisons of Isotropic ADCs of the Normal Liver Parenchyma

Series BH vs. RT BH vs. FB 7/1 BH vs. FB 5/0 RT vs. FB 7/1 RT vs. FB 5/0 FB 7/1 vs. FB 5/0
1 0.003 0.110 0.130 0.003 0.003 0.477
2 0.003 0.824 0.328 0.003 0.003 0.286
3 0.003 0.062 0.477 0.004 0.003 0.110

Coronally reformatted breathhold DWI (BH), respiratory triggered DWI (RT), free breathing DWI with slice thickness/gap of 7/1 mm (FB 7/1),

and free breathing DWI with slice thickness/gap of 5/0 mm (FB 5/0).

0.59 x 102 mm?/sec and * 0.60 x 10~% mm?/sec
(Fig. 4; Table 6). In free-breathing DWI with slice thick-
ness/gap of 7/1 mm, mean bias in ADC measurement
between two scans varied from —0.03 x 102 mm?/sec
to 0.03 x 1072 mm?/sec, and the limits of agreement
varied belween = 0.20 X 1072 mm?/sec and = 0.29 x
10"® mm?/sec (Fig. 4; Table 6). In free-breathing DWI
with slice thickness/gap of 5/0 mm, mean bias in ADC
measurementl beiween (wo scans varied [rom —-0.01 x
107® mm?/sec to 0.09, and the limits of agreement
varied between = 0.21 % 1073 mm?/sec and * 0.29 x
107® mm*/sec (Fig. 4: Table 6).

DISCUSSION

ADC measurements may be helpful in characterizing
liver lesions. In general, malignant lesions have lower
ADCs, whereas benign lesions have higher ADCs, al-
though variable overlap occurs between both groups
(3-6). In addition, ADC measurements may be helpful
in diagnosing and quantifying liver fibrosis (9,10). Fur-
thermore, ADC measurements may be of value in pre-
dicting or assessing response to chemotherapy (11,12).
This study is the [irst (o compare and assess Lhe repro-
ducibility of ADC measurements in breathhold, respi-
ratory triggered, and free-breathing DWI.

Firs(. our resulls indicate that measured dillusion in
the normal liver parenchyma is isotropic. in both
breathhold, respiratory triggered, and [ree-breathing
DWI. These [indings are concordani with those of Taouli
et al (6), who showed that diffusion is isotropic in the
liver parenchyma in breathhold DWI. However, Taouli
et al (6) did not investigate liver isotropy in respiratory
triggered and free-breathing DWI, as was done in the
present study.

Second, the present study shows that ADCs of the
normal liver parenchyma in breathhold DWI, free-
breathing DWI with thick slice acquisition (slice thick-
ness/gap: 7/1 mm), and free-breathing DWI with thin
slice acquisition (slice thickness/gap: 5/0 mm) were all
around 1.6 X 107 mm?/sec, which again is in agree-
ment with previous studies using breathhold DWI
(6.13-15), and were not significantly different from each

other. In contrast, ADCs in respiratory triggered DWI
were significantly higher, measuring 2.05-2.27 x 1073
mm*/sec on average. and were more scattered. ADCs
were initially measured on coronally reformatted im-
ages in order to prevent slice selection bias when mea-
suring ADCs on axial images. A disadvantage of ADC
measurements on coronally reformatted images is that
some minimal partial volume averaging effects were
introduced because of the use of a cubic spline inler-
polation algorithm to fill the 1-mm gaps between the
7-mm-thick slices. However, ADC measurements on
axial slices are essenlially more suscepltible to partial
volume averaging effects than those on coronal images
because the largest displacement of the liver is in the
craniocaudal direction during breathing. Nevertheless,
ADC measurements were also done on axial images
because the majority of previously published articles
only analyzed axial images. ADC measurements on ax-
ial images were similar to those on coronally reformat-
ted images: we may therefore state that our results on
coronally reformaltled images are reliable.

Third, our results show that reproducibility of ADC
measurements of the liver parenchyma in breathhold
and [ree-breathing DWI (both with thick and thin slice
acquisition) was comparable and acceptable, consider-
ing the fact that mean bias in ADC measurement be-
tween two scans did not exceed = 0.10 x 1072 mm?*/
sec, and limits of agreement were lower than = 0.30 X
10™* mm?/sec. On the other hand, in respiratory trig-
gered DWI, reproducibility was poor; maximum mean
bias in ADC measurcment between two scans was
0.20 x 1072 mm?/sec, with limits of agreement of up
lo = 0.60 x 10™* mm*/sec.

