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Abstract

Introduction: The current study aimed to develop a novel diffusion phantom composed of
cellulose nanofiber (CNF) and glass beads (GBs), and evaluate its validation for quantitative
diffusion-weighted imaging (DWI) using short-term apparent diffusion coefficient (ADC)
stability and microstructural correlation.

Methods: A cross-sectional, A series of phantoms were prepared by mixing CNF with varying
amounts of GBs. Seven phantoms with GB concentrations ranging from 0 to 8.4 g per 30 ml|
were scanned on a 3.0 T MRI at days 0, 30, 60, and 90 using a single-shot EPI DWI (b =0,
1000 s/mm?).

Results: ADC and CV values were derived. A strong negative correlation was observed
between GB density and ADC (r = —-0.998, p < 0.001). CVs remained below 5% for all GB
concentrations except the highest (8.4 g), indicating excellent stability.

Conclusion: The CNF based phantom offers a stable model for simulating restricted
diffusion, overcoming drawbacks of existing phantoms. Its performance may support future
applications in DWI protocol standardization and preliminary validation of quantitative ADC
measurements.
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Introduction

Diffusion-weighted imaging (DWI) is an MRI technique that sensitively detects the
microscopic movement of water molecules within biological tissues. It primarily produces
image contrast based on the diffusion behavior of water molecules in the extracellular
space, allowing for the sensitive identification of alterations in cell density and the structure
of the extracellular matrix.> 2 In DWI, motion probing gradients (MPGs) are symmetrically
applied before and after the 180° refocusing pulse in a spin-echo sequence. The degree of
diffusion weighting, indicated by the b-value, is determined by adjusting the gradient
strength, the duration of gradient application, and the interval between gradient pulses. The
apparent diffusion coefficient (ADC) is then derived from DWI data acquired using two or
more different b-values. As a quantitative marker of cellularity, the ADC is widely used in
tumor grading and various diagnostic assessments.3®

DWI phantoms support the assessment of model-specific bias and uncertainty in
guantitative diffusion metrics, enabling the distinction between noise-related artifacts and
inherent tissue properties, while also contributing to the development of quantitative DWI
techniques. Traditionally, these phantoms have utilized substances such as sucrose,” 8
alkanes,” 19 or polyvinylpyrrolidone (PVP),% 12 where ADC values are controlled by
modifying solution viscosity without introducing structural barriers to diffusion. In contrast,
ADC reductions in biological tissues are affected not only by viscosity but also by factors like
the intracellular and extracellular environments and microperfusion. As a result, there is
significant interest in developing phantoms that more accurately mimic these complex
physiological conditions. Materials such as glass beads (GBs)!*> 14 and acrylic fine particles®
have been used to model extracellular water diffusion in DWI phantoms. To construct such
models, preventing bead aggregation and sedimentation in the solution is crucial. Previous
approaches to address this include embedding the beads in agarose to form a gel matrix
that minimizes settling,'> '* or using neutral detergents with agitation just prior to imaging,
followed by acquisition within a brief timeframe.'> However, the gelation method may still
allow bead settling before solidification completes, while the detergent-based method may
result in bead movement during imaging. Although matching the specific gravities of the
beads and surrounding medium has been proposed,® this often leads to increased solution
viscosity, hindering accurate replication of extracellular diffusion coefficients. Therefore, a
different approach is necessary for creating a stable bead-based phantom.

Cellulose nanofiber (CNF) is a material obtained from plant-derived cellulose fibers that
have been broken down and refined to the nanometer scale.?” Although naturally sourced
and environmentally sustainable, CNF possesses an exceptional set of characteristics: it is
one-fifth the weight of steel while being five times stronger, has low thermal expansion, and
exhibits high water absorbency. Furthermore, because it is derived from renewable plant
materials, CNF is widely available and can be sourced from familiar, sustainable origins. A
key property of CNF is its effectiveness as a dispersant, capable of keeping fine particles—
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such as diamond powder—evenly distributed over long durations.® This capability prevents
both sedimentation and aggregation, improving the homogeneity and stability of particle
suspensions across various uses. Based on these distinctive dispersive characteristics, we
hypothesized that CNF could be used to develop a new DWI phantom incorporating
microspheres. This study aimed to create a CNF-based DWI phantom embedded with GBs
and to evaluate the short-term stability of its ADC values over a 3-month period.

Materials and methods

MR Scanner

A 3.0-T MRI system (Achieva dStream, Philips Healthcare, Best, Netherlands) equipped with
a 32-channel head-neck coil was used for this study. All images were acquired in the coronal
plane.

