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Abstract: This study aimed to characterize the relaxivity profiles of pure agarose and
gadobutrol in 1% (w/v) agarose under two experimental conditions (within the air
and tap-water immersion). T; and T values were quantified at 3 Tesla, Siemens, Vida
scanner using inversion recovery turbo spin echo (IR-TSE) for T; and multi-echo
turbo spin echo (ME-TSE) for T». Different concentration of agarose (0.2 - 4.0% w/v)

Corresponding Author*: and gadobutrol (0.5 - 6.0 mM) and their T; and T, value for each concentration were
Muhammad Khalis Abdul Karim measured. Pure agarose demonstrated low longitudinal relaxivity (r;~ 0.04 - 0.05 s-
mkhalis@upm.edu.my L(%w/v)21vs. r1~2.97 - 3.52 sTmM-1) and high transverse relaxivity (r2 ~5.00 - 6.34 s-

1. (%w/v)?1 vs. 12 = 3.80 - 4.55 s'mM-1) compared to gadobutrol. Agarose showed a
very high ry/r ratio (129.4-160.0) than gadobutrol (1.28-1.29), reflecting stronger gel-
matrix effects on transverse dephasing than on longitudinal recovery. Tap-water
immersion had shortened T by ~9% relative to air, without significantly increasing
variability. These findings provide relaxivity values for agarose and gadobutrol
under well-defined conditions and illustrate how their complementary relaxation
behavior can tune T1 and T2 values over a wide range to create customizable MRI
calibration phantom for research and clinical use.
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Introduction

Quantitative T; mapping has emerged as a powerful
MRI biomarker capable of providing objective,
reproducible measures of tissue properties in
cardiovascular and oncological applications (Barison et
al., 2023; Karamitsos & Neubauer, 2022). However, its
diagnostic potential can only be fully realised when
measurements are standardised across scanners,
protocols and across centres. Calibration, quality
assurance (QA), and quality control (QC) workflows
rely on reference materials whose relaxation properties

How to Cite:

are stable, well characterised and traceable (Kellman &
Hansen, 2014; Taylor et al., 2016). On top of that, the
measured value (e.g., T1, T2) within the range of human
tissue (e.g., myocardium, brain) are essential in QA/ QC
in quantitative imaging (Captur et al., 2016; Cerussi et
al., 2010; Zhang et al., 2021)

In clinical practice, T1 and T» values remain
vulnerable to variability, arising from differences in
hardware, acquisition parameters, and reconstruction
algorithms (Granitz et al., 2019; Lee et al, 2020;
Pachowsky et al, 2013; Razzaq et al., 2024). Such
variability complicates longitudinal follow-up, multi-
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centre studies, and comparison of results across different
platforms. For phantom-based QA, calibration, and
harmonization, it is therefore essential that reference
materials not only stable but also well characterized and
tuned to reproducible tissue-like T; and T under the
same scanner and sequence condition used clinically. A
key enabler of this tuning is accurate relaxivity data
linking to gel matrices, solute concentration, and
relaxation rate that underpins calibration strategies and
cross-platform harmonization (Bane et al., 2018; Keenan
et al., 2021). In the broader phantom literature, Abdul
Karim and co-workers have highlighted the credible
phantom  should  grounded in  systematic
characterization of materials properties - spanning
structural, mechanical, dielectric and attenuation
behaviour - so that the constructed model behave
predictably in the intended imaging environment
(Kamal et al, 2021, 2022). Taken together, these
principles support the view that knowing the relaxivity
and physical behaviour of phantom constituents allows
the relaxation target (T1/T2) to be customize to the
capacity and conditions of the specific scanner,
strengthening the validity of phantom-based calibration
for real world clinical deployment.