A possible explanation for the more scattered and less
reproducible ADC measurements in respiratory trig-
gered DWI is a mismatch in end-expiratory diaphragm
levels between sequential (riggering events. Conse-
quently, slice levels of images obtained with different
b-values may not be identical, which may inflluence
ADC measurements. However, although the same effect
can be expected in free-breathing DWI (slice levels of
images obtained with different b-values may be differ-
ent because of the allowance of respiratory motion),

Table 4
Overall Comparison of Isotropic ADCs (in 10-3 mm2/s) of the Normal Liver Parenchyma
Series BH RT FB 711 P value
1 1.45 * 0.21 2.07 * 0.42 1.62 = 0.19 0.001
2 1.49 + 0.19 2.22 *+ 0.53 1.58 = 0.17 0.000
3 1.48 * 0.24 2.06 * 0.51 1.59 = 0.25 0.016
Axial breathhold DWI (BH), respiratory triggered DWI (RT), and free breathing DWI with slice thickness/gap of 7/1 mm (FB 7/1).
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Figure 4. Reproducibility of ADC measurements of the normal liver parenchyma in coronally reformatted breathhold DWI (BH),
respiratory triggered DWI (RT), free-breathing DWI with slice thickness/gap of 7/1 mm (FB 7/1), and free-breathing DWI with
slice thickness/gap of 5/0 mm (FB 5/0). Bland-Altman plots of difference of ADC measurements (y-axis) against mean ADC
measurement (x-axis), with mean absolute difference (bias) (continuous line) and 95% confidence interval of the mean difference
(limits of agreement) (dashed lines) for (a) scans of series 1 and 2, (b) scans of series 1 and 3, and (c) scans of series 2 and 3.

ADCs in free-breathing DWI were comparable to those
in breathhold DWI, and less scattered. Therefore, there
has to be another explanation for the higher, more scat-
tered, and less reproducible ADC measurements in
respiratory triggered DWI, and this may be the so-called
hepatic pseudo-anisotropy artifact (16). This artifact
was recently described by Nasu et al (16), and consists
of localized signal loss in the liver parenchyma, depend-
ing on the difference of MPG direction. Because the
healthy liver is elastic and easily deformed by respira-
tory movement (17), it can be hypothesized that this
artifact probably occurs because of intravoxel deforma-
tion and /or acceleration of the liver during the period in
which the MPGs are applied, at the end of expiration.

Nasu et al (16) reported an overall incidence of hepatic
pseudo-anisotropy of 48%. The incidence in pseudo-
anisotropy did not significantly differ among different
MPG directions (16). Mean ADC in areas with pseudo-
anisotropy (2.41 = 0.44 x 102 mm?/sec) was signifi-
cantly higher (P < 0.001) than that in areas without
pseudo-anisotropy (1.54 = 0.16 x 10™* mm?/sec), and
ADCs were more scattered in areas with pseudo-anisot-
ropy (16). If pseudo-anisotropy would occur during the
entire respiratory cycle, there would have been no dif-
ference in ADCs between respiratory triggered DWI (im-
age acquisition at the end of expiration) and free-
breathing DWI (image acquisition during the entire
respiratory cycle). However, in our study, ADCs in free-
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Table 5
P-values of Paired Comparisons of Isotropic ADCs of the Normal
Liver Parenchyma

Series BH vs. RT BH vs. FB 7/1 RT vs. FB 7/1
1 0.004 0.110 0.006
2 0.003 0.050 0.004
3 0.010 0.286 0.004

Axial breathhold DWI (BH), respiratory triggered DWI (RT), and free
breathing DWI with slice thickness/gap of 7/1 mm (FB 7/1).

breathing DWI were lower and less scatlered (han those
in respiratory trigdered DWI. This suggests that the
incidence and/or magnitude of the pseudo-anisotropy
artifact may be the highest al the end of the expiralion.
Nevertheless, the big difference in ADCs between respi-
ratory triggered and free-breathing DWI cannot only be
explained by the pseudo-anisotropy artifact. Another
possibility that cannot be ruled out is that the higher
ADCs obtained with (end-expiratory) respiratory trig-
gered DWI in this study may result from a systematic
higher blood flow rate at the end of expiration. It may
therefore be of value to evaluate different phases of the
respiratory cycle for respiratory triggered DWI, al-
though this was not done in the present study. The
applied respiratory triggering technique (a pressure
sensor fixed to the hypochondrial region by an elastic
belt was used in the present study) may also play a role,
and the effect of other respiratory triggering techniques
on ADC measurements, such as navigator-echo-based
respiratory triggering, should be investigated further.

In a previous experience (18), actual scan time in
respiratory triggered DWI was two to three times longer
than that in free-breathing DWI, when using the same
MR parameters. However, Lo take into account time-
efficacy with regard to clinical implementation of DWI of
the liver, we planned to obtain an equivalent actual
scan time in respiratory triggered and f{ree-breathing
DWI in the present study. Despite our initial planning,
mean actual scan time in respiratory triggered DWI
(75.0 sec) was still more than scan time in [ree-breath-
ing DWI with thick slice acquisition (51.7 sec) and free-
breathing DWI with thin slice acquisition (64.7 sec).
Therefore, ADC measurements of the liver parenchyma
in respiratory triggered DWI are not only higher and
less reproducible than in breathhold and free-breathing
DWI, but it should also be realized that respiratory
triggered DWI suffers either from a considerably longer
actual scan time or from lower SNR when employing the
same aclual scan time.

