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Purpose: To perform a meta-analysis to generate an estimate of 
the repeatability coefficient (RC) for magnetic resonance 
(MR) elastography of the liver.

Materials and 
Methods:

A systematic search of databases was performed for 
publications on MR elastography during the 10-year pe-
riod between 2006 and 2015. The identified studies were 
screened independently and were verified reciprocally by 
all authors. Two reviewers independently determined the 
percentage RC and effective sample size from each arti-
cle. A forest plot was constructed of the percentage RC 
estimates from the 12 studies. Bootstrap 95% confidence 
intervals (CIs) were constructed for the summary per-
centage RCs.

Results: Twelve studies comprising 274 patients met the eligibility 
criteria and were included for analysis. A flow diagram of 
studies included according to Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses guidelines was 
prepared for the inclusion and exclusion criteria. All stud-
ies included in the meta-analysis fulfilled four or more of 
the seven categories of the Quality Assessment of Diag-
nostic Accuracy Studies (QUADAS)-2. The estimated sum-
mary RC was 22% (95% CI: 16.1%, 28.2%). The three 
main sources for this heterogeneity were the trained ver-
sus untrained operator drawing contours to choose re-
gions of interest, the time between two replicate exami-
nations, and, finally, the field strength of the MR imaging 
unit. The RC estimates tended to be higher for studies 
that did not use a well-trained operator, those with 1.5-T 
field strength imaging units, and those with longer time 
intervals between examinations.

Conclusion: The meta-analysis results provide the basis for the 
following draft longitudinal Quantitative Imaging Bio-
markers Alliance MR elastography claim: A measured 
change in hepatic stiffness of 22% or greater, at the same 
site and with use of the same equipment and acquisition 
sequence, indicates that a true change in stiffness has oc-
curred with 95% confidence.
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Literature Search
A systematic search of PubMed (MED-
LINE), Embase, Scopus, the Cochrane 
Library, the Web of Science, Cumulative 
Index to Nursing and Allied Health Lit-
erature, and Google Scholar databases 
was performed for the 10-year period 
prior to May 2015. An initial search 
strategy involving the following free-
text words was performed: “hepatic 
fibrosis,” “MR elastography,” “mag-
netic resonance elastography,” “liver,” 
“liver parenchyma,” “liver anatomy 
and histology,” “liver physiology,” “he-
patic,” “liver stiffness,” “liver elasticity,” 
“elastic modulus,” “elasticity imaging 
techniques/methods,” “sensitivity and 
specificity,” “reproducibility,” “repeat-
ability,” and “reliability.” We also used 
a sensitive and precise search strategy 
in the PubMed database and in regular 
Google Search for locating any existing 
systematic reviews on MR elastography 
(to identify additional studies missed by 
our search), and none were identified. 
In addition, a manual search of refer-
ence lists from primary studies was per-
formed to locate any potential studies 
missed with electronic search strategies, 
and consultation with experts in the field 

for use in clinical trials. MR elastog-
raphy is U.S. Food and Drug Admin-
istration approved for measuring liver 
stiffness and can be performed by us-
ing a 1.5- or 3.0-T MR imaging unit 
(9,10,16). With the expanding clinical 
and research applications of MR elas-
tography, the literature on MR elas-
tography repeatability has grown, but 
a key repeatability metric—namely, 
the repeatability coefficient (RC)—has 
not been reported in most published 
articles. In this study, we performed a 
meta-analysis to critically evaluate the 
reported repeatability of liver MR elas-
tography and to generate an estimate 
of the RC for use of this technique in a 
clinical setting. RC is a commonly used 
measure of repeatability and is defined 
here as the least significant difference 
between two repeated measurements 
in a case taken in the same conditions 
(17). Assuming no change in hardware 
and software, the RC helps establish 
a plausible range for a true change 
in measured stiffness with 95% con-
fidence. In simple words, for stiffness 
comparison over time, the RC helps 
establish with 95% confidence the like-
lihood that an observed change repre-
sents a true change.

Materials and Methods

This study was performed according 
to the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses 
(PRISMA) statement (18). Because this 
was a meta-analysis that did not involve 
identifiable patient information, investi-
gational review board approval was not 
necessary.

https://doi.org/10.1148/radiol.2017161398
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Advance in Knowledge

 n With MR elastography, a mea-
sured change in hepatic stiffness 
of 22% or greater indicates that 
a true change in stiffness has 
occurred with 95% confidence.

