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Abstract

Purpose: To determine baseline accuracy and reproducibility of T4 and T,
relaxation times over 12 months on a dedicated radiotherapy MRI scanner.
Methods: An International Society of Magnetic Resonance in
Medicine/National Institute of Standards and Technology (ISMRM/NIST)
System Phantom was scanned monthly on a 3T MRI scanner for 1 year
T4 was measured using inversion recovery (T4-IR) and variable flip angle
(T4-VFA) sequences and T, was measured using a multi-echo spin echo
(T,-SE) sequence. For each vial in the phantom, accuracy errors (%bias) were
determined by the relative differences in measured T4 and T, times compared
to reference values. Reproducibility was measured by the coefficient of vari-
ation (CV) of T4 and T, measurements across monthly scans. Accuracy and
reproducibility were mainly assessed on vials with relaxation times expected to
be in physiological ranges at 3T.

Results: A strong linear correlation between measured and reference relax-
ation times was found for all sequences tested (R? > 0.997). Baseline bias (and
CV[%]) for T41-IR, T4-VFA and T,-SE sequences were +2.0% (2.1),+6.5% (4.2),
and +8.5% (1.9), respectively.

Conclusions: The accuracy and reproducibility of T4 and T, on the scanner
were considered sufficient for the sequences tested. No longitudinal trends of
variation were deduced, suggesting less frequent measurements are required
following the establishment of baselines.
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quantify blood perfusion,'® and T, has been used in
applications such as disease diagnosis®“ and detecting

Quantitative magnetic resonance imaging (qMRI) uti-
lizes MR methods that allow for measurements of
physiological changes in physical units. Longitudinal
(T4) and transversal (T,) relaxation times are examples
of physical properties able to be measured using gqMRI.
The T4 of a tissue is generally measured in parallel
with dynamic contrast-enhanced MRI sequences to

cartilage degeneration.® Quantifying the changes in T4
and T, over time has seen the potential to monitor
treatment responses.®* For qMRI to have wide-spread
clinical applications, it is essential that the parameters
being derived are accurate, repeatable, reproducible
and independent of scanner performance.®’ Phantom-
based quality assurance (QA) programs can assist in
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TABLE 1

Acquisition parameters utilized for the three sequences tested. This includes Tq-inversion recovery (T4-IR), T1-variable flip angle

(T4-VFA) and multi-echo spin echo (T,-SE). Note FA = flip angle, TE = echo time, TR = repetition time, Tl = time of inversion, FOV = field of

view, FE/PE/SE = frequency/phase/slice encoding, respectively

Parameter T4-IR T4-VFA T,-SE
Sequence 2D/TSE-IR 3D/SGRE 2D/SE-ME
Orientation Coronal Coronal Coronal
FA (°) N/A 2,5,10, 20, 25,30 N/A
TE (ms) 6.9 2.44 10 to 320 by 10 ms intervals
TR (ms) 4500 6.6 5000
Tl (ms) 35,75, 100, 125, 150, 250, N/A N/A
1000, 1500, 2000, 3000

FOV (mm?) (FE x PE) 250 x 250 250 x 250 250 x 250
# Slices 1 32 1
Slice thickness (mm) 6 6 6
Matrix (FE/PE/SE) 256/192/1 256/192/32 256/192/1
Number of averages 1 1 1
Acquisition time (xmin) 40 8 16
Abbreviations: IR, inversion recovery.
determining the gMRI methods’ technical performance 2 | METHODS
on a specific scanner.

The International Society of Magnetic Resonance in 2.1 | Data acquisition

Medicine/National Institute of Standards and Technol-
ogy (ISMRM/NIST) System Phantom is commercially
available for the execution of gMRI QA programs. It
can measure both clinical scanner properties (e.g.,
SNR and geometric distortions) and a wide range
of human relevant T, and T, relaxation times®'" In
past longitudinal studies, this phantom was scanned
repeatedly (up to 100 days) to monitor changes in
T, and T, over time using Magnetic Resonance
Fingerprinting.'?'® Variability in T, derived from tradi-
tional spin echo (SE) methods has also been assessed
using the phantom: single center results found that
accuracy and reproducibility of T4 varied pre- and
post-scanner upgrade.'* Further, a multi-site study
found these properties to be dependent on sample T4
relaxation time, magnetic field strength, and sequence
choice.”

