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PURPOSE

We aimed to investigate the effect of key imaging parameters on the accuracy of apparent diffu-
sion coefficient (ADC) maps using a phantom model combined with ADC calculation simulation
and propose strategies to improve the accuracy of ADC quantification.

METHODS

Diffusion-weighted imaging (DWI) sequences were acquired on a phantom model using sin-
gle-shot echo-planarimaging DWI at 1.5 T scanner by varying key imaging parameters including
number of averages (NEX), repetition time (TR), echo time (TE), and diffusion preparation pulses.
DWI signal simulations were performed for varying TR and TE.

RESULTS

Magnetic resonance diffusion signal and ADC maps were dependent on TR and TE imaging pa-
rameters as well as number of diffusion preparation pulses, but not on the NEX. However, the
choice of a long TR and short TE could be used to minimize their effects on the resulting DWI
sequences and ADC maps.

CONCLUSION

This study shows that TR and TE imaging parameters affect the diffusion images and ADC
maps, but their effect can be minimized by utilizing diffusion preparation pulses. Another key
imaging parameter, NEX, is less relevant to DWI and ADC quantification as long as DWI signal-
to-noise ratio is above a certain level. Based on the phantom results and data simulations,
DWI acquisition protocol can be optimized to obtain accurate ADC maps in routine clinical
application for whole body imaging.

iffusion-weighted imaging (DWI) measures the degree of water mobility, i.e., ran-

dom Brownian motion, in vivo and is a noninvasive tool (1-3). DWI has been used

mainly in cranial magnetic resonance imaging (MRI) applications to visualize stroke,
neoplasms, intracranial infections, traumatic brain injury, and demyelinating processes
since early 1990s (4-8). However, in recent years, DWI applications has been extended to
breast, musculoskeletal, liver, prostate, pelvis, and general whole body imaging with the
development of multichannel coils, parallel imaging, faster gradients, and MRI hardware
(9-14). DWI can provide a quantitative map of water diffusion coefficient. Water diffusion
coefficient can be calculated from diffusion-weighted images using at least two different
DWI values. DWI is achieved by applying diffusion gradients and is called the b-value. Wa-
ter diffusion coefficient in the tissue is called apparent diffusion coefficient (ADC) and can
be calculated from diffusion-weighted images using a linear regression analysis. The term
“apparent” is used for diffusion coefficient to differentiate from true diffusion coefficient
since the measured water diffusion coefficient in the tissue is influenced by a number of
other factors such as capillary network orientation and gross motion in addition to random
Brownian motion. ADC measurements are considered to be of greater importance in differ-
ential diagnosis of various pathological conditions and its accurate measurement is of great
importance (12, 13, 15-18).

In the past, the magnetic resonance gradients were much slower and repetition time (TR)
and echo-time (TE) were quite long. Thanks to the fast pace of advancement in MRI, the
imaging parameters were shortened significantly. Therefore, TR and TE could be reduced
in such a way that they could be comparable to tissue relaxation times (T1 and T2) in order
to reduce susceptibility artifacts and the total scan time for various DWI applications. As a
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result of this development, the selection of
user controlled imaging parameters, such
as TE, number of averages (NEX), number
of diffusion preparation pulse, b-value and
TR, became much more relevant to DWI
and ADC mapping (19-22). However, de-
pendency of ADC maps on some of the
user controlled imaging parameters were
investigated by few studies in a limited
manner (19-25). It is important to mention
that even though multi-shot and three-di-
mensional (3D) DWI sequences are recently
proposed to improve diffusion image quali-
ty (26-28), single-shot echo-planar imaging
(ssEPI) pulse sequence has been the prima-
ry sequence in use for DWI in clinical prac-
tice for the last two decades.

The purpose of this study is to system-
atically investigate the effects of user con-
trolled diffusion-weighted MRI parameters
on ADC values by uniquely combining
phantom studies with diffusion signal sim-
ulations and to give an insight into optimiz-
ing those parameters to obtain more pre-
cise ADC maps using the most commonly
used ssEPl-based DWI sequence.

Phantom studies

Phantom studies were performed on a
1.5 T MRI system (GE Healthcare). The gra-
dient strength and slew rate of the system
were 33 mT/m and 120 T/m/s, respectively.
A liquid gel phantom was used in this study.
Images were acquired using an ssEPl DWI
sequence. The imaging parameters were
b=600 s/mm? FOV, 20 cm; imaging matrix,
64x64; and a single average (NEX=1). First

* DWI quality and ADC map accuracy can be
affected by imaging parameters selection.