Implication for Patient Care

 n The repeatability coefficient of 
22% may help radiologists and 
clinicians interpret longitudinal 
changes in MR elastography–
measured stiffness occurring 
during clinical follow-up and in 
research studies and will be 
useful in informing sample size 
calculations for clinical trials that 
use MR elastography–derived 
stiffness as end points.

C hronic liver disease (CLD) is an 
important cause of morbidity 
and mortality and can lead to 

hepatic fibrosis, cirrhosis, portal hy-
pertension, and hepatocellular car-
cinoma. CLD is a major health bur-
den in the United States and around 
the world. Regardless of its etiology, 
when CLD is untreated, it leads to 
liver fibrosis, and, if progressive, to 
cirrhosis and its complications. Effec-
tive treatment methods for CLD are 
now available and can prevent pro-
gression of the liver fibrotic process 
or even result in regression of fibrosis 
when administered in the early stages 
of fibrosis (1). A reliable noninvasive 
technique is needed for detecting and 
staging fibrosis as well for as evaluat-
ing treatment response (2). Magnetic 
resonance (MR) elastography nonin-
vasively measures tissue shear-wave 
stiffness, which is a potential nonin-
vasive biomarker for quantification of 
liver fibrosis (3,4). Because the stiff-
ness measurements are quantitative, 
MR elastography allows for compari-
son over time (3–5).

In qualifying a biomarker for 
disease evaluation, it is essential to es-
timate the measurement error of the 
technique and to standardize and vali-
date the acquisition and analysis tech-
niques. Measurement error is com-
monly determined by repeatability. 
Repeatability represents the measure-
ment precision in a set of conditions 
that include the same measurement 
procedure, same operators, same 
measuring system, same operating 
conditions, and same physical location, 
with replicated measurements made 
with the same or similar experimen-
tal units over a short period of time 
(6). Results of several studies (4,7–16) 
have shown that MR elastography is 
an accurate and highly repeatable 
technique and that it holds promise 
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the 12 articles. For each subgroup, a 
summary percentage RC, denoted as 
θɵ , was computed as follows by using 
the effective sample size as the weight, 
where RCi  is the percentage RC from 
the ith article and Mi is the effective 
sample size from the ith study (20):

 
( ) ( )θ

212 12

1 1
RCi i ii i

M M
= =

= ∑ ∑ɵ i
 .

A bootstrap 95% percentile CI was con-
structed for each u. Let Ns denote the 
number of studies in the sth subgroup. 
For each of the b bootstrap samples, 
Ns articles were randomly selected 
with replacement from the original Ns 
articles and θ

b
 was calculated. A total 

of 10 000 bootstrap samples were con-
structed. The 250th and 9750th largest 
values of θ

b
 were identified as the lower 

and upper confidence bounds for the 
CI. A funnel plot was generated to as-
sess publication bias.

Results

The search at library 1 (Mayo Clinic) 
revealed 309 articles, and the search 
at library 2 (University of Cincinnati) 
revealed 350 articles. Duplicate arti-
cles were removed, and a list of 450 
articles was collected in a single elec-
tronic library. After a detailed manual 
review of the search list provided by 
the libraries was performed, 12 arti-
cles met the inclusion and exclusion 
criteria. The 12 articles were included 
for meta-analysis (7,8,11,16,21–28). 
A flow diagram according to PRIS-
MA guidelines of studies included 
was prepared for the inclusion and 
exclusion criteria (Fig 1). The meta-
analysis fulfilled the reporting items 
of the PRISMA checklist. All studies 
included in the meta-analysis fulfilled 
four or more of the seven categories 
of the QUADAS-2 tool (Table 1)  
(19). A bar chart with estimates of per-
centage compliance was plotted (Fig 2).  
Weaknesses in the study of Wang et 
al (27) included a small sample size 
(n = 5) and ambiguity regarding the 
representativeness of the rest of the pa-
tient population. In the study by Shin 
et al (28), we were unable to find the 

the within-subject standard deviation 
of the measurements in a subject (17).