Previous longitudinal studies assessing T4 and T,
accuracy and reproducibility acquired measurements
at infrequent and/or over short time periods,'*" "% or
assessed relaxation times relevant to specific anatomy
at different magnetic field strengths.'® This study aimed
to deduce scanner baseline accuracy and reproducibil-
ity for a wide range of T4 and T, times by longitudinally
monitoring the parameters on a 3T MRI scanner. This
was completed by imaging the System Phantom over
the course of 1 year at monthly intervals using standard-
ized sequences. Quantifying the changes in parameters
such as T4 and T, over time is essential for advancing
the use of gMRI clinically (e.g., in treatment response
monitoring).”

An ISMRM/NIST System Phantom (serial#: 130-0111:
CaliberMRI, Colorado, United States) was imaged
monthly for 1 year (at least 2 weeks apart) using a
3T MRI scanner (Siemens Healthineers, MAGNETOM
Skyra, Erlangen, Germany). Imaging was completed
using a 20 channel Head/Neck coil. T4-weighted inver-
sion recovery (T4-IR) and variable flip angle (T{-VFA)
sequences were utilized for T4-mapping, while a multi-
echo spin echo (T,-SE) sequence was used for T,-
mapping. Sequence and parameter selections (outlined
in Table 1) were based on recommended protocols in the
phantom manual.'” All phantom setups, image acquisi-
tions, and analyses were completed by one user (physi-
cist with 3 years of MRI experience).

2.2 | ISMRM/NIST system phantom

The phantom has a spherical geometry with a 200 mm
inner diameter (ID) shell (Figure 1). The T4 and T,
sequences imaged the T4- and T,-arrays embedded
within the phantom, respectively. Each array contains 14
spherical (15 mm ID) vials filled with high purity water
doped with either varying concentrations of NiCl, (T4)
or MnCl, (T,). Nuclear magnetic resonance (NMR) IR
methods have been used by NIST in the past to char-
acterize these solutions under 3T and 20°C conditions
(reference values provided in Table 2) 8 Note that vials
1 and 5 from the T,-array were not included in the anal-
ysis at the recommendation of the manufacturer.
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TABLE 2

T4 and T, values both measured by National Institute of Standards and Technology (NIST) and experimentally derived using

T4-inversion recovery (IR), T-VFA or T,-SE methods. Note that the NIST values were obtained from the phantom manual? and experimental
values have been presented as an average of the 12 monthly measurements (with respective standard deviation [SD’s]). Note the vials have

been separated into full vial range (left) and human vial range (right)

Vial
Num-
ber: 1 2 3 4 5 6 7 8 9 10 11 12 13 14
T, (ms) Value 1884.0 1330.2 987.3 690.1 4850 3416 2409 1750 1211 858 602 429 304 214
NIST

SD 303 204 142 101 7.1 5.0 35 25 1.8 1.2 0.9 0.4 06 03
T,-IR  Value 2007.2 1430.7 10329 655.0 489.4 348.3 2468 1702 1179 867 649 464 367 36.8
(ms)

SD 778 637 12.0 139 55 1.2 1.0 4.7 39 42 1.1 0.9 33 65
T,-VFA Value 18941 1370.2 1036.0 732.7 5283 3766 2735 1981 1139 71.1 63.3 422 297 244
(ms)

sSD 747 524 398 27.1 22.7 15.8 11.9 8.4 54 39 34 3.7 21 24
T, (ms) Value 379.5 267.3 175.1 88.9 634 442 299 194 14.7 10.5 73 53
NIST

SD : 3.6 2.5 17 : 0.8 0.6 0.4 0.3 0.2 0.1 0.1 01 0.1
T,-SE  Value 364.5 269.1 183.9 97.1 719 502 334 212 16.0 10.0 63 35
(ms)

sSD : 7.4 5.6 35 : 1.8 1.3 1.0 0.8 0.6 0.4 0.4 04 04

Abbreviation: VFA, variable flip angle.
*Vials removed from analysis at the recommendation of the manufacturer.

