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Abstract
Purpose—To compare liver ADC obtained with breath-hold and free-breathing diffusion
weighted imaging (DWI) in healthy volunteers and patients with liver disease.

Materials and Methods—Twenty-eight subjects, 12 healthy volunteers and 16 patients (9
NAFLD, 7 chronic active HCV), underwent breath-hold (BH) and free-breathing (FB) DWI MRI
at 1.5T. Pearson’s correlation coefficient was used to determine correlation while paired t-tests
assessed differences between BH and FB ADC. Estimated bias was calculated using the Bland-
Altman method.

Results—Liver ADC (×10−3 mm2/sec) was lower on BH for all groups (mean difference
0.36±0.20; p<0.01). ADC was higher in healthy volunteers (BH 1.80±0.18; FB 2.24±0.20)
compared to NAFLD patients (BH 1.43±0.27; FB 1.78±0.28) (p<0.001) and HCV patients (BH
1.63±0.191; FB 1.88±0.12). Overall correlation between BH and FB ADC was (r =0.75), greatest
in NAFLD (r =0.90) compared to the correlation in HCV (r =0.24) and healthy subjects (r =0.34).
Bland-Altman plots did not show agreement in mean absolute difference and estimated bias
between subjects.

Conclusion—Correlation between BH and FB liver ADC is moderate indicating that BH and FB
should not be used interchangeably. Additionally, the lower ADC values in BH versus FB should
be accounted for when comparing different liver DWI studies.
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INTRODUCTION
The most common etiologies of chronic liver disease are nonalcoholic fatty liver disease
(NAFLD), which affects almost 30% of the population in the United States, alcoholic fatty
liver disease, hepatitis B infection and hepatitis C infection (1–3). The detection and staging
of diffuse liver disease is primarily achieved through histological assessment of tissue
obtained by liver biopsy. However, there is a current drive towards developing non-invasive
quantitative techniques for evaluation of disease severity. Diffusion weighted MRI (DWI) is
a promising technique which is under investigation for such a purpose. Researchers have
shown that DWI and liver apparent diffusion coefficient (ADC) may be helpful in the
detection and characterization of liver fibrosis (4–9). Major limitations to the widespread use
of liver ADC in clinical practice is the lack of a standardized DWI protocol, susceptibility of
the DWI sequence to artifacts, and a lack of sufficient data comparing DWI techniques.
Optimization of DWI requires a compromise between strategies for improving signal to
noise versus strategies to reduce motion artifact which are associated with increased or
decreased scan time, respectively. Breath-hold (BH) single-shot (SS) echo-planar imaging
(EPI) is a rapid sequence with a short examination time which reduces motion artifact but
has inherent low signal-to-noise ratio. The other frequently used technique, free- breathing
(FB) DWI, provides a good signal-to-noise ratio (SNR), however may suffer from motion
artifact (10). To the best of our knowledge, there is no prior study which has compared liver
ADC determined with BH and FB DWI in both patients and healthy subjects. Therefore, the
purpose of our study was to compare liver ADC values obtained with BH and FB DWI in
healthy volunteers and patients with chronic liver disease.

MATERIALS AND METHODS
Patients

Relevant Committee of Human Research approval was obtained, and the study was in
compliance with the Health Insurance Portability and Accountability Act. Written informed
consent was obtained from all subjects for the purpose of this MR imaging study. Twenty-
eight consecutive subjects were imaged and recruited as part of two prospective trials, one
studying NAFLD subjects and one studying HCV/HIV co-infected subjects. Additionally,
twelve healthy volunteers with no prior history or finding related to liver disease were
recruited. Nine patients with biopsy proven nonalcoholic fatty liver disease were recruited
for the NAFLD cohort study, four of whom had Ishak fibrosis stage greater/equal than two.
The remaining seven patients had chronic active HCV infection (HCV RNA positive) with
concomitant HIV infection. They were recruited from the Northern California site of the
Women’s Interagency HIV Study (WIHS), an ongoing prospective study established in 1994
to investigate the progression of HIV infection in women with and at risk for HIV. The
recruitment, study design and baseline characteristics of WIHS women have been described
elsewhere (11, 12). Exclusion criteria were general contraindications to MR imaging, such
as an implanted pacemaker or claustrophobia.

