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Abstract
Objective  To validate multi-site and multi-vendor ADC measurements using the QIBA/NIST diffusion MRI phantom at 
room temperature.
Materials and methods  ADC measurements were performed on 12 scanners (evenly split between 1.5 and 3 T) from three 
vendors at five sites and compared with reference values at room temperature. We adopted Pearson’s correlation (r) and 
accuracy error for comparison with reference values; within scanner coefficient of variation (CVintra%) for intra-session 
repeatability and inter-scanner for agreement (CVinter%); Bland–Altman plots and precision error for short-term reproduc-
ibility; generalized linear mixed models and post-hoc tests ( �=0.05) to compare accuracy, repeatability and precision across 
field strengths, vendors, and scanners.
Results  Temperature adjusted ADCs were well correlated with NIST reference values (r ≥ 0.997 for 1.5 T, r ≥ 0.996 for 3 T). 
Median accuracy error was lower than 5% for all scanners. In the renal physiologic range (ADC > 0.83 × 10−3 mm2/s), accu-
racy error was < 10% and CVintra < 2%. Across all scanners, good short-term reproducibility with limits of agreement < 10% 
and excellent agreement (median CVinter < 2%) were found.
Discussion  Despite using abdominal receive coils and room temperature measurements, all quantitative parameters were 
within literature findings. High accuracy, repeatability and precision within the renal physiologic range support the feasibility 
of scanner evaluation using QIBA standardization process for diffusion measurements in renal studies.
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Introduction

Diffusion-weighted imaging (DWI) is a non-invasive tech-
nique in magnetic resonance imaging (MRI) to evaluate 
the local displacement of water molecules in tissues [1]. 
Quantitatively, this is expressed in terms of apparent dif-
fusion coefficient (ADC), a functional parameter derived 
from fitting a mono-exponential model to signal intensity 
acquired at varying diffusion weighting. The potential of 
ADC as an effective imaging biomarker has been recog-
nized in many clinical applications [2, 3] mainly for its 
capability of non-invasively probing and characterizing 
tissue microstructures. In particular, for renal imaging 
applications, DWI shows potential to detect and monitor 
interstitial fibrosis in chronic kidney disease, as well as 
inflammation in acute kidney diseases [4].

However, there are limited studies on normal ranges for 
ADC in the kidney. Indeed, diffusion metrics have been 
shown to vary significantly depending on the type and field 
strength of scanner, sequence and data analysis method 
employed [5], hindering reliable comparisons in multi-
center MRI clinical studies and the ultimate translation 
of quantitative DWI biomarkers to clinical practice. To 
standardize ADC, the Quantitative Imaging Biomarker 
Alliance (QIBA) [6] alongside the National Institute 
of Standards and Technology (NIST) has developed a 
commercially available ADC phantom which can be used 
with standardized vendor-specific protocols [7]. Scanner 
performances can therefore be assessed consistently [8], 
in terms of accuracy, repeatability and reproducibility 
[9], both with the QIBA technical standards and across 
platforms.

While previous phantom studies [5, 8, 10–12] have 
performed the QIBA conformance process [13] with the 
QIBA/NIST phantom at 0 °C with the recommended head 
coil, there have been few studies at room temperature [14, 
15] or using alternative RF coils, particularly at a multi-
site level. For renal studies, this implies using surface 
body/torso coils and keeping the reference temperature 
at room temperature close to 20 °C to assess ADC over 
a higher range compatible with the relevant physiologic 
range for kidneys [16–18]. In healthy kidneys, published 
ADC values vary from 2.0–4.1 × 10−3  mm2/s in the 
cortex, 1.9–5.1 × 10−3 mm2/s in the medulla and 1.6–3.7 
× 10−3  mm2/s in the whole parenchyma [16, 18]. As 
highlighted by Zhang et al. [16] this broad range mainly 
arises due to differences in imaging parameters used and 
unphysical diffusion values (ADC > 3 × 10−3  mm2/s) 
likely resulted from the unsuppressed IVIM contribution 
at low b-values (< 200 s/mm2) [19]. Suo et al. [18], using 
b-values outside the low regime (0–600 s/mm2), reported 
mean physiologic ADC values of 2.31 × 10−3 mm2/s in 

the cortex, 2.15 × 10−3  mm2/s in the medulla and 2.23 
× 10−3  mm2/s in the whole parenchyma across 137 
healthy patients. Similarly, Xu et al. [20], in a study with 
72 healthy volunteers using b-values of 0–500 s/mm2, 
estimated a mean ADC value in the kidneys 2.45–2.52 × 
10−3 mm2/s. For CKD patients, ADC values are reported 
as significantly lower than healthy ones ranging from 
0.88–2.2 × 10−3  mm2/s depending on the stage of the 
disease [17, 20, 21].

The aim of this study, performed in the context of a 
multi-center project focused on renal MRI standardization 
to improve personalized management of patients with 
chronic kidney disease (RESPECT, https://​respe​ctmri.​
com), was to enhance ADC reproducibility by adhering 
to QIBA conformance procedures for ADC measurements 
across multiple sites and scanner vendors, using ambient 
temperature conditions and scanner set-ups typical of 
abdominal studies. Field strength dependency was also 
explored by including both 1.5 T and 3 T scanners from 
each site. Furthermore, characterization of three orthogonal 
imaging planes was performed for all scanners. All results 
were compared with NIST-provided reference values.

Materials and methods

Diffusion phantom

ADC values were measured on the QIBA Diffusion Phantom 
(Fig. 1a) (Model 128, CaliberMRI, Boulder, CO, USA). For 
the study, the same phantom was scanned across all sites 
participating in diffusion data collection. The phantom con-
sists of a spherical shell with an outer diameter of 19.4 cm 
containing a single central vial plate that holds 13 cylindrical 
vials. The vials are filled with 30 mL of aqueous polyvi-
nylpyrrolidone (PVP) solution at increasing concentrations 
[22] (0, 10, 20, 30, 40, 50%). The location of the vials and 
their corresponding PVP concentration is shown in Fig. 1b. 
Reference values were provided by NIST Boulder at tem-
peratures of 16, 18, 20, 22, 24, and 26 °C [23].

In addition, the phantom contains 10 liquid crystal (LC) 
MR-readable thermometer vials covering the temperature 
range from 15 to 24 °C as shown in Fig. 1d.

