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ADC CV, a significant difference was found between differ-
ent scanner models (p = 0.0002). No between-scanner dif-
ference was observed in ADC changes between two visits. 
For between-visit reproducibility, significant difference was 
seen between the ADC values measured at two successive 
visits for the whole patient group.
Conclusion  The CVs varied significantly between scan-
ners, presumably due to image noise. Consistent scanner 
parameter setup can improve reproducibility of the ADC 
measurements between visits.
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Introduction

Diffusion-weighted (DW) magnetic resonance imaging 
(MRI) and diffusion tensor imaging (DTI) can measure the 
Brownian motion of water molecules at the microscopic 
level and thus can detect relatively small changes in tissue 
structure in solid tumors before tumor size change is visible 
[1–3, 18, 20, 24, 26]. Apparent diffusion coefficient (ADC) 
map, calculated from DW-MR or DTI images, is reported 
to be inversely correlated with tumor cellularity [12, 22] 
and is being explored as a surrogate marker for monitoring 
the treatment response to therapeutic interventions in many 
studies [7, 16, 22].

Ongoing studies are using ADC as a biomarker to assess 
treatment response to glioblastoma multiforme (GBM) 
tumors [6, 17, 21]. Quantitative and qualitative analysis 
is predicated on either treatment prediction using baseline 
ADC data [28] or treatment response detection using ADC 
changes between baseline and follow-up(s) [6, 17, 21]. In 
the setting of a multi-center, multi-scanner chemotherapy 

Abstract
Purpose  To study the between-scanner variation and the 
between-visit reproducibility of brain apparent diffusion co-
efficient (ADC) measurements in the setting of a multi-cen-
ter chemotherapy clinical trial for glioblastoma multiforme.
Methods and Materials  ADC maps of 52 patients at six sites 
were calculated in-house from diffusion-weighted images 
obtained by seven individual scanner models of two ven-
dors. The median and coefficient of variation (CV) of nor-
mal brain white matter ADC values from a defined region of 
interest were used to evaluate the differences among scanner 
models, vendors, magnetic fields, as well as successive vis-
its. All patients participating in this study signed institutional 
review board approved informed consent. Data acquisition 
was performed in compliance with all applicable Health In-
surance Portability and Accountability Act regulations. The 
study spanned from August 1, 2006, to January 29, 2008.
Results  For baseline median ADC, no difference was ob-
served between the different scanner models, different ven-
dors, and different magnetic field strength. For baseline 
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clinical trial, it is necessary to evaluate the reproducibility 
of ADC measurements to reliably use ADC values as bio-
marker to evaluate GBM tumor treatment response.

Padhani et al. [19] emphasized that centers should dem-
onstrate the reproducibility of their clinical measurements, 
and major sources of error should be identified. Different 
factors affecting ADC values and reproducibility are being 
evaluated. Steens et al. examined different b-values and 
scan-rescan reproducibility on whole-brain ADC histogram 
[25]. Kubo et al. compared different ADC calculating meth-
ods: two-point method and multi-point method [13]. Others 
studied the effects of field strength [10], number and strength 
of b-values [15], and aging [5, 8]. Xing et al. [27] studied 
the effect of diffusion weighting on the precision of ADC 
measurements. Farrell [14] and Lanman [9] studied effects 
of diffusion scheme and the signal-to-noise ratio (SNR) on 
the reproducibility of ADC derived from DTI images. These 
studies were all single-scanner studies. Koizumi et al. stud-
ied the ADC reproducibility on four 1.5 T different scanners 
by GE and Siemens using a phantom [11]. Sasaki et al. eval-
uated the inter-imager, inter-vendor, and inter-institute vari-
ability of brain ADC values using healthy volunteers [23].

The aims of our study were to evaluate between-scanner 
and between-visit variation of ADC measurement of real-
world patients group with variable scanner parameter setup. 
The setting is a multi-center drug clinical trial where mul-
tiple centers and multiple scanners were involved. Even fol-
lowing radiation and variable chemotherapy these patients 
still appeared to have consistent normal brain white matter 
(WM) ADC values by visual check. In our study, we evalu-
ated whether a variety of clinical MRI scanner models pro-
duced consistent measures of brain WM ADC, and whether 
between-visit ADC measurements were reproducible at two 
visits for different scanner models. We examined not only 
absolute ADC values, but also the dispersion of ADC mea-
surements. Data was obtained from a multi-center clinical 
trial for treatment of GBM.