* Very short TR (comparable to longest
T1 relaxation time of a tissue of interest)
selection may result in overestimation of ADC
values. However, TR effect can be minimized
with the utilization of preparation pulses.

* Selection of TE has a rather small effect on
ADC maps and minimum TE selection is
recommended for DWI protocol.

* NEX parameter can be selected to provide
sufficient SNR as it has no direct effect on
ADC quantification.

* Optimization of imaging parameters
can improve the quality and accuracy of
diffusion-weighted images and ADC maps.

set of DWI sequences were acquired using
aTRof1,1.5,2,3,4,5,6,7,8,10,12, 14, 16,
and 17 s to investigate the TR effect, while
TE was set to 68 ms (minimum TE time
achievable for the selected protocol). Sec-
ond set of DWI sequences were acquired
using a TE of 68 ms, 80 ms, 100 ms, 120 ms,
140 ms, 160 ms, and 200 ms to investigate
the TE effect, while TR was set to 8 s. Third
set of DWI sequences were acquired using
aNEX of 1, 2,4, 8,12, and 16 to investigate
the NEX effect, while TR and TE were set to
8 s and 68 ms, respectively. Fourth set of
DWI sequences were acquired using a diffu-
sion preparation pulse of 0 (no preparation
pulse), 1, 2, 3, 4, 6, 8, and 12 to investigate
the preparation pulse effect, while TR and
TE were set to 1 s and 68 ms, respective-
ly. The last set of DWI sequences were ac-
quired using TR of 1, 1.5, 2, 3,4, 5,6, 7, 8,
10,12, 14,16, and 17 s, while the number of
diffusion preparation pulses were setto 0, 1,
and 4 in each acquisition set.

The phantom was placed in the MRI scan-
ner room for two hours prior to scanning to
stabilize its temperature at scanner room
temperature (22°C). Parallel imaging was
not used in this study to measure the sig-
nal-to-noise ratio (SNR) more accurately as
it has been known to affect the noise struc-
ture in MRI (23, 24). The T1 and T2 relaxation
times of the phantom are measured as 1273
ms and 315 ms, respectively. An 8-channel
phased-array brain coil was used for this
study.

Data processing and measurements
Acquired DWI sequences were processed
using commercially available software (Func-
tool, GE Healthcare) to produce ADC maps
of acquired axial slices. ADC values were
measured over two central axial slices of the
phantom from four different regions of inter-
est. For each measurement, two regions of
interest were manually drawn on each slice
at the upper and lower half of the phantom
excluding the edge of the phantom.

Data simulations

DWI signal simulation and ADC calcu-
lations were performed by varying the TR
and TE and using the phantom relaxation
parameters (T2=315 ms and T1=1273 ms).
MRI signal model for b=0 and 600 s/mm?
are given in Equations 1 and 2, respective-
ly. In general, TR is defined as the time be-
tween two consecutive radio frequency (RF)
excitation pulses in MRI pulse sequences.
For any single-shot MRI sequence, such as

102. January-February 2016 - Diagnostic and Interventional Radiology

ssEPI, TR is considered to be infinitely long
and is not part of MRI signal equation. How-
ever, ssEPl-based diffusion acquisition re-
peats the RF pulses multiple times depend-
ing on the number of b-values chosen by
the user and TR has to be included in the MRI
signal model (33) as shown in Equation 1:

S,=PD*[1 -] * e Equation 1

Where, T1 is tissue longitudinal relaxation
time; T2, tissue transverse relaxation time;
PD, tissue proton density; TE, echo time; TR,
repetition time; b, diffusion weighting val-
ue; D, diffusion coefficient.

ADC values are calculated from Equations
1 and 2 as shown below:

S,=5,%e’” Equation 2
ADC=-In(S5,/5,)/b Equation 3

The diffusion signal simulation in this
study is based on the repeated ssEPI MRI
signal (33). Due to repeated ssEPI acquisi-
tion, the T1 saturation effect becomes an
important parameter and the T1 compo-
nent of MRI signal needs to be introduced
into the MRI signal model as given in Equa-
tion 1. The diffusion-weighted MRI signal
with a b value is given in Equation 2, rep-
resenting the diffusion-weighted MRI sig-
nal. Equations 1 and 2 are then combined
to calculate the ADC values using linear
regression method. The simulations in this
study were performed for varying TR while
fixing TE at minimum value and varying TE
while fixing the TR at a specific value (8 s).
All simulations were performed using com-
mercially available software (Excel Sheet,
Microsoft Corp). In the simulation, the TR or
TE values were incremented in small steps
(approximately 1 ms increments). Howev-
er, identical TR and TE parameters used in
phantom experiments were chosen in the
simulation plots.

