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Abstract

Objective To assess multi-site and multi-vendor accuracy, and intra- and inter-scanner variability of T1 and T2 measure-
ments using the ISMRM/NIST System MRI phantom at room temperature.

Materials and methods T1 and T2 measurements were acquired using standardized NIST protocols on 13 scanners (1.5 T
and 3 T) from 3 vendors at 7 sites and compared with reference values at room temperature. Pearson’s correlation (r) and
accuracy error were used for comparison with reference values, while inter-scanner agreement was assessed using the
coefficient of variation (CV%). Short-term reproducibility was evaluated using Bland—Altman plots and precision error.
Generalized linear mixed models and post hoc tests (¢ =0.05) were adopted to compare accuracy and precision across field
strengths, vendors, and scanners. T2 measurements were corrected with StimFit toolbox for stimulated echo compensation.
Results T1 and T2 measurements had excellent correlation with reference values at both field strengths. Stimfit significantly
improved T2 accuracy in the renal range for 9 of 13 scanners. Short-term reproducibility (limits of agreement < 10%) and
inter-scanner agreement were good (median CV <7%) for both T1 and T2 values. Inter-scanner CV was <5% in the renal
range for both parameters.

Discussion These findings support the need of scanner evaluation processes to ensure reliable T1-T2 measurements in
multi-center MRI studies.
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Introduction

T1- and T2-mapping are widely used quantitative MR
imaging techniques that can offer valuable insights into
the physical properties of tissues [1]. The potential of both
longitudinal (T1) and transverse (T2) relaxation times as
effective quantitative imaging biomarkers has been exten-
sively demonstrated across numerous clinical applications
[2-5], including the renal field, as recently emphasized in
a review by Wolf et al. [6].

However, extending these techniques to multi-center
studies often poses challenges, as comparisons are often
hindered by differences in sequence implementation,
hardware, and type of vendor [7]. This critical issue
was recently highlighted by Boudreau et al. in the 2020
ISMRMY/NIST reproducibility challenge [8] and has since
been a focus of various multi-center, multi-vendor studies
employing the ISMRM/NIST phantom.

In particular Bane et al. [9] performed accuracy, preci-
sion, and inter-platform variability T1 measurements in a
multi-center study comprising ten scanners across three
major vendors and at both field strengths. Results showed
field strength, acquisition protocol, and sample influence on
the estimation of accuracy, repeatability, and reproducibility.
However, the uneven distribution of scanners between the
field strengths highlighted the need for validation with a
higher number of 1.5 T scanners. This gap was addressed
in a subsequent NIST-led study by Keenan et al. [10] which
performed a larger multi-site accuracy study with nine 1.5 T
scanners from two vendors and eighteen 3 T scanners from
three vendors. In this study, no consistent pattern of dis-
crepancies across vendors was found. Additionally, results
from the ISMRM/NIST reproducibility challenge reported
by Boudreau et al. revealed that among 27 MR scanners
(3 T, across three major vendors), inter-scanner variability
exceeded intra-scanner variability. This study also stressed
the need for more acquisitions to address non-physiolog-
ical factors contributing to variation in T1 quantitative
measurements. All these multi-site studies focused on T1
measurements and were conducted using only one set of
vials (NiCl,) from the ISMRM/NIST phantom. In con-
trast, a recent study by Keenan et al. investigated T1 and
T2 accuracy across multiple 0.55 T MRI systems, utilizing
both standard protocols and vendor-neutral sequences on all
available arrays (NiCl, and MnCl,). Both this study and the
work by Li et al. [11] emphasize the benefit of correcting
T2 maps using stimulated echo compensation techniques. In
particular, they demonstrated improved results in terms of
inter-scanner variability [7] and accuracy [11]. Li et al. also
emphasized the importance of including a broader range of
scanners, both from the same vendor and across different
vendors, to more effectively assess inter-scanner variations.

@ Springer

The aim of this study, conducted 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://respectmri.com), is to
build upon previous MRI phantom studies and extend avail-
able knowledge on the accuracy, and intra- and inter-scanner
variability of T1 and T2 measurements across vendors and
sites by (i) including both 1.5 T and 3 T scanners from each
site, (ii) utilizing an additional vial array in the phantom,
which is known to be more temperature-dependent, and (iii)
exploring the feasibility of using the StimFit package for T2
value estimation on 1.5 T scanners.

Materials and methods
Phantom

T1 and T2 data were acquired on the ISMRM/NIST System
phantom [12] (Model 130 for all scanners but Scanner 11,
equipped with Model 106, CaliberMRI, Boulder, CO, USA)
as specified in Table 1. The ISMRM/NIST phantom (Fig. 1a)
contains two different plates with 14 element arrays of vary-
ing NiCl, and MnCl, concentrations. The vials locations in
each array are shown in Fig. 1c, d, while their corresponding
concentrations can be found in Table S1. Reference values
at 3 T were provided by NIST Boulder at temperatures of
16, 18, 20, 22, 24, and 26 °C, while 1.5 T reference values at
20 °C were measured by CaliberMRI using NIST methodol-
ogy. The phantom also contains 10 liquid crystal (LC) MR-
readable thermometer vials [13], as illustrated in Fig. 1b,
that enable estimation of the phantom temperature in the
range between 15 and 24 °C.

