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To prospectively compare the reproducibility of normal liver appar-
ent diffusion coefficient (ADC) measurements by using different
respiratory motion compensation technicues with multiple breath-
hold (MBH), free-breathing (FB), respiratory-triggered (RT), and
navigator-triggered (NT) diffusion-weighted (DW) imaging and to
compare the ADCs at different liver anatomic locations.

The study protocol was approved by the institutional review board,
and written informed consent was obtained from each participant.
Thirty-nine volunteers underwent liver DW imaging twice. Imaging
was performed with a 1.5-T MR imager with MBH, FB, RT, and
NT techniques (b = 0, 100, and 500 sec/mm?). Three represen-
tative sections—superior, central, and inferior—were selected on
left and right liver lobes, respectively. On each selected section,
three regions of interest were drawn, and ADCs were measured.
Analysis of variance was used to assess ADCs among the four tech-
niques and various anatomic locations. Reproducibility of ADCs
was assessed with the Bland-Altman method.

ADCs obtained with MBH (range: right lobe, [1.641-1.662] X
10~ *mm?/sec; left lobe, [2.034-2.054] X 10~*mm?/sec) were high-
er than those obtained with FB (right, [1.349-1.391] X 10~3mm?/
sec; left, [1.630-1.700] X 10~*mm?/sec), RT (right, [1.439-1.455]
X 10~3mm?/sec; left, [1.720-1.755] X 10~*mm?/sec), or NT (right,
[1.387-1.400] X 10~*mm?/sec; left, [1.661-1.736] X 10~3mm?/
sec) techniques (P < .001); however, no significant difference was
observed between ADCs obtained with FB, RT, and NT techniques
(P =.130 to P >.99). ADCs showed a trend to decrease moving
from left to right. Reproducibility in the left liver lobe was inferior
to that in the right, and the central middle segment in the right
lobe had the most reproducible ADC. Statistical differences in ADCs
were observed in the left-right direction in the right lobe (P < .001),
but they were not observed in the superior-inferior direction (P =
.144-.450). However, in the left liver lobe, statistical differences
existed in both directions (P = .001 to P = .016 in the left-right
direction, P < .001 in the superior-inferior direction).

Both anatomic location and DW imaging technique influence
liver ADC measurements and their reproducibility. FB DW im-
aging is recommended for liver DW imaging because of its good
reproducibility and shorter acquisition time compared with that
of MBH, RT, and NT techniques.
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dvances in magnetic resonance
A(MR) imaging technology have

led to increased use of diffu-
sion-weighted (DW) imaging in the
detection and characterization of liver
lesions (1-4). The apparent diffusion
coefficient (ADC) represents mobility
of water molecules within tissue and
is therefore believed to reflect chang-
es in lesion cellularity and develop-
ment of microscopic tumor necrosis
that can happen before these changes
become visible on conventional an-
atomic images (5-7). Many studies
have shown that ADC measurements
are helpful in differentiating benign

Advances in Knowledge

® Both the diffusion-weighted
(DW) imaging acquisition
methods and the liver anatomic
locations influence the apparent
diffusion coefficient (ADC) mea-
surements and their
reproducibility.

B Free-breathing (FB) (limits of
agreement [LOA]: right lobe,
0.350-0.450; left lobe, 0.425-
0.675), respiratory-triggered
(RT) (LOA: right, 0.285-0.435;
left, 0.360-0.810), and navigator-
triggered (NT) (LOA: right,
0.325-0.440; left, 0.395-0.630)
DW imaging techniques are
more reproducible than is the
multiple breath-hold (MBH) tech-
nique (LOA: right, 0.365-0.640;
left, 0.590-1.090) for liver ADC
measurements.

® FB (range: right, [1.349-1.391]
X 10~°mm?/sec, left, [1.630-
1.700] X 10~*mm?/sec), RT
(range: right, [1.439-1.455] X
10~3mm?/sec; left, [1.720-1.755]
X 10~3mm?/sec), and NT (range:
right, [1.387-1.400] X 10-3mm?/
sec; left, [1.661-1.736] X
103mm?/sec) DW imaging tech-
niques generate similar mean
ADC values, which are signifi-
cantly lower than those gener-
ated with the MBH technique
(range: right, [1.641-1.662] X
1073mm?/sec; left, [2.034-2.054]
X 10~*mm?/sec).

from malignant hepatic lesions and
that they can be used as imaging bio-
markers in the assessment of treat-
ment response (7-12).