Methods and Materials

Patient Group

A total of 68 patients with GBM brain tumors from six med-
ical centers were obtained.

The patient selection criteria were: (1) no visible 
T2-weighted signal change in the WM used for region of 
interest (ROI) analysis as determined by a neuroradiolo-
gist; (2) no significant magnetic susceptibility artifacts and 
(3) normal brain structures clearly identifiable on the ADC 
map. Eleven patients did not satisfy the criteria. As a result, 
we had 57 patients with usable baseline scans.

The scanner selection criteria were: (1) scanners which 
scanned at least five patients to ensure substantial statistical 
power; (2) scanners which scanned the same patient at least 
two times (for the between-visit variation study).

As a result, we included 52 patients (31 men and 21 
women; age range 19–78 years old; mean age, 52 years 
old) by seven scanner models for between-scanner varia-
tion study, and 40 patients by five scanner models for the 
between-visit ADC reproducibility study. Age information 
for seven groups is: (1) 26–71; (2) 48–69; (3) 36–63; (4) 
19–64; (5) 37–70; (6) 39–69; (7) 25–78. These patients 
were treated with radiation and chemotherapy, with normal 
appearing brain WM visually.

Scanner Protocol

Seven scanners from six centers with variability in scan-
ner parameter setup built the setting of the real-world ADC 
variation study. The seven scanners were two 3 T scanners 
(Siemens TrioTim at two sites) and five 1.5  T scanners 
(GE SIGNA HDx at two sites, GE SIGNA EXCITE, Sie-
mens Avanto, Siemens Symphony). The protocol required 
the use of DW spin-echo echo-planar imaging technique 
(TR = 4000–12,000  ms, TE = 60–110  ms) using a b-factor 
between 700 and 1000  s/mm2; 22–36 axial slices were 
acquired, with FOV = 220–240  mm, slice gap 5–7  mm, 
slice thickness 5–7 mm, and acquired matrix size 128 × 128, 
256 × 192, or 256 × 256. The number of diffusion sensitiza-
tion directions was from 3 to 30. The details of the scanner 
parameters are shown in Table 1. The data were anonymized 
and collected in the digital imaging and communications in 
medicine format.

Image Analysis

All ADC maps were calculated from DW images with the 
same in-house software using a two-point method as shown 
in the following equation: ADC S b S b= − ln[ ( ) / ( )] /0 , with 
b being the diffusion sensitivity factor ranging between 700 
and 1000 s/mm2, S( )0  and S b( )  being the image intensity 
when b = 0, and 700  s/mm2 or b = 1000  s/mm2. DW, trace 
DW or DT images were used to derive ADC values based 
on their availability. For diffusion-weighted imaging (DWI) 
trace images, we calculated ADC maps from DW images by 
the equation above. For DTI, we calculated ADC for each 
orientation and average them as the ultimate ADC map. 
Figure 1 shows two example ADC maps.

Study Design

A fixed size circular 2D ROI (radius = 7 pixels) was manu-
ally drawn on the normal-appearing brain WM above ven-
tricles and confirmed by board-certified neuroradiologist. 
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sis, differences in baseline ROI ADC median and CV were 
examined by the analysis of variance (ANOVA) test among 
different scanners, different magnetic fields, and different 
vendors.

For the between-visit ADC change analysis, differences 
in the ROI ADC median change and CV change among 
different scanners were examined by the ANOVA test. 
Between-visit ADC measurement agreement at two visits 
was examined by using an intra-class correlation coefficient 
(ICC), and difference between the two visits in ADC mea-
surements was evaluated by using a paired t-test.

Results

The Shapiro–Wilk normality test showed that the ROI ADC 
median (p = 0.0014) and CV (p = 0.0065) were not normally 
distributed. After log transformation of CV and inverse 
transformation of the median based on the Box-Cox model, 
data were normally distributed and thus eligible for the 
ANOVA test.

The results showed that there was no significant dif-
ference in median ADC (p = 0.165) between any two of 
the seven scanner models. However there was a signifi-
cant difference in CV (p = 0.0002). Multiple comparison 
test by was Tukey’s honest significant difference method 

For each ROI, ADC median, and coefficient of variation 
(CV) were calculated. Median ADC value was used to rep-
resent the whole ROI ADC measurements to compare the 
absolute ADC value across different scanner models. CV, 
defined as the ratio of standard deviation (STD) to the mean, 
was used to evaluate the dispersion of the whole ROI ADC 
measurements. Median was used here instead of mean to 
avoid random noise. CV was used instead of STD, because 
the STD of data should be understood in the context of the 
mean of the data. Figure 1 shows two images with different 
image quality, and thus different CVs and medians. Yasemin 
Bilgili et al. reported that varying ROI sizes in brain WM 
did not yield statistically different ADC values [4].