Image acquisition

The diffusion phantom was scanned by 6 different sites at 
both 3 T and 1.5 T (Table 1), on scanners from the three 
dominant MRI vendors (n = 5 from Siemens Healthineers 
AG  (Forchheim, Germany), 4 from GE Healthcare 
(Waukesha, WI), and 3 from Philips Healthcare (Best, 
the Netherlands)). Each acquisition was repeated on a 
different day for the assessment of intra-site short-term 

https://respectmri.com
https://respectmri.com
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reproducibility. For all scanners, DWI trace images were 
obtained using three orthogonal-direction single-shot echo 
planar imaging (SS-EPI) DWI protocols with 4 b-values 
(0, 500, 900, 2000 s/mm2) as suggested by the phantom 
manufacturer (CaliberMRI) [22] (Table 2). For each scanner, 
imaging was performed with the available abdomen and 
spine receive coils as reported in Table 2.

To minimize the effect of gradient non-linearities [11], 
during each acquisition, the phantom was positioned with 
the central vial at the scanner isocenter. Because of the 
phantom spherical shape, movements were minimized by 
using cushions. DWI images were acquired along three dif-
fusion directions and with slices oriented along each of the 
three orthogonal imaging planes (coronal, axial and sagit-
tal) after physically rotating the phantom as indicated in 

Fig. 1   a Side view of the CaliberMRI Diffusion phantom. b Diagram 
of the central plate coronal view showing the vials location and PVP 
concentration. The vials have PVP concentrations ranging from 0 to 
50% and they are positioned clockwise with increasing concentration 

along two concentric rings (inner ring represented in orange and outer 
ring in green). The central vial contains high-purity water (0% PVP 
concentration). c, d Coronal view of the central plate showing ROIs 
size and positioning both for ADC (c) and temperature (d) estimation
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the CaliberMRI phantom manual (Supplementary Fig. S1). 
For each imaging plane, four sequential DWI images were 
acquired without changing acquisition conditions and 
calibration.

The phantom thermalized in the scanner room for at 
least 24 h before each acquisition. Temperature measure-
ments for each acquisition were obtained using an iso-
tropic spoiled gradient echo sequence on the MR-readable 
thermometer embedded in the phantom [24]. Temperature 

Table 1   MRI scanner details

IRFMN Istituto di Ricerche Farmacologiche Mario Negri, UNAV Clínica Universidad de Navarra, UHEI 
Heidelberg University, AUH Aarhus University, UNIBO Azienda ospedaliero-universitaria di Bologna
* Maximum temperature that could be estimated using the LC MR-readable thermometer (see 
Supplementary Fig. S4)

Scanner ID Site Field 
strength 
(T)

Vendor Vendor ID Scanner type Phantom temperature 
(°C)

Scan 1 Scan 2

1 IRFMN 1.5 GE A Optima 450w 20.5 ± 0.2 20.6 ± 0.4
2 UNAV 1.5 Siemens B Aera 24.0* 22.7 ± 0.6
3 UHEI 1.5 Siemens B Aera 20.0 ± 0.4 22.0 ± 0.5
4 AUH 1.5 GE A Optima 450W 20.7 ± 0.5 20.5 ± 0.2
5 AUH 1.5 Philips C Achieva Stream 20.5 ± 0.6 20.5 ± 0.5
6 UNIBO 1.5 Philips C Ingenia 20.1 ± 0.5 20.3 ± 0.3
7 IRFMN 3 GE A Discovery 750W 20.6 ± 0.5 20.2 ± 0.5
8 UNAV 3 Siemens B Skyra 22.0 ± 0.4 23.0 ± 0.2
9 UHEI 3 Siemens B Skyra 21.8 ± 0.5 22.0 ± 0.4
10 AUH 3 GE A Discovery 750 20.0 ± 0.2 19.9 ± 0.4
11 AUH 3 Siemens B Skyra 20.6 ± 0.6 20.0 ± 0.4
12 UNIBO 3 Philips C Ingenia 20.6 ± 0.5 20.8 ± 0.5

Table 2   Sequence details

SS-EPI Single shot echo planar imaging, TR repetition time, TE echo time

Parameters GE Siemens Philips

Field strength (T) 1.5 T and 3 T 1.5 T and 3 T 1.5 T and 3 T
Acquisition sequence SS-EPI SS-EPI SS-EPI
Receive coil type 32–48 channel body coil 32 channel body coil Body MULTI-COIL
b-values [s/mm2] 0, 500, 900, 2000 0, 500, 900, 2000 0, 500, 900, 2000
Diffusion directions 3 3 3
Slice/ Gap thickness [mm] 4/1 4/1 4/1
Field of view [mm] 220 × 220 216 × 220 220 × 220
Acquisition matrix 128 × 128 184 × 186 128 × 128 (3 T)

128 × 126 (1.5 T)
Reconstruction matrix 256 × 256 184 × 186 256 × 256
Plane orientation 1st Coronal; 2nd Axial; 3rd Sagittal 1st Coronal; 2nd Axial; 3rd 

Sagittal
1st Coronal; 2nd 

Axial; 3rd Sagittal
Number of averages 1 1 1
In-plane parallel imaging 

acceleration factor
2 2 2

TR/TE [ms] TR = 10,000
TE = Minimum (90 ms, 110 ms for Scanner 4)

TR = 10,000
TE = Shortest (110 ms)

TR = 10,000
TE = Minimum 

(110 ms, 81 ms 
for Scanner 6)

Voxel size [mm3] 0.8594 × 0.8594 × 5 1.1828 × 1.1828 × 5 0.8594 × 0.8594 × 5
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determination was performed before and after each data 
set so that any change in temperature could be monitored.