MR Imaging
All subjects were scanned with a 1.5T HDx scanner (GE Medical Systems, Milwaukee, WI)
using an eight-channel body phased-array coil (GE Medical Systems, Milwaukee, WI).
Anti-peristaltic and contrast agents were not administered. The MR imaging protocol
included two axial diffusion-weighted, single-shot, echo-planar imaging sequences as
follows: 1) BH DWI: sequential slice acquisition; acquisition time was 24 seconds, 3
direction BH DWI with parallel imaging, acceleration factor, 2; TR/TE, 2000/70.3 ms;
matrix size, 128×128; field of view, 36–48 cm, corresponding to an in-plane acquisition
voxel size of 0.28 to 0.375mm; slice/gap 10/2 mm; number of signal averages, 3; number of
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slices, 9; b-values, 0, 600 s/mm2; bandwidth, 1953 Hz/pixel; and spectral-spatial excitation
of the water peak; one dummy scan was acquired at the beginning of the sequence. 2) FB
DWI: sequential slice acquisition; acquisition time was 5 minutes, 6 direction FB DWI
sequence; TR/TE, 7000/87.8 ms; matrix size, 128×128; field of view, 36–48 cm,
corresponding to an in-plane acquisition voxel size of 0.28 to 0.375 mm; slice/gap 10/2 mm;
number of signal averages, 6; number of slices, 9; b-values, 0, 600 s/mm2; bandwidth, 1953
Hz/pixel; and spectral-spatial excitation of the water peak; No dummy scans or pre-pulses
was applied to the FB acquisition.

Image analysis
Liver ADC maps were generated on a voxel-by-voxel basis using a software program
developed in-house to obtain ADC maps for each scan using a UNIX Solaris Workstation
(Sun Microsystems, Sunnyvale, California). Only the right hepatic lobe was evaluated since
it is well established that the left lobe is much more susceptible to image degradation due to
cardiac and respiratory motion (10, 14). The ADC measurements were obtained with large
free-form regions-of-interest drawn to include as much of the right lobe of the liver as
possible while avoiding the edges of the liver. Large ROIs were used to permit greater liver
signal averaging and potentially reduce variability due to local regional differences in ADC
(15). A total of three large ROIs were drawn: at the level of the portal vein confluence and
on the adjacent axial levels (12mm level above and below image centered on portal vein
confluence) immediately above and below the portal vein confluence for the BH and FB
sequences on anatomically matched locations in the same subjects [Figure 1]. All the ROIs
were drawn with the same researcher with 2 years of experience in liver MR interpretation.
The average ADC was calculated from these 3 large ROIs for BH and for FB sequences.

Statistical analysis
All statistical analyses were performed using SAS, version 9.2 (SAS Institute Inc., Cary,
NC). The mean and standard deviation for demographic characteristics (age and BMI) and
average liver ADC values for BH and FB sequences were calculated for the total population
and by liver disease status. Differences in demographic characteristics were assessed by one-
way analysis of variance using the Student Newman Keuls test for multiple comparisons.
The paired t-test was used to detect differences in ADC values obtained through BH and FB
techniques. Average liver ADC values were compared between healthy volunteers and
patients by t-test using the Student Newman Keuls test to address multiple comparisons.
ADC values were normally distributed for each subgroup.

Correlation and agreement in BH and FB measurement techniques were evaluated for the
different subject groups. Pearson’s correlation coefficient was used to assess the correlation
between average liver ADC values measured on BH and FB sequences. The estimated bias
(mean difference between BH and FB liver ADC measurements) and 95% confidence
intervals (limits of agreement) were then calculated and plotted using the Bland-Altman
method (16, 17). The significance of variation in liver ADC difference between BH and FB
across liver disease status was evaluated using the Brown-Forsythe test. A p-value of <0.05
indicated statistical significance.

RESULTS
The study population was primarily female accounting for 42% of healthy volunteers, 89%
of NAFLD patients and 100% of HCV patients. NAFLD (mean age 52, range 33–71) and
HCV (mean age 51, range 42–59) patients were significantly older than healthy volunteers
(mean age 32, range 22–58) (p<0.05). BMI was significantly higher among NAFLD patients
(mean 31.7, range 23.6–46.6) compared to both healthy volunteers (mean 22.4, range 20.0–

Eatesam et al. Page 3

J Magn Reson Imaging. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



25.5) and HCV patients (mean 24.2, range 19.1–32.6) (p<0.05). Grade of steatosis in
NAFLD subjects was 0 for 3, 1 for 3, 2 for 0 and 3 for 3 subjects. Ishak fibrosis stage in this
group was 0 for 5, 1 for 0, 2 for 1, 3 for 2 and stage 4 for 1 subject.