A limitation of the present study is that only two
b-values (0 s/mm? and 500 s/mm?) were used for cal-
culation of ADCs, and overestimation of ADCs by in-
cluding the perfusion fraction was possible (20). How-
ever, the use of higher b-values would have diminished
image quality. Another possible drawback of this study
is that it was carried out on young, healthy volunteers.
However, because these study participants were young
and healthy, they were all very well able to hold their
breath for breathhold DWI, and to perform normal,
regular breathing for respiratory triggered and free-
breathing DWI (as was checked by the operator on the
monitoring screen). If we would have extended our
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study to patients, who are likely to be older and less
cooperative to carry out the breathing instructions, our
results may have been less reliable. Another limitation
of the present study is that comparison and assessment
of reproducibility of ADC measurements were only done
in the normal liver parenchyma. It is important to real-
ize that the results may be different in hepatic and
extrahepatic tumors, especially in free-breathing DWI.
Free-breathing DWI theoretically causes significant
blurring of the image. ADC measurements of small liver
lesions in free-breathing DWI may therefore be affected
by pariial volume averaging eflects with the surround-
ing liver parenchyma. Consequently, ADC measure-
ments of liver lesions may be less accurate and less
reproducible in free-breathing DWI. In a phantom
study, Muro et al (19,20) reported that ADCs of slowly
moving phantoms, simulating respiratory motion, were
no more than 10% different [rom ADCs of slalic phan-
toms, if the ROIs were placed (and remained) within the
homogeneous phantom. However, if the ROIs covered
the edge of the phantom, ADCs were markedly dilferent
(19,20). Thus, the results of their study indicate that
ADC measurements of homogeneous tissue (eg, the
liver parenchyma) appear Lo be accurate, whereas ADC
measurements of heterogeneous tissue or small lesions
(eg, small liver lesions) may be unreliable in free-
breathing DWI. Nasu et al (21) compared ADCs of he-
patic malignant tumors in both respiratory trigdered
DWI and free-breathing DWI. Thirty patients with liver
metastasis or hepatocellular carcinoma in the right he-
patic lobe were examined. The mean ADC in respiratory
triggered DWI was 1.36 x 1072 mm?®/sec + 0.33,
whereas (he mean ADC in free-breathing DWI was
1.47 x 10 ® mm?/sec = 0.61. The statistical difference
between both mean ADCs was not clear (P = 0.050).
However, the individual ADCs in [ree-breathing DWI
were more scattered than those in respiratory triggered
DWI, which reflects the potential lower accuracy and
reproducibility of ADC measurements of liver lesions in
free-breathing DWI. Unfortunately, Nasu et al (21) did
not investigate the reproducibility of ADC measure-

Table 6

Mean Absolute Difference (Bias) and 95% Confidence Interval of
the Mean Difference (Limits of Agreement) of ADC Measurements
(in 1072 mm?/s)

Sequence Series of scans Mean bias Limits of agreement

BH 1and 2 -0.02 *0.24
1and 3 0.03 +0.23
2and3 0.05 *£0.16

RT 1and 2 -0.14 *+0.59
1and 3 0.06 *=0.60
2and3 0.20 *0.59

FB71 1and2 0.03 +0.24
1and 3 0.00 *0.29
2and 3 -0.03 *0.20

FB5/0 1and 2 -0.01 +0.21
1and 3 0.07 +0.29
2and 3 0.09 +0.27

Two series of scans in coronally reformatted breathhold (BH), respi-
ratory triggered (RT), free breathing DWI with slice thickness/gap of
7/1 mm (FB 7/1), and free breathing DWI with slice thickness/gap of
5/0 mm (FB 5/0).
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ments of liver lesions. A precise measurement of ADCs
is needed in both liver parenchyma and liver lesions.
Therefore, more research is needed to determine the
accuracy and reproducibility of ADC measurements in
liver lesions, with use of breathhold, respiratory trig-
gered, and free-breathing DWIL.

In conclusion, the results of this study indicale that
ADC measurements of the liver parenchyma in respira-
tory triggered DWI are significantly higher and less re-
producible than in breathhold and free-breathing DWI.
Therefore, it is our opinion that ADC measurements of
the liver parenchyma should be performed by use of
breathhold or free-breathing DWI.

REFERENCES

1. Low RN. Abdominal MRI advances in the detection of liver tumours
and characterisalion. Lancel Oncol 2007:8:525-535.

2. Naganawa S. Kawai H. Fukatsu H. et al. Diffusion-weighted imag-
ing of the liver: technical challenges and prospects for the future.
Magn Reson Med Sci 2005:4:175-186.