The effective sample size was usu-
ally the number of subjects N who par-
ticipated in the test-retest design. Some 
studies, however, included measure-
ments from multiple readers. For these 
studies, we assumed moderate corre-
lation between readers (r = 0.5) and 
computed the design effect, deff, as [1 
+ (s 2 1) 3 r], where s is the number 
of readers. The effective sample size is 
then N · s/deff. We denote the effective 
sample size by M.

The 95% confidence interval (CI) 
for the RC for each study was com-
puted as follows: 

α
χ

2 2

,
2.77 wCV

M
M %i i ,  

where α
χ

2

,M  is the ath percentile of the 
x2 distribution with M degrees of free-
dom. For the lower bound, a is .975, 
and for the upper bound, a is .025.

Because not all articles reported 
the percentage RC, various methods 
were used to extract percentage RC 
from each article. When the authors 
reported the percentage wCV, we cal-
culated percentage RC using the above 
formula. When authors provided ac-
tual test-retest data, we calculated 
the percentage RC from the raw data. 
Some authors reported the limits of 
agreement (LOAs). Because LOAs in-
clude the bias of the measurements, 
we examined the Bland-Altman plot, 
if available, to determine the bias. 
We then estimated the percentage 
RC from the LOAs after correcting 
the LOAs for the bias. When the per-
centage RC computed by the reviewers 
disagreed with the estimate of per-
centage RC reported in the article, the 
estimates were discussed, and a con-
sensus among reviewers was reached.

The heterogeneity of the percent-
age RC estimates was assessed by cal-
culating the Q statistic (Cochran) along 
with the I2 statistic (Higgins), which de-
scribes the percentage of the total vari-
ability across studies that is due to het-
erogeneity between studies rather than 
chance differences. On the basis of the 
results of the heterogeneity analysis, 
summary statistics were calculated for 
subgroups of studies.

A forest plot was constructed of the 
percentage RC estimates from each of 

was performed to identify additional 
published studies. Studies involving hu-
man subjects and published in English 
or with translations available in English 
were included. The search was per-
formed independently by two observers 
(S.D.S. and S.K.V.) using a predeter-
mined search strategy at two major 
institutional libraries (the University of 
Cincinnati and Mayo Clinic). The iden-
tified studies were then screened inde-
pendently by both observers to identify 
studies with repeatability. Inclusion cri-
teria were as follows: (a) studies that 
included measurements of change in 
liver stiffness measured at two or more 
time points in similar conditions; (b) 
studies that calculated MR elastogra-
phy–based stiffness as absolute values 
of shear modulus; and (c) studies that 
clearly reported the time between re-
peat measurements, mean liver stiff-
ness, and the coefficient of variation. 
The exclusion criteria were as follows: 
(a) duplicate publication (based on the 
same primary study), (b) nonoriginal 
research, and (c) studies not published 
in English. The final list of studies that 
met the inclusion and exclusion criteria 
as defined were reviewed and corrobo-
rated by all authors.

Data Extraction and Quality Verification
The data were extracted by using a pre-
defined form. The following data were 
extracted: (a) author, journal, and year 
of publication; (b) within-subject coef-
ficient of variation (wCV); (c) number 
of subjects; (d) number of readers; and 
(e) notes on the method used to calcu-
late the wCV. Data quality was assessed 
by using the Quality Assessment of 
Studies of Diagnostic Accuracy (QUA-
DAS)-2 tool (19).

Statistical Analysis
Two reviewers (S.D.S. and S.K.V.) in-
dependently determined the percent-
age RC and effective sample size from 
each article. The percentage RC was 
defined as follows:

2Percentage RC 1.96 2 wCV= %i i , 

where %wCV is the wCV expressed 
as a percentage of the mean stiffness 
value (ie, wSD/Y  · 100) and wSD is 
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17-day interval between examinations 
reported an estimated RC of 22.2%.

The funnel plot showed that the 
studies with the largest sample sizes fall 
near the summary value of 22% at the 
top of the plot, and studies with smaller 
sample sizes fall fairly symmetrically on 
either side at the bottom of the plot 
(Fig 4). One study with a large sample 
size that fell out of the funnel was the 
study by Hines et al (7); the study that 
is borderline outside of the funnel is the 
study by Lee et al (24).