Phantom Study

Biomass nanofiber BiNFi-s (2 wt%, CNF WFo-10002, purity >99.5%) was sourced from Sugino
Machine Co., Ltd. (Toyama, Japan, https://www.sugino.com/), and soda-lime GBs (P2015SL-
2.5, nominal diameter 10 um, with over 95% of particles within the specified range; particle
density 2.5 g/cm3) were procured from Cospheric LLC (https://www.cospheric.com/). A
series of phantoms were created by blending CNF with different concentrations of GBs. The
GB content per 30 ml phantom was set at 0, 1.4, 2.8, 4.2, 5.6, 7.0, and 8.4 g (Figure 1). The
phantom containing 0 g/30 ml of GBs was included as a CNF-only internal reference to
evaluate the baseline diffusion property of the CNF suspension. No independent pure-water
reference phantom was scanned. To achieve a uniform dispersion of GBs within the CNF
medium, each mixture was stirred at 1,000 rpm for 10 min using a magnetic stirrer (RCH-
1000, Tokyo Rikakikai Co., Ltd.). After stirring, each mixture was transferred into a 50-ml
plastic tube. The samples were degassed using a BACOENG 12 L vacuum degassing chamber
to remove macroscopic air bubbles. Each phantom was fixed to the bottom of the container
using double-sided adhesive tape to minimize mechanical displacement. The phantoms
were left undisturbed in the MRI room maintained at 24°C for 24 h before imaging. Each
phantom was subsequently placed at the isocenter of the static magnetic field and allowed
to reach thermal equilibrium for 30 min before scanning. T2 value measurements and DWI
were then conducted. DWI acquisitions were performed seven times. To assess short-term
stability, the identical imaging protocol was repeated on days 30, 60, and 90.

T2 measurements were obtained using a multiple spin echo sequence with 16 echo times
(TE) (15—-240 ms, 15 ms spacing) and the following parameters: repetition time (TR) = 5,000
ms; bandwidth =106.8 Hz/pixel; field of view (FOV) = 220 mm; 152 x 105; slice thickness = 4
mm; number of slices = 1; total acquisition time = 16 min and 8 s. DWI was performed using
a vendor-provided clinical single-shot echo planar imaging sequence with the following
parameters: TR = 5,000 ms; TE = 56.1 ms (minimum); bandwidth = 2,572.9 Hz/pixel; FOV =
180 mm; matrix size = 92 x 87; slice thickness = 7 mm; number of slices = 7, MPG direction =
3; b-values = 0 and 1,000 s/mm?; and total acquisition time = 1 min and 2 s. The diffusion
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gradient duration (8) and diffusion gradient separation (A) were not directly accessible from
the clinical scanner interface or the exported imaging protocol and therefore could not be
reported.

T2 maps were generated by fitting the acquired signal intensities to an exponential decay
curve. ADC maps were computed on a pixel-by-pixel basis using the Stejskal-Tanner
equation with the b and biooo images. Both T2 and ADC maps were created using the
scanner’s built-in software. No additional denoising, Gibbs-ringing correction, motion
correction, or susceptibility-distortion correction was applied. After map generation, region
of interest (ROI) analysis was conducted using Imagel software (version 1.8.0_322, National
Institute of Health, Bethesda, Maryland, USA). Circular ROls were placed in the central
region of each phantom, and the corresponding T2 and ADC values were quantitatively

assessed within these areas.

Figure 1. Theoretical value of the GB Density Within the Phantom
First, the weight (g) of a single glass bead (GB) was calculated using the following equation:
Weight of a single GB (g) = (4/3) x it x (radius of GB) 3 x (specific gravity of GB)

The number of GBs per gram was then obtained as the reciprocal of the weight of a single
GB.

Because the total volume of each phantom was adjusted to 30 cm?3, the GB density was
calculated as follows:

GB density (counts per cm?) = (amount of GB in the phantom [g]) / (weight of a single GB x
30)

Using this formula, the GB density of each phantom was determined.
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Statistical Analysis
The Shapiro—Wilk test was used to evaluate the normality of the ADC values. Data are
reported as mean + standard deviation (SD).

Pearson’s correlation coefficient was used to evaluate the relationship between GB density
and ADC values. Inter-day variability of ADC measurements for each phantom was evaluated
by calculating the coefficient of variation (CV), using the formula: CV (%) = (SD of ADC/mean
ADC) X 100. Based on prior studies, a CV <5% was considered acceptable.1% 1% 20

All statistical analyses were performed using GraphPad Prism 10.4.2 (GraphPad Prism, San
Diego, CA, USA). A p-value of <0.05 was considered statistically significant.