However, ADCs are influenced by
many factors, such as image signal-to-
noise ratio and motion and suscepti-
bility artifacts (13-13). For liver DW
imaging, one of the most important
factors is liver motion caused by res-
piration (15,16). To deal with this fac-
tor, four approaches are widely used;
these are multiple breath-hold (MBH),
free-breathing (FB), respiratory-trig-
gered (RT), and navigator-triggered
(NT) DW imaging (16,17). However,
little is known of their reproducibil-
ity, even though many studies have
shown the feasibility of using ADCs
measured with MBH, FB, RT, or NT
techniques to evaluate liver lesions
(15,16,18). To our knowledge, only
a few studies (17,19,20) have been
performed to compare liver ADC re-
producibility measured with the four
methods, and the conclusions were not
in concordance.

Besides imaging techniques, liver
anatomic locations also were shown
to affect ADCs (9,19,21). Studies
showed that liver parenchyma in seg-
ment II had a higher ADC than did
liver parenchyma in any other seg-
ment and that reproducibility was
better in the right lobe than in the
left lobe (9,21). It has been shown
that cardiac motion is the reason for
liver ADC variation; however, the ex-
tent to which cardiac motion affects
the ADCs in different liver anatomic
locations 1is still unknown. Thus, the
purpose of this prospective study was
to compare the reproducibility of nor-
mal liver ADC measurements by using
different respiratory motion compen-
sation techniques with MBH, FB, RT,

Implication for Patient Care

B In terms of ADC measurement in
the normal liver, free-breathing
DW imaging is recommended
because of its good reproduc-
ibility and shorter acquisition
time compared with that of
MBH, RT, and NT DW imaging.

and NT DW imaging and to compare
the ADC values at different liver ana-
tomic locations.

Materials and Methods

Study Population

This prospective study was approved
by the research ethics committee of
Guangdong General Hospital, Guang-
dong Academy of Medical Sciences, and
written informed consent was obtained
from each participant. Forty-seven
healthy volunteers were referred for
MR imaging of the liver between August
2012 and November 2012. The inclu-
sion criteria for this study were as fol-
lows: (a) no history of drug abuse, viral
hepatitis, alcohol abuse, or abdominal
surgery, and no current medication use
during the study; (b) normal appear-
ance of the liver at ultrasonography (no
focal or diffuse liver disease, including
mild steatosis); and (c) ability of the
subject to hold his or her breath for
up to 20 seconds. The exclusion crite-
ria included (a) a history of or findings
related to liver disease and contraindi-
cations to MR imaging, (b) inability of
the patient to hold his or her breath for
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Abbreviations:

ADC = apparent diffusion coefficient
DW = diffusion weighted

FB = free breathing

ICC = interclass correlation coefficient
LOA = limits of agreement

MBH = multiple breath hold

NT = navigator triggered

ROI = region of interest

RT = respiratory triggered
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up to 20 seconds during DW imaging,
(c) failure to complete the DW imaging
procedure for any reason, and (d) poor
image quality that was insufficient for
image analysis.

MR Imaging Protocol

All volunteers were examined with a
1.5-T MR imager (Magnetom Espree;
Siemens Medical Solutions, Erlangen,
Germany) with a dedicated six-chan-
nel body matrix coil and a 12-channel
spine coil. End-expiratory MBH (four
breath holds), FB, RT (with an air-filled
pressure sensor capable of measuring
respiratory-induced pressure changes
fixed to the hypochondrial region via
a respiration belt around the volun-
teer), and NT (with a 100-mm-long
pencil-beam excitation prepulse at the
interface between the liver and lung
to detect the position of the right di-
aphragm) single-shot echo-planar DW
imaging examinations were performed
in the axial view with three b values (0,
100, and 500 sec/mm?). Fat suppres-
sion was achieved with spectral adia-
batic inversion recovery (Table 1). Each
volunteer was removed from the imager
for approximately 15 minutes and then
placed inside the imager again for a
second DW imaging series. The same

imaging parameters were used for the
repeated DW imaging series. In total,
each volunteer underwent eight DW
imaging passes.