The BH and FB average ADC values and their differences are shown in Table 1, Figure 2
and Figure 3. Liver ADC was significantly lower on BH compared to FB DWI for all groups
with a mean difference of 0.36± 0.20 × 10−3 (p<0.01).

The liver ADC (×10−3 mm2/sec) was higher in healthy volunteers (BH 1.80±0.18; FB
2.24±0.20) compared to patients with NAFLD (BH 1.43±0.27; FB 1.78±0.28) (p<0.001),
and HCV patients (BH 1.63±0.191; FB 1.88±0.12), although statistical significance was not
attained with the HCV patient group.

A significant correlation between BH and FB liver ADC was detected for all study
participants (r =0.75). However correlation in BH and FB measurements was strong for
NAFLD patients (r =0.90) and weak and non-significant for both HCV patients (r =0.24)
and healthy volunteers (r =0.34) (Table 2).

The Bland-Altman plots with 95% limits of agreement are shown for breath-hold and free-
breathing average liver ADC differences in Figure 4. Bland-Altman plots demonstrate a lack
of agreement in mean absolute difference between all groups. The differences in
measurements obtained by BH and FB were significantly different from zero for NAFLD
patients and healthy volunteers as demonstrated by 95% limits of agreement not including
zero. The limits of agreement ranged between 0.11 to 0.59 in NAFLD patients, −0.15 to
0.64 in HCV patients, and 0.003 to 0.87 in healthy volunteers but significant differences in
variance were not detected (p=0.58, Brown-Forsythe test).

DISCUSSION
Our study of BH and FB in healthy volunteers and patients with NAFLD and patients with
HCV demonstrated several significant findings. First, BH ADC values were consistently and
significantly lower than FB for all groups, p<0.01. Second, the correlation between BH and
FB was highest and strong for NAFLD patients (0.90), but very weak and non-significant
for HCV patients (0.24) and for healthy volunteers (0.34). Third, we observed a significantly
lower liver ADC in patients with NAFLD compared to healthy volunteers (P<0.001), which
may reflect underlying liver pathology as previously suggested in the literature (4–9).
Limited research has been done to compare breathing techniques in DWI (18–21). These
studies have focused primarily on the comparison of BH and respiratory triggered DWI in
small numbers of healthy volunteers or patients with focal liver diseases. Furthermore, there
is a lack of consensus with regard to which breathing technique is superior for DWI of the
liver, which is compounded by technique and vendor related variation in ADC
measurement. Although determining the superiority of FB versus BH DWI was beyond the
scope of this study we wanted to establish if measurements of ADC from the two techniques
were comparable and as such may be used interchangeably for patient follow-up. In our
study, the mean liver ADC was 1.80± 0.18 × 10−3mm2/sec for healthy volunteers on BH
DWI and was slightly higher compared to the BH ADC values reported by Kwee et al.
(1.57–1.62 ×10−3mm2/sec) (18). There are a number of possible factors contributing to the
difference in the ADC values in our study including our slightly higher b-value of 600 s/
mm2 rather than 500 s/mm2, and a volume sampling difference from variation in slice
thickness. In our study, we used a slice/gap of 10/2 mm compared to the thinner 7/1 mm
used by Kwee et al (18), which may allow greater partial voluming with vessels. Other
factors which may result in ADC differences include technical parameters related to
different MRI scan manufacturers. While the impact of the combined different sequence and
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technical differences is not clearly understood, it does indicate the importance of such
differences on ADC measurement.

Kwee et al. studied control subjects and (18) reported that respiratory triggered DWI was
associated with significantly higher ADC in normal liver parenchyma but was less
reproducible than FB or BH DWI. Furthermore, although ADC derived from FB and BH
DWI was not found to be significantly different, the overall ADC values with FB DWI
tended to be higher. Conversely, Kandpal et al. (19) reported greater signal to noise and
accuracy of ADC with respiratory triggered DWI compared to BH imaging for detection of
focal liver lesions. Nasu et al. (21) reported no significant difference in liver ADC obtained
with FB and respiratory triggered DWI. Although there is a lack of consensus on the optimal
DWI technique, there are advantages and disadvantages to both BH and FB DWI. The
principal advantage of BH DWI is a short scan time while the principal advantage of FB
DWI is a good signal to nose ratio, with the disadvantage of higher motion artifact (10).
Respiratory triggered DWI is similar to FB DWI from the perspective of a long scan time
but with reduced variation in the region imaged and in motion artifact. A direct comparison
of BH to FB DWI has not previously been formally assessed.