Among available materials, agarose gel is a long-
standing choice due to its stable matrix, tuneable
concentration and tissue-equivalent water content
(Captur et al., 2020; Mcllvain et al., 2019; Mitchell et al.,
1986). Agarose concentration predominantly modulates
transverse relaxation (T2), acting as a T> modifier by
restricting water mobility and altering microstructural
environments (Antoniou & Damianou, 2022). In parallel,
gadolinium-based contrast agents such as gadobutrol
(Gadovist®, Bayer) have been widely used as T:
modifiers due to their strong paramagnetic effect on
longitudinal relaxation (Keenan et al., 2021). Previous
studies have reported gadobutrol relaxivities in blood
and plasma at 3 Tesla (Shen et al., 2015; Szomolanyi et
al.,, 2019), and agarose-based relaxometry systems using
dopants such as nickel chloride (Captur et al., 2016; Fritz
et al., 2024), further underscoring the value of tuneable
gel matrices for quantitative MRI calibration.

Despite this body of work, there is comparatively
limited systematic evaluation of the combined relaxivity
behaviour of agarose-gadobutrol system at 3 Tesla. Prior
work has reported gadobutrol relaxivity in biological
media (e.g., blood, plasma) or has focused on other
dopants in gel system (e.g., Nickel Chloride, soy
lecithin), leaving a gap in understanding of how agarose
and gadobutrol individually and interactively shape rl
and r2 when the goal is to target a broad, tissue-
equivalent T1/T2 design for scanners-specific QA at 3T
(Fritz et al., 2024; Marth et al., 2025; Szomolanyi et al.,
2019; Vassiliou et al., 2016). A closely related philosophy
has been demonstrated by Okada et al., who derived
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determination equations for phantom T1 and T2 based
on measured relaxivities of gel coagulant combined with
gadobutrol, illustrating how relaxivity can be treated as
a primary, measurable material property that directly
enabled controlled phantom design(Okada et al., 2025)

Therefore, the objectives of this study were: (i) to
quantify the relaxivity profiles (r1 and r2) of pure
agarose, and gadobutrol in a fixed 1% (w/v) agarose
matrix, across a range of concentrations, and (ii) to assess
the influence of scanning environment (air versus tap-
water immersion) on T; and T» measurements. By
establishing the r3/r1 ratios and environmental
sensitivity of these materials at 3 Tesla, this work aims to
provide a quantitative framework for using agarose-
gadobutrol systems in T and T> mapping calibration in
the broader context of quantitative MRI.

Method

Sample Preparation

A series of agarose and gadobutrol gel samples
were prepared to characterise their relaxivity profiles.
Agarose gel (Molecular Biology Grade) was dissolved in
distilled water to produce concentrations ranging from
0.2% to 4.0% (w/v), following established procedures
for tissue-mimicking gel systems (Antoniou &
Damianou, 2022). The mixture was heated to 75 - 95C
under continuous stirring at 350 rpm until fully
dissolved and visually homogenous. The solution was
then cooled to 40 - 50°C prior to casting into individual
containers. For gadobutrol-doped samples, a stock
solution of gadobutrol (Immol/mL; 1000mmol/L) was
serially (2-step) diluted according to the standard
dilution law (equation 1):

CiVi=GCV; @)

where C; and V; are the initial concentration and
volume, and C; and V; are the target concentration and
final volume after dilution. For step 1 only involve
gadobutrol and distilled water. In step 2 the final volume
are including the volume of 1% agarose base matrix. The
diluted gadobutrol solutions were combined with 1%
(w/v) agarose to produce doped gels spanning 0.5 - 6.0
mmol/L.

In total, 15 samples (A-O) were prepared (Table 1).
Samples A-H contained varying agarose concentrations
(0.2 - 4.0%) without gadobutrol, while samples I-O
consisted of 1% agarose doped with gadobutrol at 0.5-
6.0 mmol/L. This design permitted separate evaluation
of agarose as a T» modifier and gadobutrol as a T;
modifier, as well as the combined effects of the two
components. The preparation step was illustrated in
Figure 1.
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Table 1. Composition of agarose and gadobutrol gel
samples

Agarose % Gadobutrol
Sample ID g(w /) (mmol/L)
A 0.2 0.0
B 0.3 0.0
C 0.5 0.0
D 0.6 0.0
E 1.0 0.0
F 2.0 0.0
G 3.0 0.0
H 4.0 0.0
I 1.0 0.5
J 1.0 1.0
K 1.0 2.0
L 1.0 3.0
M 1.0 4.0
N 1.0 5.0
(@] 1.0 6.0