It is important to note that in the simula-
tion some of the constant terms related to
MRI hardware (e.g., eddy current, gradient
non-linearity, receiver gains) and phantom
density are not known. Therefore, the sim-
ulated ADC values are in arbitrary units and
should be treated as such. However, simu-
lated ADC values would be directly propor-
tional to MRI ADC measurements.

Statistical analysis

Data were analyzed using commercially
available software (Excel Sheet, Microsoft
Corp and XLSTAT by Addinsoft) and Mann
Whitney U test was used for statistical
analysis. There were four measurements
for each group of data. P < 0.05 was con-
sidered as statistically significant. The
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Table. Measured phantom ADC values as a function of imaging parameters

ADC value ADC value ADC value No. of RF ADC value

(mm?2/s x10%) (mm?/s x10%) (mm?/s x10%) prep (mm?/s x10%)
TR(s) median (min-max) P2 TE (ms) median (min-max) PP NEX  median (min-max) P2 pulses  median (min-max) P2
1.0 1794 (1751-1836) 68 1424 (1391-1458) 1 1428 (1413-1444) 0 2521 (2381-2660)
15 1617 (1566-1688) 0.029 80 1458 (1423-1493) 0.343 2 1431 (1416-1447)  0.686 1 1645 (1515-1775)  0.029
20 1481 (1459-1503) 0.029 100 1474 (1441-1508) 0.114 4 1431 (1414-1448) 0.886 2 1499 (1411-1587)  0.20
30 1423 (1403-1442) 0.029 120 1512 (1467-1557) 0.029 8 1433 (1416-1449)  0.686 3 1445 (1384-1507) 049
4.0 1422 (1402-1442) 0.686 140 1545 (1491-1599) 0.029 12 1428 (1410-1446)  0.686 4 1436 (1384-1489) 0.686
5.0 1426 (1406-1445) 0.686 160 1569 (1512-1667) 0.029 16 1430 (1415-1445)  0.886 5 1433 (1386-1480) 0.886
6.0 1427 (1406-1448) 0.886 200 1601 (1568-1664) 0.029 6 1436 (1384-1490) 0.886
7.0 1425 (1403-1447) 0.686 8 1442 (1381-1504) 0.686
8.0 1427 (1409-1445) 0.886 12 1430 (1381-1479) 0.886
10.0 1424 (1408-1440) 0.686
120 1427 (1410-1443) 0.686
14.0 1423 (1407-1439) 0.686
16.0 1424 (1410-1437) 0.886
17.0 1428 (1410-1446) 0.686

TR, repetition time; ADC, apparent diffusion coefficient; TE, echo time; NEX, number of averages; RF, radio frequency.
P values are shown for the consecutive measurements for each parameter; P° values are shown with respect to minimum TE value, as it is the most commonly used parameter.

Figure 1. a-c. Diffusion-weighted images for b=0 s/mm? (a), b=600 s/mm? (b) and the corresponding ADC map (c) of the phantom.

measured values are presented as median
(min-max).

The acquired phantom images with two
b values (0 s/mm? and 600 s/mm?) and
the corresponding ADC map are shown
in Fig. 1. The central slices of the phantom
were used for all measurements.

The phantom ADC measurements are
summarized in Table for varying TR, TE, NEX,
and number of diffusion preparation pulses
along with statistical analysis results.

Fig. 2 shows the measured ADC maps for
14 different TR values ranging from 1 to 17
s. Fig. 2 indicates that the ADC maps have

TR dependence. ADC value was significant-
ly higher for TR values shorter than 3 s (P
=0.029 forTRof 15,155, 25s,and 3 s, re-
spectively). On the other hand, there was
no statistically significant difference in the
measured ADC values for TR values longer
than 3 s (P =0.686).

Fig. 3 shows the measured ADC maps for
seven different TE values ranging from 68
ms to 200 ms indicating that ADC values
have TE dependence. The increase in ADC
values was significantly higher (P = 0.029)
for TE = 120 ms compared with minimum
possible TE (68 ms).

Fig. 4 shows the measured ADC maps
for six different NEX values ranging from 1
to 16. There was no statistically significant

difference (P = 0.686 for NEX=2, 8, and 12;
P = 0.886 for NEX=4 and 16) in the mea-
sured ADC values as a function of selected
NEX value. There was no significant differ-
ence in the measured ADC values based on
NEX selection.