In our study, BH ADC values were consistently lower than FB ADC values for all except
one subject. A possible explanation for higher liver ADC values with FB compared to BH
DWI may be signal contribution by adjacent vessels or other tissues as a consequence of
respiratory motion between the different acquisitions. The effect of cardiac motion on liver
DWI is recognized and is far more pronounced in the left than the right lobe of the liver (10,
14). Kwee et al (14), reported signal decrease ratios between systole and diastole of 25.5%
in the left lobe and 17.3% in the right lobe in 3 volunteers. Nasu et al (21, 22) described
pseudo-anisotropy artifact when using respiratory triggered DWI, which the authors
hypothesize to originate in localized hepatic movement, such as extension, contraction and
rotation. Although pseudo-anisotropy was observed in patients with and without cirrhosis, it
was more often found to be present in patients without cirrhosis and was associated with
higher ADC. As such, the authors suggest that respiratory and cardiac motion is more likely
to result in motion artifact in a less rigid or non-cirrhotic liver and consequent higher liver
ADC. While we used breath-hold and free-breathing rather than respiratory triggered DWI,
the principle of pseudo-anisotropy artifact may have contributed to the higher ADC
observed with free-breathing DWI and may also be relevant to the higher ADC observed in
healthy volunteers. We observed a moderate overall correlation between BH and FB ADC
values (0.77), which is concordant with prior studies comparing other breathing techniques
for DWI (10, 15, 18–20) and supporting the notion that liver ADC obtained with different
breathing techniques varies depending on the technique and should not be interchanged. We
also observed the highest correlation of BH with FB ADC in NAFLD subjects (0.90). A
possible explanation for such a difference in BH and FB ADC correlation between the
subject groups may be related to respiratory effort or pseudo-anisotropy, particularly since
BH and FB ADC differences were most disparate between healthy volunteers and patients
with NAFLD. A further explanation, may be related to a reduced pulmonary function
observed in over-weight and obese individuals (23, 24), and the patients with NAFLD in this
study had significantly higher BMI than the healthy controls and HCV patients (p<0.05,
Student Newman Keuls). Thus these NAFLD subjects may demonstrate less diaphragmatic
and consequent liver motion with respiration compared to healthy or non-obese subjects,
which would result in a greater approximation of liver sampling on FB sequences and less
partial voluming of vessels. It is also possible that differences in hepatic venous flow pattern
between healthy subjects and patients may affect the correlation of BH ADC to FB ADC.
With progression of fibrosis, hepatic venous flow decreases (which has been reported in
studies using Doppler sonography to assess hepatic blood flow) (25–30). Hagiwara et al
(30), reported significant differences for all perfusion MR imaging-estimated parameters in
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patients with advanced liver fibrosis, except for absolute portal venous blood flow and
absolute total liver perfusion; a significant increase in absolute arterial blood flow, arterial
fraction, distribution volume, mean transit time and significant decrease in portal venous
fraction was observed . Since DWI is influenced by perfusion, the averaged signal
associated with FB DWI may be reduced due to such a decrease in blood flow. Also, the FB
ADC may be influenced by the affects of altered blood flow patterns in the liver with respect
to respiration (inspiration increases flow velocity in portal and hepatic vein in healthy
subjects) (29), such that a dampened alteration in hepatic venous blood flow with respect to
respiration in patients with chronic liver disease may result in a reduced difference between
BH and FB DWI. When considering causal effects of ADC differences between sequences,
it is important to consider the impact of the sequence parameters. In a study of 35 patients
and 20 volunteers, Shiehmorteza et al, (13), reported that shot number in a SE EPI sequence
may influence ADC, such that the application of a “dummy” b=0 scan or scans may need to
be acquired to attain a steady-state prior to further DWI acquisitions. Our data was acquired
at 1.5T whereas the data from Shiehmorteza et al, (13) was acquired at 3T with its
concomitant higher T1 and greater difference between fully relaxed signals and steady-state
signals. Also, our data was acquired with three signal averages and one dummy scan (BH) or
six signal averages (FB) compared to their single acquisition. Additionally, we scanned one
subject with multiple b=0 acquisitions following the same protocol as the FB and BH
diffusion sequences. Comparison of the signal intensity across the timetime points
demonstrated that the signals were less than 3% different. Thus, our data likely suffers little
effect from the potential lack of being in steady-state. Even with this limitation, we found a
significantly higher ADC with FB than BH acquisitions. The incremental benefit of
normalization techniques including comparison of other organs (spleen or muscle) relative
to liver also requires investigation.

