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Abstract

Purpose—To disentangle the free diffusivity (DOp) and cellular membrane restrictions, via their
surface-to-volume ratio (S V), using the frequency-dependence of the diffusion coefficient D(w),
measured in brain tumors in the short diffusion-time regime using oscillating gradients (OGSE).

Methods—In vivo and ex vivo OGSE experiments were performed on mice bearing the GL261
murine glioma model (7=10) to identify the relevant time/frequency (#®) domain where ()
linearly decreases with /2. Parametric maps (S V, Dy) are compared to conventional DWI
metrics. The impact of frequency range and temperature (20°C vs. 37°C) on S/ Vand Dy is
investigated ex vivo.

Results—The validity of the short diffusion-time regime is demonstrated in vivo and ex vivo. Ex
vivo measurements confirm that the purely geometric restrictions embodied in S/ Vare
independent from temperature and frequency range, while the temperature dependence of the free
diffusivity Dy is similar to that of pure water.

Conclusion—Our results suggest that () in the short diffusion-time regime can be used to
uncouple the purely geometric restriction effect, such as S V; from the intrinsic medium diffusivity
properties, and provides a non-empirical and objective way to interpret frequency/time-dependent
diffusion changes in tumors in terms of objective biophysical tissue parameters.
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INTRODUCTION

The apparent diffusion coefficient (ADC) has been recognized in many studies as a
promising potential imaging marker for tumor staging, treatment efficacy or cellularity (1-
5). However, the use of a single ADC value as a quantitative metric for characterization of
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various aspects of tumor microstructure is inherently limited, because the ADC can be
affected by multiple factors, such as cell size, cell density, extracellular matrix, and
diffusivities in different compartments.

Tissue complexity manifests itself in the non-Gaussian diffusion (6,7), characterized by (i)
the presence of the higher-order terms in the cumulant expansion of MR signal S (8), In(S) =
-bD + (KI6) - (bD)?+ (such as the kurtosis term (9)), and (ii) the time-dependence of all the
cumulants: O(8), K(9, ... (10). Hence, tissue complexity can be probed in two
complementary directions (11): (i) to quantify higher-order cumulants at a given diffusion
time, by increasing the diffusion weighting parameter (6-value), and (ii) to probe the time
dependence of the cumulants by varying the diffusion time #(equivalently, the frequency w)
at low b-value, as cumulants are the signal derivatives at 6—0. In both directions,
biophysical diffusion modeling in tissue microenvironment is required in order to quantify
microstructural changes.

In this study, oscillating gradient spin echo (OGSE) acquisitions are used to explore the
time-dependence of the diffusion coefficient — along direction (ii). Since the characteristic
temporal scale, on which time-dependent metrics vary, provides a measure of the length
scale for the relevant tissue microstructure, OGSE appears as a natural choice to focus on the
smallest length scales (12).

While the long diffusion-time behavior of diffusion coefficient in a tissue depends on the
structural disorder and packing correlations of tissue building blocks (13-15), the short-time
limit is universal, being determined by the net amount of restrictions (such as cell walls).
Porous media studies (16,17) demonstrated that the short-time behavior of the diffusion
coefficient is given by an expansion in the powers of

Vit:D(t)=Do(1—const - S/V - /Dyt+-- - ), Where Dy is the free diffusivity far from the
restrictive walls (such as membranes), S Vis their surface-to-volume ratio, and the constant
factor depends on the effective spatial dimensionality. Recently, the equivalent form of this
regime was derived (18) for OGSE experiments (used to achieve the equivalent of short

diffusion times): D(w)=Do(1—cq - S/V - \/Do/w), where ¢,=1/d /2 in ddimensions.
Reaching this asymptotic limit with OGSE would allow us to decouple the free diffusivity
properties of the medium (D) from a purely geometrical tissue characteristic (S5 V) that can
be quantified non-invasively. Its inverse, WS, gives an approximate estimate for the relevant
cell size, and, more generally, a characteristic length scale for the separation between the
membranes restricting the water molecules.

For packed beads, the S/ Vvalues estimated from OGSE experiments matched well with
those predicted from a Monte Carlo simulation (19). Furthermore, S Vand Dy values
measured in synchronized cells were shown to be significantly different between cell cycle
phases (20). Alternatively, recent works (21,22) attempted to describe time-dependent
diffusion inside the mouse brain using an empirical parameter, AfADC, representing the
slope of the D(w) variation with oscillation frequency. This approach was used for
identifying various cell layers inside cortical areas (21), and for assessing treatment efficacy
in a mouse glioma model (22). Despite the potential of the S V/~based approach to quantify
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the typical restriction scale inside the tissue of interest (i.e. S/V/= 6/L for a cubic lattice with
lattice constant L), there is still a paucity of studies on the S/ Vin tumors such that the
predictive value of S/ Vparameter in cancer biology and imaging is not well understood to
date.