FIGURE 1 The system phantom on top of a 3D-printed holder,
fitted to the head/neck coil. 3D-orthogonal markings were drawn to
assist with external laser alignment

The phantoms’ arrays covered a large range of relax-
ation times, including those found in the human body
at 3T: Ty = 121 ms to 1884 ms and T,= 30 ms
to 79 ms811.18.19 The physiologic range of relaxation
times was of particular interest, and thus results were
separated into two categories: full vial range and, a sub-
set, human vial range.

Temperature of the surrounding deionized water in
the phantom was measured both before and after each
scanning session using an NIST-traceable thermometer
(supplied with the phantom).

2.3 | Image analysis

All image processing was completed using a consis-
tent software platform and analysis method. ImageJ
(National Institutes of Health, Maryland, USA) was ini-
tially used to manually identify the center pixel loca-
tions of each array vial on the shortest time of inver-
sion (TI) (35 ms) image of the T4-IR dataset. These
locations along with all datasets were imported into
an inhouse-developed Python script. This automati-
cally positioned a 10-pixel (~9.8 mm) diameter circu-
lar region of interest (ROI) to be at the center of
each vial and on the central slice of the respective T,
and T, array. The average signal for each ROl was
calculated and fit to the corresponding signal equa-
tions for the respective pulse sequences (see Equa-
tions S1-S3 and the fitting parameters provided in
Table S1).

To assess the accuracy error of the measured T4 and
T, times, the %bias was calculated for each monthly
acquisition and each vial using a comparison to the NIST
measured reference vial value:

> x 100

(1)

To assess the reproducibility over the range of T,
and T, times in the phantom, a coefficient of variation
(%CV) was calculated using the individual vials’ mean
(1) and standard deviation (SD) (o), calculated over the

Measured T1 - N|ST(NMR)T1
NlST(NMR)T1

%bias = (
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Coefficient of Variation (CV) calculated for each vial and each sequence from all monthly acquisitions. Note that vial 14

corresponded to the shortest vial reference T4 and T, times, while vial 1 had the longest reference time

12 monthly repetitions:

%CV =% x 100 )

3 | RESULTS

The phantoms’ T4 and T, arrays were imaged monthly
using the respective T4-IR/T4-VFA and T,-SE imaging
sequences described in Table 1. The average interval
between imaging sessions was 4 weeks. The mean T4
and T, value derived for each vial and their SDs are
listed in Table 2 and were calculated using all months’
measurements. Table 2 also includes the NIST refer-
ence vial values, as reported by the manufacturer®?
Figures S1-S3 display examples of model fits used to
calculate these parameters.

A wide range of accuracy errors in T4 and T, mea-
surements existed over the full vial range. Visualization
of this variability can be seen in Figure S5. T4-IR
had the smallest bias when all vials were included
(median = +3.6%), compared to T4-VFA (+5.0%) and
T,-SE (+5.8%) sequences. In terms of reproducibility,
CV’s over the full vial range (Figure 2) for the same
sequences respectively were 2.5%, 4.3%, and 2.2%.
The largest CV’s (Figure 2) and accuracy deviations
were found to occur in the shortest reference time vials.
For example, the T4-IR bias in vials 13 and 14 was,
respectively, +21% and +71%,and —14% and —35% for
T,-SE. Similarly, T1-VFA measurements in vials 10-14
had biases in the range of —17% to +14%.

TABLE 3 Summary of the baseline accuracy (bias) and
reproducibility (CV) measured for the 3 sequences investigated at 3T:
Full phantom vial range (top) and human vial range (bottom). Values
are stated as the median of all months/vials’ acquisitions and their
respective inter-quartile ranges

(%) T4-IR T4-VFA T,-SE
Full vial range: bias +3.6 (6.9) +5.0(11.4) +5.8(14.9)
T41:1884-21 ms CcVv 2.5(3.0) 4.3 (1.4) 2.2 (0.9)

T,:380-5 ms

Human vial range: bias
T4:1884-121ms CV
T,:380-30 ms

+2.0 (6.11) +6.5(10.0) +8.5(10.7)
2.1(22) 42(04) 1.9(0.2)

Abbreviations: IR, inversion recovery; CV, coefficient of variation; VFA, variable
flip angle.

The human vial range omitted results from the vials
with the shortest reference times. Consequentially, the
median bias fluctuated between approximately —20%
and +20% (Figure 3),and IQR’s and CV'’s were reduced
compared to the full vial range (Table 3).