Image acquisition

Acquisitions were performed in seven different sites and
13 different scanners providing data from n=6 1.5 T
scanners and n=7 3 T scanners (Table 1). Scanners were
divided among the three main vendors [n =4 from GE
Healthcare (Waukesha, WI), n =5 from Siemens Health-
ineers AG (Forchheim, Germany), and n =4 from Philips
Healthcare (Best, the Netherlands)]. For each scanner,
acquisitions were performed with the transmit body coil
and the available anterior body and spine receive coils.
As suggested by the phantom manufacturer, T1 maps
were acquired using a 2D fast spin-echo inversion recov-
ery (IR) sequence [12] both on NiCl, and MnCl, vials,
while T2 maps were acquired only on MnCl, vials using
a multi-echo spin-echo (MESE) sequence [12]. Only
for vendor A, T2 maps were acquired with a protocol
that differed from the manufacturer’s recommendation,
allowing the acquisition of all echoes in a single-echo
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Table 1 MRI scanner details

Scanner ID  Site Field Vendor  Vendor ID Scanner type Phantom model Phantom temperature (°C)
strength -
(T) T1 (NiCl,) T1 (MnCl,) T2 (MnCl,)

Test Retest Test Retest Test Retest

1 IRFMN 1.5 GE A Optima 450w 130 20.1 206 22.0 20.1 20.1 20.0
2 UNAV 1.5 Siemens B MAGNETOM Aera 130 220 209 217 215 214 215
3 UHEI 1.5 Siemens B MAGNETOM Aera 130 223 222 223 222 222 223
4 AUH 1.5 GE A Optima 450W 130 20.5 20.1 206 203 212 21.0
5 AUH 1.5 Philips C Achieva dStream 130 20.5 195 207 195 204 21.0
6 UNIBO 1.5 Philips C Ingenia 130 20.8 205 20.8 205 20.1 203
7 IRFMN 3 GE A Discovery 750W 130 195 202 200 204 204 20.6
8 UNAV 3 Siemens B MAGNETOM Skyra 130 229 209 229 209 225 210
9 UHEI 3 Siemens B MAGNETOM Skyra 130 250 240 250 240 250 24.0
10 AUH 3 GE A Discovery 750 130 20.8 20.0 208 200 209 20.7
11 AUH 3 Siemens B MAGNETOM Skyra 130 205 183 205 200 21.0 20.7
12 UoN 3 Philips C Ingenia 106 202 20.8 202 208 20.2 20.8
13 UNIBO 3 Philips C Ingenia 130 196 190 195 200 193 195

More details on temperature estimation and uncertainty are reported in the Supplementary Materials

IRFMN Istituto di Ricerche Farmacologiche Mario Negri, UNAV Clinica Universidad de Navarra, UHEI Heidelberg University, AUH Aarhus
University, UoN University of Nottingham, UNIBO Azienda ospedaliero-universitaria di Bologna

Fig.1 (a) ISMRM/NIST
System phantom. Coronal view
of the central plate showing
regions of interest (ROIs) size
and positioning of temperature
(b), NiCl, (¢), and MnCl, vials
(d)
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train. For Scanner 1, 7, and 10, T2 MESE mapping from
UKRIN-MAPS [14] was implemented, while for Scanner
4, we used a Fast Spin Echo (FSE) with 8 echoes avail-
able on the scanner. Key parameters for each sequence
are reported in Table 2. For each acquisition, a single
central slice across the vials was imaged. Following the
manufacturer's recommendation, vials T2-1 and T2-5 in
Model 130 and T2-2 in Model 106 were excluded from
the analysis. The phantom was positioned with its center
at the scanner’s isocenter, and the plates were aligned
with the scanner’s principal axes. To minimize move-
ment, due to the phantom spherical shape, cushions were
used for stabilization. The exact position of the phantom
along the anterior—posterior (A/P) direction depended on
the specific setup available for each scanner (see Sup-
plementary Material Fig. S1 for more details on phantom
positioning and stabilization).

Each scan was repeated on a different day to measure
intra-site reproducibility across test-retest sessions.

As previously described in Part 1 [15], the phantom
was placed in the scanner room at least 24 h before each
acquisition to allow temperature stabilization. Tempera-
ture was measured before and after each session using
an isotropic spoiled gradient-echo sequence on the MR-
readable thermometer embedded in the phantom [13].

Table2 T1 and T2 sequence details

Image processing

Image analysis was centrally performed by a single operator
(S.P.), ensuring consistency in the methodology employed.
PhantomViewer software [12] was used for image pro-
cessing. For the central slice, circular regions of interest
(ROIs) with an average diameter of 10 mm (~ 82 voxels)
were manually placed on each vial while avoiding the edges
(Fig. 1b, c). For T2 maps acquired with the UKRIN-MAPS
protocol, a larger ROI (13 mm of diameter) was drawn to
include at least 35 voxels in each ROI. Mean ROI signal
intensity within each ROI was calculated. Adjustments to
ROI size and position were made only when visible motion
artifacts were present, ensuring accurate signal estimation.
For Philips scanners, signal intensity values were appropri-
ately rescaled [16] before calculations. For all scanners, only
magnitude data were used in the analyses. Curve fitting was
performed in Python using non-linear least-square minimi-
zation, with parameters constrained to physically reason-
able ranges. For each vial, T1 values were calculated with a
4-parameter model [9, 17] as given by

TI TR
ST = Sy|1 = (1 +6)e 1 + be" 71| +n,
while T2 values were estimated with a 3-parameter mono-
exponential model[17]

Parameters T1-IR T2-SE
Vendor A B C A B C
Field strength 1.5Tand3 T 1.5Tand3 T 1.5Tand3 T 1.5Tand3 T 1.5Tand3 T 1.5Tand3 T
(T)
Acquisition 2D/FSE-IR 2D/TSE-IR 2D/IR-SK T2 map UKRIN- FSE_8echos 2D/se_mc 2D/SE;
sequence MAPS Fast=None
Orientation COR COR COR COR COR COR
TE (ms) Min Full 6.9 7 129 msx 10 10 msx 8 10to 320 ms by 11 msx16
echoes echoes 10 ms echoes
TR (ms) 4500 4500 4500 4500 5000 5000 5000
TI (ms) 50, 75, 100, 35, 75, 100, 35,75, 100, NA NA NA
125, 150, 250, 125, 150, 250, 125, 150, 250,
1000, 1500, 1000, 1500, 1000, 1500,
2000, 3000 2000, 3000 2000, 3000
FOV (mm?) 250200 250%250 250%250 250%250 250%250 250%250
# slices 1 1 1 1 1 1
Slice thickness 6 6 6 4.5 6 6 6
(mm)
Matrix (FE/PE/  256/192/1 256/192/1 256/252/1 256/192/1 128/128/1 256/192/1 256/192/1
SE)
Number of aver- 1 1 1 1 1 1 1

ages

FA flip angle, FOV field of view, TR repetition time, TE echo time, T/-IR T1 inversion recovery, 72-SE T2 spin echo, FE frequency encoding,
PE phase encoding, SE slice encoding, UKRIN-MAPS UK renal imaging network-MRI acquisition and processing standardization

@ Springer
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_IE
S(TE) = Sye = +n.