Figure 1. Preparation of the agarose solution: First, weighing
agarose powder (a), transferring into a heat resistant beaker
(b), dissolving with magnetic stirrer (350 rpm) at 75- 95°C (c),
obtaining a homogenous and clear solution (d), cooling (40°C
to 50°C) before casting into containers, and casting into
containers and cooling using a room-temperature water bath
(e) to catalyze the cooling effect to initiate setting from the base
and displace any trapped air within the samples. Figure 2
shows the workflow of the methods.
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Gadobutrol dilution:
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[1000mM »>20mM]
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Castin PDPE
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Figure 2. Workflow of the study methodology

MRI Data Acquisition

Allimaging was performed on a 3 Tesla MRI system
(Magnetom Vida, Siemens Healthineers). Two
sequences were used; Inversion Recovery Turbo Spin
Echo (IR-TSE) for T1-weighted imaging and Multi-Echo
Turbo Spin Echo (ME-TSE) for T>-weighted imaging as
shown in Table 2.

Table 2. MRI acquisition parameters used for inversion
recovery turbo spin echo (IR-TSE) and multi-echo turbo
spin echo (ME-TSE) sequences

Parameter IR-TSE ME-TSE
TR (ms) 7000 7000
TE (ms) 8.8 8.9,18, 27,
36,45,54, 63,72,
80
TI (ms) 30, 60, 100, Not
250, 400, 600, applicable
900,1500, 2000,
3000
FOV read (mm) 260 260
FOV phase (%) 81.3 81.3
Slice thickness 6 6
(mm)
Pixel size (mm) 0.8x0.8 0.9x0.9
Distance factor (%) 30 30
No. of slices 3 3
Flip angle (°) 180 180
Base resolution 320 256
Phase resolution 80 75
(%)
Acceleration mode GRAPPA x GRAPPA x 2
2
Bandwidth 279 279
(Hz/ pixel)
Acquisition  time 3:32 1:40
per TI/ TE (min)
Total acquisition 31:08 15:00
time (min)

Sequence parameters (e.g. repetition time (TR), echo
time (TE), inversion times (TI), echo train length, slice
thickness, field of view (FOV), and matrix size) were
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selected based on prior work to provide accurate
relaxation time estimation while maintaining clinically
feasible scan durations. IR-TSE was chosen because it
has been shown to produce T: values comparable to
inversion-recovery spin echo (IR-SE) at 3T, but with
shorter acquisition times (Yongabi et al., 2021).

Although geometric matching between the
reference T1 and T2 acquisition is desirable, IR-TSE and
ME-TSE have different timing and SNR constraints.
Therefore, while slice thickness, FOV, and slice
prescriptions (orientation and slice location/ centre)
were matched between sequences, the in-plane matrix
(base resolution) differed slightly to maintain stable
fitting performance, particularly for ME-TSE where
signal decays substantially at longer TE. Importantly,
within each reference measurement (T1 or T2),
acquisition setting were kept constant across all samples
and scans, except for intended TI/TE sampling.

Experimental Conditions

Relaxivity measurements were conducted under
two controlled environmental conditions. First, samples
were placed in a container, with no surrounding
medium (air-phantom interface). Longitudinal and
transverse relaxation rate values and derived relaxivities
were denoted Ri,, 112 (T1) and Raa, 12 (T2). Second, the
same samples in the same container were immersed in
tap water that was also equilibrated to the scanner’s
room temperature (18 - 220C). Longitudinal and
transverse relaxation rate values measured under this
condition were denoted Riw, r1w (T1) and Raw, 12w (T2).

Before scanning, all samples were left to equilibrate
with the MRI room temperature (18 - 22°C) to minimise
temperature-related variation in T; and T, values.
Sample positions were kept consistent between
sequences and conditions to reduce geometric and Bo/B:
field variations. Representative sample arrangements
and magnitude images were documented to support
reproducibility.

Relaxivity Analysis

Relaxometry analysis was performed using
MATLAB R2024a (MathWorks, Natick, MA, USA). For
each sample, regions-of-interest (ROIs) were drawn
centrally within the gel to avoid edge artifacts. Mean
signal intensities across all inversion times (IR-TSE) and
echo times (ME-TSE) were exported for curve fitting.
Longitudinal relaxation (T1) was modelled using the
inversion recovery Equation 2.