There was a strong linear correlation between NIST
reference times and all measured relaxation times.
The coefficient of determination, RZ, was calculated by
plotting the reference times against those measured
(Figure 4). R? for T4-IR, T4-VFA and T,-SE was found
to be 0.999, 0.999, and 0.998, respectively.

Monthly changes in T, measurements over the 12
months can be seen in Figure 5, along with tempera-
ture fluctuations. Each month/vial is presented with its
respective errors, generated from the SD of the fit. This
was calculated using the square root of the diagonals
of the covariance for the parameter. Similar results for
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T4-IR and T4-VFA can be seen in Figures S8 and S9.
On average, the initial and final temperature recorded
each month was 20.1°C + 1.5 °C and 20.8°C + 1.0°C,
respectively. The change in temperature over individual
imaging sessions was generally less than +0.5°C.
Correlation coefficients (o) were calculated between
recorded temperature and measured T4 for IR and VFA
sequences (o = 0.003 and p = -0.001, respectively),
and for T, (o = 0.007). Similar calculations showed that
there was no clear relationship between systematic

variations over time with the T{ or T, measurements
(0 < 10.001]).

4 | DISCUSSION

According to the quantitative imaging biomarkers
alliance (QIBA), the accuracy and precision of a quan-
titative parameter determine its reliability to diagnose
disease or monitor a tissue response.” This study was
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FIGURE 5 Monthly fluctuations observed in T,-SE measurements, with overlaid average temperature readings. Error bars were generated

from the standard deviation of each vial (calculated from the parameter fit)

designed to assess the reliability of T4 and T, relaxation
time parameters, derived using a 3T MRI scanner.

This study expands knowledge in the field of gMRI
by longitudinally monitoring samples with a wide range
of T4 and T, relaxation times at monthly measurement
intervals. Accuracy and reproducibility results were com-
parable to previous studies completed using the same
phantom type and similar sequences when including all
vials.'2141

Note that the advice to remove specific vials from the
T, analysis was at the recommendation of the man-
ufacturer. They believe there were probable mixing or
labelling errors that occurred during the manufacturing
of vial 5. The issues with vial 1 most likely derived from
the storage of the vials’ MnCl, solution prior to manu-
facturing the phantom: It was stored in glass, and It is
suspected that the Mn within plated onto its glass stor-
age bottle2° Vial 1’s solution has a low concentration of
Mn and reducing this further would result in an anoma-
lously longer T, than expected. These issues have since
been resolved by the manufacturer; however, this high-
lights the need for monitoring gMRI systems and phan-
toms.

Due to limited scanner time availability,imaging could
not be completed on the same day of each month.
Instead, a time constraint of at least 2 weeks between
imaging sessions was implemented, achieving a 4-week
average spacing. Temperature variations between 18
and 22°C had no observed effect on the measured T4
and T, times. This was expected for the NiCl, solutions
in the T-array, with known minimal fluctuations within

these temperature ranges.!" There was a 1.6%/°C
linear dependence expected for the MnCl, T,-array
solutions.!” However, due to the small temperature
fluctuations recorded in this study (averaged within
1°C of the NIST reference conditions), no significant
relationship was observed (o = 0.007).

Reproducibility was improved for T4 and T, mea-
surements in the human vial range of the phantom
compared to the full range. The CV of T4 and T, in
this range for all sequences tested was less than 5%.
Further, Bland—Altman plots in Figure 3 showed the bias
of these parameters ranged between approximately
—20% and +20%, with an average parameter over-
estimation. The average of the biases (+2.0%, +6.5%
and +8.5% for T4-IR, T1-VFA and T,-SE, respectively)
were far less in magnitude (<20%) than those likely to
cause erroneous outcomes if used in applications like
tissue discrimination (e.g., benign vs. malignant).2'°

T4-IR, a gold standard T4-mapping method, had
a greater accuracy and reproducibility compared to
T4-VFA, in agreement with the literature."'® This
was expected as VFA methods are known to over-
estimate T4, along with have increased sensitivity to
B1-inhomogenieity effects compared to IR and often
require a correction technique.! Clinically, T4-VFA with
2-3 flip angles is preferred over IR methods due to
shorter acquisition times.”-'° This study aimed to follow
QIBA guidelines by utilizing a common imaging protocol
that was open source and could allow for prospective
multi-site investigations.”'” Note that no B1-corrections
were implemented in this study as there is currently
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no commonly used correction technique available?’ A
future study would utilize department-specific patient
imaging protocols for T4-mapping and compare scanner
baseline %bias and reproducibility.