Discussion

Two key aspects of precision are re-
peatability and reproducibility. Repeat-
ability refers to test conditions that are 
as constant as possible, where using the 
same equipment within a “short time 
interval” obtains independent test re-
sults by the same method with identi-
cal set-up (MR elastography hardware) 
in the same MR imaging unit. Repro-
ducibility refers to test conditions in 
which results are obtained with the 
same technique and identical set-up 
but in different MR imaging units with 

(three studies with very low heteroge-
neity). There remained one study with 
an MR imaging unit field strength of 3.0 
T and more than a 2-week time interval 
between examinations (Table 3).

The 10 studies that used a trained 
operator to draw contours had a sum-
mary percentage RC estimate of 18.4% 
(bootstrap 95% CI: 14.2%, 22.2%), and 
the two studies that used an untrained 
operator to draw the contours had a 
summary percentage RC of 34.5%.

The estimated RCs ranged from 
10% (magnet field strength of 3.0 T 
with , 1 day between examinations) to 
34.1% (magnet field strength of 1.5 with 
3 weeks between examinations), with a 
mean of 22%. The estimated summary 
RC from eight studies that used MR im-
aging units with a field strength of 1.5 T 
was 25.2% (bootstrap 95% CI: 17.4%, 
31.9%). The estimated summary RC 
from four studies that used MR imag-
ing units with field strengths of 3.0 T 
with an interval between examinations 
of 1 week or less was 12.7% (bootstrap 
95% CI: 10.0%, 15.9%). The one re-
maining study with an MR imaging unit 
field strength of 3.0 T and an average 

time interval between repeat examina-
tions, and in the study by Lee et al (24), 
the selection criteria were unclear. The 
baseline characteristics of the included 
studies, including subjects, time inter-
val, and coefficient of variation, were 
summarized (Table 2).

From the 12 studies included in 
the analysis, the estimated meta-anal-
ysis summary RC was 22% (95% CI: 
16.1%, 28.2%) (forest plot shown in 
Fig 3). There was significant between-
study heterogeneity in the RC esti-
mates (I2 . 90%). The three main 
sources for this heterogeneity were 
trained versus untrained operators 
drawing contours to choose ROIs, the 
time between two replicate examina-
tions, and, finally, the field strength 
of the MR imaging unit (Table 3).  
The RC estimates tended to be higher 
for studies that did not use a well-trained 
operator, with 1.5-T field strength MR 
imaging units, and with longer time 
intervals between examinations. The 
studies were further subgrouped as 
follows: (a) trained operator to draw 
ROIs (10 studies) and (b) MR imaging 
unit field strength of 1.5 T (eight stud-
ies, of which two studies had , 1 week 
interval between repeat examinations 
and six studies had . 1 week between 
repeat examinations) and MR imaging 
field strength of 3.0 T with a time inter-
val between imaging of 1 week or less 

Figure 1

Figure 1: Flow diagram of studies included ac-
cording to the inclusion and exclusion criteria.

Table 1

Assessment of Quality of Included Studies with the QUADAS Tool

Study No. Study

Criterion

1 2 3 4 5 6 7

1 Wang et al (27) ? ? S S ? S S
2 Venkatesh et al (11) S S S S S S S
3 Shire et al (26) S S S S S S S
4 Shinagawa et al (25) S S S S S S S
5 Shin et al (28) ? ? S S ? S S
6 Shi et al (8) S S S S S S S
7 Lee et al (24) ? ? S S ? S S
8 Jajamovich et al (23) S S S S S S S
9 Hines et al (7) S S S S S S S
10 Hines et al (22) S S S ? S S S
11 Bohte et al (21) S S S S S S S
12 Trout et al (16) S S S S S S S