S(Th = Mﬂ(1 —2e TL{) @)

where M, is the equilibrium signal and TI is the
inversion time. Non-linear least square fitting was used
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to estimate Ti. Transverse relaxation (T2) was modelled
using mono-exponential decay (Equation 3):

-IE
S(TE)=Sse ' ©)

where Sy is the initial signal and TE is the echo time. T
values were obtained from exponential fits to ME-TSE
data. Relaxation rates were defined as R, = 1/T; and
R, =1/T,. In the presence of a paramagnetic agent,
relaxation was assumed to follow (Equation 4 and 5):

Ri=R, ot r[CA] 4)
Ra= Ry, +r[CA] ©®)

where Rio and Rzp are baseline rates of the undoped
medium for each series. The term [CA] is used as a
general concentration variable, which each meaning
dependent on experimental series. First, gadobutrol
series represent gadobutrol concentration in mM and 11
and 12 are the longitudinal and transverse relaxivities
with units sTmM-. Second, the agarose series, where
agarose is not a paramagnetic agent, but, within the
investigated range, [CA] is defined as agarose
concentration expressed as %w/v. In this context, r1 and
r2 should be interpreted as empirical sensitivity
coefficients that describe the change in relaxation rate
per unit change in agarose content (unit s.(%w/v)71)
rather than relaxivity in the strict contrast agent sense.
For each material, linear regression of R; and R against
concentration was used to derive r; and r> from the slope
of the best-fit line. Relaxivity ratios r»/1; were calculated
to characterise the dominant relaxation pathway (T1- or
Tr-weighted behaviour).

Samples were systematically arranged within a
container to maintain consistent positioning during
scanning (Figure 2a). Representative MRI images of the
samples are shown in Figure 2b.

Figure 3. Samples arrangement for MRI scanning: (a) labelled
sample placement within the container, and (b) corresponding
MRI image of the samples.

Statistical Analysis
The impact of scanning environment (air versus tap-
water immersion) on T; and T, was assessed using
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paired statistical tests. Normality of the paired
differences was evaluated with the Shapiro-Wilk test.
Where normality was satisfied, paired-samples t-tests
were used to compare mean Ti and T values between
conditions. When normality assumptions were violated,
Wilcoxon signed-rank tests were performed as a non-
parametric alternative.

Bias-corrected and accelerated (BCa) 95% bootstrap
confidence intervals (Cls) based on 5000 resamples were
generated to provide robust estimates of mean
differences and to assess the stability of the findings.
Effect sizes (Cohen’s d) were reported for parametric
comparisons. Coefficients of variation (CoV) within each
ROI were calculated as a measure of measurement
stability. Statistical analysis was carried out in SPSS
Statistics version 30.0 (IBM Corp., Armonk, NY, USA),
and p < 0.05 was considered statistically significant.

February 2026, Volume 5, Issue 1, 117-129
Result and Discussion

T1 and T, of Agarose-Gadobutrol Gel Samples

Table 3 shows the T; and T> relaxation times of the
agarose-gadobutrol gel samples across different
concentrations measured in air and under tap-water
immersion. Across the 15 samples, both T1 and T values
showed a clear concentration-dependent decrease with
increasing agarose or gadobutrol concentration. In the
1% agarose series doped with gadobutrol, T1 shortened
markedly from approximately 2197.17 + 111.46 ms (0
mmol/L Gd) to 52.86 + 0.23 ms at 6 mmol/L, consistent
with the strong paramagnetic effect of gadolinium
chelates on longitudinal relaxation. Notably, the 0OmM
gadobutrol condition corresponds to the 1% agarose
matrix baseline, and its T1 and T, values define the
intercept terms Riop and Roo used in the subsequent
relaxivity egressions. Similar monotonic decreases were
observed for T, reflecting the combined influence of
matrix-induced water restriction and paramagnetic
relaxation enhancement.