In the models, 77 is the inversion time, TE is the echo
time, S, is the signal amplitude for equilibrium magnetiza-
tion, 6 is the inversion efficiency, TR is the fixed repetition
time, and n is the noise factor. Details on the parameters
initial values and constraints that were provided to the fit
are reported in Table S2.

T2 values were also estimated using the “StimFit” pack-
age provided by UKAT [18] which models the effect of
stimulated echoes based on the EPG algorithm [11, 19].
Estimated relative B, maps were also derived from StimFit
(0<B; <1). Results of StimFit estimation and fit compari-
sons are reported in Supplementary material (Figs. S2, S3).

Temperature correction

Since both vial arrays, particularly MnCl, vials, exhibit tem-
perature dependence at both field strengths [12], rescaling to
a common reference temperature was fundamental to com-
pare measurements across sessions, scanners, and reference
values. Temperature estimation was performed with Phan-
tomViewer software, with ordered circular ROIs (5.5 mm
of diameter) placed over the LC MR-readable thermometer
vials, as depicted in Fig. 1d. Details on temperature estima-
tion are reported in the Supplementary Material (Fig. S4).

Considering the temperature dependence of the vials [1],
temperature adjustments were made using linear rescaling
for MnCl, vials (Figs. S5, S6), as outlined by Statton et al.
[10], and quadratic scaling for NiCl, vials (Fig. S7). In both
cases, scaling parameters were derived from the reference
values provided in the manual. For 1.5 T scanners, since
reference values were available only at 20 °C, temperature
adjustment was performed assuming field independent scal-
ing parameters.

Statistical analysis

Statistical analysis was performed using R Studio (version
4.2.1) [20], both in the full range covered by the vials and
in the physiologically relevant range for kidneys. NiCl,
vials exhibit T1 values ranging from 22 to 1760 ms at 3 T
(20-1723 ms at 1.5 T), while MnCI2 vials show T1 val-
ues between 80 and 2480 ms (86-2210 ms at 1.5 T) and
T2 values between 5 and 552 ms (7-695 ms at 1.5 T). At
the reference temperature of 20 °C both vial arrays cover
a broader range than the expected renal physiological one.
Based on the values reported by Wolf et al. [6, 21] and on
the available reference values from the vials, we selected
a physiological range from 690.08 to 1901.28 ms for T1
measurements (685—-1741 ms at 1.5 T) and from 44.24 to
267.29 ms for T2 measurements [11] (62-355 ms at 1.5 T).

Statistical analysis was conducted using the same approach
outlined in Part 1 [15].

For each vial array, agreement between temperature-
adjusted measurements and the provided NIST reference at
20 °C was tested with Pearson’s correlation coefficient and
estimated by computing the relative bias (%). Accuracy error
[9] was calculated as follows:

Xadjusted — Xreference

AccuracyError% = 100 o

X reference

For each scanner and vial array, accuracy error is sum-
marized by its median value along with the lower and upper
quartiles. T2 measurements from the first acquisition were
compared between the “Stimfit” model and the mono-expo-
nential model, assessing goodness of fit via R? and accuracy
error for both the full and reduced ranges. Accuracy dif-
ferences between the two models were analyzed for each
scanner using paired sample Wilcoxon signed-rank tests
with Bonferroni correction for multiple comparisons. The
best-fitting model (higher R?) for each vial was subsequently
chosen for the definitive measurements.

Bland-Altman plots were used for visual assessment of
short-term reproducibility, while precision error [9] pro-
vided a quantitative measure. Precision error was determined
as the percentage of the difference between two different
scans relative to their average value

X

|‘xscan1 - scan2|

Mean (x

PrecisionError% = 100 o

scanl> Xscan2 )

For each vial array, a generalized linear mixed model
(GLMM) was used to compare accuracy error and precision
error across field strengths and vendors taking into account
repeated measures [9]. For each dataset, field strength and
vendor were included as fixed effects of the model both as
independent predictors and as two-way interaction. Scan-
ner ID and vial ID were introduced as random effects. The
phantom model was introduced both as a fixed effect and as a
random effect. In the precision error analysis of T1 measure-
ments, sphere type (NiCl, or MnCl,) was also modeled as a
random effect. Using the “anova” function from the “stats”
package in R, model performance metrics were compared to
select the best model and the significance of predictors was
tested using type 3 p values. Bonferroni-corrected post hoc
pairwise comparisons were performed with the “emmeans”
package. Statistical significance was set at p <0.05.

Inter-scanner agreement was assessed using the inter-
scanner coefficient of variation CV;,,,%, computed as the
standard deviation-to-mean ratio for the first session meas-
urements across scanners. Paired sample Wilcoxon signed-
rank tests were used for group comparisons. Inter-scanner
agreement calculations were also repeated exclusively for

@ Springer
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«Fig.2 Correlation plots of average temperature-rescaled T1 (a) and
T2 (c¢) values and NIST reference for 1.5 T scanners and 3 T scan-
ners. Correlation lines obtained from a linear interpolation are repre-
sented as black dashed lines. Pearson’s correlation coefficients with
their corresponding p value are displayed in the upper left corner
(a—c) Bias% of temperature corrected T1 (b) and T2 (d) values plot-
ted with respect to NIST reference for both 1.5 T scanners and 3 T
scanners. Horizontal dashed lines represent 0% bias. The area shaded
in gray corresponds to the values of T1 and T2 outside of the renal
physiological range

scanners utilizing the same phantom model. Intra-class
(ICC,,,,) and inter-class correlation coefficient (ICC,.,)
were calculated for each array vial and at both field
strengths to assess intra-site and inter-site variance con-
tributions [22]. These calculations were performed both on
pooled measurements at each field strength and separating

across vendors.