There was a strong linear correlation between the ref-
erence and measured vial relaxation times (R? > 0.997).
It can be seen in Figure 4 and Figure S5 that the
largest deviations in %bias and reproducibility occurred
for vials with the smallest relaxation times. This can
be partially explained by the acquisition parameters
utilized. For example, in the T4-array, vials 13 and
14 had reference times of approximately 30 ms and
21 ms, respectively; shorter than that of the first Tl
(35 ms) used in the T4-IR pulse sequence. Simi-
larly, for the Ty-array, vials 13 and 14 had reference
times of 7 ms and 5 ms; less than the shortest TE
(10 ms) used in the T,-SE sequence. Detecting shorter
T4 and T, times is often a challenge to scanner’s
gradient hardware and available sequence acquisi-
tion parameters.'? However, these sequences were uti-
lized as they are commonly available and designed
to capture the wide range of relaxation times in the
phantom.

For the T,-array, signals for shorter T, vials often
approached the noise floor (Figure S3). Also, the mono-
exponential fitting applied to the T,-SE signal, replicating
methods used in the majority of clinical and preclinical
studies, is known to be susceptible to inaccuracies gen-
erated by B1-inhomogeneities.'®> %22 This can lead to
imperfect refocusing flip angles, especially for the first
echo (Figure S4) and can contribute noise223° For
these reasons, the first TE and signal were discarded
from the fit, and a noise factor was introduced in the
model fitting procedure (see Equation S3).

During post-processing of the T4-VFA magni-
tude images, the average signal from ROI’s in vials
with shorter reference times (9-14) was observed to
have signal saturation. This was especially the case
for larger flip angles (20°-30°). Thus, only magnitude
images for FA’s 2°, 5°, and 10° were used to calcu-
late T4 for the saturated vials, similar to Keenan et al.
(Figures S2, S6,and S7).'*

Figures S8 and S9 and Figure 5 show no trends in
variability for T4 or T, accuracy measurements over the
course of the 12-month study. According to the litera-
ture, major system upgrades can cause large changes to
occur in T measurements.'*2425 During this study, two
hardware replacements of the Transmit-Box (containing
RF transmitters) occurred between months 7 and 8 and
also months 10 and 11. Although no correlation between
system upgrades and relaxation times were found,in T -
VFA measurements, the percentage pixels with signal
saturation reduced in months 8 (—3.4%) and 11 (—2.3%)
(Figure S6). However, this was not significantly different
when compared to other months, and hence the cause
of the reduction was not determined.

MEDICAL PHYSICS %

With the high repeatability of the accuracy measure-
ments observed, similar to lhalainen et al., it is predicted
that future measurements using this scanner would yield
similar results.'® Consequentially, QA frequency recom-
mendations to the department involved conducting test-
ing annually and surrounding the time of any major
scanner upgrades. A future investigation would conduct
similar measurements at daily intervals over 1 month
to determine if any fluctuations occur in between the
monthly measurements. These longitudinal and frequent
assessments of gMRI scanner technical performance
fluctuations are especially important in the case of treat-
ment response monitoring.”

5 | CONCLUSION

In conclusion, our study found high accuracy and long-
term reproducibility in physiologically relevant T4 and
T, times on a radiotherapy dedicated 3T MRI scan-
ner. Baseline bias (and CV [%]) for T4-IR, T1-VFA
and T,-SE sequences were +2.0% (2.1), +6.5% (4.2),
and +8.5% (1.9) respectively. Shorter sample relax-
ation time vials had increased measurement instabil-
ity; however, no systematic variations in accuracy over
time were observed. For this scanner, it was recom-
mended that only annual gMRI QA measurements need
be taken combined with before and after any major scan-
ner upgrades following baseline establishment. Further
investigations are required to determine deviations in
T4 and T, when using department-specific sequences
and to find the cause of the signal saturation fluctua-
tions in T1-VFA acquisitions for shorter reference time
vials.
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