Image processing

Image analysis was conducted uniformly across all sites 
by a single operator (S.P.), ensuring consistency in the 
methodology employed [5, 25]. Image processing was 

performed with PhantomViewer software [26]. For all 
acquisitions, only the central slice across the vials was 
used in the analyses. Circular regions of interest (ROIs) 
with an average diameter of 20 mm were manually placed 
on each vial, edges were avoided during placement 
(Fig. 1c). Given the resolution of each acquisition, each 
ROI consisted of more than 200 pixels. Mean ROI signal 
intensity was obtained for each vial. ROI size and position 

Fig. 2   Bias% of temperature corrected ADC values plotted with 
respect to ADC reference along each imaging plane for both 1.5  T 
scanners (a) and 3  T scanners (b). Average bias% across the three 
imaging planes for 1.5 T scanners (c) and 3 T scanners (d). Horizon-
tal dashed lines represent 0% bias. Correlation plots of average tem-
perature corrected ADC values and ADC reference for 1.5  T scan-

ners (e) and 3 T scanners (f). Correlation lines obtained from linear 
regression are represented as black dashed lines. Pearson’s correlation 
coefficients with their corresponding p value are reported in the upper 
left corner (e–f). The area shaded in gray corresponds to the values 
outside of the renal ADC physiologic range
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were adjusted only in the presence of visible artifacts to 
avoid an incorrect estimation of the average signal. For 
Philips scanners, signal intensity values were properly 
rescaled [27] before proceeding with the calculations. 
Curve fitting was performed in Python through non-linear 
least-square minimization with parameters bounded within 
their physically acceptable constraints. For each vial, ADC 
values were calculated with a mono-exponential fit as given 
by S(b) = S0e

−b∙ADC
+ n , with initial values S0 = max(S) 

and constraints S0 ≥ 0 and 0 ≤ n ≤ min(S) . For all fits, 
the starting point for baseline noise was estimated from 
the background signal as described by Fang et al. [14]. 
Four circular background ROIs (3 cm of diameter) were 
positioned at each corner outside of the phantom. ADC 
values were separately determined for each repetition 
and along each imaging plane; an average value was then 
calculated both characterizing each imaging plane and 
overall to obtain a spatially independent mean value ADC 
for each vial.

Signal to noise ratio and signal homogeneity

For all scanners and imaging planes, the signal to noise ratio 
(SNR) was calculated with the difference method [6, 28] 
(SNRdiff). This method also provided an initial estimate of 
the baseline noise for the mono-exponential fit by determin-
ing the standard deviation of the difference image signal in 
the center [14] of the phantom. SNRdiff agreement between 
imaging planes was tested with BA statistics. In addition, 
when sequential repetitions of trace images were available, 
SNR was calculated as the ratio between the temporal mean 
and temporal standard deviation images (SNRmult) [6, 28]. 
For those scanners which provided only two sequential 

acquisitions, SNRmult was estimated from two symmetri-
cally positioned slices taken before and after the central 
slice. Both these methods are independent of the noise spa-
tial distribution statistics thus can account for coil geometry, 
reconstruction methods and parallel imaging [28]. SNR was 
calculated separately for each ROI and b-value.

Signal homogeneity along each imaging plane and for 
each scanner was characterized by measuring the ROI signal 
ratio% of all vials with the same PVP concentrations either 
between the inner and outer ring (Fig. 1b) or, for the 0% 
vial, between the center and the inner ring (Supplementary 
Fig. S2). Furthermore, signal homogeneity within each ROI 
was estimated for each b-value in terms of percentage image 
uniformity (PIU) [29] (Fig. S2). This part of the analysis was 
performed with Python 3.11.7.

Pure water vials (PVP = 0%), positioned in the isocenter, 
the inner circle (~ 4 cm from the isocenter) and the outer 
circle (~ 8  cm from the isocenter), were also used to 
investigate the effect of radial distance from the isocenter 
on ADC measurements. Spatially dependent bias was 
measured for each scanner as the relative difference % 
between the inner/outer ADC and the isocenter ADC value 
[30] (Supplementary Fig. S3).

Temperature correction

Temperature estimation for each acquisition was performed 
with PhantomViewer software by placing ordered circular 
ROIs (5.5 mm of diameter) over the LC MR-readable ther-
mometer vials (15, 16, 17, 18, 19, 20, 21, 22, 23, and 24 °C) 
as reported in Fig. 1d. Since ADC values exhibit temperature 
dependence [24] at both field strengths, to account for tem-
perature variability, a valid comparison across scanners and 

Table 3   Intra-session median repeatability and accuracy error%, in brackets is the range given by the lower and upper quartile

CVintra intra-session coefficient of variation

Scanner Repeatability
CVintra%

Accuracy Error
%

Coronal Axial Sagittal Coronal Axial Sagittal ADC

1 1.06 (0.60–1.31) 0.86 (0.60–1.27) 1.07 (0.47–1.89) 2.53 (1.34–3.44) 2.78 (1.87–13.74) 2.51 (2.08–4.84) 2.95 (0.56–4.38)
2 0.30 (0.25–0.75) 0.28 (0.22–0.61) 0.56 (0.35–0.67) 4.53 (3.03–6.67) 4.17 (2.79–4.67) 1.83 (0.85–4.96) 2.96 (1.30–4.82)
3 0.44 (0.29–0.54) 0.26 (0.18–0.45) 0.37 (0.18–0.61) 3.88 (0.84–5.13) 4.61 (2.52–5.42) 4.13 (2.37–5.42) 4.05 (2.03–5.33)
4 0.81 (0.39–1.04) 0.86 (0.46–1.69) 0.48 (0.18–1.03) 3.37 (1.83–9.37) 3.51 (2.86–6.44) 4.11 (1.58–10.35) 3.40 (2.41–6-01)
5 0.42 (0.32–0.68) 0.50 (0.23–0.56) 0.85 (0.70–1.01) 4.20 (2.55–5.42) 3.62 (1.58–5.80) 1.89 (1.00–4.64) 3.67 (0.48–5.33)
6 0.32 (0.23–0.49) 0.40 (0.28–0.42) 0.19 (0.17–0.26) 2.46 (1.14–4.39) 4.19 (1.77–5.61) 2.50 (1.27–3.97) 2.79 (2.29–3.52)
7 0.19 (0.11–0.29) 0.37 (0.28–0.60) 0.15 (0.13–0.21) 1.89 (0.83–2.51) 4.59 (2.41–5.96) 2.51 (1.35–9.87) 2.32 (0.64–4.43)
8 0.20 (0.14–0.25) 0.29 (0.17–0.32) 0.18 (0.16–0.47) 1.67 (1.00–3.06) 2.41 (0.64–5.27) 3.35 (2.12–6.32) 1.42 (1.31–4.99)
9 0.25 (0.15–0.31) 0.31 (0.23–0.45) 0.15 (0.06–0.39) 2.68 (1.80–4.81) 2.21 (0.90–5.94) 2.64 (2.02–3.97) 2.21 (0.74–3.43)
10 0.29 (0.27–0.38) 0.24 (0.17–0.45) 0.69 (0.52–1.26) 1.76 (1.11–4.34) 1.68 (0.84–4.24) 1.68 (0.63–4.61) 1.23 (0.82–3.52)
11 0.15 (0.13–0.28) 0.40 (0.21–0.65) 0.26 (0.09–0.38) 2.46 (1.65–5.22) 2.94 (2.10–4.40) 3.14 (1.22–6.51) 2.01 (0.93–5.42)
12 0.19 (0.15–0.27) 0.29 (0.17–0.47) 0.18 (0.17–0.34) 1.26 (1.00–4.04) 1.50 (0.79–3.75) 3.36 (0.80–4.29) 1.61 (0.71–4.23)
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with reference values was performed after adjusting each 
measurement to a common reference temperature (20 °C) 
[31]. Details on temperature estimation and temperature 
adjustment are reported in Supplementary Material (Figs. 
S4, S5).