In this study, we investigated whether the very short diffusion time regime, where the linear
relationship between D(w) and A/2~@1/2 holds, is reached in a mouse glioma model when
using DWI-OGSE sequences in the range [65-225] Hz on a preclinical MRI scanner. We
compared & Vand Dy with conventional diffusion metrics from pulsed gradient spin echo
(PGSE) and OGSE experiments. In addition, ex vivo DWI experiments were performed
using a histology coil (23) to study the impact of temperature on Dy and S/ V. Combined
together, both in vivo and ex vivo data were used to assess the consistency of diffusion
parameters measured in the short diffusion time regime.

METHODS

MRI experiments were performed on a 7T Biospec micro-MRI system (Bruker Biospin
MR, Ettlingen, Germany) equipped with a Bruker BGA-9S gradient coil (75 G/cm gradient
strength). All mice were treated in strict accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and the experimental procedures were
performed in accordance with the Institutional Animal Care and Use Committee at the New
York University School of Medicine.

Animal protocol

GL261 intracranial cell implantation—Six- to eight-week-old female C57BL/6 mice
(m7=10) were anesthetized using 3% isoflurane in air. After induction, each subject was
placed inside a stereotaxic frame. Anesthesia was maintained using 1.5% isoflurane in air. A
small incision was made on the shaved head, and a small hole drilled in the skull (1.5/5.0
mm lateral/anterior to the bregma) to allow for the tumor cell injection. For each animal, 10°
GL261 cells, suspended in 5 pL phosphate buffered saline (PBS), were injected into the
subcortex (2.5 mm depth) using a Hamilton syringe (1 yuL/min). After injection, the syringe
was slowly removed (0.2 pm/min), the skull skin sutured and the animals carefully
monitored until regaining consciousness.

In vivo imaging protocol—Muice were scanned once between day 14 and 28 after tumor
implantation. Anesthesia was induced using 3% isoflurane in air. Animals were imaged
using an in-house built quadrature Litz coil. Respiration and temperature were closely
monitored and kept stable (60+10 bpm and T=35+1°C) throughout the entire MR session
while general anesthesia was maintained (1.5% isoflurane in air). In vivo DWI consisted of
OGSE and PGSE measurements, probing four diffusion times = 6/9/16/31 ms for PGSE, and
ten oscillation frequencies in the range [65-225] Hz for the fast-ramp cosinusoidal OGSE
(24) (number of oscillations 1 < N< 5, see parameters in supporting Table S1). For the
oscillating waveform, balanced ramps working near maximum slew-rate

(relative slew- rate= v2/ 2 ramp duration 380 ps) (25) were used in order to remove
potential DC components in the power spectrum. Pilot studies (Fig. 1A) revealed mono-
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exponential signal behavior, negligible Intra-Voxel Incoherent Motion effects, and isotropic
diffusion in the tumor for b<0.4 ms/um? (=400 s/mm?). As a result, diffusion-weighting
gradients were only applied in one direction (1/1/1), using b=[0,0.2,0.4] ms/um2. Scans were
centered on a single slice at the tumor center. The Spin-Echo EPI parameters were: TR/TE =
3000/70 ms, Bandwidth 300 kHz, 1 readout segment, number of averages NA=20, number
of repetitions NR=2, pixel resolution 0.25x0.25x1.5 mm, matrix 80x80, TA = 6 min, total
scan time 84 min. Diffusion times and oscillation frequencies were randomly sampled
during the session. The whole series was repeated twice to monitor any changes due to
temperature/motion.

Ex vivo sample preparation—After in vivo imaging, mice were anesthetized (ketamine/
xylazine, intraperitoneal injection, 150/10 mg/kg) and transcardially perfused with PBS
followed by 4% Paraformaldehyde (PFA). The extracted brain was immersed in 4% PFA
overnight (4°C), then washed twice with PBS for 30 min intervals. Brain samples were
cryoprotected in a series of sucrose gradients (15-30%) prior to embedding in optimal-
compound temperature media and storage (—80°C). Axial sections were alternatively made
with 5 um thickness for immunohistochemical staining of GLUT1/Hematoxylin and 100 um
for ex vivo MR imaging. 100 um thick slices were stored in 4% PFA (4°C).

Prior to ex vivo imaging, a 100 um brain section was rehydrated for 2 hours in degassed PBS
to avoid formation of microscopic air bubbles. It was then sealed between two coverslips to
prevent tissue dehydration during MR acquisition. As in (23), Fomblin (Solvay Solexis Inc.,
Thorofare, NJ) was used as a hydrophobic sealant to contain the water within the tissue and
fill the empty space between the two coverslips which were then glued together.

Ex vivo MR coil and DWI protocol—All ex vivo scans were performed with a dual-
coverslip histology coil (Fig. 3C-D). Dedicated to thin samples, this coil provided a 6.7 fold
increase in signal-to-noise (SNR) compared to commercial head mouse probes, while
maintaining a very homogeneous transmit field all around the sample (23).