Note.—S = satisfactory (the study appeared to satisfy this criterion). The QUADAS criteria are as follows: 1, Risk of bias in patient 
selection: It assesses if the study included a consecutive or a random sample of eligible patients, otherwise there is a potential 
for bias. 2, Risk of bias in index test: It tests if the test results were blinded to the standard of reference. 3, Risk of bias in 
reference standard: It tests if there were any variations in the reference standard. 4, Risk of bias in flow and timing: It tests if the 
index test and reference standard test were performed in the same patient at the same time. 5, Applicability concerns in patient 
selection: Checks if there are concerns that the included patients do not match the review question. 6, Applicability concerns in 
index test: Checks if there are concerns that the interpretation differs from the review question. 7, Applicability concerns in the 
reference standard: Checks if the target condition as defined by the reference standard matches the question.
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immediately close to the driver are to 
be avoided because they have the high-
est wave reflections, which can attrib-
ute to artificially increased values. To 
avoid these areas, it is recommended 
to stay approximately 1 cm away from 
the liver margins (14,33,34). Addition-
ally, careful attention should be paid to 
the placement of ROIs over the left lobe 
of the liver, which should in general be 
avoided when possible. The left lobe of 
the liver typically has low confidence 
levels because of motion artifacts from 
cardiac pulsations. It is also important 
that the ROIs should be drawn with 
reference to the magnitude, wave, and 
elastography images. If needed, the ROI 
should be modified to exclude areas 
with low wave amplitude, areas of inco-
herent waves seen in the wave images, 
and areas of low confidence as seen by 
the checkerboard pattern in the masked 
elastography images. For an experi-
enced reader, the ROI can be drawn in 
a single step, keeping the guiding prin-
ciples in mind (34). In our meta-anal-
ysis report, in addition to sample size 
and number of days between repeat 
examinations, we observed that one of 
the sources of heterogeneity arose from 
reader experience in drawing ROIs. In 
the study by Jajamovich et al (23) (sam-
ple size, n = 30), the ROI was drawn 
by a postdoctoral fellow with 2 years 
of image analysis experience and with 
the supervision of a single radiologist 
with 10 years of experience, resulting 
in a percentage RC of 10.5%. Also, in 
the studies by Shinagawa et al (25) and 
by Shi et al (8), ROIs were drawn by 
two radiologists, resulting in percentage 
RCs of 10% and 15.9%, respectively. 
However, in the two studies by Hines 
et al (7,22), the ROIs were drawn by 
the operator, probably without avoiding 
vessels and liver margins as the details 
are missing, resulting in a relatively 
higher percentage RCs of 23.5% and 
37%, respectively. MR elastography in 
its current form relies on the exper-
tise of the user to draw the ROI on the 
liver. No standards for ROI shape and 
size have as yet been established, and 
various techniques have been described 
in the literature, ranging from one to 
three circular ROIs, multiple free-hand 

No restrictions with regard to fast-
ing among others could explain the 
variation in wCV from 7% to 22% in 
the same subject population. In a sim-
ilar study by Jajamovich et al (23) in 
which patient fasting status was tightly 
controlled, a wCV of 3.8% was ob-
served. However, when examinations 
performed after fasting were compared 
with those performed after eating, the 
wCV increased to 6.8% because of 
postprandial effects. The largest wCV 
range (37.0%) was observed by Hines 
et al (7). The wCV estimates from that 
study involved different examinations 
on different days, different examina-
tions on the same day, multiple readers 
(interreader variability), multiple read-
ings (intrareader variability), and a 
combined subject population of healthy 
volunteers and patients with CLD. Such 
a study explores many precision com-
ponents to vary, and a higher wCV is 
thus expected. Calculation of mean 
shear stiffness of the liver involves man-
ually specifying ROIs in the liver paren-
chyma in which shear waves are visible, 
while excluding major blood vessels 
that are wider than 3 mm and within 
the contour of the liver as seen on the 
MR elastography magnitude images. 
Areas close to the liver margins and 

different operators (eg, in a cross-sec-
tional or cross-vendor comparison 
[16,29]). When a new technique is to 
be used in a clinical setting, the repeat-
ability of the method should always be 
estimated. MR elastography has been 
shown to have the highest combination 
of sensitivity, specificity, repeatability, 
and reproducibility as compared with 
other noninvasive imaging-based tech-
niques in the evaluation of liver fibro-
sis (4,12,29–31). In our study, we ad-
dressed the importance of repeatability 
in a longitudinal claim.