Results
T1 results
T1 measurements agreement with NIST reference values

At both field strengths and for both arrays, T1 values esti-
mated with the IR method had an excellent correlation
with NIST reference values both at a single-scanner level
(r>0.990 for 1.5 T scanners and 3 T scanners) and pool-
ing all scanners together (r>0.998 at 1.5 T and > 0.996 at
3 T). Correlation plots for T1 measurements are reported in
Fig. 2a, while bias% is shown in Fig. 2b.

Across all scanners and both vials arrays, bias remained
within 20% over the whole T1 range. In the renal physiologi-
cal range, bias was generally lower 10%, with a few outli-
ers (T1-2 for Scanner 1, 2, and 3, T2-3 for Scanner 4 and
T2-7 for Scanner 12). In all cases, bias tended to increase
for lower relaxation times.

For the NiCl, vials, the bias distribution was consist-
ent across field strengths, with values exceeding 10% for
T1< 100 ms and in the reduced range only for vial T1-2
(T1=1270 ms at 1.5 T). Among 3 T scanners, only Scanner
12 showed a different bias distribution, characterized by a
systematic underestimation across the entire range, with bias
values falling below — 10% for T1 < 100 ms.

In contrast, MnCl, vials showed distinct patterns across
field strengths. At 1.5 T, bias was consistently positive
across the whole range, except for the highest T1 value (T2-
1). At 3 T, most bias results for T1 > 100 ms showed an
underestimation of reference values. For the MnCl, array,
bias similarly tended to increase for T1 < 100 ms ranging
from 0 and 20% at 1.5 T and from -5 and 15% at 3 T.

T accuracy across scanners

Median accuracy error results for both NiCl, and MnCl,
arrays are reported in Table 3. Values were calculated both
across the full and reduced range. In the full range, median
accuracy error among all scanners ranged from 1.45 to
10.48% for the MnCl, array and from 1.05 to 6.53% for the
NiCl, array. While no significant interaction between field
strength and vendor was observed in the generalized linear
mixed model for the MnCl, array (p =0.27), the interaction
was significant for the NiCl, array (p =0.005) (Supplemen-
tary Table S3). GLMM on NiCl, spheres showed significant
differences across vendors both at 1.5 T and 3 T (Fig. 3a). At
both field strengths, accuracy error was significantly higher
for vendor B compared to the other vendors. Only at 1.5 T,
a significant difference was also observed between vendor A
and C, with vendor C having a significantly lower accuracy
error. A significantly higher accuracy error was found for
1.5 T scanners compared to 3 T scanners only for vendor A.
For the MnCl, array, accuracy error was significantly higher
for 1.5 T compared to 3 T scanners and no significant differ-
ences were found across vendors (Fig. 3b).

In the renal physiologically relevant range, median accu-
racy error ranged from 3.10 to 7.70% for MnCl, vials and
from 2.31 to 7.76% for NiCl, vials. For both arrays, no dif-
ferences were found in GLMM results across field strength
and vendors when applied on the reduced range (Fig. S8).

T1 inter-scanner agreement

The results of inter-scanner agreement, expressed as
CV, %, are presented in Fig. 4a. Across both 1.5 T and 3 T
scanners, excellent agreement was observed, with median
CV% values below 4% (1.93% for 1.5 T scanners and 3.48%
for 3 T scanners). For T1 values> 100 ms, all vials had a
CV% within the 5% threshold. At 1.5 T, only the first two
vials (T1=22 ms and T1 =31 ms) exceeded the 5% limit,
while across 3 T scanners, all values < 100 ms were above
this limit. Paired sample Wilcoxon signed-rank tests com-
paring CVinter% between 1.5 and 3 T scanners revealed sig-
nificantly higher CV values for 3 T scanners. However, when
the same analysis was restricted to 3 T scanners that per-
formed acquisitions using the same phantom model (remov-
ing Scanner 12), median CV for 3 T scanners decreased to
1.69% and no significant differences were observed between
1.5 and 3 T scanners (Fig. S9).

T1 short-term reproducibility
Bland-Altman (BA) plots showing short-term reproduc-
ibility results for each scanner and for pooled results are

reported in Figs. 5a and 6a for both field strengths. Near-
zero bias was observed in both single-scanner and pooled

@ Springer
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Table 3 Within scanner accuracy error% expressed in terms of median, first and third quartile

Scanner  Accuracy error %

T1 T1 Physiologically relevant range T2 T2 Physiologically

relevant range

MnCl, NiCl, MnCl, NiCl,
1 7.32(4.75-11.32)  3.85(2.19-5.37) 4.75 (2.28-5.30)  7.76 (5.55-9.63) 17.92 (8.41-23.19) 16.23 (9.08-18.62)
2 7.84 (6.25-9.67) 5.76 (2.84-8.71) 7.70 (6.03-7.84)  4.02 (1.96 -7.41) 8.21 (6.14-9.81) 7.18 (5.66-9.41)
3 8.72 (5.90-9.83) 6.53 (3.57-10.07)  5.90 (4.84-7.35)  3.43 (1.46-6.65) 8.23 (5.84-10.58) 6.60 (4.76-9.26)
4 10.48 (7.45-12.60)  1.80 (0.98-3.68) 7.45(6.33-9.32)  4.60 (3.33-6.14) 17.59 (15.15-19.84)  17.09 (15.42-21.52)
5 8.56 (4.92-9.45) 2.14 (0.69-3.23) 4.92 (4.24-5.80)  2.83(0.89-5.79) 7.27 (4.45-8.51) 8.79 (7.36-12.38)
6 5.57 (3.10-6.83) 1.18 (0.66-1.66) 3.10 (2.75-5.77)  2.50 (0.74-5.36) 4.78 (3.44-8.00) 6.37 (3.77-9.69)
7 2.65 (1.31-5.94) 1.49 (1.06-2.70) 5.94 (2.75-7.77)  3.63(1.37-5.82)  11.60 (5.61-20.87) 6.53 (4.27-9.93)
8 3.52(2.47-5.74) 5.92 (2.85-7.96) 3.52(3.46-5.75)  3.70 (1.79-5.71)  11.59(2.49-14.72) 3.70 (2.16-7.52)
9 1.45 (0.92-3.36) 5.98 (2.99-9.39) 3.36 (1.07-4.42)  3.05(1.86-5.10) 8.11 (4.19-13.77) 5.06 (3.15-6.53)
10 2.43 (0.90-4.78) 1.05 (0.76-2.53) 478 (3.65-5.95)  2.31(1.75-3.68)  13.64 (5.62-18.43) 7.51 (5.05-10.45)
11 3.44 (1.34-6.24) 6.20 (3.19-9.99) 4.17 (3.44-6.24)  4.11 (2.33-5.98)  18.35(4.52-23.77) 7.14 (2.18-12.95)
12 5.49 (3.40-8.84) 5.98 (4.71-11.16)  6.00 (3.03-9.34)  4.34 (3.54-5.27) 1.69 (0.98-2.52) 1.24 (0.24-1.69)
13 3.34 (1.61-7.55) 1.66 (0.94-2.08) 7.55 (4.65-7.73)  4.82(3.47-6.21) 1.94 (0.75-3.61) 2.13 (1.73-3.08)