Statistical analysis

Statistical analysis was performed using R Studio (version 
4.2.1) [32], both in the full range covered by the phantom 
vials (0.27–2.0 × 10−3 mm2/s) and in the physiologically 
relevant range for kidneys (ADC > 0.83 × 10−3  mm2/s 
corresponding to PVP concentration < 40%).

The agreement between the temperature adjusted ADC 
measurements and the provided NIST reference at 20 °C was 
evaluated by calculating their relative difference (bias%). 
Accuracy error [25] was calculated as the absolute value 
of bias.

Accuracy analysis was performed both on the intra-
session average along each imaging plane and on the overall 
position-independent average ADC . For each scanner, 
accuracy error is reported as its median value along with 
the lower and upper quartiles. The relation between accuracy 
error and the inverse of SNRdiff was tested by Pearsons’s 
correlation coefficient (r). The same test was also adopted to 
determine the concordance of ADC measurements between 
imaging planes (coronal-axial, coronal-sagittal) and to assess 
the agreement of ADC with respect to the reference values.

Intra-session repeatability for each imaging plane was 
studied in terms of coefficient of variation CVintra% [6].

Higher values of CVintra% represent lower intra-session 
repeatability. The correlation between the coefficient of 
variation across multiple repetitions and SNRmult was tested 
by Pearsons’s correlation coefficient (r). For each scanner 
CVintra is reported as median values along with lower and 
upper quartiles.

For each scanner, short-term reproducibility was visually 
assessed by BA plots and quantitatively measured by 
Bland–Altman statistics and precision error [25]. BA results 
are reported in terms of average bias% between the first and 
the second scan and 95% limits of agreement. Precision error 
was computed as the percentage ratio between the first and 
second scan difference and their mean value.

Accuracy Error% = 100 ∙

|||
ADCadjusted − ADCreference

|||
ADCreference

.

CVintra% = 100 ∙
�
w

�
w

.

Precision analysis was performed both on the average 
along each imaging plane and on ADC values.

A generalized linear mixed model [33] (GLMM) was 
used to compare accuracy error, repeatability and precision 
error across field strengths and vendors for each imaging 
plane direction by taking into account repeated measures 
[25]. The same analysis was repeated for accuracy and 
precision error calculated from ADC values. For each data 
field strength and vendor were introduced as fixed effects of 
the model and were analyzed both as independent predictors 
and in combination as two-way interaction. Scanner ID 
and vial ID were modeled as random effects. A GLMM 
was also used to compare accuracy error, repeatability and 
precision error between imaging plane orientations for each 
scanner. The best model was chosen by comparing model 
performance metrics using the R function “anova” from 
“stats” package [32]. Results are reported as least-square 
means and standard errors [25]. Statistical significance of 
predictors was expressed in terms of type 3 p values[25]. 
Post-hoc comparisons were performed for all predictors in 
the model with Bonferroni adjusted pairwise comparison 
(“emmeans” package). For all reported p values statistical 
significance was set at p < 0.05.

Inter-scanner agreement was measured by the coefficient 
of variation (CVinter%), calculated as the ratio between 
the standard deviation and the average of the first session 
measurements across all scanners. CVinter% was separately 
calculated for each vial both along each imaging plane and 
on the overall average ADC pooling data by field strength. 
Comparisons between groups were computed with paired 
sample Wilcoxon signed-rank tests.

For both field strengths and for each phantom vial, intra-
site and inter-site contributions to the overall variance 
were analyzed by computing the intra-class and inter-class 
correlation coefficient (ICCintra and ICCinter) [34].

Intra-site variance �2
intra was calculated as the average 

variance across sites, while inter-site variance �2
inter was 

determined as the variance across averages for each site.

Precision error% = 100 ∙
||ADCscan1 − ADCscan2

||
Mean

(
ADCscan1, ADCscan2

) .

ICCintra =
�
2
intra

�
2
intra + �

2
inter

,

ICCinter =
�
2
inter

�
2
intra + �

2
inter

.



600	 Magnetic Resonance Materials in Physics, Biology and Medicine (2025) 38:593–609



601Magnetic Resonance Materials in Physics, Biology and Medicine (2025) 38:593–609	

Results

Acquisitions were successfully performed for all scanners; 
however, a few deviations from the original protocol should 
be noted. One institution (Scanners 6 and 12) included a 
b-value of 1000 s/mm2 instead of 900 s/mm2 due to scanner 
technical requirements, and for Scanner 6 the acquisition 
matrix was lower than the suggested value in the manufac-
turer protocol (72 × 77 instead of 128 × 126). For Scanner 1, 
a different abdominal body coil was used between the first 
(24 channels body array coil) and the second scan (48 chan-
nels body array coil). One site (Scanners 4,5,10,11) included 
a lower number of repetitions (< 4) along axial and sag-
ittal positioning. Finally, only for Scanner 12, SNR could 
not be determined due to signal scaling variations across 
repetitions.

Across all scanners, only Scanner 1 resulted in a SNR 
in the isocenter of < 30. Results of SNR calculations are 
reported in Supplementary Tables S1, S2. For this study, 
DWI images from all scanners had appropriate quality and 
significant artifacts were avoided adjusting ROI placement 
and size. Reduction in ROI size was performed ensuring a 
minimum acceptable dimension of 50 voxels per ROI.

Average temperature was determined for each scan and 
ranged from 19.9 to 24 °C (Table 1). For each scanner, 
temperature corrected ADC measurements across each 
imaging plane as well as an overall average are reported 
alongside the corresponding NIST reference ADC values, 
see Supplementary Table S3.