Baseline ROI median and CV were used to explore the 
ADC variation across different scanners. Furthermore, the 
median change and CV change between two visits (typically 
5–7 weeks apart) were calculated for each brain WM ROI, 
and differences across scanners were compared. What is 
more, between-visit reproducibility of ROI median and CV 
were evaluated for the whole patient group.

Statistical Analysis

Box-Cox transformation followed by Shapiro–Wilk nor-
mality test was used to meet normality assumption in ADC 
median and CV. For baseline inter-scanner variation analy-

Table 1  Detailed protocols of the MR scanners
Scanner model Number 

of patients
Field 
strength (T)

DWI or DTI Number of diffusion 
directions

Acquired matrix size Slice thickness 
(mm)

1 GE SIGNA HDx at site 1 8 1.5 DWI or DTI 6 for DTI and N/A for DWI 256 × 256 5
2 GE SIGNA HDx at site 2 7 1.5 DWI N/A 256 × 256 5
3 GE SIGNA Excite 5 1.5 DWI N/A 256 × 256 5
4 Siemens Symphony 5 1.5 DTI 6 128 × 128 or 256 × 256 5
5 Siemens Avanto 9 1.5 DTI 6 256 × 192 or 256 × 256 5
6 Siemens TrioTim at site 3 10 3 DTI 30 128 × 128 5
7 Siemens TrioTim at site 4 8 3 DWI 3 128 × 128 7
MR magnetic resonance, DWI diffusion-weighted imaging, DTI diffusion tensor imaging

Fig. 1  Two example apparent 
diffusion coefficient (ADC) maps 
with brain white matter (WM) 
region of interests (ROIs). The 
window level and width are set 
to 2800 and 1500 × 10−6 mm2/s, 
respectively. The median and 
coefficient of variation (CV) for 
each ROI is as follows: (a) medi-
an = 721 × 10−6 mm2/s, CV = 0.11; 
(b) median = 884 × 10−6 mm2/s, 
CV = 0.18
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For the between-visit reproducibility analysis, we had 40 
patients by 5 scanner models with both baseline and follow-
up data usable. The days between two visits are 34.35 + 6.42, 
and the range is 27. For each patient, we calculated the ADC 
changes in ROI median and CV, and compared the differ-
ence across different scanners. The ANOVA test showed 
that there was no significant difference among the five scan-
ners in median change (p = 0.62), and CV change (p = 0.71). 
Figure 5 displays the box plots of the five patient groups.

When the 40 patients were combined, a paired t-test 
showed that there was no significant difference between 
baseline and follow-up ADC values in CV (p = 0.44), but sig-
nificant difference in median (p = 0.01). The ICC was 0.58 
for median, and 0.56 for CV. Figure 6 shows the Bland–Alt-
man plot to visualize the agreement between the ADC values 
measured at two-time points before and after treatment.

Three of the patients from scanner 1 did not have consis-
tent scanner parameter setup (number of diffusion sensitiza-
tion directions) for baseline and follow-up scans. With these 
three patients excluded, the paired t-test between baseline 
and follow-up median ADC values showed that the sig-
nificance level of p = 0.05 for the rest 37 patients. Figure 7 
shows the box plot of the rest 37 patients.

was conducted. The result showed that the differences 
came from the following scanner pairs with significance 
levels: 1–7(p = 0.033), 2–7(p = 0.002), 3–7(p = 0.00007), 
5–7(p = 0.009), 6–7(p = 0.023), with the scanner index num-
bers corresponding to those in Table 1. Figure 2 displays the 
box plots of the seven-patient groups.

For inter-vendor difference, we combined the three 1.5 T 
GE scanners (#1, 2, 3) patients into one group and the two 
1.5  T Siemens scanners (#4, 5) patients into another. We 
applied the ANOVA test to compare the difference in ROI 
median and CV between the two groups. There was no sig-
nificant difference in either the median (p = 0.30) or CV 
(p = 0.21) for the two groups. Figure 3 displays the box plots 
of the aggregated groups.