Table 3. T1 and T2 values of agarose-gadobutrol gel samples at varying concentrations, measured under two

scanning environments

Concentration In the air Tap-water immersion

Sample ID Agarose Gd
(% w/v)  (mmol/L) T1 value T2 value T1 value T2 value
A 0.2 0 2299.36 +116.36  760.82 +20.35 2084.32 +83.51 575.04 +10.68
B 0.3 0 2300.10 +100.12  741.90 +62.89  2139.25 £123.90 575.81 +19.38
C 0.5 0 2093.49 +213.71  306.02 £9.42 2015.88 +87.43 280.00 +6.52
D 0.6 0 2230.11 £109.39  253.83 +11.55 2030.13 £90.20 243.84 +1.14
E 1 0 2197.17 +111.46  155.07 +2.68 1975.59 +89.77 163.55 +0.29
F 2 0 2001.83 +104.70 80.00 £1.00 1837.28 £91.91 81.29 +0.80
G 3 0 1850.40 +124.35 49.83£1.32  1704.57 £110.69 52.88 +0.71
H 4 0 1745.73 +111.68 40.58 £0.92 1480.51 +57.68 45.55 +0.02
I 1 0.5 464.05+2.34  121.33 +1.24 402.25 +4.71 116.91 +0.60
J 1 1 261.23 +1.72 98.04 +0.92 221.44 +0.75 93.57 +0.83
K 1 2 138.84 +0.37 69.67 +0.48 116.22 +0.88 64.54 +0.34
L 1 3 100.90 +0.16 iégg 83.32+0.35 48.61 +0.10
M 1 4 77.39 +0.47 4439 +0.11 64.16 +0.17 40.09 +0.17
N 1 5 65.37 +0.29 40.83 £0.28 53.87 +0.17 35.15 +0.02
o 1 6 52.86 +0.23 igig 4549 +0.29 29.56 +0.09

*T1/T2 value = meantSD (ms)

This behavior aligns with classical relaxation
theory, where increasing macromolecular content or
paramagnetic ion concentration reduces the correlation
time of water protons and increases relaxation rates
(Fullerton et al., 1986; Granato et al., 2018). In agarose
gels, higher polymer concentrations restrict water
mobility, while gadobutrol introduces local magnetic
field fluctuations that predominantly shorten T but also
affect T» (Antoniou & Damianou, 2022; Caccavo et al.,
2017; Mitchell et al., 1986).

A minor methodological limitation is that the in-
plane resolution differed slightly between the reference
IR-TSE (T1) and ME-TSE (T2) acquisitions due to
sequence-specific  constraints. However, because
measurements were performed in homogeneous
phantom regions using matched slice prescription and
central ROIs, the influence of partial volume effects is
expected to be minimal (Blaszczyk et al., 2017; Dalmer et
al., 2024). Future work will standardize in-plane solution
across reference sequences where feasible.
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Relaxivity of Pure Agarose

The relaxivity analysis for pure agarose
demonstrated a low longitudinal relaxivity and a high
transverse relaxivity. Under air conditions, the mean 1
was approximately 0.0352 s?.(%w/v)?, increasing
slightly to 0.0487 s1.(%w/v)? under tap-water
immersion. In contrast, r» was substantially higher at
around 6.3433 s1.(%w/v)1 in air and 5.6015 s1.(%w/v)1
in water. Linear regression plots of R1 and R» versus
agarose concentration confirmed good linearity,
particularly for R, indicating a robust T>-dominated
effect.

The very low r; and high r» values highlight
agarose’s role as a T» modifier, exerting relatively
modest influence on Ti, but a strong impact on T»

Relaxation Rate vs Agarose Concentration (All Slices)
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(Dwihapsari et al., 2020). The resulting r>/r1 ratios
exceeded 100 across conditions, consistent with previous
reports of strong T> dependence on agarose content in
gel systems (Antoniou & Damianou, 2022; Fritz et al.,
2024; Mitchell et al., 1986).

From a relaxivity perspective, this means that
agarose concentration can be used primarily to
modulate T», with limited perturbation of T: when
concentrations are selected within a biologically relevant
range. Representative linear regression plots of 1/T1 and
1/Ta versus agarose concentration are shown in Figure
3, confirming the strong T» dependence of agarose. Table
4 summarises the r; and r2 values of the agarose-only gel
samples across the three slices, together with the slice-
averaged mean relaxivities for each environment.