Image Analysis

MR images were transferred to a
workstation (Viewforum iMAGC; Apple,
Cupertino, Calif) for postprocessing.
ADC maps were calculated by mono-
exponentially fitting the three b value
data points with the following equa-
tion: In(S) = —b-ADC+In(S,), where S
was the signal intensity, b was equal to
100 and 500 sec/mm?, and S0 was the
signal intensity at a b value of 0 sec/
mm?. The curve fitting used the linear
least-squares method to find the opti-
mum ADC that minimizes the summed
square of the residuals. The algorithm
was developed in house by using Mat-
lab, version 7.7, software (Mathworks,
Natick, Mass).

ADCs were measured with Im-
ageJ software (National Institutes of
Health, Bethesda, Md) by two radiol-
ogists working independently (X.C.,
D.P.; readers 1 and 2 with 5 and 3
years of clinical experience in liver
MR imaging, respectively). Reader 1
measured ADCs twice in a 1-week pe-
riod; he followed the same procedure

to assess intraobserver reproducibil-
ity, and his first measurement was
compared with the measurement ob-
tained by reader 2 to assess interob-
server agreement.

The right and left liver lobes were
divided by using the middle hepatic vein
as a reference, and ADCs were evalu-
ated separately. Three representative
sections were selected for each DW
imaging data set. For the right liver
lobe (Fig 1a), the central section was
obtained through the level of right por-
tal vein, and the superior and inferior
sections were obtained three or four
section levels above or below the cen-
tral section, depending on the section
thickness (three sections for MBH, four
sections for FB, RT, and NT). For the
left liver lobe (Fig 1b), the central three
continuous sections were selected.

Three equally spaced circular re-
gions of interest (ROIs) each measur-
ing 80 mm? were placed in the left and
right liver lobes, respectively, in all
three selected sections (Fig 1c). All 18
ROIs were placed in the homogeneous
liver parenchyma (visible vascular and
biliary structures were excluded), with
a margin of at least 5 mm from the liver
border. For the repeated DW imaging
series, ROIs were placed in areas as

Table 1

Imaging Parameters for MBH, FB, RT, and NT MR DW Imaging

Parameter MBH

FB

Field of view (mm)

350 X 240-280

350 X 240-280

Matrix 144 X 192 144 X 192
Receiver bandwidth (Hz/pixel) 1302 1302
Repetition time (msec) 800 3800

Echo time (msec) 91 94
Parallel imaging factor* 2 2
Section thickness (mm) 5.5
Intersection gap (mm) 49 47
Acquisition time range (min)* 1-2 2-3

No. of signals acquired 2 4

b value (sec/mm?) 0, 100, 500 0, 100, 500
No. of sections per stack 17 17

Echo spacing (msec) 0.95 0.95
Fat suppression SPAIR SPAIR

RT NT
350 X 240-280 350 X 240-280
144 X 192 144 X 192
1302 1302
1500-2000 3800
94 94
2 2
55 55
4.7 47
4-6 4-6
4 4
0,100, 500 0,100, 500
17 17
0.95 0.95
SPAIR SPAIR

Note.— SPAIR = spectral adiabatic inversion recovery.

* Performed by using a k-space-based technique (GRAPPA; Siemens Medical Solutions).
*Variable depended on respiratory cycle and interacquisition interval in MBH.
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Figure 1

Figure 1:

similar to one another as possible; this
was achieved visually by using anatomic
landmarks, such as the main portal vein
and its right branches in the liver.

Thus, a total of 144 ADCs were col-
lected for each volunteer (two repeated
series, three sections per lobe, two
lobes, three ROIs per lobe per section,
and four techniques).

Statistical Analysis

The sample size was determined by
using power analysis according to our
pretest values between two repeated
examinations for each technique by
presuming an expected difference of 0,
an allocation ratio of 1, an « value of
.05, and a power of 0.9, yielding an ex-
pected sample size of 36. We enrolled a

Diagrams show ROI placement. (a, b) Red lines are

the three selected sections of the (a) right and (b) left liver lobes
for ADC measurements. (c) ROIs 1, 2, and 3 represent the three
ROIs in the right, middle, and left segments of the right lobe, re-
spectively. ROIs 4, 5, and 6 represent the three ROIs in the right,
middle, and left segments of the left lobe, respectively.

total of 46 subjects, assuming a failure
rate of about 25% for the possibility of
unpredictable events, such as poor im-
age quality or incomplete DW imaging
examinations.