Each sample placed in the histology coil was carefully positioned in the horizontal plane and
kept at room temperature, unless specified otherwise when investigating temperature. The
diffusion-weighting direction was set in the horizontal plane to minimize any coverslip-
induced restriction effect and eddy currents introduced by the strong diffusion gradients
along the Left-Right direction at high frequencies (fogsg>160 Hz). The ex vivo MR
protocol was adjusted as follows: NA=40, NR=6, and total acquisition time 11 hours.

Additional tests were performed on separate dates to study the impact of temperature and
frequency range on 0y and S/ V. Samples (/7=10) were first scanned at room temperature
(NA=20, NR=2, TA=84 min). The sample temperature was then raised to and stabilized at
37+1°C using a regulated air heater system before DWI scans were repeated.

Data analysis

Theory—When the mean displacement is negligible compared to the characteristic size of
the geometrical restrictions, we can represent all molecules by two populations: unrestricted
(with volume fraction £, diffusing freely with diffusivity D; = D), and restricted (within the
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diffusion length scale ~. /D¢ from the walls, with volume fraction £ =1-f <land a
highly restricted diffusion coefficient D, < Dy). The overall diffusion coefficient,

D:gf(l)<_dlns/ db), defined by the first order term of the cumulant expansion (cf.

introduction), is the weighted average, D(§) = AD;, + £ D,, for a two-component system. The
Mitra limit follows after estimating the restricted volume fraction as a volume of the thin

molecular layer surrounding the walls: f,(t)~(S/V) - \/Dyt. The diffusion time (or
oscillation frequency) domain in which the diffusion coefficient varies linearly with A/2
(equivalently, 1/2) will be referred to as the Mitra regime throughout this study, and it will
be used to decouple the purely geometrical restriction measure (& V) from the intrinsic
diffusive properties of the medium (D).

The analytical expression of the OGSE-measured diffusion coefficient J(w) was derived in
the Mitra regime for a large number of oscillations (A >> 1) (18). For a cosinusoidal

gradient waveform and A~1, the coefficient ¢(N)={47N - C(2VN)+3 - S(2V'N)}/(2xN)
(where C(X) and S(X) are the Fresnel functions), modifies the prefactor in front of the S/ V/
term (26), such that

D(w)=Do(1—c(N) - ¢4 - S/V - \/Dy/w), cq=1/32 [1]

for isotropic diffusion in =3 dimensions relevant for glioma in the gray matter. Here w is
the oscillation frequency (@ = 2 7fpgsg), and q(N) monotonically decreases with N,
approaching its large-Vlimit o(o0) = 1 quite fast, as /=32, with ¢(1:5) =
[1.14/1.08/1.06/1.05/1.04].

The validity of the Mitra regime was assessed in terms of how well the above functional
form of the frequency describes the measured () by using the coefficient of determination

Re.

The impact of the correction factor ¢(/V) on the overall coefficient of determination was
small for the range of Mand w used in this study (Fig. 1B, representative tumor, /£2=0.96
(M), dotted line) vs. £2=0.95 without the correction (c=1, dashed line)). However, since
D(w) varies linearly with e(N)/ Vw according to Eq. [1], failure to account for the proper
prefactor results in a nonnegligible S/ V overestimation (Fig. 1B, 20%). Hence, (V) was
always accounted for when calculating &V, Dyand /2. Plots of D{(w) versus a2/ were
only used for visualization purposes, as in Fig. 2-3.

The coefficient of determination /2 was calculated (a) on the average signal inside the tumor
Region of Interest (ROI) (/7=10), (b) voxel-by-voxel (7=1494) in the tumor ROI, and (c)
voxel-by-voxel after spatial smoothing of the raw MR dataset (3x3 square kernel). This
analysis was carried out with both in vivo and ex vivo data, in order to determine which
conditions are better suited to the characterization of the tumor micro-environment via Eq.

[1].

Magn Reson Med. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reynaud et al.

Page 6

Comparison with empirical parameter, the slope A;ADC

For comparison, the D(w) data were averaged inside the tumor over the ten animals, then
fitted (a) to Eq. [1] and (b) using the empirical parameter AfADC (slope of D(w) versus
oscillation frequency) used in previous studies (21,22). Fit residuals and coefficients of
determination are used to illustrate the accuracy of the two models when depicting the tumor
environment.

Dg and S/V mapping

Parametric maps of Dy (in um2/ms), § V/(in um~1) and A2 were calculated using all OGSE
data for each tumor after spatial smoothing. Spearman correlation coefficients were
calculated between Dy, SV, A2, and the diffusion values calculated at different diffusion
times = Apgse = 6/9/16/31 ms and oscillation frequencies fogsg =
65/75/88/100/125/140/160/180/200/225 Hz. Two tailed unpaired Student’s t-tests were
performed to assess the difference in the mean Dy and S/ Vbetween in vivo (7=10) and ex
vivo (7=7) data of the whole tumor ROI, due to potential differences in slice location and
thickness (1.5 vs. 0.1 mm for in vivo and ex vivo, respectively).