Relaxation Rate vs Agarose Concentration (All Slices)
T T T T
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Figure 4. Relaxation rate versus agarose concentration. Linear fits of (a-b) longitudinal relaxation (1/T1) and (c-d) transverse
relaxation (1/T2) for phantoms measured in room air and in tap-water immersion.
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Table 4. Relaxivity values of agarose gel samples measured in room air (a) and tap-water immersion (w).

Phantom rl_a rl_w r2_a 2w

(s1.%1w/v) (s1.%1w/v) (s1.%1w/v) (s1.%1w/v)
Agarose_Slicel 0.0392 0.0565 6.4649 5.6113
Agarose_Slice2 0.0418 0.0443 6.3291 5.6533
Agarose_Slice3 0.0247 0.0452 6.2358 5.5398
mean 0.0352 0.0487 6.3433 5.6015

Table 4 also shows inter-slice variability, most
evidence for agarose r1, where slice to slice differences
were larger than ra. This likely reflects a combination of
modest spatial heterogeneity (e.g., local gel
concentration/ structure), ROI positioning sensitivity
and residual Bo/B: non-uniformity across the phantom
volume. Importantly, despite this variability in T,
overall patterns remain consistent: agarose exhibit low
longitudinal and high transverse sensitivity, yielding a
persistently high r»/r1 ratios across slices. Therefore, the
main conclusion - agarose acting primarily as a T2
modifier within the investigated range - remained
unchanged.

Relaxivity of Gadobutrol in 1% Agarose

In contrast to agarose, gadobutrol incorporated into
1% agarose produced high longitudinal relaxivity and
moderate transverse relaxivity. Under air conditions, r1
was approximately 2.975 s7.mM" and r> about 3.801 s-
1. mM-1 In tap-water immersion, r; increased to around
3.524 s1.mM! while r> rose to 4.548 s.mM. Linear
regression of Ry and R» versus gadobutrol concentration
showed strong linearity, confirming that the relaxivity
model adequately described the concentration-
relaxation relationship. The r»/r; ratios for gadobutrol in
1% agarose were close to unity (approximately 1.28-
1.29), indicating a more balanced influence on T; and T>

20 '\‘ !
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but with a dominant role in enhancing longitudinal
relaxation(Hamzaini et al., 2024; Kang et al., 2018). These
values are consistent with prior work demonstrating
that gadobutrol possesses relatively high Ti relaxivity
among macrocyclic gadolinium agents at 3T
(Szomolanyi et al., 2019), making it a suitable choice
when strong T sensitivity is required.

Taken together, the complementary relaxivity
behaviors of agarose and gadobutrol indicate that
agarose concentration can be adjusted to control T,
while gadobutrol concentration primarily tunes Ti. This
separability is advantageous for quantitative calibration
schemes in which specific T1 and T> values need to be
targeted over a defined range, since it allows systematic
exploration of contrast behaviour and mapping
performance across known relaxation regimes
(Boursianis et al., 2021; Hajidah & Dwihapsari, 2021;
Kang et al, 2018). Linear regression analysis
demonstrated good agreement between measured
relaxation rates and gadobutrol concentration (Figure 4),
confirming gadobutrol’s effectiveness as a Ti-active
component within an agarose matrix. Table 5 presents
the corresponding relaxivity values for gadobutrol in a
1% agarose matrix, again reported for each slice and as
mean values, allowing direct comparison between

agarose and gadobutrol and between the two
measurement conditions.
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Figure 5: Relaxation rate versus gadobutrol concentration in 1% agarose. Linear fits of (a-b) longitudinal relaxation (1/T1) and
(c-d) transverse relaxation (1/T>) for sample measured in room air and in tap-water immersion.

Table 5. Relaxivity values of gadobutrol in 1% agarose measured in room air (a) and tap-water immersion (w).