3. Gourtsoyianni S, Papanikolaou N, Yarmenitis S, Maris T, Karanta-
nas A, Gourlsoyiannis N. Respiralory gated diffusion-weighted im-
aging of the liver: value of apparent diffusion coefficient measure-
ments in the differentiation between most commonly encountered
benign and malignant focal liver lesions. Eur Radiol 2008;18:486-
492,

4. Bruegel M, Holzapfel K. Gaa J, et al. Characterization of focal liver
lesions by ADC measurements using a respiratory triggered diffu-
sion-weighted single-shot echo-planar MR imaging technique. Eur
Radiol 2008:18:477-485.

5. Demir Ol, Obuz F, Sagol O, Dicle O. Contribution of diffusion-
weighted MRI to the differential diagnosis of hepatic masses. Diagn
Interv Radiol 2007;13:81-86.

6. Taouli B, Vilgrain V, Dumont E. Daire JL. Fan B, Menu Y. Evalua-
tion of liver diffusion isotropy and characterization of focal hepatic
lesions with two single-shot echo-planar MR imaging sequences:
prospective study in 66 patients. Radiology 2003:226:71-78.

7. Takahara T, Imai Y. Yamashila T. Yasuda §, Nasu 5. Van Cauleren
M. Diffusion weighted whole body imaging with background body
signal suppression (DWIBS): technical improvement using free
breathing, STIR and high resolution 3D display. Radiat Med 2004:
22:275-282.

12.

13.

18.

20.

21.

Kwee et al.

. Bland JM, Altman DG. Statistical methods for assessing agreement

between two methods of clinical ineasurement. Lancet 1986:1:307-
310.

. Girometti R, Furlan A, Bazzocchi M, et al. Diffusion-weighted MRI

in evaluating liver fibrosis: a leasibility study in cirrhotic palients.
Radiol Med (Torino) 2007:112:394-408.

. Taouli B, Tolia AJ. Losada M. et al. Difusion-weighted MRI for

quantification of liver fibrosis: preliminary experience. AJR Am J
Roentgenol 2007;189:799-806.

Koh DM, Scurr E, Collins D, et al. Predicting response of colorectal
hepatic metastasis: value of pretreatinent appareut ditfusion coef-
ficients. AJR Am J Roentgenol 2007:188:1001-1008.

Liapi E, Geschwind JF, Vossen JA, et al. Functional MRI evaluation
of tumor response in patients with neuroendocrine hepatic metas-
tasis treated with transcatheter arterial chemoembolization. AJR
Am J Roenlgenol 2008;190:67-73.

Yoshikawa T. Kawamitsu H, Mitchell DG. et al. ADC measurement
of abdominal organs and lesions using parallel imaging tcchnique.
AJR Am J Roentgenol 2006;187:1521-1530.

. Oner AY, Celik H, Oktar SO, Tali T. Single breath-hold diffusion-

weighted MRI of the liver with parallel imaging: initial experience.
Clin Radiol 2006:61:959-965.

. Taouli B, Martin AJ, Qayyum A. et al. Parallel imaging and diffu-

sion tensor imaging for diffusion-weighted MRI of the liver: prelim-
inary experience in healthy volunteers. AJR Am J Roentgenol 2004;
183:677-680.

. Nasu K, Kuroki Y, Fujii H, Minami M. Hepalic pseudo-anisotropy: a

specific artifact in hepatic diffusion-weighted images obtained with
respiratory triggering. MAGMA 2007:20:205-211.

. Rohlfing T, Maurer CR Jr, O'Dell WG, Zhong J. Modeling liver

motion and deformation during the respiratory cycle using inten-
sity-based nonrigid registration of gated MR images. Med Fhys
2004:31:427-432.

Takahara T, Ogino T. Okuaki T. et al. Respiratory gated body
diffusion weighted imaging avoiding prolongation of scan time:
tracking only navigator echo (TRON) technique. Presented al the
Joint Annval Meeting ISMRM-ESMRMB, Berlin, Germany, May
19-25, 2007,

. Muro I, Takahara T, Horie T, et al. Influence of respiratory mnotion

in body diffusion weighted imaging under free breathing (examina-
tion of a moving phantom). Nippon Hoshasen Gijutsu Gakkai
Zasshi 2005:61:1551-1558.

Koh DM, Takahara T, Imai Y. Collins DJ. Practical aspects of
assessing tumors using clinical diffusion-weighted imaging in the
body. Magn Reson Med Sci 2008:6:211-224.

Nasu K. Kurcki Y, Sekiguchi R, Nawano S. The effect of simulta-
neous use of respiratory (riggering in diffusion-weighted imaging of
the liver. Magn Reson Med Sci 2006:5:129-136.