ADCs were expressed as mean *
standard deviation and were tested first
with the Kolmogorov-Smirnov test for
normality and then with the Levene test
for variance homogeneity.

Intra- and interobserver agreement
of ADC measurements were evaluated
by using intra- and interclass correla-
tion coefficients (ICCs) (22,23). The
average ADC from all nine ROIs was
used for ICC calculation. Intraobserv-
er ICC was computed from reader 1’s
two measurements. Interobserver ICC
was computed from reader 1’s first

measurements and from reader 2’s
measurements. An [CC greater than
0.75 was indicative of good agreement
(23).

The reproducibility of ADC mea-

surements was evaluated with the
Bland-Altman method (24). The mean
absolute difference (bias) and the 95%
confidence interval of the mean differ-
ence (limits of agreement [LOAs|) be-
tween the first and second DW imaging
series were compared (25). To evaluate
the systematic bias of repeated ADC
measurements, the average ADC from
the nine ROIs in both the right liver
lobe and the left liver lobe were com-
pared between the two repeated series
by using a paired-sample t test for each
technique.
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Next, for each MBH, FB, RT, and
NT DW imaging series, the differences
between left and right liver lobes were
evaluated by comparing the average
ADCGs from the nine ROIs in each lobe
by using a paired-sample t test. The
difference between these four tech-
niques was assessed by using two-way
classification analysis of variance.

Finally, the difference in ADCs
among the nine individual ROls on each
liver lobe was assessed by using three-
way classification analysis of variance.
The Bonferroni method was used to
adjust for multiple comparisons, when
necessary.

Statistical analyses were performed
by using SPSS (version 19.0; SPSS,
Chicago, IlI) and MedCalc (MedCalc,
Mariakerke, Belgium) software. Differ-
ences were considered significant when
P values were less than .05.

Population Demographics

Forty-six volunteers were enrolled
in this study. Seven of them did not
complete the study because of poor
image quality due to frequent bulk
movement during acquisition (n = 4)
or incomplete acquisition of all DW
imaging sequences ascribed to long
acquisition time (n = 3). Thirty-nine
volunteers successfully completed the
imaging examinations (15 men, 24
women; mean age, 24 years * 3; age
range, 20-32 years; mean age of men,
25 years = 2; age range, 22-29 years;
mean age of women, 23 years * 3,
age range, 20-32 years).

Intra- and Interobserver Agreement of
ADC Measurement

The intraobserver ICC calculated based
on reader 1’s two measurements ranged
from 0.853 to 0.982 (Table 2). The low-
est ICC was 0.853, and it came from
the MBH examination; the highest ICC
was 0.982, and it came from the FB
examination. Interobserver agreement
between reader 1’s first measurements
and reader 2’s measurements was good
for the four techniques, with ICCs rang-
ing from 0.829 to 0.952 (Table 2).

For the intra- and interobserver
agreement tests, the FB, RT, and NT
techniques offer consistently higher
ICC than does the MBH technique.

Reproducibility of ADC Measurements in
the Right and Left Liver Lobes with Four
Techniques

Overall, ADC reproducibility of the
right liver lobe was better than that
of the left lobe with any of the four
techniques, and FB, RT, and NT
techniques were always superior to
the MBH technique (Table 3). For
instance, the LOA between the two
repeated DW imaging examinations
in the superior right ROI in the right
liver lobe was 0.640 X 10~°mm?/sec
with MBH, 0.395 X 1073mm?/sec with
FB, 0.315 X 10~®mm?/sec with RT,
and 0.375 X 107®mm?2/sec with NT,
while the LOA in the superior right
ROI of the left liver lobe was much
higher (MBH, 1.090 X 10~°mm?/sec;
FB, 0.600 X 10~3mm?2/sec; RT, 0.515
X 1073mm?2/sec; and NT, 0.590 X
10 3*mm?/sec).