Linear fits were repeated on successive subsets of the OGSE data (each time omitting the
next lowest oscillation frequency) in order to investigate the validity of the Mitra regime
under various imaging conditions (in vivo vs. ex vivo, 20°C vs. 37°C). Confidence intervals
of the fit estimates Dy and S V' substantially widened when fitting Eq. [1] to the data
obtained at high frequencies only (+160-230% in [100-225] Hz compared to [65-225] Hz).
As a result, this analysis was restricted to the ranges [65—-225] Hz and [88-225] Hz, and to
samples presenting a high coefficient of determination (#2>0.8). For each condition, a
paired Student’s t-test was used to assess whether S/ VVand A2 remained the same, i.e. the
Mitra regime had been reached.

Influence of temperature in ex vivo imaging

RESULTS

Since measurements performed at low oscillation frequencies and at high temperature
(higher Dp) are more likely to violate our initial hypotheses regarding the Mitra regime (i.e.
negligible diffusion length with respect to the restriction size), temperature was used as an
additional tool to investigate the Mitra regime validity, for a given frequency range. The
influence of temperature on ex vivo measurement of 0y and S/ V' was investigated by
comparing two DWI data acquired at room temperature (~20°C) and subsequently at 37°C
on the same day. We hypothesized that Dy would vary with temperature while S/ Vwould
remain constant in the Mitra regime. This hypothesis was tested by using two tailed unpaired
Student’s t-tests for the mean differences between the DWI data at two different
temperatures.

In vivo time dependent diffusion

A representative example of D(w) variation with the oscillation frequency o = 2 7fpgseis
illustrated in Fig. 2A. Although the direct comparison of OGSE and PGSE data is flawed
due to the imperfect conversion of diffusion times to oscillation frequencies (18), the PGSE
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dataset was attributed for visualization purposes an equivalent oscillation frequency 7, =
1/(4APGSE)’ asin (24).

On a qualitative level, inside each tumor (Fig. 2B), in vivo OGSE D(w) measurements (gray
area in Fig. 2A) decrease linearly with the inverse square root of o (R2>0.9), a hallmark of
the Mitra limit. PGSE measurements deviate from the fit of Eq. [1] when the diffusion time
Apgse > 6ms. Compared to the tumor, the D(w) calculated in the gray matter (GM; Fig. 2A,
open circles) showed very little time dependence of (). The coefficients of determination
RZin the GM were not considered large enough to support evidence of short-time regime in
healthy brain tissue (/2<0.5).

The diffusion maps calculated inside the tumor (Fig. 2B, white ROI) for various diffusion
times and oscillation frequencies can be seen in Fig. 2C-E, along with the S/V, Dyand RZ
parametric maps derived from voxel-based fitting of Eq. [1] (Fig. 2F-H). Parametric maps
revealed very good fitting performances inside the tumor (Fig. 2H), surrounded by lower 72
values near the edges.

Ex vivo time dependent diffusion

Ex vivo D(w) measurements inside the tumor (Fig. 3A, white squares) showed very good
agreement with Eq. [1]. As expected, the diffusion in PBS was found larger than that in the
tumor and did not vary with diffusion time nor oscillation frequency (Fig. 3A, blue squares).
The ex vivo sample surrounded by PBS was mounted between two coverslips (Fig. 3B) and
inserted inside the MR histocoil (23) (Fig. 3C-D), leading to comparable SNR values in
vivo and ex vivo (120 and 60, respectively) despite a substantial difference in sample
thicknesses (1.5 and 0.1 mm, respectively). The final image quality can be assessed based on
the b=0 image (Fig. 3B.). Parametric maps (Fig. 31-K) highlighted good agreement to the
Mitra regime. Similar spatial patterns could be observed in diffusion maps (Fig. 3F-H), and
S/'Vand Dymaps (Fig. 31-J).

Fit and residuals: S/V versus AfADC

Both fits (to Eq. [1], and using the empirical slope AfADC for the increase of D(w) with
oscillation frequency) presented high coefficients of determination (/£%=0.98 and 0.93,
correspondingly) in vivo at tumor level (Fig. 4A-B, 7=10). However, the evidently non-
random structure of the AfADC fit residuals (Fig. 4D) suggested that D{w) did not increase
linearly with the oscillation frequency at a constant rate A;ADC. Hence, this empirical
model, despite its recent use in (21,22), is not suited to characterize D(w) in the range [65-
225] Hz. On the other hand, the fit residuals for Eq. [1] (Fig. 4C) are highly random and
uncorrelated, which is expected from a physically appropriate model. This allows us to
further use the model [1] for quantifying biophysical tissue parameters in the short time
limit.