Results for spatially dependent bias are reported in 
Supplementary Fig. S3. Limits of agreement of relative 
difference% were within 5% for all inner vials except for 
sagittal positioning of 1.5 T scanner. For the outer vial, 
limits of agreement were within 8%. Among inner vials, 90% 
of ADC bias values were within the 3% expected negligible 
range [35], while for outer vials this value decreased to 
approximately 71%.

ADC measurements in comparison with NIST 
reference values

ADC Values had an excellent correlation with NIST refer-
ence values both for each scanner (r > 0.999) and pooling 
all scanners with the same field strength (r = 1) as shown in 
Fig. 2e, f. Similar results were obtained across each imag-
ing plane. Excellent correlation was also found for ADC 

measurements of the same scanner across different imag-
ing planes (r ≥ 0.997 for 1.5 T, r ≥ 0.996 for 3 T). For all 
scanners and imaging plane directions, bias% showed an 
asymmetrical distribution across the zero-bias line with an 
average positive bias for lower ADC values (< 0.83 × 10–3 
mm2/s). Among 1.5 T and 3 T scanners, the highest bias% 
was found for Scanner 1 and 7 along the axial direction 
(bias1 > 40% and bias7 > 25% at 0.2 7× 10–3 mm2/s) (Fig. 2a, 
b). This was reflected by ADC values, where the highest bias 
was found for Scanner 1 and 7 (bias1,7 > 20% at 0.2 7× 10–3 
mm2/s) (Fig. 2c, d). In the renal physiologically relevant 
range, bias was within 10% both across each imaging plane 
and for the overall average.

ADC values in the low range (0.27–0.5 1× 10–3 mm2/s) 
were characterized by a larger data dispersion corresponding 
to a within imaging plane CVinter > 5% for both values 
along axial (11.8–6.46%) and sagittal (5.34–6.61%) 
imaging plane direction on 1.5 T scanners and only for the 
lowest value (6.53% along axial and 5.51% along sagittal) 
for 3 T scanners. For both field strengths and across all 
imaging planes the highest ADC value (2.0 × 10–3 mm2/s) 
corresponded to the lowest CVinter% (< 2%).

ADC accuracy across scanners

Results of accuracy error for each imaging plane and for 
ADC are reported in Table 3. Median accuracy error among 
all scanners ranged from 1.26 to 4.61% for the position 
dependent results and from 1.23 to 4.05% for the averages. 
The highest median accuracy error was found among 1.5 T 
scanners: Scanner 2 along coronal positioning (4.53%), 
Scanner 3 along axial positioning (4.61%) and sagittal 
positioning (4.13%). Among position-independent results, 
1.5 T scanners had higher median accuracy errors (range 
from 2.79 to 4.05%) compared to 3 T scanners (range from 
1.23 to 2.32%). In the isocenter, 94% of ADC values were 
within the 5% range with the highest accuracy error found 
along sagittal imaging plane for both field strengths (6.71% 
on Scanner 4 and 3.14% on Scanner 11) (Supplementary 
Table  S4). Accuracy error had a significant strong 
correlation (r ≥ 0.624, p ≤ 2.16 × 10–5) with the inverse of 
SNRdiff for Scanners 5, 6, 7, 8, 10 and 11 and a significant 
moderate correlation (0.476 ≤ r ≤ 0.579, p ≤ 2.17 × 10–3) for 
Scanners 1, 2, 3, 4 and 9.

In a GLMM, no significant interaction was found between 
field strength and vendor (p ≥ 0.16) thus both factors were 
introduced in the model as independent predictors for each 
imaging plane (Supplementary Table S5). Results showed 
that accuracy error was significantly higher for 1.5 T com-
pared to 3 T scanners (Fig. 4a) across all imaging planes 
except sagittal positioning (p = 0.55). Among different ven-
dors accuracy error was significantly higher for vendor A 
compared to vendor C (p = 0.01) only along axial positioning 

Fig. 3   Coefficient of variation (CVintra%) of ADC values from 
sequential acquisitions calculated for each scanner at 1.5  T (a) and 
3 T (b) for all three imaging planes. Horizontal solid lines represent 
CVintra% median values along each imaging plane as depicted by the 
different colors while horizonal dashed lines in black represent the 
5% threshold. The area shaded in gray corresponds to the values out-
side the renal ADC physiologic range

◂
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while no significant differences among vendors were found 
along coronal and sagittal direction. When comparing imag-
ing plane positions (Supplementary Fig. S6), GLMM results 
showed that for most of the scanners no significant differ-
ences were found with some exceptions showing a signifi-
cantly higher accuracy error for axial direction on scanner 
1 (pcor-ax = 5.39 × 10–3, psag-ax = 0.03) and 7 (pcor-ax = 0.01) 
and sagittal direction on scanner 12 (pcor-sag = 2.05 × 10–3, 
psag-ax = 0.03).

Accuracy error, obtained from ADC measurements, 
was also assessed with a GLMM (Fig.  4d). The best 
model showed no vendor–field interaction effect and a 
significant effect only from the field strength factor. Thus, 
when averaging across all imaging planes, no significant 
differences were found across vendors and a significantly 
higher accuracy error was present for 1.5  T scanners 
compared to 3 T scanners (p = 5.38 × 10–3).

In the renal relevant range median accuracy error, 
calculated for each scanner and along each direction, was 
reduced on average by approximately 30% compared to the 
full range. A similar reduction (27%) was obtained when 
considering position-independent accuracy error data. 
No differences were found in GLMM results across field 
strength and vendors when applied on the reduced range 
compared to the full range (Supplementary Fig. S7).

ADC repeatability

For each scanner the intra-session coefficient of variation 
across each imaging plane is reported in Fig. 3. Among 3 T 
scanners CVintra was < 2% for all ROIs and imaging plane 
directions, among 1.5 T scanners this was true only for Scan-
ners 2,3,5 and 6. Scanners 1 and 4 showed a CVintra% that 
exceeded 2% only for ADC reference values in the lower 
range (0.27–0.51 × 10–3 mm2/s). In the renal physiologic 
range, all scanners showed a CVintra% lower than 2%. CVintra 
had a significant strong correlation (r ≥ 0.637, p ≤ 1.3 × 
10–5) with the inverse of SNRmult for Scanners 1,2,3,4,7 and 
10 and a significant moderate correlation (0.460 ≤ r ≤ 0.568, 
p ≤ 3.18 × 10–3) for Scanners 5,6,8,9 and 11.