Fig. 5 shows the measured ADC maps for
nine different RF preparation pulses for a
very short TR (1 s) and minimum TE (68 ms).
The results clearly showed that RF prepa-
ration is a significant factor on ADC values
even though it may not be a parameter di-
rectly accessible by the user depending on
the vendor (P = 0.029) for single RF prepara-
tion pulse vs. no preparation pulse). Howev-
er, there was no statistically significant dif-
ference among the measured ADC values

Effect of imaging parameters on the accuracy of ADC « 103



2000.00 1

1900.00 1

1800.00 1

1700.00 1

1600.00 1

ADC (X 10° mm?/s)

1500.00 1

= ol
5.
»-

1400.00 1

1300.00 1

o
Y
o+
e
Y
o

1200.00 \ \ \
00 20 40 6.0

80 100 120

140 160 180

TR (s)

Figure 2. Measured phantom ADC values as a function of repetition time (TR) values ranging from 1sto 17 s.
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Figure 3. Measured phantom ADC values as a function of echo time (TE) values ranging from 68 to 200

ms, foraTR value of 8 s.

using at least one RF preparation pulse (P =
0.20, for 2 RF; P = 0.49, for 3 RF; P = 0.686,
for 4 and 8 RF; P=0.886, for 5, 6, and 12 RF).
DWI without any preparation pulse resulted
in a significant overestimation of ADC val-
ues for the very short TR value of 1 s. Using
at least one or preferably two preparation
pulses greatly reduced the ADC overestima-
tion in this case.

Fig. 6 is closely related to Fig. 5 and shows
the RF preparation pulse effect from a dif-
ferent perspective. Fig. 6 shows the mea-
sured ADC maps for 14 different TR values
either with no RF preparation pulse, or with
one and four RF preparation pulses applied.
Figs. 5 and 6 show quite an interesting fact
that the TR dependence of ADC measure-

ments can simply be significantly reduced
by utilizing RF preparation pulse in the DWI
scans even if a very short TR is used in the
acquisition.

Fig. 7 shows the computer simulations of
DWI signal and calculated ADC maps using
the MRI signal model described above as
a function of TR. To better understand the
simulation results, the exact same TR values
used in the phantom studies were used in
the simulation. The DWI signal simulations
are in excellent agreement with the phan-
tom measurements shown in Fig. 2 and
confirm the TR dependence of ADC values.

Fig. 8 shows the computer simulations
of DWI signal and calculated ADC maps
using the MRI signal model as a function
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of TE. To simplify the simulation results, the
exact same seven different TE values used
in the phantom studies were used in the
simulation. The simulations showed a slight
upward trend in the calculated ADC values
as a function of TE and were in good agree-
ment with the phantom measurements
shown in Fig. 3. However, it is important to
point out that the TE effect on ADC values in
the clinically relevant protocol with TE val-
ues smaller than 100 ms were rather small.

Discussion

In this study, the effects of user controlled
MRI diffusion parameters on ADC values
were investigated by uniquely combining
phantom studies with MRI diffusion signal
simulations. Results in this study clearly
showed that the TR value does have an
effect on ADC values. Based on the phan-
tom measurements and computer simula-
tions, ADC measurements are affected by
the user selected TR values, especially if it
is comparable to the phantom relaxation
time. The degree of TR dependence is also
codependent on another parameter called
number of diffusion preparation pulses. We
believe that ADC values are affected by TR
values because the phantom (tissue) MRI
signal is not fully recovered after the first
acquisition in DWI and the resulting signal
in the second acquisition is less than what
it should be (21, 22). This saturation effect
due to very short TR selection caused an
overestimation of measured ADC values as
shown in Figs. 2 and 6. This problem can be
solved in clinical practice simply by choos-
ing a TR approximately five-times longer
than the tissue (or phantom) T1 relaxation
time as reported in the literature (32, 33).
However, Fig. 6 also shows very clearly that
very short TR can be used if the diffusion
pulse sequence uses diffusion preparation
pulses. As shown in Fig. 6, approximately
five-times and two-times of the phantom
relaxation time are required to get an ac-
curate ADC measurement if no RF prepa-
ration pulse and a single RF preparation
pulses are used, respectively. However, it
is quite striking that TR can be on the or-
der of phantom relaxation time (about 1 s)
when four RF preparation pulses are used
in the DWI scan. The RF preparation pulses
are quite practical in DWI scanning as they
increase the scan time minimally. For ex-
ample, if four preparation pulses are used
for a TR value of 1 s, total scan time would
increase by 4 s only.
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Similar to TR dependence of ADC values, it
is expected that there could be a TE depen-
dence on ADC values. In fact, Wang et al. (19)

found a modest correlation between TE and
ADC values in the prostate. However, surpris-
ingly, the correlation was present on the nor-