In the right liver lobe, reproduc-
ibility of ADC measurements of the
nine ROIs in different anatomic loca-
tions varied for each technique. The
LOA was (0.365-0.640) X 10~3mm?/
sec with MBH, (0.325-0.450) X
10 3mm?/sec with FB, (0.285-0.435)
X 1073mm?/sec with RT, and (0.325-
0.440) X 107*mm?/sec with NT. Re-
producibility of ADC measurements
in the central middle location was su-
perior to that in other anatomic loca-
tions for all the techniques, yielding
mean absolute differences of ADCs =
LOA of (=0.03 = 0.365) X 10~*mm?/
sec with MBH, (0.02 = 0.325) X
10~*mm?/sec with FB, (-0.02 =
0.285) X 107*mm?/sec with RT, and
(=0.04 = 0.325) X 10~3mm?/sec with
NT (Table 3, Fig 2).

In the left liver lobe, the LOA of all
nine ROIs was larger than the LOA of
ROIs in the right liver. The LOA was
(0.590-1.090) X 10~*mm?/sec with
MBH, (0.425-0.675) X 10~3mm?/sec
with FB, (0.360-0.810) X 10 *mm?/
sec with RT, and (0.395-0.630) X
10*mm?/sec with NT. When we took
both the mean absolute difference and

Intra- and Interobserver Agreement for ADC Measurement

NT

RT

FB

MBH

Second DW Imaging

Series

First DW Imaging

Series

Second DW Imaging

Series

First DW Imaging

Series

Second DW Imaging

Series

First DW Imaging

Series

Second DW Imaging

Series

First DW Imaging

Series

Agreement

0.897 (0.853, 0.925)
0.913 (0.831, 0.955)

0.954 (0.899, 0.972)

0.972 (0.933, 0.989)
0.932 (0.867, 0.965)

0.853 (0.673,0.923)  0.891 (0.812,0.941)  0.963 (0.923,0.978)  0.982 (0.923,0.991)  0.923 (0.852, 0.958)
0.952 (0.907, 0.975)

0.829 (0.667, 0.912)

Intraobserver

0.881 (0.769, 0.939)

0.926 (0.856, 0.962)

0.943 (0.890, 0.970)

0.881 (0.796, 0.939)

Interobserver

Note.—Data in parentheses are 95% confidence intervals.

Radiology: \olume 271: Number 1—~April 2014 = radiology.rsna.org

117



Radiology

GASTROINTESTINAL IMAGING : Liver Diffusion-weighted MR Imaging

Chen et al

=
D
7z
&
=S| =P =P - -
E| oo o biboinbin
& [ S = B B B M= M+
| ol Lo g 2 B2l © S «© Bo
ol ococgocgoogogooogo
eleceeee2e
S © B S S © N~ N~ S
X| oo ~o o oo o
| © o oo o oo oo
= |
=
[«53
oW
2
&
El = =M= -PM-
E| Do onhooobib
- — - M OFT DD~ D
; D o ®©< 0w W nw s
| SESECECSE=
Tl o ® oo - 0
® X| oo oo oo oo
= — | © S o oo oo
» = o | N B
=
@ 9
3 = =
—
5 Z| 3
[— N
= - =
o EAAAAAAAAA
ﬁ @ oOnninogoinibiown
! O M A NN AN © ©
H] S| © ©In ¥ 1K< LW
3 Ll eecesssseSe
L X ©owwer~ <= © ©
= o @S ~-ao =99 Qo
= L © oo oo oo oo
= =)
(7] [53
-] 2
= o
=} =
-l EAAAAAAAAA
. . S ooobhinboibin
@ 1 DDH DH O DM D = ™
> S e S Ok X
= llz=zszseeocece
Xl o~ ® o o = < 0
£ | 8=88838=23
- m?o?o?olooo
= = !
=
[
——
£ |z
= £ . PN PN PN _ PN
(-5 = Doobiobo oo
- NOODDNT ®»I O
D [ @M M T MM Mo
s = sesssseseses
—
= = 0 M LW S M AN NN
= X oS 8 QoS o o9
(7] — g o oo oo oo oo
g = 3 | | [
- —
[1-} [}
(<} [<5)
3 £
S| =P P - PN - PN
(1] E| Oibhbbbibo b
= - — A oA O~ A ®
£ | QMO0 d®®aaS
o | SEASEASEAZCSE=S
1] Tl oo N o - o m
=B X S OO0 OO0 S o oo
< 3 T | S oo oo oo o
o - & [
E s
=2 3| 3
L = ow
£ 5 &
- e
S =
® Dohbobhobnhdoio
= ! DT NN AN WD W LN
o S|l O T o Hm SN O™
& |l ecsssssseSe
Xl cmmoa oo oo
= n| S 988888 S S
= L ©oococococoo oo
[
[ =)
g g
S
5 =
] S| ===
] i S oobnhboibhino
-] | I ¥ O © © - WS
= S| @S O $ TS
Tleeccecececeoocee
= Xl &= moo < N
(=]
= SE=MEESEMNESMES
< H| S S S S o oo oo
‘s = [ |
>
= 5 o
= 5| 28 =} =}
I =] = =
'S S| 2EESE2 ¢ E2 ¢
= — = — =S E © 2 E ©
o oo = T 2 = 2
3 E| 222888555
= g S B B s E &S TS
o = o 0O O C C C O O O
JsS) = == == T - T P I <P I~ — T —
] g PP HSOSSEEE