Among 3 T scanners, median CVintra% (Table 3) ranged 
from 0.15 to 0.69%, with the highest value for Scanner 10 
along the sagittal direction. Except for the highest value, 
all median CVintra% were < 0.5%. Median CVintra from 1.5 T 
scanners (Table 3) covered a higher range compared to 3 T 
scanners, from 0.19 to 1.07%. Along coronal and axial 

direction only Scanners 1 and 4 had a CVintra > 0.5% while 
for sagittal positioning this was found for Scanners 1, 2 and 
5. QIBA requirement on the isocenter coefficient of variation 
(CVintra < 0.5%), although originally defined for ice–water 
measurements, was verified for all 3 T temperature adjusted 
measurements along all imaging planes with one exception 
from axial direction of Scanner 11 (Supplementary 
Table S6). On 1.5 T scanners this was not the case for 
Scanner 1 along all directions and for sagittal positioning 
of Scanner 2, 4 and 5.

CVintra for each imaging plane was tested with a GLMM 
in terms of two main factors (field strength and vendor) and 
their interaction (Fig. 4b). The interaction effect was found 
to be a significant predictor of repeatability CVintra% along 
coronal and axial orientation (pcor = 0.03, pax = 1.96 × 10–6, 
Table S5). 3T scanners, along coronal and axial position-
ing, showed no significant differences between vendors. For 
1.5 T scanners vendor A had a significantly higher CVintra% 
compared to other vendors along coronal (pA-B = 1.93 × 10–6, 
pA-C = 7.42 × 10–6) and axial (pA-B = 5.11 × 10–10, pA-C = 4.27 
× 10–7) orientations. Across coronal and axial orientations 
1.5 T scanners had a higher CVintra% compared to 3 T scan-
ners for vendor A (pcor = 4.29 × 10–15, pax = 7.49 × 10–11). 
Only along coronal direction this difference was seen for 
vendor B and C as well (p = 7.84 × 10–7, p = 1.52 × 10–4). 
Across sagittal plane, no significant differences among 
vendors were found and 1.5 T scanners had a significantly 
higher CVintra% compared to 3 T scanners (p = 0.02). Results 
of repeatability in the reduced range are reported Supple-
mentary Fig. S7 and in Supplementary Fig. S8 for compari-
sons across scanners.

Average ADC inter‑scanner agreement

Excellent agreement was found among platforms char-
acterized by the same field strength. Median CVinter% is 
reported in Fig. 5 and for both field strength is lower than 
2%. For both field strengths all ROIs had an inter-scanner 
CVinter < 5% except for ROI-13 (0.2 7× 10–3 mm2/s) that 
exceeded this threshold. No significant differences were 
found for CVinter between 1.5 and 3 T scanners (p = 0.79). 
In the reduced range CVinter was lower than 2% for all vials 
except for ROI-8 on 1.5 T scanners (CVinter = 3.28%). In the 
isocenter (ROI-1) inter-scanner coefficient of variation was 
0.82% for 1.5 T scanners and 1.12% for 3 T scanners.

Overall median CVsinter% along each imaging plane 
were higher compared to those obtained from averaged 
measurements.

ADC short‑term reproducibility

BA plots for short-term reproducibility are presented in 
Fig. 6a for 1.5 T, in Fig. 6b for 3 T scanners and summarized 

Fig. 4   Results of GLMM on accuracy error (a), repeatability (b) and 
precision error (c) across all imaging planes. Accuracy error and pre-
cision error are also reported for average values (d, e). All results 
are reported as least-square means and standard errors provided by 
GLMM. Horizontal lines represent the paired comparisons with 
their relative significance value (ns = p > 0.05, *p < 0.05, **p < 0.01, 
***p < 0.001)

◂



604	 Magnetic Resonance Materials in Physics, Biology and Medicine (2025) 38:593–609

in Table 4. Pooled results for both field strengths are reported 
in Fig. 6c. Both single-scanner and pooled BA plots showed 
a near-zero bias for all sites and field strengths. Limits of 
agreements were within 10% of bias between the first and 
second scan for all single scanner BA. Scanners 2, 3, 4, 5, 
and 6 for 1.5 T and scanners 8, 9, 11 and 12 for 3 T had 
limits of agreement within 5% of bias. BA outliers were 
prevalent in the lower ADC range (< 0.83 × 10–3 mm2/s), no 
outlier exceeded 10% bias.

Limits of agreement of pooled results were lower than 5% 
and few outliers were present for average ADC ≤ 0.8 3× 10–3 
mm2/s. All outliers came from measurements performed on 
vendor A.

BA plots along each imaging plane are reported in 
Supplementary Fig. S9. Both for 1.5 T and 3 T near-zero 
bias was verified for all directions and larger limits of 
agreement were found across axial/sagittal compared to 
coronal scan plane. Scanner 1, 4 and 10 along axial and 
sagittal positioning and Scanner 7 only for axial imaging 
plane had limits of agreement that exceeded 10%.

For average precision error field strength and vendor 
were tested in a GLMM both through their interaction and 
as independent predictors (Fig. 4e). The model identified 
vendor as the only significant independent predictor. Post-
hoc tests showed that vendor A had a significantly higher 
precision error compared to vendor C (p = 5.08 × 10–3).

In the reduced range average precision error had no 
significant independent predictor thus no significant 
differences were found between 1.5 and 3 T scanners and 
among vendors.

Precision error from individual imaging planes was also 
studied with a GLMM. A significant interaction was found 

between vendor and field only for coronal acquisitions 
(p = 0.01, Table S5). Along coronal and axial orientation 
significant differences were found across different vendors 
(Fig. 4c). No significant differences were found between 
1.5  T scanners and 3  T scanners except for vendor A 
along the coronal plane (p = 0.03). In the reduced range 
no significant differences were found between 1.5 and 3 T 
scanners and vendors with the only exception of vendor A 
having a higher precision error than vendor C along axial 
orientation (p = 2.30 × 10–3) (Fig. S7). Results of precision 
error comparison across directions for each scanner are 
reported in Supplementary Fig. S10. Overall, most of the 
differences were found between coronal direction and 
axial/sagittal showing that coronal orientation had either 
a significantly lower precision error or no significant 
difference from the other two directions. Corresponding 
ICC results are reported in the Supplementary material 
(Table S7).