mal prostate tissue but not on cancer tissue
in the prostate. In another study, at 1.5 T and
3.0T, Qin et al. (20) did not find any effect of
TE on the measured brain white matter ADC
values. In our study, there was a clear but
somewhat small TE effect on the phantom
ADC values, especially with the choice of lon-
ger TE (>100 ms) as shown in Fig. 3. In good
agreement with phantom results, the sim-
ulations also showed a modest increase in
ADC values with longer TE, as shown in Fig.
8. The phantom and simulation results were
also in agreement with reported results in
normal prostate tissues (19). We believe that
the different results reported in the literature
are related to tissue specific relaxation time
parameters at different anatomies and other
imaging parameters. However, based on the
reported results in this study, as well as the
literature (19, 20), it is still recommended to
use the minimum possible TE to reduce dif-
fusion susceptibility artifacts, to optimize the
number of slices acquired in the DWI scan
and to minimize the TE effect on the mea-
sured ADC values.

NEX is another common parameter used
in DWI to improve the SNR with small ana-
tomical structures. The results in this study
show that the measured ADC values are not
dependent on the NEX value as shown in
Fig. 4. This was somewhat expected, as NEX
should not interfere with ADC measure-
ments. In fact, it was reported in pediatric
patients that ADC and fractional anisotropy
measurements were not different on 1, 2,
and 3 NEX acquisition but the clinical confi-
dence and overall image quality perception
was better at higher NEX selection (25). The
SNRincrease with higher NEX selection may
associate with better clinical outcome but
does not have a direct effect on ADC values
as long as SNR is sufficient (>20) to accu-
rately measure ADC values from DWI se-
quences (23, 25). SNR values are dependent
on several factors and NEX can be a prac-
tical imaging parameter to use to improve
SNR at the expense of longer scan times.

To our knowledge, the number of diffu-
sion preparation pulses has not been in-
vestigated in detail in routine DWI before.
In this study, we show that it can be used
to improve ADC measurement precision
when very short TR values are selected. The
diffusion preparation pulses are the pulses
applied repeatedly before the actual acqui-
sition takes place and causes the MRI signal
to reach equilibrium. Therefore, the DWI
signal will be independent of the selected
TR value and it would be preferable to uti-
lize preparation pulses in DWI applications.
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Figure 8. Simulated phantom ADC values as a function of TE values ranging from 68 to 200 ms.

The b-value selection is another very rel-
evant and important imaging parameter for
clinical applications as well. Therefore, there
are a number of studies investigating the
optimum b-value for different DWI applica-
tions (29-31). However, the reported opti-
mum b-values in the literature are quite di-
verse even for the same anatomical regions
and the differences in the range of report-
ed optimum b-values are expected due to
the dependencies shown in this study. We
believe that tissue specific relaxation time
parameters such as T1 and T2 and imaging

parameters such as TR and TE affects the
optimum b-value for different anatomies,
tissues, and even lesion types within the
same organ. The RF preparation pulse de-
pendence shown in this study also brings
up the topic of diffusion pulse sequence
design differences at different MRI system
vendors and may help to explain some of
the recently reported MRI system vendor
dependent ADC value measurements (34).
This study has some limitations. First,
we used a phantom model, which is not a
representation of living tissue and does not
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contain complicated compartments and
structures. However, the phantom model
also makes it possible to create a controlled
environment, where the imaging parame-
ter effects can be evaluated more accurate-
ly by minimizing external factors such as
patient motion and intrasubject variability.
The second limitation is the lack of perfu-
sion effects on DWI due to the single and
homogeneous phantom fluid used in the
study. Based on earlier studies, we expect
that the b values used in this study are high
enough to minimize the perfusion effects
(35). The third limitation of the study is
the increased truncation artifacts seen at
the perimeter of the phantom due to sig-
nificant susceptibility difference between
the air and phantom medium. This trun-
cation or ring artifact could contribute to
increased variation of the measured ADC
values on the phantom. To minimize ring
artifact, ADC values were measured from
multiple regions of interest to average out
the truncation artifacts.

In conclusion, the phantom results com-
bined with DWI signal simulations clearly
showed that ADC values can be influenced
by key imaging parameters such as TR, TE,
and diffusion preparation pulses, but not
by the NEX selection. At 1.5 T, an optimized
DWI protocol should be using a relatively
long TR, minimum available TE, at least one
diffusion preparation pulse, and a user-de-
cided NEX value, providing sufficient SNR.
For high-field applications, the TR should
be longer to take the prolonged T1 relax-
ation times with higher field strengths into
account. Diffusion preparation pulses can
also be used to practically eliminate the
need for longer TR in DWI applications.
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