We also evaluated the intra-vendor difference in ADC 
values when different magnetic field strength were used. 
We combined the two 1.5  T Siemens scanners into one 
group and the two 3.0 T Siemens scanners into another. The 
ANOVA test showed that there was no significant difference 
in terms of brain WM ROI median (p = 0.16). However, the 
test demonstrated a significant difference in brain WM ROI 
CV between different magnetic fields (p = 0.04). Figure  4 
shows the box plots of the two groups.

Fig. 3  Box plots of the baseline 
brain white matter (WM) appar-
ent diffusion coefficient (ADC) 
(units of 10−6 mm2/s) median 
and coefficient of variation (CV) 
for all 1.5 T GE and all 1.5 T 
Siemens scanners: (a) brain WM 
region of interest (ROI) median; 
(b) brain WM ROI CV

 

Fig. 2  Box plots of the baseline 
brain white matter (WM) appar-
ent diffusion coefficient (ADC) 
(units of 10−6 mm2/s) median and 
coefficient of variation (CV): 
(a) brain WM region of interest 
(ROI) median; (b) brain WM 
ROI CV
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The treatment of radiation and chemotherapy may affect 
the ADC values and make them change over time, reflect-
ing real-world conditions in which patient treatment can be 
highly variable.

Others have found a small but significant difference in 
ADC values between scanners [23]. We did not observe a 
significant difference in median ADC values across differ-

Discussion

In this study, we compared brain WM ADC measurements 
of patients with GBM tumors among different scanner mod-
els from different vendors at different medical sites with 
different field strengths and different acquisition styles. 
We acquired patient scans from a GBM drug clinical trial. 

Fig. 6  Bland–Altman plots to 
visualize the agreement between 
the apparent diffusion coeffi-
cient (ADC) values measured at 
two-time points before and after 
treatment: (a) median, mean dif-
ference = 23.87, upper agreement 
limit = 150.51, lower agreement 
limit = − 102.77; (b) coefficient 
of variation (CV), mean differ-
ence = − 0.004, upper agreement 
limit = 0.06, lower agreement 
limit = − 0.07. ADC values are in 
the units of 10− 6 mm2/s.

 

Fig. 5  Box plots of the appar-
ent diffusion coefficient (ADC) 
changes for each patient between 
two visits: (a) brain white matter 
(WM) region of interest (ROI) 
median change by scanner; (b) 
brain WM ROI coefficient of 
variation (CV) change by scanner. 
The number of patients involved 
here are: scanner 1: n = 7; scanner 
2: n = 7; scanner 5: n = 9; scanner 
6: n = 9; scanner 7: n = 8. Scanners 
number corresponds to Table 1. 
ADC values are in the units of 
10−6 mm2/s

 

Fig. 4  Box plots of the baseline 
brain white matter (WM) appar-
ent diffusion coefficient (ADC) 
(units of 10−6 mm2/s) median and 
coefficient of variation (CV) by 
magnetic field strength for all 
Siemens scanners: (a) brain WM 
region of interest (ROI) median; 
(b) brain WM ROI CV
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a different physical volume, resulting in a different SNR. 
Another possible cause for different noise level comes from 
different b-values. Lastly, image post processing, including 
image interpolation, filtering to improve image quality, etc. 
may have variable effects.

For inter-vendor variability, we compared the 1.5 T Sie-
mens scanners and 1.5 T GE scanners and did not observe 
significant difference in median or CV of ADC measure-
ments. Our observation agrees with the report by Koizumi 
et al. [11]. Koizumi et al. also reported a good relationship 
in ADC values between scanners given a proper b factor in 
their phantom study [11].

For ADC variability between different magnetic field 
strengths, we compared the 1.5 T and 3 T scanners from 
the same vendor (Siemens). We observed no difference in 
median ADC values, consistent with prior studies [10, 23]. 
However, we observed that CV of ADC measurements from 
1.5 T Siemens scanners was larger than 3.0 T Siemens scan-
ners, which meant, ADC measurements from 1.5 T scan-
ners were more dispersed than 3.0 T scanners. The result 
is logical since SNR gets higher with higher magnetic field 
strength. Higher SNR leads to less noise and less dispersion. 
Interestingly, with our pooled data, the 1.5 T Siemens scan-
ners used a DTI acquisition technique and post-processed 
the images with interpolation, while the 3.0 T Siemens scan-
ners used a DWI acquisition technique without interpolating 
the raw images. Both of these factors may affect the disper-
sion of the brain WM ADC values. With our data, we were 
not able to evaluate their separate effects.