Discussion

In this study we performed a multi-site and multi-vendor 
assessment of ADC measurements in the three orthogonal 
imaging planes on 12 scanners evenly distributed by 
field strength, using the commercially available QIBA 
diffusion phantom with the vendor-specific standardized 
NIST protocols and scanners set-ups typical of abdominal 
studies. In addition, we assessed both intra- and inter-
scanner reproducibility of ADC measurements, investigating 
the effect of several factors such as field strength, vendor, 
imaging plane orientation, and vials PVP concentration.

Fig. 5   Inter-scanner coeffi-
cient of variation (CVinter%) of 
average ADC values. Median 
CVinter% with its lower and 
upper quartile for each direction 
and field strength. The area 
shaded in gray corresponds 
to the values outside the renal 
ADC physiologic range. Solid 
horizontal lines represent 
CVinter% median values for 
each field strength (orange for 
1.5 T and blue for 3 T) while 
the dashed horizontal line repre-
sents the 5% limit
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Overall, in each site and across each imaging plane, 
excellent linear correlation was found between temperature 
rescaled ADC measurements and NIST reference values, in 
accordance to previous studies in literature [8, 36]. Accuracy 
error ranged from 0 to 10% in the renal physiologically 
relevant range while higher values were found for vials 
with higher PVP concentrations (and thus lower ADCs). A 
similar trend was observed for the intra-session coefficient 
of variation, which exceeded 2% only for 1.5 T outside of the 
renal physiologic range. As highlighted by previous studies 
[5, 10, 14, 36, 37] and by QIBA recommendations [6], this 
may be attributed to several factors such as eddy currents, 
susceptibility distortions and gradient non-linearities away 
from the isocenter. The effect of gradient non linearities 
(GNL) was evident in the spatially dependent bias observed 
between the pure water vial in the isocenter and inner/outer 
circle. Results were compatible with GNL bias estimated on 
water phantoms found in literature. Tao et al. [38] reported a 
7% increase of the outer vial compared to reference values, 
for the same type of phantom in axial positioning. Similarly, 
Wang et al. [39] found that GNL bias was negligible for 
a 5-cm offset, reached up to 6% for an offset of 10 cm in 
the anterior–posterior direction (AP) and for a 15-cm offset 
it increased to 9.7%, 12.6%, and 9.2% in the right-left 
(RL), anterior–posterior (AP), and superior-inferior (SI) 
directions. In the same study, Wang et al. estimated that 
GNL effect accounted for a significant difference of 5–7% 
in median value for in vivo renal imaging.

Another factor that may have contributed to accuracy 
error and reduced repeatability is the insufficient SNR 
associated with the lower signal from higher PVP 
concentrations (shorter T2). Indeed, for all scanners, we 
found evidence of significant correlation between both 
accuracy error and intra-session variation with SNR. 
Furthermore, highest accuracy error, highest CVintra% and 
lowest SNR were found for the same scanner (Scanner 1). 
Accuracy error and CVintra% in the isocenter for all 3 T 
scanners, independently on imaging plane position, were 
within QIBA claims [6] (respectively < 3.6% and < 0.5%) 
and well supported by other studies [8, 14, 36, 37, 40, 41], 
despite the use of different phantoms and protocols.

In contrast, only a few of the 1.5 T scanners met accuracy 
and repeatability QIBA requirements and mainly only along 
the coronal imaging plane. While some studies [11, 42, 
43] also show ADC results not meeting requirements for 
1.5 T scanners, either in terms of accuracy or short-term 
repeatability, others [8, 15, 43] find excellent compliance 
to QIBA terms. One of the reasons for this difference could 
be that most phantom studies on 1.5 T were performed 
at 0  °C thus avoiding potential sources of bias from 
imperfect temperature estimation and effect of low SNR 
at high b-values. However, for the purpose of this study 
and its application to future renal ADC studies, scanner 

assessment at room temperature was required to cover the 
renal physiologically relevant range. In addition, most of our 
1.5 T scanners did not meet QIBA requirement on SNR > 50. 
Lastly, as reported by Hoult et al. [44], differences in coil 
set up compared to the QIBA recommendations (head coil), 
could have an impact on SNR due to differences in filling 
factors. Overall, in the isocenter, 94% of ADC values were 
within the broader range of 5% established by literature [30, 
37, 41]. Median accuracy over the whole range was lower 
than 5% for all scanners and imaging positions while median 
repeatability was below 1.1%. Our study also showed field 
strength dependency of accuracy error; 1.5  T scanners 
compared to 3 T scanners resulted in significantly higher 
accuracy error for coronal, axial and the overall average. No 
significant differences were found between different vendors.

Good short-term reproducibility was found for all 
scanners with limits of agreement within 10%. Precision 
error in the isocenter for all scanners was compatible with 
QIBA requirements. We also found that precision error 
had no significant dependence on field strength (p = 0.12) 
while differences were found among vendors, with vendor 
A showing the lowest reproducibility. This result may have 
been caused by using two different body coil set-ups (24 
and 48 channels) between the first and second scan session 
in Scanner 1. Although we acquired an isotropic phantom, 
significant differences in imaging plane orientation on the 
same scanner were found for accuracy error, repeatability 
and precision error. Overall, we found that coronal 
positioning, which along with axial geometry is the most 
relevant for renal imaging, was either significantly better 
or equally good as the other directions. Differences in slice 
orientation may have been caused by the larger presence of 
artifacts due to unstable positioning of the phantom when 
acquired along axial/sagittal plane, geometric distortions in 
the upper part of the central slice for air bubbles [45] and 
increased in-plane signal inhomogeneity.

To the best of our knowledge, there are only a few 
studies [10, 15, 36] that have compared ADC results across 
imaging plane orientations. However, this is the first 
study to perform this characterization using an abdominal 
receive coil. In this study we also found excellent inter-
scanner agreement for 1.5 T scanners and 3 T scanners. 
Results from inter-scanner CVinter% are in line with 
previous 3 T and 1.5 T multi-center studies: Kooreman 
[43] observed a median CV across 1.5  T scanners of 
2.2%, Fang et  al. [14] found a median CV across 3 T 
scanners < 4%, for PVP < 30% Palacios et al. [12] reported 
a CV below 3.8% and Wang et al. [40] below 3%. In our 
study, median CVinter was lower than 2% for both field 
strengths and for PVP < 30% CVinter was lower than 1.8%. 
No significant differences were found between 1.5 and 3 T 
results in terms of inter-scanner agreement.
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To the best of our knowledge, there are no previous multi-
site and multi-vendor phantom studies that aim at character-
izing ADC measurements in terms of field strength, type of 
vendor and imaging plane orientation using a surface body coil 
at room temperature. Our results are strengthened by employing 
the NIST/QIBA phantom and applying vendor-specific QIBA 
recommended protocols in each institution.