In our meta-analysis results, the 
estimated percentage RC and 95% CIs 
from the 12 studies ranged from 12% 
to 37%. In the study by Bohte et al 
(21), they reported an intraimage wCV 
of 7.0% 6 2.3, a within-day wCV of 
16.8% 6 5.5, and a within-weeks wCV 
of 22.2% 6 7.3. However, there was 
no information on whether patients 
were imaged in fasting conditions. It is 
possible that the larger within-day and 
within-weeks wCV may be attributable 
to the inconsistency of examinations 
performed in a fasting or a postpran-
dial state. It has been reported that 
in patients with CLD, liver stiffness is 
markedly increased after food intake 
because of postprandial effects (32). 

Figure 2

Figure 2: Bar chart shows estimates of the studies’ percentage compliance 
with the QUADAS-2 tool.
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North America (RSNA) Quantitative 
Imaging Biomarkers Alliance (QIBA) 
(37). The mission of QIBA is to improve 
the value and practicality of quantitative 
imaging biomarkers by promoting stan-
dardization and reducing the variability 
across devices (hardware) and vendor 
software platforms, thereby facilitating 
the qualification of biomarkers with suf-
ficient repeatability and reproducibility 
for use in clinical care and as end points 
in clinical trials (17,37). This is done 
by preparing a QIBA profile document 
that is intended to span multiple ven-
dor imaging unit platforms, such that 
variability is included to the maximum 
extent possible. QIBA intends to use 
the RC and the 95% CI estimated from 
this study within the MR elastography 
profile document to define a plausible 
range of reliable detection of biologic 
change. Assuming no change in hard-
ware and software, any values obtained 
outside [2RC, +RC] can be considered 
a true change over time. The RC, along 
with its 95% CI, is then included in the 
profile claim by considering the clini-
cal requirements for its performance. 
This profile document is intended for a 
broad audience, including imaging unit 
and third-party device manufacturers, 
pharmaceutical companies, diagnostic 
agent manufacturers, medical imaging 
sites, imaging contract research orga-
nizations, physicians, technologists, re-
searchers, professional organizations, 
educational institutions, and various ac-
creditation and regulatory authorities. 
To this purpose, it is important for the 
RC claimed in the profile to be realistic 
and reasonably achievable across imag-
ing centers and readers spanning a rele-
vant range of technical expertise.

Limitations of our study included 
the fact that this was a retrospective 
analysis, with inhomogeneity owing 
to lack of standardized performance 
of MR elastography studies and lack 
of biopsy validation in all cases. The 
wCV used in our analysis was used 
as reported in the articles. We tried 
to minimize the impact by recalculat-
ing and validating the reported wCV 
for the data available in the article 
whenever possible. The small number 
of studies limited our ability to test 

shape. One of the strategies to remove 
or reduce measurement variability 
would be to have dedicated personnel 
trained to draw contours with the su-
pervision of an experienced radiologist 
or to use semiautomated or automated 
liver elasticity calculation software, 
as described by Shire et al (26) and 
Dzyubak et al (35,36).

Our work is motivated by the ac-
tivities of the Radiological Society of 

ROIs, one large freehand ROI on a sin-
gle section or all sections, to ROIs be-
ing selected automatically by software 
(16,23,26,34). In general, the sites try 
to follow the recommendations of “plac-
ing the ROI as large as possible in a way 
that excludes large vessels.” However, 
if a free-hand ROI tool is not available, 
it is often quite difficult to obtain large 
ROIs with circular ROIs, as the mea-
sureable regions are often complex in 

Figure 3

Figure 3: Forest plot shows results from 12 studies (7,8,11,16,21–28). Summary RC = 22% (range, 
16.1%–28.2%).

Table 3

Summary of Subgroup Analyses

Parameter No. of Studies Summary RC (%) Bootstrap 95% CI

Trained operator to draw ROI 10 18.4 14.2, 22.21
 1 Week between examinations 5 17.5 11.6, 23.41
 1 Week between examinations 5 19.3 15.6, 21.81
Untrained operator to draw ROI 2 34.5 …
1.5-T field strength 8 25.2 17.4, 31.91
 1 Week between examinations 2 21.7 …
 1 Week between examinations 6 26.0 16.7, 34.21
3.0-T field strength 4 15.6 10.5, 20.81
 1 Week between examinations 3 12.7 10.0, 15.91
 1 Week between examinations 1 22.2 …
All 12 studies 12 22.0 16.1, 28.21
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