In the Mitra limit, coefficients of determination ~< applied to in vivo and ex vivo data are
presented in Table 1. At ROI level, S V/fits showed good performances for the in vivo
(R%=0.93) and ex vivo (R?=0.89) data. At voxel level, the RZ distribution was significantly
enhanced by spatial smoothing (+0.25, £<0.05), allowing for more robust voxel-wise
analysis and parametric mapping (in vivo / ex vivo: R2=0.70+0.23 / 0.75+0.20, 7=1407 /
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1494). Spatial filtering is used throughout the rest of this manuscript. Whole brain
parametric mapping revealed very different A2 distributions in tumor and healthy brain
structures (normal brain: £2=0.22+0.19, 7=2921).

Correlation with ADC measures

Table 2 shows the correlation coefficients p between SV, Dy and conventional DWI metrics
- D(w) or D(? at three different frequencies/times as representative examples. S/V/did not
correlate with (%) calculated at long diffusion times (p<0.7, first two columns). The
correlation between S/Vand D(?) increased mildly as the diffusion time decreases
(supporting Tables S2-3). Ex vivo, S/Vwas found highly correlated with every D(w) metrics
in the range [60-200] Hz (0.81 <p<0.87, maximum at 65 Hz). In vivo, the correlation
between D(w) and S/V peaked at 65 Hz (p=—0.76) and decreased regularly with fogsg (p=
-0.43 for fOGSEZZOO HZ).

In vivo and ex vivo p between Dy and D(w) generally increased with fygse. EX vivo, Dy
correlated highly with all D(®) (p=0.92) and D(#) (p=0.76) metrics. In vivo PGSE
measurements were only mildly reflected by Dy (0.59 p=0.77).

In general, S/Vand Dp were better represented by () measured at low & high frequency,
respectively. By contrast, the coefficient of determination /< corresponding to Eq. [1] was
not significantly correlated to any diffusion measurement.

Frequency range for the Mitra regime

S/Vratios were found significantly lower (Fig. 5, —36%, £<0.01) ex vivo at room
temperature (0.37+0.05 um™1) and at 37°C (0.31+0.06 pm™~1) than in vivo (0.55+0.06 um™1).
In vivo Dy values (1.73+0.10 um?%/ms) were significantly higher (£<0.01) than ex vivo at
room temperature (1.39£0.10 um?/ms), and lower (£<0.01) than ex vivo at 37°C (1.90+0.14
pm2/ms).

Temperature decrease was used to determine the adequate range of frequencies for the Mitra
regime. Ex vivo, S/VVmeasurements in the range [65-225] Hz were significantly lower
(-17%, P<0.05) at 37°C than at room temperature (Fig. 5A, white bars in second/third
columns), suggesting the Mitra regime might not be fully reached in that frequency range at
37°C. When fitting the OGSE data in the range [88-225] Hz (gray bars), no significant
difference was found between the S/Vmeasured at the two temperatures (gray bars in
second/third columns, P=0.40). This implies that S/VVmeasured with an adequate range of
short diffusion times (i.e., [88-225] Hz in this study) may be a tissue microstructure related
parameter independent of free diffusivity Oy of the water molecules.

Increasing the lowest oscillation frequency used for fitting was used to ensure better data
agreement with Eq. [1]. This translated to a significant S/Vincrease (gray/white bars) on in
Vivo (+7%, £<0.01) and ex vivo S/Vmeasurements (+12%, A<0.01) performed at 37°C (Fig.
5A, first/third columns). This had however no significant impact on S/V/values based on the
ex vivo DWI data acquired at room temperature (second column, P=0.8), suggesting the
Mitra regime was already reached in the range [65-225] Hz. In vivo, the S/VVmeasured in
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the range [88-225] Hz was significantly (paired t-test, A< 0.01) higher than that in the range
[65-225] Hz.

A similar observation can also be made with Dy. Increasing the brain sample temperature
(from 20°C to 37°C) led to a significant Dy increase (Fig. 5B, second/third columns, +37%,
£<0.01), consistent with the relative diffusion increase in PBS (+31%, data not shown).
Paired Student’s t-tests revealed a small Dyincrease (+2%, £<0.01) when increasing the
lowest oscillation frequency used to fit the DWI data acquired at 37°C to Eq. [1] (Fig. 5B,
first/third columns). This effect was not observed on the ex vivo OGSE data obtained at
room temperature (second column, P=0.7).

Figure 6 shows a comparison of S/VVmap with an adjacent slice stained with GLUT1 and
hematoxylin. GLUT 1/hematoxylin staining (Fig. 6C-D, blue/brown) depicts a variety of
nuclear/cellular sizes, and non stained structures provided a qualitative assessment of the
extracellular space (ECS). Based on the DWI data, a 50% S/V/decrease was measured
between the black and white ROIs delineated in Fig. 6A. On the histology, these two regions
(Fig. 6C/D) presented major differences at the micro-structural level, such as variations in
nuclear and cell sizes or ECS volume. In this sample, the lowest S/V/values (Fig. 6A, white
arrow) were also measured near the location of a necrotic area (Fig. 6B, black arrow). These
findings are qualitatively consistent with a simple intuition of S/V/being inversely
proportional to the characteristic length scale between membranes.