Limitations

Some limitations need to be acknowledged. Even though we 
had a moderate sample size of 12 scanners from different ven-
dors, results may have been influenced by the type of scanner 
and software version. A broader representation of scanners 
from each vendor category could further strengthen our results. 
Furthermore, no corrections were applied to account for GNL, 
geometric distortions and eddy currents, while visible artifacts 
were simply avoided during ROI placement. For some scanners 
fewer repetitions of DWI measurements were available, espe-
cially along axial and sagittal slice orientation, thus affecting 
repeatability estimation along these plane orientations. Another 
limitation of this study was the use of a spherical phantom for 
abdominal imaging-quality assurance. To better replicate the 
abdominal geometry, future work should focus on commercially 
available cylindrical diffusion phantoms. In this study, scanner 
evaluation was performed using the QIBA-suggested DWI phan-
tom protocol. However, as this may differ from renal imaging 

protocols used in clinical practice, future work should aim to 
extend this evaluation to renal clinical protocols, for example 
using typical b-values of renal studies (b-value < 1000 s/mm2). 
In addition, future studies should address common challenges 
in abdominal imaging, such as: B0 and B1 inhomogeneities due 
to larger field of view resulting in bias offset, typical b-value 
ranges to minimize contributions from intravoxel incoherent 
motion (IVIM) and GNL bias assessment as well as correction 
at off-center locations using large uniform phantoms. Finally, 
even though this study was set up to perform scanner assess-
ment for future multi-center kidney clinical studies, the available 
range of ADC values at room temperature fully covers the physi-
ologically relevant CKD range but only partially the healthy 
one. A further extension of the range would have required the 
aid of a heating device to consistently and uniformly increase 
the temperature of the phantom in all sites, however, aside from 
technical challenges, comparison with NIST traceable reference 
values would have been hindered since these are only provided 
up to 26 °C.

Conclusions

In conclusion, these results from phantom ADC measurements 
support the feasibility of implementing scanner evaluation using 
the QIBA standardization process for diffusion measurements 
in renal studies and contribute to the existing knowledge on 
standardized multi-site phantom studies at ambient temperature. 
Despite the use of abdomen coils and room temperature meas-
urements, all quantitative parameters were within literature find-
ings. We found high accuracy, repeatability and precision within 
the physiologically relevant ADC range for kidneys. Excellent 
inter-scanner agreement was also found both among 1.5 T and 
3 T scanners, supporting possible future renal multi-site studies 
involving 1.5 T alongside 3 T scanners. Future research studies 

Fig. 6   Bland–Altman plots of relative difference% between two sep-
arate scans average ADC measurements for single scanners at both 
field strengths (a, b) and for pooled measurements (c). Horizonal 
dashed line represents the mean relative difference% while horizonal 
solid lines represent the upper and lower limit of agreements. Values 
for each line are reported on the right of each panel

◂

Table 4   Bland–Altman plots 
statistics for each scanner and 
pooled data, along each imaging 
plane direction and for average 
results, reported as mean value 
of bias% with lower and upper 
limits of agreement

Scanner Coronal [%] Axial [%] Sagittal [%] ADC[%]

1 − 2.25 (–8.35, 3.84) 4.44 (− 11.40, 20.28) − 0.67 (− 12.89, 11.56) 0.83 (− 4.32, 5.97)
2 1.07 (− 1.37, 3.50) − 1.74 (− 7.40, 3.90) − 0.61 (− 6.59, 5.38) − 0.40 (− 3.66, 2.85)
3 0.98 (− 5.61, 7.56) − 0.59 (− 3.84, 2.67) 0.53 (− 4.38, 5.44) 0.33 (− 3.88, 4.54)
4 0.69 (− 3.77, 5.14) − 3.80 (− 20.68, 13.08) 2.37 (− 14.33, 19.07) − 0.03 (− 4.57, 4.51)
5 − 0.34 (− 2.00, 1.32) − 0.49 (− 2.61, 1.62) − 2.40 (− 7.65, 2.86) − 1.05 (− 2.44, 0.34)
6 0.84 (− 0.77, 2.46) 1.69 (− 0.52, 3.91) − 0.26 (− 5.34, 4.82) 0.79 (− 1.34, 2.91)
7 − 0.81 (− 3.14, 1.52) 0.87 (− 13.56, 15.29) 0.65 (1.74, 3.03) 0.24 (− 4.60, 5.07)
8 − 0.91 (− 7.52, 5.71) − 1.09 (− 5.81, 3.63) 0.37 (− 6.04, 6.79) − 0.51 (− 3.60, 2.58)
9 − 1.15 (− 3.59, 1.29) 3.09 (− 0.44, 6.63) − 0.29 (− 1.99, 1.40) 0.59 (− 1.05, 2.23)
10 − 0.56 (− 2.65, 1.54) − 1.16 (− 10.13, 7.81) − 1.08 (− 10.78, 8.62) − 0.88 (− 6.69, 4.93)
11 − 1.96 (− 4.88, 0.97) − 2.19 (− 9.30, 4.91) 1.85 (12.28, − 8.59) − 0.72 (− 2.93, 1.49)
12 1.51 (− 0.44, 3.48) − 0.14 (− 4.92, 4.64) 1.72 (− 0.32, 3.76) 1.04 (− 0.48, 2.56)
All 1.5 T 0.16 (− 4.61, 4.94) − 0.08 (− 10.94, 10.77) − 0.17 (− 9.79, 9.44) 0.08 (− 3.73, 3.88)
All 3 T − 0.66 (− 4.61, 3.30) − 0.11 (− 8.67, 8.44) 0.53 (− 6.12, 7.17) − 0.04 (− 3.77, 3.69)
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focused on clinical MRI protocol validation, first in phantoms 
and then in healthy volunteers and patients, are needed to enable 
reliable multi-center MRI clinical studies and ultimately foster 
the translation of MRI biomarkers to clinical practice.
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