Bland-Altman analyses across all field strengths and sites.
Limits of agreement did not exceed 10% for single-scanner
plots, while pooled plots showed tighter limits of 5%, with
a few outliers not exceeding 10%. Across 1.5 Tand 3 T
scanners, the largest limits of agreement were found for
Scanner 1 and 6. Most outliers were in the low T1 range
(T1 <100 ms).

GLMM results on precision error in the full range
showed a significant interaction between vendor and field
(p=0.0018, Supplementary Table S3) (Fig. 4c). No sig-
nificant differences were found across vendors for 1.5 T
scanners, while, across 3 T scanners, vendor B showed
a significantly lower precision error compared to both
vendor A and C. When comparing precision error across
vendors, a significantly higher precision error was found
for 3 T results on vendor C.

In the renal physiological range, no significant effect
was found for both predictors thus showing no differences
in precision error across vendors and field strengths (Fig.
S10). Median precision error ranged from 0.3 to 2.4% in
the full range and from 0.5 to 2.3% in the reduced range.

T1 variance contribution

Results of ICC calculations for each vial are reported in
Table S4-S5. For both field strength, overall ICC,,., was
greater than ICC,,,; however, for 3 T measurements, there

were some exceptions (T1-1, T1-4, and T2-10).
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T2 results
T2 data fitting: mono-exponential vs Stimfit

Stimfit correction was successfully applied to all vials with
some exceptions in the range for T2 <20 ms (vials T2-11,
T2-12, T2-13, T2-14 for Scanner 7, vials T2-13, T2-14 for
Scanner 1, 4, 10, 11, and 13, and vial T2-14 for Scanner
12). Examples from each scanner of StimFit and mono-
exponential model results applied on vial T2-6 are reported
in Figs. S2, S3.

Table S6 presents median accuracy errors for all scan-
ners, calculated using both the mono-exponential and Stim-
Fit models across both the full and reduced ranges. The
resulting p values of paired sample Wilcoxon signed-rank
tests comparing the accuracy errors between the two mod-
els are also included in the table. In the full range, median
accuracy error calculated with the mono-exponential model
ranges from 2.16% for Scanner 13 to 24.85% for Scanner 11;
for StimFit results, it ranges from 1.39% for Scanner 12 to
22.72% for Scanner 1. Significant differences in accuracy
error were found for Scanner 2 and 3. Within the physi-
ologically relevant range for kidneys, Scanner 12 exhibited
the lowest accuracy error, with values of 2.53% using the
mono-exponential model and 1.24% with the StimFit cor-
rection. In the same range, the highest accuracy errors were
recorded for Scanner 11 (25.75%) using the mono-exponen-
tial model and Scanner 4 (17.09%) with the StimFit correc-
tion. Results from the Wilcoxon paired test shows significant
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differences in accuracy error were found for Scanner 2, 3,
4,6,7,8,9, 10, and 11. Both in the full and reduced range
when using the StimFit model, median accuracy error was
reduced with the exceptions and Scanner 1 and 13 only in
the full range. Specifically, a median accuracy reduction of
16.12%, 15.14%, and 18.06% compared to the mono-expo-
nential model was found for Scanner 8, 9, and 11 in the
reduced range. Notably, these scanners also had the lowest
average estimated B1 field with nominal flip angle of 0.74,
0.75, and 0.64.

Across all scanners, goodness of fit (R?) was consist-
ently higher for the StimFit model compared to the mono-
exponential one in the range for T2>20 ms. Among 1.5 T
scanners, there were a few exceptions coming from Scanner
1 at T2-10 and Scanner 4 at T2-3. Furthermore, Scanner 5
showed no improvement in the fit when using the StimFit
correction across the whole vials range. Final results were
measured using the best fit for each scanner.

T2 measurements agreement with NIST reference values

Excellent correlation was found between T2 temperature-
adjusted measurements and reference values both at a sin-
gle-scanner level (r>0.993 for 1.5 T and r>0.999 for 3 T
scanners) and pooling all scanners characterized by the same
field strength (r>0.998 at 1.5 T and > 0.999 at 3 T). Cor-
relation plots for T2 measurements are reported in Fig. 2c,
while bias% is shown in Fig. 2d.

Among 1.5 T scanners (Fig. 2d) bias remained within
30% across the whole range exhibiting a consistent overes-
timation of reference values. Exceptions are observed at the
extremes of the vial range (T2-1 and T2-13) for Scanners 5
and 6 from vendor C. Within the physiologically relevant
range, scanners from vendor A exhibited higher bias%,
exceeding 15% for T2 values under 150 ms, while vendors
B and C had bias < 15% within the same range. For vendor
B, bias tended to increase over 10% for low relaxation times
T2 <15 ms.

For 3 T, scanners from vendor A and B displayed sim-
ilar bias distributions with increasing values, up to 50%,
for decreasing relaxation times. In contrast, scanners from
vendor C had bias% within 10% over the whole range with
negative values mainly in the low relaxation time range for
T2 <20 ms.