DISCUSSION

Our results demonstrate that OGSE diffusion measurements in glioma at moderately high
frequencies (65225 Hz) can be well characterized by a linear relationship between D(w)
and the inverse square root of the oscillation frequency. Two parameters, free diffusivity Jg
and surface to volume ratio S/V; can be unambiguously derived from this relationship in the
very short diffusion time (Mitra) regime.

For simple geometries, such as infinite planes, infinite cylinders or spheres, the dependence
of the MR signal on diffusion acquisition parameters and sequences (PGSE/OGSE) can be
calculated (27,28). Recent studies have used these geometrical models to investigate the
variations of MR signal with various diffusion times and assess the degree of vasculature
(29) and the amount of ECS inside various mouse tumors (30). These results are promising,
as these metrics can respectively reflect drug delivery efficiency and cell proliferation.
However, even in the simplest models the large number of parameters required to model the
tumor microenvironment affects the fits robustness, making these studies very sensitive to a
priori assumptions or knowledge on the underlying microstructure, which can be very
chaotic and/or spatially heterogeneous in the case of aggressive tumors (31). Furthermore,
the functional dependence of the diffusivity at low frequency due to disordered arrangement
of restrictions is non-analytic, and thereby fundamentally distinct from that in regular
geometries (15), making such simplistic models inadequate for quantifying tissue properties
whenever the measurements are mostly sensitive to low frequencies or long times (11). On
the other hand, here it is shown that the universal high-frequency (Mitra) regime —
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following Eq. [1] with only 2 parameters (S V; Dp) — is an adequate parsimonious way to
characterize tumor microstructure, provided it can be reached with existing experimental
hardware. In essence, it is shown here that this limit is achievable in brain tumors. In healthy
brain tissue, where most water is located within small axons and dendrites (32), this would
require frequencies exceeding 1 kHz (11).

The universal model [1] provided more accurate DWI descriptions in our mouse glioma
model than via the empirical slope AfADC previously reported (21,22), since the frequency
dependence is not really linear, as our fit residuals analysis has shown. Based on our data,
AsADC was only mildly correlated with S/V; as both diffusivity and geometrical restrictions
are entangled in one parameter. Nevertheless, this parameter could, in absence of strong Oy
variations, reflect S/V changes in a qualitative fashion, rationalizing its empirical
correlations useful for tumor treatment follow-up (22) and cellularity mapping (21).

The validity of the Mitra regime depends both on the free diffusivity value, and on the
restrictions by the tissue microarchitecture. In particular, diffusion times must be short
enough so that only a fraction of the total spin population (close to the membranes)
experiences restrictions, while the rest still diffuse freely. In a highly diffusive medium, this
translates into even shorter diffusion times to achieve this limit. Therefore, higher oscillation
frequencies might be necessary in order to reach the Mitra regime at 37°C inside warm-
blooded animals, possibly explaining the small S/V increase when fitting the in vivo DWI
data to a reduced range of high oscillation frequencies. Reducing the diffusion time range
used for fitting led to a significant increase on the S/VVand [ confidence intervals, and
limited our analysis to the range [65-225] and [88-225] Hz. Although our S/V
measurements were consistent for different temperatures, further investigation at higher
frequencies would help validate that the Mitra regime was indeed reached at 88 Hz. In this
study, frequencies higher than 225 Hz could not be reached while maintaining a reasonable
echo time (70ms) and sufficient diffusion contrast (fmax=0.4 ms/um?2) due to hardware
constraints (G < 75 G/cm). Interestingly, the criterion of validity (or lack thereof) for the
Muitra regime can also be used as a tool to delineate the tumor in the brain, based on the very
different distributions of the coefficient of determination /2 in the tumor and in healthy
brain.

Based on room temperature ex vivo DWI data, which we assume fall into the Mitra regime,
S/Vcorrelated well with (@) in the range [65-225] Hz. This is encouraging, as OGSE
diffusion maps have been used to highlight difference in cellular density (21) that must
translate into S/V/variations. However, correlations were less pronounced for S/V than for
Dy, suggesting as in (33) that D(w) is not an exclusive marker for cellular density, as it is
also highly dependent on Dy. This observation substantiates that S/V/is potentially a better
biomarker for cellularity than D{(w) or (1), being relatively independent from diffusivity
variations introduced by temperature changes in ex vivo samples. This could be of utmost
interest in situations subject to diffusivity changes (ischemia, post-injury states) that impact
the correlation of conventional diffusion metrics with cellularity (34).