Magn Reson Med Sci, Vol. 7, No. 2, pp. 93-99, 2008

MAJOR PAPER

High b-value Diffusion-weighted Imaging in Normal and Malignant Peripheral Zone
Tissue of the Prostate: Effect of Signal-to-Noise Ratio

Kazuhiro KitaniMa'-2*, Yasushi Kan', Kagayaki Kuropa?, and Kazuro SUGIMURA?

' Department of Radiology, Dokkyo Medical University
880 Kitakobayashi, Mibu, Shimotsuga-gun, Tochigi 321-0293, Japan
*Department of Radiology, Kobe University Graduate School of Medicine, Kobe, Japan
3Department of Human and Information Sciences, Faculty of Information and Electronics,
Tokai University, Hiratsuka, Japan
(Received February 6, 2008; Accepted March 26, 2008)

Purpose: To determine whether the apparent diffusion coefficient (ADC) obtained using
a high b-value (2,000 s/mm?) is superior to that using a standard b-value (1,000 s/mm?) for
discriminating malignant from normal peripheral tissue in the prostate.

Methods: Twenty-six patients with biopsy-proven prostate cancer underwent 1.5T mag-
netic resonance (MR) imaging including single-shot, echo-planar diffusion-weighted imag-
ing (DWI) with repetition time/echo time, 3500/88 ms; 4-mm slice thickness; 1-mm inter-
slice gap; 144 X 128 matrix; field of view, 250 X 250 mm; number of excitations, 10; and b-
values, 0, 1,000, and 2,000 s/mm?2. For each patient, ADC values were obtained for malig-
nant and normal tissue using b= 1,000 and 2,000 in a monoexponential model. Signal-to-
noise (SNR) and contrast-to-noise (CNR) ratios in DWI were also evaluated.

Results: At b=1,000, the mean ADC (X 103 mm?/s) for malignant tissue was 0.82 &
0.27 (range 0.43-1.29) and for normal tissue, 1.69+0.23 (1.31-2.18). At b=2000, the
mean ADC for malignant tissue was 0.61 £0.19 (0.30-0.94) and for normal tissue, 1.01 £
0.14 (0.73-1.35). Significant ADC overlap between the malignant and normal tissue was
recognized at b=2000. As b-value increased, the mean SNR within malignant tissue
decreased by 21.6%, and mean CNR decreased 17.3%.

Conclusions: Under the same imaging conditions, measuring ADC using a high b-value
(2,000 s/mm?) in a monoexponential model has little diagnostic advantage over using the
standard b-value (1,000 s/mm?) in discriminating malignant from normal prostate tissue.

Keywords: apparent diffusion coefficient (ADC), diffusion-weighted imaging (DWI), high
b-value, prostate cancer, signal-to-noise ratio (SNR)

thors have utilized magnetic resonance (MR) imag-
ing to examine the prostate. In addition to conven-
tional morphological imaging, new methodologies,

Introduction

Prostate cancer is the second most common

cause of cancer-related death in men in most West-
ern countries and poses a growing health problem.
Given the incidence and mortality figures for
prostate cancer, coupled with an aging population
and incidence that rises steeply with age, there is a
great deal of interest in accurately diagnosing and
staging this particular disease. Accurate diagnosis
is essential for correct treatment, impacts the
patient, and has important cost implications.'?
To increase diagnostic accuracy, numerous au-

*Corresponding author, Phone: +81-282-86-1111, Fax: + 81-
282-86-4940, E-mail: kazul0041976@yahoo.co.jp

93

such as spectroscopy, dynamic contrast-enhanced
imaging, and diffusion-weighted imaging (DWI),
are under investigation.**

DWI is sensitive to random thermal motion of
water molecules in biologic tissues and has been
used with apparent diffusion coefficient (ADC)
mapping, which is derived from DWI, to assess
malignant tissues in various organs. Water mole-
cule diffusion is more restricted in malignant than
normal tissue, probably because malignant tissue
has greater cellular density and less extracellular
space. Although some in vivo studies have demon-
strated the usefulness of ADC for diagnosing pros-
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tate cancer, the b-values used in those studies were
equal to less than 1000 s/mm?*" ADC tended to
be lower in prostatic cancer tissue than in normal
tissue in peripheral and transition zones. The recent
advent of more powerful gradient hardware has
permitted generation of greater b-values (up to
3,000 s/mm? on some commercial 1.5T MR units)
that allow higher diffusion sensitivity, excluding
perfusion and T:-weighted effects. However, at
very high b-value, noise figures increase and signal-
to-noise (SNR) ratios decrease, so, we need to es-
tablish whether the decreased SNR diminishes the
merits of MR imaging using very high b-value. In
this project, we compared ADC and SNR of ma-
lignant and normal peripheral zone tissues using
standard (1,000 s/mm?) and high (2,000 s/mm?) b-
values to determine whether a high b-value is su-
perior to the standard value for discriminating
malignant from normal prostate tissue and to as-
sess the dependence of measured ADC values on
SNR.