Note.—Data in parentheses are 95% LOA. Superior, central, and inferior refer to the superior, central, and inferior sections of the liver lobe, respectively. Right, middle, and left refer to the right, middle, and left ROIs, respectively. The central middle

ROl in the right liver lobe and the inferior right ROl in the left liver lobe have the best reproducibility.

the LOA into consideration, ADC in the
inferior right ROI showed the best re-
producibility; this was (0.01 = 0.590)
X 107*mm?/sec with MBH, (0.01 =
0.365) X 10~*mm?/sec with FB, (0.02
+ 0.360) X 1073mm?/sec with RT, and
(0.07 £ 0.435) X 10~*mm?/sec with NT
(Table 3, Fig 3).

Mean ADCs in Left and Right Liver Lobes
with Four Techniques

Table 4 shows the comparison results
of mean ADCs from the nine ROIs in
each liver lobe. For both readers, left
lobe ADCs were significantly greater
than right lobe ADCs with all four tech-
niques (P < .001).

ADCs with the MBH technique
(right, [1.641-1.662] X 10~*mm?/sec;
left, [2.034-2.054] X 10~*mm?/sec)
were significantly higher than those
with the FB (right, [1.349-1.391] X
10~3mm?/sec; left, [1.630-1.700] X
10°mm?/sec), RT (right, [1.439-
1.455] X 1073mm?/sec; left, [1.720-
1.755] X 107*mm?/sec), or NT (right,
[1.387-1.400] X 10~ °*mm?/sec; left,
[1.661-1.736] X 10 *mm?/sec) tech-
nique for both readers on both re-
peated images and for both left and
right liver lobes (P < .001) (Table 4);
however, no significant difference was
noticed between FB, RT, and NT tech-
niques (P =.130 to P > .99).

ADCs of Different Anatomic Liver
Locations

Mean ADCs from the two repeated
series * standard deviation of different
anatomic liver locations for reader 1
are shown in Table 5. Reader 2’s results
were similar and are not shown.

For all four techniques, ADCs
showed a decreasing trend in the left-
right direction (Fig 4). The differences
of ADCs in that direction for both left
and right liver lobes were all signifi-
cantly different (right lobe, P < .001;
left lobe, P = .001 to P = .016) (Table
5). On the other hand, in the superior-
inferior direction, ADCs in the left lobe
clearly decreased (P < .001) (Fig 4);
however, no significant difference was
observed in the right lobe (P =.144 to P
= .450). In general, standard deviation
of ADCs in the left liver lobe was much
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larger than that in the right liver lobe
(Fig 4).

DW imaging is now widely implement-
ed in clinical practice to detect and
characterize liver lesions. Breath-hold
DW imaging was routinely used be-
cause the liver can be imaged in one
to two breath holds of approximately
20 seconds each; however, it suffers
from a low signal-to-noise ratio and a
low spatial resolution. On the other
hand, FB, NT, and RT DW imaging can
be performed with multiple excitations

to reduce the effects of motion and at-
tain a higher signal-to-noise ratio; how-
ever, this comes at the expense of a
prolonged acquisition time. Because of
the various choices of acquisition tech-
niques and the complexity of motion-in-
ducing unreliable ADC measurements,
to our knowledge, no consensus on the
optimal liver DW imaging acquisition
scheme currently exists.