Results

L

. /I
/7

Figure 2. T2 maps of the phantoms used in this study
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Figure 2 presents the T2 maps. The measured T2 values for the phantoms containing 0, 1.4,
2.8,4.2,5.6,7.0, and 8.4 g of GB per 30 ml were 353.6, 87.6, 64.5, 49.2, 38.7, 35.5, and
27.5 ms, respectively. The corresponding GB densities (counts per cm?3 x 108) were 0, 0.36,
0.71, 1.07,1.43, 1.78 and 2.14, respectively.

A strong negative correlation was identified between GB density and ADC values, with a
Pearson’s correlation coefficient of —0.9977 (p = 0.0004) (Figure 3).

2.0 Y = -0.6096*X + 1.953
r=-0.9977

1.5 P = 0.0004

ADC (pm?/ms)
o
]

0.5

0.0 T 1 1 I |
0.0 0.5 1.0 1.5 2.0 2.5

GB-Density (count/cm®x108)

Figure 3. Relationship between glass bead density, as determined from microscopic analysis,
and apparent diffusion coefficient values. A strong negative correlation was identified
(Pearson’s correlation coefficient = -0.9977, p = 0.0004)

The ADC map obtained from imaging on day 0 is shown in Figure 4 and the ADC values
recorded on days 0, 30, 60, and 90 are summarized in Table 1. The calculated CVs for each
phantom were as follows: 0 g per 30 ml, 0.51%; 1.4 g per 30 ml, 0.92%; 2.8 g per 30 ml,
1.19%; 4.2 g per 30 ml, 1.89%; 5.6 g per 30 ml, 4.22%; 7.0 g per 30 ml, 4.73%; and 8.4 g per
30 ml, 7.78%. All phantoms except the one containing 8.4 g per 30 ml of GB exhibited CVs
below 5%, demonstrating excellent short-term stability of ADC measurements across the
90-day study period.
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Figure 4. Apparent diffusion coefficient maps of the phantom used in this study

Table 1. Apparent diffusion coefficient (ADC) values corresponding to each glass bead

concentration across all time points. Data are expressed as mean * standard deviation (SD)

Apparent diffusion coefficient (um?/ms)

Phantom (glass bead concentration per 30ml)

Og l4g 28¢g 42¢ 56¢g 70g 84¢g

Day0 2.06+0.01 1.75+ 1484 131+ 112+ 084+ 065+
0.01 0.01 0.02 0.01 0.05 0.02

Day30 2.08 4+ 0.01 176 £ 1534+ 129+ 105+ 090 0.65%
0.01 0.01 0.01 0.02 0.03 0.05

Day 60 2.08 +£0.01 173+ 1524+ 134+ 1154+ 089+ 061+
0.01 0.01 0.02 0.03 0.02 0.04

Day90 2.06 +0.01 175+ 1514+ 130 107+ 092+ 057%
0.01 0.01 0.02 0.03 0.03 0.04
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Discussion

In this study, we created a phantom composed of CNF and GB and conducted a short-term
evaluation of its ADC stability. The present study focused on ADC because ADC is the most
widely used quantitative parameter in clinical DWI and was suitable for the initial evaluation
of the controllability and temporal stability of the CNF—GB phantom. The phantom was
designed to represent isotropic restricted diffusion using spherical glass beads dispersed
within the CNF matrix, rather than anisotropic diffusion.

In the phantom without GB (0 g/30 ml), the measured T2 value was 353.6 ms, which is lower
than the previously reported T2 values for purified water on 3T MRI systems.?! The CNF
used in this study contained 2 wt% CNFs dispersed—but not dissolved—in purified water.
This reduction in T2 is likely due to an increase in water molecules bound to the nanofiber
network, leading to restricted molecular motion, a phenomenon similar to what has been
reported in agarose gels.?? In phantoms that included GBs, T2 values declined with
increasing GB concentration, a result consistent with expectations since GBs do not
contribute to the MR signal.

A strong negative correlation was observed between ADC values and GB density, indicating
that water diffusion becomes increasingly restricted as the phantom’s internal
microstructure becomes more complex. This trend mirrors the commonly reported inverse
relationship between ADC and cell density in a variety of tumors,?3-2> demonstrating that
our phantom effectively mimics tumor-like diffusion behavior. The observed ADC values
ranged from 0.6 to 2.0 um?/ms, aligning with the range typically seen in clinical DWI
studies.?5%° Except for the phantom containing 8.4 g per 30 ml of GB, all other phantoms
exhibited ADC CV values below 5%, indicating high short-term stability of the ADC
measurements over the 90-day period. These results suggest that the GBs remained evenly
distributed within the CNF matrix during the study period, maintaining a consistent
microstructural environment suitable for diffusion analysis.