T2 accuracy across scanners

Median accuracy error results are reported in Table 3. In
the full range, median accuracy error ranged from 4.78 to
17.92% for the 1.5 T scanners and from 1.69 to 18.35%
for the 3 T scanners. Median accuracy error was larger
than 10% for Scanner 1 and 4 among 1.5 T scanners and
Scanner 7, 8, 10, and 11 among 3 T scanners. GLMM

analysis on T2 accuracy error showed vendor-field sig-
nificant interaction effect (p =3.2e — 06, Supplementary
Table S3) when considering both vial ranges (Fig. 3d).
For 1.5 T scanners, accuracy error was significantly higher
for vendor A compared to vendors B and C, with no sig-
nificant differences observed between vendors B and C.
Among 3 T scanners, vendor C had a significantly lower
accuracy error than vendors A and B (Fig. 3d). GLMM
applied across vendors showed significant differences
between 1.5 and 3 T scanners only for vendor C with 3 T
scanners having a significantly lower accuracy error.

In the renal physiological range, median accuracy
error ranged from 6.37 to 17.09% for 1.5 T scanners and
from 1.24 to 7.51% for 3 T scanners. Vendor compari-
sons yielded results consistent with those observed in the
extended range. When comparing across field strengths,
scanners from both vendor A and vendor C had signifi-
cantly lower accuracy errors at 3 T, while no differences
were found for vendor B.

T2 inter-scanner agreement

The results of inter-scanner agreement for T2 measure-
ments are reported in Fig. 4b.

For both 1.5 T and 3 T scanners, median CV% val-
ues were below 7% (4.95% for 1.5 T scanners and 6.63%
for 3 T scanners). For T2 values > 50 ms, thus including
the renal range, all vials’ CVs% were within 5% showing
excellent inter-scanner agreement. For decreasing values
of T2, CV% tended to increase, reaching up to 18.89%
among 3 T and 14.15% among 1.5 T for the lowest T2
value. Results of paired sample Wilcoxon signed-rank tests
comparing CV, ... % between 1.5 and 3 T scanners revealed

nter
no significant difference between 1.5 and 3 T scanners.

T2 short-term reproducibility

The short-term reproducibility results for each scanner and
pooled data are displayed in the Bland—Altman (BA) plots
in Figs. 5b and 6b for both field strengths. Both analy-
ses showed near-zero bias across all scanners and field
strengths. The limits of agreement for single-scanner data
were contained within 5.5%, while pooled data had limits
within 5.5%, with only a few outliers above these thresh-
olds. Across 1.5 T and 3 T scanners, the largest limits of
agreement were found for Scanner 1, 7, and 9. Most outli-
ers lie in the low T1 range (T2 < 20 ms).

GLMM results on precision error (Fig. 3e) showed that
neither vendor nor field strength had a significant effect
in both full and reduced range (Supplementary Table S3).
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«Fig.3 Results of GLMM on T1 accuracy error (a, b), T1 precision
error (c), T2 accuracy error (d), and T2 precision error (e). All results
are reported as least-square means and standard errors calculated
with 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)

T2 variance contribution

Results of ICC calculations for each vial are reported in
Tables S4-S5. For both field strength, overall ICC was
greater than ICC

inter

intra*

Discussion

This study evaluated the accuracy and inter-scanner varia-
tion of T1 and T2 measurements across 13 scanners, equally
distributed across the three main vendors (GE, Siemens, and
Philips) and between field strengths (1.5 T and 3 T). The
commercially available ISMRM/NIST System phantom was
employed, following vendor-specific standardized NIST pro-
tocols and typical abdominal imaging set-ups. Intra-scan-
ner short-term reproducibility was assessed by performing
duplicate measurements for each scanner. Additionally, we
analyzed the influence of factors, such as field strength, ven-
dor, vial composition, and fit model on the estimation of
relaxation times.

The results of this study demonstrated that T1 measure-
ments showed excellent correlation with reference values at
both field strengths and for both types of vials. The NiCl,
array showed a common bias trend, with larger values in
the range T1 < 100 ms, aligning with findings reported in
the previous studies [1, 9, 10, 17]. However, Scanner 12
deviated from this trend, showing an underestimation across
the whole range. This was the only scanner that used a dif-
ferent version of the phantom, though it is important to note
that the overall behavior, in terms of absolute distance from
reference values, was consistent with that of the other scan-
ners. High accuracy error in the low T1 range was also found
for the MnCl, array. Furthermore, in line with the previous
studies [9, 17], in this range, we also found a larger vari-
ability across scanners, with CV > 5%. These results could
be explained by the parameters used in the protocol. Given
that the shortest inversion times ranged from 35 to 75 ms
(for vendor A 50-75 ms), and T1 values below 100 ms have
a null point around 77,,;; < (100ms - In2) ~ 70 ms, in this
range, we can expect most of the data along the inversion
curve to have reached equilibrium magnetization. As a
result, only a limited number of points were available to esti-
mate the curve’s longitudinal relaxation time thus contribut-
ing to a higher uncertainty in the measurement. Adjusting
the selection of inversion times could enhance the accuracy

of this estimation. However, since the focus is primarily on
the physiologically relevant range, low relaxation times can
be disregarded.

Bias% profile was not consistent across spheres and, for
the MnCl, array, also across field strengths. The presence
of inconsistent patterns could have been caused by approxi-
mate temperature adjustments made at 1.5 T, due to the lack
of reference values at different temperatures. This effect is
particularly evident for the MnCl, array, which is more sen-
sitive to temperature changes and field variations compared
to the NiCl, array [10]. Overall, we observed a consistent
overestimation of reference values at 1.5 T, while at 3 T
measurements overestimated reference values for low T1
values (T1 < 100 ms) but underestimated them in the high
T1 range (T1> 1000 ms). To the best of our knowledge, only
one study [7] has performed T1 measurement on the MnCl,
array (T2-11 to T2-3) from the NIST/ISMRM phantom.
Similarly to what we found at 1.5 T, at 0.55 T, Keenan et al.
[7] found that MnCl, spheres had a tendency to overesti-
mate reference values with bias up to 15% for long T1 times
(> 1200 ms). Results of median accuracy error were in line
with the previous findings. Bane et al. [9] conducted a simi-
lar study only on NiCl, spheres reporting median accuracy
error ranging from 1.6 to 4.5% across two 1.5 T scanners
and from 1.4 to 5.5% across eight 3 T scanners. Expanding
on this work, our study included a larger cohort of 1.5 T
scanners and extended the analysis to include an additional
array of spheres obtaining NiCl, median accuracy that
ranged from 1.18 to 6.53% (5.57-10.48% for MnCl,) across
six 1.5 T scanners and from 1.05 to 6.20% (1.45-5.48% for
MnCl,) across seven 3 T scanners.