Phantom rl_a rl_w r2_a 2w

(s1.mM1) (s1.mM1) (s1.mM1) (s1.mM-1)
Gd_Slicel 2.9540 3.5441 3.7928 4.5593
Gd_Slice2 2.9827 3.5166 3.8083 4.5630
Gd_Slice3 2.9877 3.5109 3.8026 4.5208
mean 2.9748 3.5239 3.8012 4.5477

Relaxivity Ratio (ro/r1) and Implications for T1/T> Calibration

The comparison of relaxivity ratios underscores the
distinct functional roles of the two materials. For
agarose, r2/r1 values in the range of 129.39-160.00
confirm that it is predominantly a T» driver, inducing
large changes in transverse relaxation for relatively
small changes in T1. For gadobutrol in 1% agarose, r2/11
~ 1.28 - 1.29 indicates nearly equal contributions to both
relaxation pathways but with a primary purpose of
shortening Tj.

From a design perspective, this dual-modifier
system offers a flexible, mechanistically transparent
framework. First, T> tailoring is achieved by adjusting
agarose concentration while keeping gadobutrol
constant or absent. Second, T tailoring is achieved by
varying gadobutrol concentration in a fixed, low to
moderate agarose matrix (e.g., 1% w/v).

By combining the measured relaxivities with
desired T; and T, targets, one can theoretically
determine the required agarose and gadobutrol
concentrations for specific relaxation properties (Fritz &
Schick, 2025; Hattori et al., 2013; Ikemoto et al., 2011;
Okada et al., 2025). This provides a rational alternative
to empirical trial-and-error approaches and supports
reproducible calibration for quantitative MRI
applications such as T: and T mapping. Table 6
summarises these 12/r; ratios for agarose and
gadobutrol, highlighting the markedly higher T,-

dominated behaviour of agarose compared with the
more balanced relaxivity profile of gadobutrol in 1%
agarose.

Table 6. Relaxivity ratio (12/rl) of agarose and

gadobutrol gels wunder different experimental
conditions.

. r2/rl r2/rl
Material (Air) (Water)
Agarose (0.2-4.0% w/v) 180.17 115.02
Gadobutrol (0.5-6.0mmol /L 108 129

in 1% agarose)

The agarose r»/r1 ratio decreased substantially
under tap-water immersion (Table 6). This reduction is
primarily driven by a proportionally larger increase in rq
than decrease in r» indicating that longitudinal
relaxation sensitivity becomes more efficient in the
aqueous environment while transverse relaxivity is
slightly reduced. Practically, this means that, immersion
condition can shift the relative T>-dominant character of
agarose, reinforcing the need to report and standardized
environmental conditions when using agarose-based
phantoms for cross-study or longitudinal calibration.
One plausible contributing mechanism is magnetization
transfer (MT). Agarose gels contain a semi-solid
macromolecular pool that exchanges magnetization
with the free-water pool. Routine RF pulse train can
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partially saturate the macromolecular pool and transfer
this saturation to free water, which tends to increase the
apparent Ry (shorten the apparent T1)(Jones et al., 2013;
Varma et al., 2018). Importantly, MT does not only
“exist” under immersion, but the degree to which MT
contaminates the measured apparent T1 (and thus r1) can
change when the phantom is immersed, because the
surrounding conductive/ high-permittivity water alters
coil loading and transmit conditions, potentially
modifying the effective RF saturation history and spatial
B1 distribution experienced by the gel(Brink et al., 2023;
Lakshmanan et al., 2020; Ruello & Lattanzi, 2022; Vaidya
et al, 2018). If immersion increases the effective
saturation experienced by the bound pool, MT will
preferentially elevate the measured r1 more than 1,
providing a physically consistent explanation for the
observed drop in rz/r1. Overall, the markedly higher
r2/11 Of agarose compared with gadobutrol supports an
orthogonal  control  strategy, = where  agarose
predominantly drives T> while gadobutrol primarily
tune Ti. This separation is desirable for quantitative MRI
phantoms because it enables more independent
spanning of clinically relevant T;/T> combinations
rather than forcing both parameters to change together.