Several studies have suggested that
cardiac motion caused signal loss dur-
ing liver DW imaging, which resulted
in artificially increased ADC (26,27).
Kwee et al (26) used dynamic DW
imaging to examine the effects of the

heart on liver DW images and found
that DW images obtained in the sys-
tolic phase had lower signal intensity
than did DW images obtained in the
diastolic phase and that the left liver
lobe was more affected than the right.
Their findings were in line with our re-
sults, which showed that the left liver
lobe had significantly higher ADCs and
larger LOA than did the right liver
lobe. In the superior-inferior direction,
ADCs decreased significantly in the left
liver lobe but not the right liver lobe,
where the cardiac motion effect was
expected to be smaller. Furthermore,
ADCs showed a clear decreasing trend
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Figure 3:  Bland-Altman plots show reproducibility of ADCs (X 1073 mm?/sec) in the inferior right location of left lobe with four techniques: (a) MBH, (b) FB, (c) NT,

and (d) RT. Blue line = mean absolute difference, red lines = 95% confidence interval of the mean difference (LOA).

from left to right (ie, farther from the
heart). In the left liver lobe, the most
reproducible ADC was measured in
the inferior right segment, which was
expected because that segment was
the farthest from the heart and thus
was minimally affected by cardiac
motion. If cardiac motion was consid-
ered the major source of motion that
influenced ADC measurement, the
most reproducible ADC measurement
in the right liver lobe, theoretically,
should be the inferior right segment.
However, our results showed that the
most reproducible segment was the
central middle segment. Thus, there

must be other motion affecting ADC
measurements in the right liver lobe.
One possibility was that the superior
segment of the right liver lobe was af-
fected more by cardiac motion, as ex-
pected; however, the inferior segment
was influenced more by intestinal peri-
stalsis instead, and the right segment
was influenced more by abdominal wall
and diaphragm motion. However, this
hypothesis needs to be confirmed in
future studies.

Our results showed that all the
LOAs were around 30% of the mean
ADC, with the exception of MBH in
the left liver lobe (maximum LOA was

approximately 50% of the mean ADC);
this finding was in agreement with the
findings of Kim et al (19). Thus, for
treatment response evaluation with
ADC as a biomarker, we also recom-
mend a confident threshold to be at
least 30%, and the same DW imaging
acquisition technique should be used
for all baseline and follow-up studies.
Nasu et al (28) showed that signal
intensity decrease was less prominent
in trace images because average signal
intensity was calculated; this finding
was in agreement with our results.
When we compare MBH (two signals
acquired) with FB, NT, and RT (four
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<.001
<.001
<.001

1.713 = 0.286

1.661 += 0.248
1.693 = 0.188

1.387 = 0.178
1.398 = 0.192

1.720 = 0.279
1.720 = 0.278
1.720 + 0.202

1.455 = 0.189
1.445 = 0.182
1.450 = 0.155

<.001

1.672 = 0.273
1.630 = 0.281
1.651 = 0.211

1.391 = 0.155

2.052 = 0.412
2.054 = 0.395
2.053 = 0.241

1.655 = 0.205
1.658 = 0.196
1.657 = 0.141

<.001

First

1.349 = 0.171
1.370 = 0.131

Second
Mean

1.384 = 0.134

<.001

<.001

Pvaluet

second DW imaging series.

first DW imaging series, Second
*Two-way analysis of variance revealed significant differences in ADCs between the right and left liver lobes with MBH, FB, RT, and NT techniques.

T Pvalues were obtained by using the paired ttest to compare differences between the right and left liver lobes for each technique.