In addition to cellular changes in shape and/or packing, the short-time diffusion regime
provides a quantitative estimation of the free diffusivity. This is in itself a very interesting
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metric, as O, cannot be obtained by conventional methods. In essence, D is obtained via an
extrapolation of the observed D(w) towards infinite @, which can only be achieved by
knowing the right functional dependence, Eq. [1]. It represents an objective quantitative
marker of free water movement, not experiencing mesoscopic restrictions, and independent
of the various MRI parameters used to determine it. Inside one voxel, Dy is likely to
represent a weighted average of the various free diffusivities inside each cellular
compartment (nucleus/cytoplasm/ECS), and could provide an alternative insight into the
content of cells or the extracellular matrix. Further studies are necessary in order to
investigate variations of Dy following tumor treatment and assess its utility in cancer MRI.

Validating the short-time diffusion regime was made possible by using a histocoil (23)
allowing for the imaging of very thin brain slices (100 um) that could adjust quickly to the
environmental conditions (multiple temperatures) inside the magnet bore. Another utility of
histocoils lies in the possibility to image one (or two neighboring) section(s) using different
modalities, using MRI and histology or optical microscopy for instance. Our marker for
membrane staining (GLUT1) was not only expressed on the membrane, but labeled equally
the cytoplasm and nucleus of this mouse tumor model. This limited our analysis to
qualitative comparisons of the S/V estimates with the cell density and ECS volume fraction,
both contributing to the resulting surface-to-volume ratio. Although a rigorous quantitative
comparison between DWI and histology is not possible without additional assumptions on
the shape and packing of the cells, qualitative comparisons support the validity of S/V/
measurement; low ECS and/or high cell density would increase the total surface-to-volume
ratio of restrictions due to membranes, which is compatible with the OGSE-based S/V/
increase. Future study is warranted to use an exclusive cell membrane staining method to
measure S/V/from the histology.

The comparison of in vivo and ex vivo tumor samples showed a significant S/V/ decrease
(—-36%). This behavior is perhaps counterintuitive, as brain structures and the extracellular
matrix are known to shrink under the influences of chemical fixatives (35), which should
bring more membranes into a given volume, thereby increasing S/V. Currently, we see the
major possible contributing factors to the S/Vreduction being (a) partial cellular membrane
deterioration or loss of cellular structures (especially near necrotic areas) during fixation and
tissue processing; and (b) the reduction of the “apparent” surface area visible with our
methodology due to the structural rearrangements (membranes sticking to each other or
curving) during tissue fixation. Indeed, the smallest diffusion length scale we can probe

(With £y ~ 200 Hz) is Liin ~ /Dot = \/ Do/ fmax = 1 pm. Effectively, this imposes a
low-pass filter on structural details, such that two surfaces that come closer to each other
than Ly are seen as one; also, a surface with the curvature radius below L, does not
contribute to the lowest order Mitra correction, as higher-order terms take over in the short-
time expansion of () (16). To date, there is no other method to measure S/V/ for both in
vivo and ex vivo cases, hence the question about which of the above factors is dominant in
the apparent S/ Vreduction is left unanswered. Future experiments involving whole brain ex
vivo MRI as an additional step will help resolve the question of tissue integrity during
sectioning and fixation. Further validation and development of the S/Vmapping technique
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demonstrated in this study may lead to an effective way to investigate such tissue
microstructural changes non-invasively.

The glioma model used in this study was found poorly vascularized between 2 and 4 weeks
after tumor cell implantation, in good agreement with GL261 literature (36), suggesting that
tumor cells first proliferate near existing vessels, before triggering vascular apoptosis and
involution. The angiogenesis necessary for further growth of the GL261 tumor cells only
starts 4 weeks after tumor implantation. However, non-negligible 1VIM effects have been
reported for rat brain gliomas (37). In addition, IVIM was used to identify high-grades
(mainly glioblastoma multiforme) from low-grade brain tumors based on the IVIM
perfusion fraction distribution (38). In well perfused regions, the diffusion signal would not
behave mono-exponentially in the range b=[0-0.4] ms/umZ. However, our method can also
be generalized to the cases with non-negligible 1\VIM effect by using around 150-200 s/mm?
as the lower limit of the b-values to minimize the influence from the IVIM effect. A further
investigation is warranted for selection of optimal b-values in the presence of non-negligible
IVIM effect.

In summary, it is possible to characterize the geometrical restrictions inside a mouse glioma
in the very short diffusion time regime using the surface-to-volume ratio, at no cost of
additional assumptions for the tumor microenvironment. This provides a quantitative tool to
analyze tumor progression or treatment efficacy using MRI. Results can be unambiguously
interpreted in terms of geometric changes and/or variations of the diffusive medium. Based
on available commercial hardware, ex vivo OGSE DW!I performed at room temperature
were very well described by S/Vand 0 in the very-short time diffusion regime. Although
OGSE studies have only recently started to emerge in clinical research (39,40), these results
support the growing interest in time-dependent diffusion in cancer MRI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Preliminary studies
A. Inside the glioma, the logarithm of MR signal (black circles) exhibits a linear decrease