Our study also showed that, while in the full range, some
differences were found across vendors both at 1.5 T and
3 T, in the renal physiologically relevant range, field strength
and vendor had no significant influence on accuracy error.
For NiCl, accuracy error, significant differences across
3 T vendors were also found by Keenan et al. [7] in their
multi-site study, while no differences were found at 1.5 T
between vendor A and vendor B. A potential explanation
for this discrepancy is the distribution of systems included
in the studies (nine 1.5 T scanners with four from vendor
A and five from vendor B). In our study, the differences
between vendor A and vendor B were close to the threshold
of statistical significance (p =0.03) and might become non-
significant with a larger sample size of scanners. In contrast,
other studies, such as Bane et al. [9], did not identify field
strength or vendor as significant predictors; however, their
analysis included only two 1.5 T scanners (one from vendor
A and one from vendor B).

Excellent inter-scanner agreement (median CV <4%) and
good short-term reproducibility (limits of agreement < 10%)
were found across field strengths. These results for NiCl,
sphere type are well supported in the literature. Both Bane
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etal. [9] (RMS CV <10%) and Van Houdt et al. [23] (median
CV across all scanners = 12%) found good inter-platform
agreement, with the former also showing no significant dif-
ferences across field strengths. In our study, no significant
differences only emerged when Scanner 12 (phantom Model
130) was included. Median precision error was also in line
with values obtained by Bane et al. [9] Precision error in the
renal physiological range showed no significant differences
across vendors and field strengths. Overall, we found that
median inter-scanner variability across vials was larger than
intra-scanner variability for both field strengths. Median val-
ues for inter-scanner variability decreased if scanners from
the same vendors were considered, indicating that most of
variability arises from differences between vendors. Only
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T2 reference value [ms]

for vendor A, at 3 T, intra-scanner variability was the main
source of variance across measurements.

This study also supports the hypothesis that the use of
stimulated echo compensation via “StimFit” significantly
improves T2 estimation compared to the conventional mono-
exponential model by successfully reducing the overestima-
tion expected in multi-echo spin echo due to the presence of
stimulated and indirect echoes [24, 25].

This was mainly observed in the physiologically relevant
range for kidneys (44.24-267.29 ms at 3 T and 62-355 ms
at 1.5 T) at both field strengths. Notably, we found that scan-
ners with the greatest deviations from the ideal flip angle
exhibited the largest reduction in overestimation when using
Stimfit, highlighting the relation between the severity of



Magnetic Resonance Materials in Physics, Biology and Medicine (2025) 38:611-627 623

a T1(1.5T)
: Scanner 1 Scanner 2 Scanner 3
104
5. e 4.43%
2.71%
ol - L ._0.37% -0.17%| .4
° :3.05%
5 -5.17%
®
8
5-101 ®
]
5 Scanner 4 Scanner 5 Scanner 6
2 10
s
(3
& 5
° . 3.09%
- 1.11%
° -2.63% ;"' By 263% g WY ] =1.97%
5!
-101 T T T T T T
0 1000 2000 0 1000 2000 0 1000 2000
c T1(3T)
: Scanner 7 Scanner 8 Scanner 9

2.06%
-0.51%.
-3.09%.

Scanner 10 Scanner 11 Scanner 12

5
0.69%) 1.42%
RN ot TR

Relative difference %
o

0 1000 2000 0 1000 2000

Scanner 13

Mean T1 [ms]

Fig.5 Bland—Altman plots of relative difference% between T1 (a—c)
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stimulated echoes effect and non-ideal B, fields. Across all
scanners, no significant improvement was observed only for
Scanner 1 and 5 among the 1.5 T group and Scanner 12 and
13 among the 3 T group. Scanner 1 showed a reduction in
median accuracy (from 19.81 to 16.45%), with a p value near
the significance threshold, suggesting that a larger sample
size might yield a significant result. Scanner 5 showed no
improvement when using StimFit correction, both in accu-
racy and goodness of fit, however, this was the only scan-
ner where the first echo was higher than the second echo,
suggesting the possibility that the first echo was skipped
during acquisition due to specific scanner settings [23]. For
Scanner 12 and Scanner 13 (both from vendor C), although
the median reduction in accuracy was not statistically sig-
nificant, the median values remained below the 5% threshold
both before and after the application of StimFit correction.

Similar findings were reported by Li et al. [11], who com-
pared the accuracy of mono-exponential fitting and StimFit
correction using the NIST protocol on four 3 T scanners:
one each from vendors A and C, and two from vendor B.
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represents the mean relative difference%, while horizontal solid lines
represent the upper and lower limit of agreements. Values for each
line are reported on the right of each panel

StimFit significantly reduced accuracy errors across all 3 T
scanners except for the one from vendor C. This exception
was attributed to the scanner’s use of composite pulses.

Final T2 measurements showed excellent correlation

with reference values at both field strengths. However,
distinct bias distributions were observed between the 1.5
and 3 T scanners. All 1.5 T scanners consistently overesti-
mated reference values over the whole range with Scanner
1 and 4 showing the highest median accuracy error, even
after StimFit correction in the in vivo range (16.23% and
17.09%). This was also shown in GLMM results, since
accuracy error was significantly higher only for vendor

A.