Note.—Data are mean =+ standard deviation. First

signals acquired), ADCs were signif-
icantly higher with MBH (ie, more
signal intensity decrease) and less
reproducible. However, conflicting
results were reported previously for
comparison of these acquisition tech-
niques. Kwee et al (17) showed the
reproducibility of ADC measurements
in normal liver parenchyma with
breath-holding (two signals acquired)
and FB (four or five signals acquired)
examinations was comparable to but
better than that obtained with an RT
examination (two signals acquired)
and that ADCs obtained with an RT
sequence were significantly larger
than those obtained with a BH or FB
sequence. The possible reason for the
higher and more scattered ADCs with
RT DW imaging was the fact that only
two excitations were used in the Kwee
et al study, and there may have been
a mismatch in the end-expiratory di-
aphragm levels between sequential
triggering events. Furthermore, Taouli
et al (16) reported more reproducible
but significantly higher ADC with the
NT technique (four signals acquired)
than with the BH technique (two sig-
nals acquired). They speculated that
the higher ADC with the NT tech-
nique might have been due to the im-
proved signal-to-noise ratio from the
increased number of signals acquired
and the longer repetition time. Kim
et al (19,29) also reported a higher
ADC in malignant hepatic tumors
with the RT technique (four signals
acquired) than with the BH technique
(two signals acquired). On the con-
trary, similar to our results, Jerome
et al (20) recently compared FB and
NT abdominal DW imaging and re-
ported no significant difference be-
tween the two acquisition techniques.
In that study, the acquisition time was
10 minutes for each technique, within
which the FB technique yielded con-
sistently more excitations (5.5 excita-
tions * 0.2 vs 3.9 excitations = 0.1).
The fewer excitations yielded by NT
resulted in poorer confidence in ADC
estimation even though NT examina-
tions did indeed reduce the range of
motion (6.0 mm = 1.4 for NT vs 10.0
mm * 1.7 for FB). The motion range
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Figure 4:  ADCs plots of different liver locations with (a) MBH, (b) FB, (c) NT, and (d) RT DW imaging. Central = central section of the liver lobes, inferior = inferior
section of the liver lobes, L = left segment of the liver lobe, /eft = left liver lobe, M = middle segment of the liver lobe, R = right segment of the liver lobe, Right =
right liver lobe, superior = superior section of the liver lobe.

difference between NT and FB exam-
inations surprisingly was not signifi-
cant, which may explain the compa-
rable ADC measurements observed in
their study. They did not test RT DW
imaging, but we believe that RT would
generate a similar or slightly larger
range of motion than NT because the
triggering was based on a pressure
sensor, which was not as accurate
as directly navigator measuring the
motion of the diaphragm. This also

explained why in our study, with the
same number of signals acquired, we
obtained similar ADC measurements
with FB, NT, and RT. The reason for
the discrepancy in ADC values from
the previous studies and our current
study was not fully understood; how-
ever, one consistent finding was that
more excitations generated more re-
producible ADCs. Thus, even though
liver ADC measurements can be af-
fected by cardiac motion, respiratory

motion, and hepatic local motion, a
reasonable and reproducible ADC can
be measured by using more excita-
tions during DW imaging acquisition.
More excitations can improve the pos-
sibility of DW image acquisition dur-
ing the diastolic phase that resulted
in higher signal intensity as compared
with that in the systolic phase (26).
Furthermore, acquisition of multiple
signals can compensate for signal loss
in DW imaging.
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Our study had several limitations.
First, comparison and assessment of
reproducibility of ADC measurements
were performed with data from only
normal liver parenchyma in a young
healthy population. It is important to
realize that the results in normal liver
and hepatic tumors (hepatic tumors
have a more heterogeneous microenvi-
ronment), as well as those in young and
old populations, may differ. Thus, our
reproducibility may be overestimated
for a patient population.

Second, the section thickness and
number of signals acquired for the
MBH technique were different from the
section thickness and number of signals
acquired for the FB, RT, and NT tech-
niques, which may have caused some
bias. However, MBH DW imaging with
two signals acquired already required
four breath holds. Thus, it was more
acceptable for the subject to complete
the current MBH DW imaging exami-
nation than for him or her to undergo
MBH DW imaging with four signals
acquired, which would have required
eight breath holds and a much longer
acquisition time. Furthermore, acquisi-
tion of two signals for MBH DW im-
aging offered sufficient signal-to-noise
ratio in our opinion; therefore, we op-
timized the number of signals acquired
as two for the MBH technique.

Finally, in our study, we used three
b values (0, 100, and 500 sec/mm?) for
ADC measurements. Since the perfusion
fraction was not excluded and because
only monoexponential fitting was per-
formed, the ADC values might have been
overestimated; however the reproducibil-
ity should have remained the same.

In conclusion, we recommend that
ADC measurement of the liver paren-
chyma be performed with FB DW im-
aging in clinical practice and research
because of its good reproducibility and
shorter acquisition time compared
with that of MBH, RT, and NT DW im-
aging. ADC of the central middle seg-
ment in the right lobe has the best re-
producibility and should be used as the
reference standard when liver ADC is
used as a biomarker for clinical appli-
cations, such as monitoring treatment
responses.
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