Materials and Methods

Patients

Between October 2006 and May 2007, 45 con-
secutive patients with elevated levels of prostate-
specific antigen (PSA) underwent pelvic MR imag-
ing and subsequent systematic biopsy of the pros-
tate. Among 32 of these patients with prostate can-
cer proven by transrectal ultrasound-guided biop-
sy, malignancy was also identified at the same po-
sition of the peripheral zone on MR imaging in
26 by 2 experienced radiologists (reader A with 7
years’ and reader B with 19 years’ experience read-
ing prostate MR images). The median interval be-
tween MR examinations and biopsy was 19 days
(12-29 days). The patients ranged in age from 58 to
84 years (mean, 71 years) and -had serum PSA
values ranging from 4.2 to 78.1 ng/mL (mean, 11.5
ng/mL). The hospital’s review committee approved
the study, and all participants gave written in-
formed consent.

MR imaging technique

Before undergoing biopsy, all subjects were
scanned on a 1.5T MR scanner (Magnetom Sym-
phony Syngo Vision; Siemens AG, Erlangen, Ger-
many) using a phased array pelvic coil for signal
reception. The maximum gradient specifications
were 30 mT/m for amplitude and 125 mT/m/ms
for slew rate.

The entire prostate gland and seminal vesicle
were covered by axial T;-weighted spin-echo images
(repetition time/echo time [TR/TE], 560/13 ms) in
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addition to axial and coronal T:-weighted turbo-
spin-echo images (TR/TE, 4500/100 ms; echo train
length, 11). These conventional images were ob-
tained with 4-mm slice thickness, 1-mm interslice
gap, 250 X 250-mm field of vision (FOV), and 256 X
205 matrix. Gadolinium-enhanced dynamic imag-
ing of volumetric interpolated breath-hold exami-
nation (VIBE) was performed in axial orientation
(TR/TE, 5.5/2.6 ms; flip angle 90°; matrix 256 X
192; FOV 30X 30 cm; slice thickness/gap 3/0 mm;
number of excitations (NEX) 10; total acquisition
time 20 s).In this dynamic scanning, precontrast
baselines were sequentially obtained 40, 60, 80, and
180 s after bolus injection of 0.1 mmol/kg of
gadopentetate dimeglumine (Magnevist; Nihon
Schering, Osaka, Japan) at a rate of 3.0 mL/s. Axi-
al DWI were obtained using a Stejskal-Tanner spin-
echo echo-planar imaging (EPI) sequence (TR/TE,
3500/88 ms; flip angle 90°; NEX 10; b-value 0,
1000, and 2000 s/mm?; readout band bandwidth
1184 Hz/pixel; matrix 144X 128; FOV 250X 250
mm; and slice thickness/gap 4/1 mm) covering the
entire prostate and seminal vesicles. Following the
acquisition with b=0, motion-probing gradients
(MPGs) were applied in 3 orthogonal orientations
to calculate ADC, giving a scan time of 4 min 30 s.
An acceleration factor of two was applied using the
modified sensitivity encoding (mSENSE) parallel
imaging technique.'? In this DWI study, the voxel
size was 1.7 % 2.0 X 4.0 mm, equaling 13.56 mm?,

Image analysis
Standard reference

For each patient, among the lesions proven ma-
lignant by biopsy, 2 experienced radiologists de-
fined as malignant those that showed focal rounded
hypointensity relative to the surrounding parenchy-
ma in the peripheral zone on T;-weighted images
and/or contrast enhancement in the early phase
(40, 60, or 80s after gadolinium injection) and
washout in the delayed phase (180 s) on dynamic im-
ages. We excluded from analysis the lesions found
malignant by biopsy that were undetectable on T»-
weighted images and/or gadolinium-enhanced dy-
namic images. Those proven benign by biopsy that
showed hyperintensity in the peripheral zone on
T,-weighted images were defined as normal by the
same radiologists and the three places were exam-
ined in each patient.
ADC value measurements

With reference to the T:-weighted images and
gadolinium-enhanced dynamic images, circular re-
gions of interest (ROIs) were placed in the ADC
maps to the boundaries of malignant (22-55 mm?)
and normal areas (> 40 mm?) to avoid inclusion of
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different tissue types in the evaluation of ADC
values on machine’s body of MR imaging equip-
ment.

DWI was obtained by acquiring conventional Ts-
weighted images while filtering out the signal from
high-mobility water molecules. In this method, at-
tenuation of the water signal from diffusion weight-
ing is given by: I/Io=exp[—b ADC], where I and
Io are the signal intensities in the presence and ab-
sence of the diffusion weighting gradients, ADC is
the molecular diffusion coefficient, and b is the
diffusion-weighted factor expressed as seconds per
square millimeter. The ADC values were calculated
for a pair of b-values: 0 and 1,000 s/mm?, or 0 and
2,000 s/mm?.