with b-value in the range [0-0.4] ms/um? (gray area). Near b=0, Intra-Voxel Incoherent
Motion effects are negligible compared to the linear fit in the range [0-1] ms/um? (dashed
line). OGSE DTI (b=0.2/0.4 ms/um2, 3/10 directions, squares) reveals isotropic diffusion
inside the glioma. B. Impact of correction factor ¢(\/) on the linear relationship and S/V
estimation. Taking into account the correction factor ¢(\V/) (25) did not significantly improve
the coefficient of determination when fitting D(w) (squares/circles) to Eq. [1] (/£2=0.96 for
¢(N) (dotted line) vs R2=0.95 for c(N)=1 (dashed line)). However, assuming c(\)=1 for
1<AK5 had a non-negligible impact (+20%) on the S/Vestimation in the range [65-225] Hz.
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Figure 2. Representative in vivo data
A. Time-dependence of the average D(w) in the tumor (black circles) and the GM (open

circles) versus inverse square root of oscillation frequency (OGSE, gray box) // square-root
of diffusion time (PGSE, white). Error bars represent standard deviations within the ROL.
This time dependence becomes asymptotically linear in the high-frequency limit (OGSE). B.
T2-weighted SE-EPI (b=0, thickness = 1.5 mm) showing tumor location (white ROI) used
for parametric mapping. C-E. Diffusion maps of GL261 obtained at various diffusion times
(C. Apgse = 31 ms) and oscillation frequencies (D/E, fogse = 65/200 Hz). F-G. Maps of
the surface-to-volume ratio S/V/(F) and of the free diffusivity Dy (G) inside the glioma. H.
Map of the coefficient of determination /2 shows how well Eq. [1] fits to the in vivo OGSE

data.
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Figure 3. Representative ex vivo data
A. Time-dependence of the average ex vivo D(w) in glioma (white open squares) and PBS

ROI (blue closed squares) versus inverse square-root of oscillation frequency (OGSE, gray
box) // square-root of diffusion time (PGSE, white). Error bars represent standard deviations
within the ROI. This time dependence becomes asymptotically linear in the high-frequency
limit (OGSE). B. T2-weighted SE-EPI (b=0) showing the tumor location (white ROI) inside
the brain C. An ex vivo sample (thickness = 0.1 mm) immersed in PBS (white) and sealed
with Fomblin (gray) is inserted (along dashed red line/arrow) inside a dedicated MR
histocoil (D/E, lateral/top view). F—H. Diffusion maps of GL261 obtained at various
diffusion times (F. Apgsg = 31 ms) and oscillation frequencies (G/H, fogsg = 65/200 Hz).
1-J. Parametric maps of S/V/(I) and free diffusivity Dy (J) inside the tumor. K. Parametric
mapping of the coefficient of determination RZ shows how well Eq. [1] fits to the ex vivo
OGSE data.
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Average D(w) inside the tumor (circles/squares) and fit (A) to Eq. [1] (dashed line, R2=0.98)

and (B) assuming a linear dependence with the oscillation frequency (dotted line, R2=0.93).
(C) Fit residuals on Eqg. [1] highlight randomness of the remaining errors on experimental
measurements. (D) Assuming a linear dependence between D(w) and the oscillation
frequency results in a failure to capture the D(w) frequency dependence, illustrated by the
temporally correlated fit residuals in the range [65-225] Hz.
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Figure 5. Effect of temperature and oscillation frequency range
on surface-to-volume ratio S/V/(A) and free diffusivity Dy (B), estimated from in vivo (first

column, T=37°C) and ex vivo DWI data acquired at room temperature (second column,
T=21°C) and 37°C (third column). The gray and white bars represent the mean estimates, in
the oscillation frequency range: [65-225] Hz (white), or [88-225] Hz (gray). Error bars
represent standard deviations. Statistical significance for a difference between two mean
estimates is indicated using an asterisk (£<0.05), double asterisk (£<0.01), or dashed line
(P>0.2).
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B Glutl/Hematoxylin D l
staining

Figure 6. Comparison of DWI data with histology
A. Surface to volume ratio mapping and B. GLUT1 (brown) and hematoxylin (blue) staining

of GL261 (5 um thickness). Zooming (x20, scale 100 um) inside two different regions (C.
black and D. white squares) of the tumor (black dashed line in Fig. 6B) reveals differences in
cellular density and size despite non-specific membrane staining. Interestingly, these two
regions exhibit different S/V/values (white/black squares in A.). The white arrow in Fig. 6A
indicates a necrotic region that can be seen in Fig. 6B.
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Table 1

Coefficients of determination /2 for equation [1] applied to in vivo and ex vivo D(w) data. Ex vivo
measurements were performed at room temperature (T=21+1°C).

SV fit GL261 ROI (n=10)  Single Voxel in GL261  Smoothing + Single Voxel in GL261

R2 - in vivo 0.93 +£0.05 0.45+0.28 0.70£0.23

R2 - ex vivo 0.88 +0.06 0.54+0.28 0.75+0.20
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