To date, several strategies have been proposed for creating restricted diffusion phantoms
incorporating microstructural components such as GBs or acrylic fine particles. These
methods include embedding beads within agarose gels, dispersing them in neutral
detergent solutions followed by prompt imaging, and adjusting the density of the
suspending medium to minimize sedimentation. However, each approach has inherent
limitations. Agarose requires a gelation period during which bead settling may occur;
suspensions using detergents can result in particle movement during imaging,
compromising measurement stability; and density-matching techniques typically involve
highly viscous solutions, which are suboptimal since the expected extracellular diffusivity is
approximately 2.0um?/ms,3% 31 similar to that of purified water used in MRI studies.3? 33 In
contrast, the CNF used in this study addressed these limitations effectively. The phantom
containing 0 g of GB per 30 ml exhibited an ADC value close to 2.0 um?/ms, approximating
extracellular free water diffusion. These results highlight the potential of CNF as a dispersing
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agent that not only stabilizes particle suspension but also permits diffusion behavior
consistent with physiological conditions. Therefore, the CNF-based phantom represents a
novel and practical approach for constructing stable restricted diffusion environments
suited for quantitative diffusion MRI validation.

Nonetheless, several limitations should be noted. First, the CNF used in our phantom is also
commonly utilized as a food additive, making it vulnerable to biological degradation over
time. To reduce the potential impact of microbial spoilage on both the surrounding
environment and the diffusion characteristics, we limited the duration of our experiments.
Although adding preservatives such as sodium azide might help prevent degradation, the
effects of these agents on the structural stability and diffusion behavior of the CNF matrix
remain uncertain and require further study. Second, in designing the phantom, we assumed
that the restricted diffusion of water molecules was solely influenced by the microstructure
of the GBs. However, the CNF network itself may also contribute to diffusion hindrance. To
eliminate this potential confounding factor, the phantom containing 0 g/30 ml of GB should
be scanned using a range of diffusion times with sequences sensitive to short diffusion
times, such as the oscillating gradient spin echo (OGSE) technique.343> If the ADC remains
unchanged across different diffusion times, this would support the assumption that CNF has
minimal influence on diffusion measurements. It is worth noting that Dan et al. previously
demonstrated no diffusion-time dependence of ADC in agarose gel phantoms when
assessed using OGSE methods.3¢ Nevertheless, because the microstructural properties of
CNF differ from those of agarose, the diffusion-time dependence of the CNF matrix should
be directly evaluated in future studies. In addition, the diffusion gradient timing parameters,
including the & and A, were not available from the vendor-provided clinical single-shot EPI
DWI sequence used in this study. Because these parameters determine the effective
diffusion time, they may affect ADC values in restricted diffusion environments. Therefore,
future studies should use research pulsed-gradient spin-echo or OGSE sequences that allow
explicit control or reporting of 6 and A to evaluate the diffusion-time dependence of the
CNF-based phantom. Third, the spatial distribution of glass beads within the CNF matrix was
not directly evaluated using CT, optical microscopy, or electron microscopy. We assumed
that the dispersion and sedimentation-suppressing properties of CNF would maintain the
glass beads in a relatively homogeneous suspension. Although the low ADC coefficients of
variation over 90 days indirectly suggest temporal stability of the internal diffusion
environment, these results do not directly demonstrate the absence of regional
sedimentation or aggregation. Future studies should include direct structural assessment of
glass bead distribution and regional ADC analysis along the longitudinal axis of the tube.
Fourth, no additional image preprocessing was performed. Specifically, denoising, Gibbs-
ringing correction, motion correction, and susceptibility-distortion correction were not
applied. The combination of glass beads and CNF may create local magnetic susceptibility
differences, and the use of single-shot EPI DWI may result in geometric distortion or signal
loss, particularly at higher glass bead concentrations. In the present study, no doping
substances or susceptibility-matching agents were used. Although all longitudinal
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measurements were performed under identical imaging and analysis conditions,
susceptibility-related effects may have influenced the absolute ADC values.

Conclusion

In this study, we successfully developed a new diffusion phantom composed of CNF and GB
and evaluated its short-term stability in ADC measurements. The phantom exhibited a broad
range of ADC values (0.6—2.0 um?/ms), encompassing the typical range observed in clinical
applications. A strong inverse relationship between GB density and ADC was identified,
indicating that the phantom effectively replicates diffusion restriction associated with
increased microstructural complexity, such as that found in tumors. Notably, ADC values
remained stable over a 90-day period, with CVs below 5% in all but the highest GB
concentration, demonstrating excellent temporal consistency. These findings show that CNF
provides a reproducible diffusion environment without requiring gelation or viscosity
modifications. The CNF-based phantom represents a practical, reproducible, and
physiologically relevant tool for validating DWI sequences. Its simple preparation and
structural stability make it a promising option for standardization and quality control in
quantitative DWI.
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