Some limitations of the present study include: first, the number of subjects in the NAFLD
and HCV patient groups were relatively small, which may account for the lack of
significance when comparing healthy subjects with HCV patients. However, we still
observed a significantly lower liver ADC in the patients with NAFLD compared to healthy
volunteers, and the purpose of our study was to assess ADC measurements with respect to
BH and FB techniques across different subject types rather than assess severity or presence
of liver disease. Second, most of the patients were women; the direction of any potential bias
this may incur is unclear. Third, healthy subjects were younger than other groups; and the
lower correlation between BH and FB ADC may reflect a difference in respiratory effort,
although the correlation between techniques was also low for the HCV group of older age.
Fourth, we acquired diffusion images with only two b-values (0s/mm2 and 600s/mm2).
While two b values are generally accepted as a minimum requirement for ADC calculation
recent advances in technology have permitted generation of ADC maps using three or more
b values which may help elucidate the importance of micro-circulation changes in liver
ADC. Fifth, the FB sequence was obtained using six diffusion-encoding directions while the
BH used only three. Early data of ours used six directions for calculating an ADC and this
was continued in the current study for comparison purposes. The BH sequence did not
include 6 directions due to time and signal to noise constraints. Previous DTI studies of the
liver have shown the ADC to be isotropic (15, 28). Therefore the three additional diffusion-
encoding directions were deemed to have similar impact as having an additional acquisition,
increasing the signal to noise of the data. Sixth, no pre-pulse or dummy scans were acquired
in the FB acquisition to ensure steady-state. As the TR was long (6 sec) and there were 6
acquisitions averaged, and as data from one individual did not show increased signal in the
first b=0 acquisition versus a second b=0 acquisition, this effect is likely minimal in this
study. Seventh, in this study respiratory triggered technique was not investigated and
compared to BH and FB.
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In conclusion, the correlation between BH and FB liver ADC is moderate at best such that
BH and FB DWI should not being used interchangeably. Additionally, the lower ADC
values in BH versus FB DWI should be accounted for when comparing different liver DWI
studies.
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Figure 1.
57 year old woman with nonalcoholic fatty liver disease. The ADC map demonstrates
placement of a large ROI to include as much of the right lobe as possible on an axial image
including vessels but avoiding the liver periphery.
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Figure 2.
24 year old healthy woman (healthy volunteer). A lower liver ADC value is reflected by the
lower liver signal intensity on BH DWI (A) compared with FB DWI (B).
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Figure 3.
Average right lobe liver ADC Values (×10−3 mm2/sec) of breath-hold compared to free
breathing. ADC values were shown on Y axis and subjects on X axis. Note the FB ADCs are
higher than the BH values for all but one case.
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Figure 4.
Bland-Altman plots of average liver ADC in (A) patients with NAFLD, (B) patients with
HCV, and (C) healthy volunteers. The difference between the ADC with 2 breathing
techniques (BH and FB) is plotted against the average of the ADC measurements made by
the 2 breathing techniques. The central line represents the mean absolute difference between
the two techniques, and the dashed lines represent the 95% limits of agreement. There is
reduced scatter in NAFLD patients compared to healthy volunteers and compared to patients
with HCV (not significant). ADC values on X and Y axis are (×10−3 mm2/sec).
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Table 1

Average right lobe liver ADC (×10−3 mm2/sec) and ADC decrease (reduction) between FB and BH DWI.

BMI
mean±SD

Avg ADC in
BH

mean±SD

Avg ADC in
FB

mean±SD

ADC
Reduction
mean±SD

Healthy [n=12] 22.4± 1.7‡ 1.80± 0.18† 2.24± 0.20† 0.43± 0.22*

All Patients [n=16] 28.4± 7.96 1.52± 0.25 1.82± 0.22 0.30± 0.16*

NAFLDs [n=9] 31.7± 8.1‡ 1.43± 0.27† 1.78± 0.28† 0.35± 0.12*

HCVs [n=7] 24.2± 5.8‡ 1.63± 0.19 1.88± 0.12† 0.24± 0.20*

Entire Population [n=28] 25.9±6.7 1.64± 0.26 2.00± 0.30 0.36± 0.20*

Body mass index (BMI), breath-hold (BH), free-breathing (FB), non-alcoholic fatty liver disease (NAFLD), chronic active hepatitis C (HCV),

‡
denotes significant difference between NAFLD and other 2 groups (p<0.05),

†
denotes significant difference between Healthy volunteers and other groups (p< 0.01),

*
denotes significant difference between BH and FB (p<0.01).
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