Besides analyzing between-scanner ADC variation with 
baseline data, we also explored the between-visit ADC 
variation among multiple scanners and ADC reproducibil-
ity between two successive visits. The interval between two 
visits ranged from 4 to 8 weeks. We found no significant dif-
ference across different scanner models in median change or 
CV change between successive visits.

As for the between-visit reproducibility, ADC measure-
ments did not show high reproducibility for the whole 40 
patients. Three of the patients from scanner 1 did not have 
consistent scanner parameter setup (number of diffusion 
sensitization directions) for baseline and follow-up scans. 
With these three patients excluded, the paired t-test between 
baseline and follow-up median ADC values showed that the 
level of significance was decreased from 0.01 to 0.05. We 
conclude that consistent scanner parameters are necessary 
to achieve good between-visit reproducibility.

These data suggests that ADC measurements can have 
good reproducibility between two successive visits with 
exactly the same scanner parameters. The between-visit 
ADC change does not vary significantly among scanners.

The limitation of our study is that relatively a few patients 
available for each scanner model, diminishing the statistical 
power of our analysis, and thus the ability to detect small 

ent scanner models. The power analysis showed that 52 % 
power was achieved at the 0.05 level of alpha to detect dif-
ferences in median ADC values among scanners, and that 
we needed 13 patients per scanner to have enough statistical 
power to detect the difference in ROI median. We cannot 
conclude whether this is because there was truly no differ-
ence, or because we did not have enough statistical power 
to detect a small change. Another possible reason is that 
we found the intra-scanner CV is in the range of 5 − 25 %, 
while Sasaki et al. [23] reported 2–8 %. The higher CV in 
our study might attribute to the fact we did not find an inter-
scanner difference in mean ADC.

In contrast to median ADC, we found significant dif-
ference in CV of ADC measurements. This may be due 
to variability in image noise. Image noise can stem from 
many factors. First of all, different scanners from different 
vendors have different radiofrequency coil designs which 
can affect the accuracy of ADC values [23]. Second, differ-
ent magnetic field strength will lead to different SNRs, and 
thus different image quality (see below). Moreover, differ-
ent acquisition techniques may result in different sensitivity. 
For instance, DTI technique applies six or more gradient 
orientations to obtain the images, whereas DWI technique 
uses three gradient orientations and obtains the averaged 
signal. Additionally, the total number of diffusion sensitiza-
tion directions also may affect the accuracy of ADC mea-
surement. In this study, there were both DWI and DTI scans 
with number of diffusion sensitization directions varying 
from 3 to 30, as shown in Table 1. Moreover, different fields 
of view and slice thicknesses make a single voxel represent 

Fig. 7  Box plots of the brain white matter (WM) region of interest 
(ROI) median changes by scanner between two visits with 37 pa-
tients. Apparent diffusion coefficient (ADC) values are in the units of 
10−6 mm2/s.
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changes. For future studies, a larger subject population is 
required to increase statistical power to detect more pair-
wise differences. Moreover, we were not able to tell the 
degree of between-scanner ADC variation due to a lack of 
a controlled (phantom) study. Lastly, inconsistent between-
scanner parameters (DW gradient orientations, number of 
b-factor, and in-plane image resolution) may introduce bias 
to the study. Moreover, due to the different imaging resolu-
tion, the actual ROI size is different, and thus the CV values 
may be significantly affected. In the future, an interesting 
study would be to interpolate images to achieve the same 
image resolution. By such a method, the effects of data 
interpolation can also be evaluated. However, in a real-
world multi-center clinical trial, it is possible that scanner 
parameters are set different among different medical sites.

In conclusion, we performed a comparison study in a 
real-world clinical trial to determine if ADC measurements 
were consistent across different scanners between different 
visits. For between-scanner ADC variation, the results sug-
gested that CV difference in ADC measurements was found 
across different scanners. Median difference of ADC mea-
surements might be found given more patients and more 
statistical power. Moreover, CV difference was reported for 
different magnetic field strength and CV was smaller for 
3 T than 1.5 T. For between-visit ADC variation, the ADC 
measurements could have good reproducibility with consis-
tent scanner parameters between two successive visits 4–8 
weeks apart. Furthermore, the ADC measurement changes 
did not vary significantly across scanners in terms of both 
median change and CV change. This implies that ADC 
changes before and after treatment have potentials as surro-
gate endpoints. For studies using baseline ADC as treatment 
predictors, we suggest evaluating image quality by use of 
brain WM.
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