SNR and CNR measurements

The SNRs in the malignant and normal peripher-
al zones in each patient were calculated for DWIs
with b-values of 1,000 and 2,000 s/mm?. Because
no background space was included in the relatively
small FOV filled with the tissue signals, we used the
mean of the standard deviation (SD) of the signals
in the bilateral internal obturator muscles in place
of those in the background.” Thus, the SNR and
contrast-to-noise ratio (CNR) was defined as: SNR
= S/Jnoisc, CNR = (Snormll - Smnlignant)/(snnise; where S is
the average of the signal intensity in the malignant
or normal peripheral zones and J,.i. is the mean SD
for the signals in the bilateral internal obturator
muscles. The circular ROIs placed within the mus-
cles were consistently larger than 40 mm?.

Data and statistical analysis

A total of 30 ROIs were placed in the malignant
areas and 78 ROIs in the normal zones of the 26
patients. We compared ADCs using Mann-Whit-
ney test and SNRs by paired-sample t-test. P<0.05
was regarded as statistically significant.

Results

Of the 30 malignant lesions, 26 were located only
in the peripheral zones, and four had invaded the
transitional zones. The short axis diameter of the
30 malignant lesions ranged from 6 to 24 mm (mean
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12.4 mm). The 30 lesions comprised 5 well-differen-
tiated adenocarcinomas, 14 moderately differenti-
ated adenocarcinomas, 4 poorly to moderately dif-
ferentiated adenocarcinomas, and 7 poorly differ-
entiated adenocarcinomas. Gleason’s scores of the
30 lesions were 4 in 2 patients, 5in 2, 6in 3, 7in 11,
8in 5, and 9in 7.

As shown in Fig. 1 and Table, the mean ADCs
(X 107* mm?/s) for malignant tissues at b=1,000
s/mm?* were 0.82+0.27 (range 0.43-1.29) and for
normal tissues 1.69+0.23 (range 1.31-2.18) (P=
1.11 X 10~ "5, Mann-Whitney test). The correspond-
ing values at b=2,000s/mm? were 0.61%+0.19
(range 0.30-0.94) for malignant tissues and 1.01 £
0.14 (range 0.73-1.35) for normal tissues (P=
1.54 x 1072, Mann-Whitney test). At the higher b-
value, the mean ADC decreased in malignant tissue
by 25.6% and in normal peripheral zone tissue by
40.2%.

As shown in Fig. 2 and Table, the mean SNR for
malignant tissue with b= 1,000 was 48.7+ 13.5 and
with b=2,000 s/mm?, 38.2+11.9 (P=4.75%x 107",
paired t-test). The mean SNR for normal tissue
with b=1,000 was 33.2+7.9 and with 2,000
s/mm?, 25.3%+6.7 (P=6.21%x107%, paired t-test).
At the higher b-value, the mean SNR decreased in
malignant tissue by 21.6% and in normal peripher-
al zone tissue by 23.8%. The CNR with b=1,000
was 15.6+8.1 and with 2,000 s/mm?, 12.9%7.5
(P=2.89x107¢% paired t-test). As b-value in-
creased, mean CNR decreased by 17.3%.

Figure 3 shows (a) T:-weighted; (b) DWI (b=
1,000 s/mm?); and (c) DWI (b=2,000 s/mm?) im-
ages of a typical subject with prostate cancer in the
left peripheral zone, representing ADC and SNR in
this malignant lesion (ADC;g00=0.80 % 10~ mm?/s;
SNR 000=46.7; ADC2000=0.59%10"* mm?/s; SNR2000
=136.7).

Discussion

In our series of measurements, ADC values de-
creased in both malignant and normal peripheral
zone tissues when a higher b-value was used. The
cutoff levels of the mean ADC between malignant

Table. SNR, CNR, and ADC of malignant and normal peripheral tissue at b= 1,000 and 2,000 s/mm?2
b=1,000 s/mm? b=2,000 s/mm?
Cancer Non-cancer Cancer Non-cancer
SNR 48.7+13.5 33.2+7.9 38.2+11.9 25.34+6.7
CNR 15.6+8.1 12.9+7.5
ADC (X 1073 mm?/s) 0.82+0.27 1.69+0.23 0.61+0.19 1.01+0.14
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Fig. 1. Plots show apparent diffusion coefficient (ADC) values of malignant and normal peripheral
zone tissues (X 10~? mm2/s) with (a) b= 1,000 and (b) 2,000 s/mm?. ADC (X 10~* mm?/s) for malig-
nant tissue was 0.82+0.27 (range 0.43-1.29) and for normal tissue, 1.69%0.23 (range 1.31-2.18) (P
=1.11x%10-1%) at b=1,000 s/mm?. The corresponding values at b=2,000 s/mm? were 0.61+0.19
(range 0.30-0.94) for malignant tissue and 1.01+0.14 (range 0.73-1.35) for normal tissue (P=1.54 X