Effect of Scanning Environment (Air vs
Immersion)

Environmental conditions had a measurable impact
on Ty, and a smaller, non-significant effect on T2. Across
15 paired samples, immersion in tap water reduced T
values by an average of -108.30 ms (SE = 22.8; p < 0.001),
corresponding to an approximate 9.1% reduction
relative to scanning in air (mean T; = 1191.9 ms in air).
Effect size was large (Cohen’s d = 1.12), and similar
reductions were observed across three repeated runs,
with bootstrap 95% Cls that did not cross zero. For T,
tap-water immersion also tended to reduce relaxation
times by approximately 25 - 31 ms, but these differences
did not reach statistical significance (p = 0.105). Within-
ROI CoVs were slightly lower in the immersion
condition (mean difference -0.57 percentage points),
suggesting that water immersion did not compromise,
and may slightly improve, measurement stability. The
transverse behaviour showed a consistent direction that
differed by materials. For agarose, r2,w was consistently
lower than 1. (Table 4 and 6), suggesting that
immersion improves macroscopic  susceptibility
matching at the sample boundary and increase B0
homogeneity, thereby reducing dephasing contribution
that would otherwise inflate transverse decay. In
contrast, gadobutrol showed higher 12w than 1. (Table
5), mirroring the increase observed for rl, and is
consistent ~ with  medium-dependent relaxation
enhancement where water accessibility and molecular
motion can modulate relaxation efficiency. In previous

Tap-Water

February 2026, Volume 5, Issue 1, 117-129

study, measuring gadobutrol relaxivity in different
protein concentration found that gadobutrol 11 and r2
relaxivities increase with higher concentration of plasma
protein (Goetschi et al., 2014) can be basis on explaining
the reason of the higher gadobutrol relaxivities in water
than air observed in this study. Although net change in
T2 did not reach statistical significance in this dataset,
the material dependent of r2 changes indicate that
environmental control is not neutral and should be
standardized when comparing relaxivities values across
experiment.

The shortening of T: with water immersion is
plausible for two reasons. First, tap-water contains
dissolved ions that can contribute to relaxation effects,
shortening both T1 and T> compared with pure distilled
water (Yusuff et al., 2024). Second, immersion reduces
susceptibility mismatch at the phantom boundary
compared with an air-gel interface, potentially reducing
Bo inhomogeneity and leading to more -efficient
inversion and recovery processes. These findings are
consistent with previous reports emphasizing the
influence of immersion media and temperature on
relaxation properties of calibration materials (Statton et
al., 2022; Vassiliou et al., 2016). They highlight the need
to standardize not only material composition but also
environmental conditions —such as the use of deionised
versus tap-water, careful removal of air bubbles and
tight temperature control —when performing relaxivity
measurements and quantitative T1/T> calibration.

Future work should evaluate long-term stability
and batch-to-batch reproducibility of agarose-
gadobutrol gels, validates relaxivity estimates across
different MRI platforms and sequences, and refine
calibration protocols by standardizing environmental
conditions to support robust multi-center quantitative
MRI quality assurance.

Conclusion

This study characterized the relaxivity profiles of
pure agarose and gadobutrol in 1% agarose at 3 Tesla
MRI under two controlled environments (air and tap-
water immersion). Pure agarose showed low
longitudinal relaxivity (r1 = 0.04 - 0.05 s1. (%w/v)71) and
high transverse relaxivity (r2 = 5.60 - 6.34 s1.(%w/v)71)
yielding a markedly high r»/r; ratios (= 115 - 180)
consistent with a T, modifier. Whereas gadobutrol in 1%
agarose exhibited high longitudinal relaxivity (r1 = 2.95
- 3.52 s1.mM-1) with moderate transverse relaxivity r2 =
3.79 - 4.59 s1.mM1) and a near unity ratio (r>/11~1.29 -
1.29), supporting its role as a T1 dominant modifier in
this matrix. Environmental conditions influenced both
measured relaxation times and relaxivity coefficients,
including higher gadobutrol r; under immersion
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(r,w>ria) and lower agarose r» in water (raw<rza,),
alongside an overall ~9% reduction in measured T1 with
tap water immersion, emphasizing that surrounding
medium should be standardised for quantitative
relaxivity studies and phantom calibration. Collectively,
the complementary relaxivity profiles provide a rational
basis for designing agarose-gadobutrol gel phantoms
with more independently tuneable T1 and T2 properties
to support quantitative MRI calibration and cross-
scanner harmonisation.
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