It should be noticed that for vendor A, the manufac-

turer-recommended sequences could not be used; instead,
measurements were conducted using the T2-mapping
sequences available on the scanner. Excluding Scanner
1 and 4, accuracy error for 1.5 T scanners ranged from
6.37 to 8.79% in the physiologically relevant range. Pre-
vious studies [23, 26] have reported comparable accuracy
errors. One study [26], conducted on four Unity MR-Linac
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Fig. 6 Bland—Altman plots of relative difference% between T1 (a—c)
and T2 (b-d) measurements performed in two different sessions
pooling measurements at both field strengths. Horizontal dashed line

1.5 T systems using the Eurospin phantom, found accuracy
errors ranging from 10.4 to 14.1%. Another study [23],
which assessed accuracy on 15 scanners (5 at 1.5 T and
10 at 3 T across three vendors), reported accuracy errors
for all scanners ranging from 4 to 10%. To the best of our
knowledge, this is the first multi-center T2 study at 1.5 T
focused on the accuracy and precision of the ISMRM/
NIST System Phantom, providing a preliminary estimate
of the expected accuracy errors for these measurements.
Among 3 T scanners, only those from vendors A and B
showed increasing overestimation of reference values for
lower T2 measurements. This was also visible in GLMM
results, since accuracy error was significantly lower for
vendor C. A similar overestimation pattern for low T2
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represents the mean relative difference%, while horizontal solid lines
represent the upper and lower limit of agreements. Values for each
line are reported on the right of each panel

values was observed by Carr et al. [17] only when the first
echo was preserved. In contrast, in the same study, they
show that removing the first echo resulted in an underesti-
mation of reference values for T2 <20 ms and a consistent
overestimation (median bias of 8.5%) within the in vivo
range. In the renal range, all 3 T scanners median accuracy
errors were within the 10% range (from 1.24 to 7.51%).
These are compatible with the previous results obtained by
Li et al. [11] where mean absolute percentage error ranged
from 2.9 to 7.3%.

A possible explanation for the differing behaviors
between 1.5 and 3 T scanners is the dependence of the Stim-
Fit tool on scanner-specific waveforms for excitation and
refocusing pulses. Since these waveforms were unavailable
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for our scanners, StimFit was implemented using library
waveforms provided by the tool. As a result, these correc-
tions should be regarded as approximations.

We found that inter-scanner agreement was excellent in
the renal physiological range with all values within 5%. Out-
side of this range, the CV% increased for lower T2 values
especially for T2 <20 ms, that is also the range where the
“Stimfit” correction could not be applied. Overall, higher
variability, measurement uncertainty and accuracy errors
are expected in this range, as only a limited number of data
points are available for fitting the signal decay. Median CV%
was compatible with the previous studies [7, 17, 23]. In par-
ticular, Carr et al. [17] showed that similar CV% values are
obtained even in longitudinal studies on the same scanner.

Reproducibility was good for all scanners with limits of
agreements within 10% of relative difference, lowest values
of reproducibility were found for low T2 values. Precision
error remained below 5% for all vials with median values
below 2% across all scanners. A few outliers, reaching up to
10%, were noted for the last two vials thus with the short-
est relaxation time (T2-13 and T2-14). No significant dif-
ferences in precision error were observed across vendors
or field strengths, further supporting the high precision of
duplicate measurements across all scanners. Overall, we
found that the main source of variance across vials came
from inter-scanner variability for both field strengths. When
restricted to scanners from the same vendor, median inter-
scanner variability decreased, indicating that vendor differ-
ences were the primary source of variability. For vendor C
at both field strengths, intra-scanner variability was larger
than inter-scanner variability.

Limitations

While this study provides valuable insights, several limita-
tions should be acknowledged. First, even though the study
was well balanced across field strengths (n=6 1.5 T scan-
ners and n=7 3 T scanners) and vendors (n=4 for vendor
A, n=>5 for vendor B and n =4 for vendor C) including more
scanner types and software versions for each group could
improve the reliability of these findings [27]. Furthermore,
while our study focused on reproducibility based on two
separate measurements, multiple measurements in time
could provide deeper insights. All measurements relied on
temperature scaling, which, for 1.5 T scanners, could only be
considered approximate, since it was derived from 3 T refer-
ence values. Precise temperature scaling for 1.5 T scanners
would require NIST-traceable reference values at varying
temperatures, similar to those reported by the manufacturer
for 3 T scanners. Some limitations were specific to T2 meas-
urements. First, for all scanners from vendor A, the manufac-
turer-recommended MESE sequence could not be properly

implemented, thus requiring the use of alternative sequences
available on each scanner. Similar problematics were also
found by Li et al. [11]. Additionally, StimFit corrections
were successfully applied with some limitations, mainly due
to the unavailability of vendor-specific waveforms of exci-
tation and refocusing pulses, especially for 1.5 T scanners,
as well as challenges in fitting data within the T2 <20 ms
range. It should be noted that other potential sources of bias
in T2 measurements [24], such as diffusion [28, 29], were
not studied. Finally, as already outlined in Part 1 of this
work, future research should address common challenges in
abdominal imaging such as evaluating additional biases due
to BO and B1 field inhomogeneities at larger fields of view,
gradient non-linearity, and off-center locations.

Conclusions

To conclude, our study supports the application of the NIST/
ISMRM phantom in validating T1 and T2 measurements
for renal studies, contributing to the existing knowledge on
standardized multi-site phantom studies. We found good
reproducibility and excellent inter-scanner agreement for
both T1 and T2 measurements at both field strengths espe-
cially within the physiological relevant range for kidneys,
supporting future multi-site renal studies with both 1.5 T and
3 T scanners. T1 accuracy error was sphere-dependent and,
while NiCl, results were in line with the literature findings,
comparisons for MnCl, were limited by the lack of studies
with these vials. Finally, for T2 measurements in the renal
range, we found that overestimation was overall reduced
with “StimFit” correction even when applied to 1.5 T scan-
ners. These findings are consistent with, and expand upon,
a previous study by Li et al. [11] conducted with a smaller
number of scanners. To enable reliable multi-center MRI
clinical studies and support the translation of MRI biomark-
ers into clinical practice, future research must focus on vali-
dating clinical MRI protocols first in phantoms and then in
healthy volunteers and patients.
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