10-12),

and normal tissues ranged from 1.29 to 1.31x107?
mm?/s at b=1,000 s/mm?. On the other hand, con-
siderable overlap between the tissue ADC values
was observed at b=2,000 s/mm?. In distinguishing
malignant from normal tissue in the peripheral
zone, ADC using a high b-value offered no appar-
ent diagnostic advantage over that using the stand-
ard b-value. Although a number of studies using
b-values equal to or smaller than 1,000 s/mm? have
revealed considerable ADC overlap between malig-
nant and normal tissue, Tanimoto’s group'' recog-
nized no overlap based on total histological investi-
gation after radical prostatectomy as a gold stand-
ard.They demonstrated that the mean ADC cutoff
value between cancerous and noncancerous tissues
ranged from 1.14 to 1.18 X 10~ mm?*/s.

Several reports have discussed whether DWTI im-
ages and ADC maps using a high (2,000 or 3,000
s/mm?) compared to standard b-value (1,000
s/mm? improve diagnostic accuracy for acute
cerebral infarctions in human subjects.'*'* Some
have reported a high b-value superior to a standard
b-value, and others have indicated no apparent di-
agnostic advantage using a high b-value. The latter
group reports that increase in b-value results in the
simultaneous decrease of the measured value of
ADC and SNR in the DWI used for ADC calcula-
tion. This complicates interpretation of the ADC
value; one cannot determine whether the ADC is
truly small or has simply been misread as small be-
cause of the poor SNR. Delano and colleagues'
demonstrated that an increase in b-value from

Magnetic Resonance in Medical Sciences



ADC and SNR in DWI Using High b-value in Prostate Cancer

1,000 to 3,000 s/mm?® made ADC decrease with an
average of 30% for multiple regions. Burdette and
associates'® reported that the average SNR for b=
3,000 images decreased to 45% of that for b= 1,000
images and that the number of excitations should
be increased by a factor of 4.7 to maintain an
equivalent SNR. Although shortening TE and in-
creasing NEX partially compensates for this de-
crease in SNR, increasing the NEX increases scan-
ning time, and any motion during acquisition
would degrade the images. In our series, the ADC
map for b=1,000 and 2,000 s/mm? was set at the
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Fig. 2. Bar graph of (a) signal-to-noise ratios

(SNR) within malignant peripheral zone tissues and
(b) contrast-to-noise ratios (CNR) (mean £ standard
deviation [SD]) for the diffusion-weighted images
performed at b= 1,000 and 2,000 s/mm?. The mean
SNR for malignant tissue with b= 1,000 s/mm? was
48.7+13.5 and with 2,000 s/mm?, 38.2+11.9 (P=
4,75% 10", The CNR with b=1,000 s/mm? was
15.6+8.1 and with 2,000 s/mm?, 12.9+7.5 (P=2.89
X 1079).

97

same TE and NEX at one time; in the future, it will
be necessary to reexamine this using the same SNR
and changing the TE and NEX. This decrease in
SNR for higher b-value DWI may be partly over-
come by applying a high-tesla MR system.

Some researchers demonstrated that when SNR
was insufficient, ADC was highly SNR-dependent
as a result of a combination of noise and choice of
noise thresholding and that when SNR was suf-
ficiently high, ADC was largely independent of
SNR.'*?' O’Halloran’s group' demonstrated the
effects of SNR on ADC measurements using porous
phantoms and the lungs of human subjects using
diffusion-weighted hyperpolarized helium-3 MR
imaging and suggested that one approach for
reducing the SNR-dependent bias in ADC measure-
ment was to apply a fixed noise threshold to both
the diffusion-weighted and diffusion-unweighted
images.

In our series, we used a monoexponential model
for water diffusion decay, but this model is inade-
quate when a large and high range of b-values is
sampled, and biexponential analyses would be bet-
ter suited for characterizing human brain*** and
prostate®® diffusion decay curves. It is accepted that
water in biological tissue can be described in terms
of a fast equilibration between 2 main compo-
nents—fast-diffusing water molecules, which are
mostly extracellular, and slow-diffusing water mo-
lecules, which are either bound to macromolecules
or confined within the cell membrane.'>?** The
diffusion of water molecules in the intracellular
component has been shown to be an order of mag-
nitude smaller than in the extracellular space, and
the MR signal from the 2 classes of water molecules
can be differentiated by using high-b-value diffu-

a b

Fig. 3.

C

(a) T,-weighted image, (b) diffusion-weighted image (DWI) (b= 1000 s/mm?), (¢) DWI (b

=2000 s/mm?) of a typical subject with prostate cancer in the left peripheral zone (arrow),
representing apparent diffusion coefficient (ADC) and signal-to-noise ratio (SNR) in this malignant

lesion (ADC,;g00=0.80% 1073 mm?/s;
36.7).
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