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ABSTRACT

The goal of this research was in testing magnetic resonance imaging (MRI) pulse sequences for monitoring local changes
of proton relaxation times after the local application of skin optical clearing (OC) compositions in vivo. We used xenograft
mouse models of cancer, i.e. nu/nu mice bearing subcutaneous tumors expressing endogenous TagRFP red fluorescent
protein marker and tested the changes in fluorescence intensity and lifetime (FL) of the subcutaneous tumor foci after OC
application (70% glycerol, 5% DMSO, 25% water) onto the skin. By using time-correlated single photon counting within
20-30 min after the OC we observed: 1) 30-40% increase in the overall photon numbers output; 2) 50 ps increase in the
median FL of TagRFP. We subsequently performed tracking of MR signal intensity changes within selected regions of
interest (ROI) located close to the skin surface before, during and after OC. The analysis of 1T MR T2-weighted (T2w)
fast spin-echo images showed significant quantitative differences between Gaussian noise-normalized MRI signal
intensities (Mann-Whitney test, p<<0.05). Our results suggest that the application of OC may cause: 1) a transient change
of the peripheral tumoral microenvironment and as a consequence, FL increase and shortening of mean proton relaxation
times within the voxels of subcutaneous tumor (i.e. T2w hypointensity increase); 2) potential microviscosity change due
to the permeability for the OC components resulting in shortening of tissue water proton relaxation times. Both processes
may be due to glycerol induced water displacement in the tissue and in-depth penetration of DMSO molecules. The results
suggest that T2w 1T MRI was useful for semi-quantitative monitoring of MR signal intensity longitudinal changes in the
subcutaneous space during and after OC thereby enabling registration of optical and MR signal fluctuations in the same
voxels of live tissue.

1. INTRODUCTION

1.1 The significance of tissue optical clearing in imaging applications.

Optical clearing is currently considered as an efficient strategy for increasing the depth of light penetration into the non-
transparent media such as biological tissues in experimental optical imaging, which has a great potential in expanding
clinical use of optical imaging modalities in diagnostics and therapy [1, 2]. In preclinical research OC has been proven
to facilitate quality data generation in multiple optical imaging applications, e.g. diffusion tomography, multiphoton
imaging and Raman spectroscopy [3] as well as for applications in therapy [4]. For example, OC enables in vivo
photoacoustic [5-7]and fluorescent [8, 9] transdermal flow cytometry that potentially enables the detection of rare tumor
cells in circulation. Transdermal imaging using optical sectioning through the intact skin of the animals in vivo (a
combination of confocal and multiphoton microscopy) allows to perform optical imaging of various blood vessel
structures in tumors and differentiate between cancer and stromal cells [10-12]. Confocal/multiphoton transdermal
microscopy was enabled in the latter case by using the application a gel with a refractive index of 1.34 onto a skin surface
[10] that ensured not only the contact between the skin and glass of the lens, but also resulted in OC effect by decreasing
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the scattering of light. It is known that the fibrous structures in tissues such as skin and muscle cause strong light scattering.
This effect is a consequence of the refractive index discontinuities located between the fibers and interstitial fluid. OC is
generally aimed at decreasing these discontinuities resulting in better refractive index matching. Refractive index
matching effectively reduces the scattering and improving depth penetration of light in the tissue. Overall, the OC effect
in non-transparent tissue is a consequence of multiple effects occurring at the level of interaction between water-miscible
solvents and macromolecules, their aggregates, various supramolecular structures such as self-assembling tissue fibers of
extracellular matrix (collagen, elastin, etc.) as well as the cells that are found in the tissue, blood, extracellular fluid/lymph
and carry multiple light-absorbing and scattering centers within cell organelles. In the past it has been demonstrated in
near-infrared (NIR) optical coherence tomography experiments that the OC of blood is a result of not only the refractive-
index matching but also is a consequence of changes in the size of red blood cells, which affects light attenuation, and in
their aggregation in the presence of glycerol (i.e. an experimental OC component), resulting in the light penetration depth
increase (in the range of 20-150.5%) [13]. The most detailed description of a hypothetical molecular mechanism of tissue
OC within the post-diffusion stage has been a result of computer simulations, i.e. molecular dynamics [14]. However,
molecular modeling of the entire spectrum of effects caused by OC in the tissue is not feasible. Therefore, to improve OC
protocols in terms of their overall efficacy and biocompatibility it is imperative to: 1) select the OC compositions with
low toxicity and high biocompatibility; 2) analyze the effects of OC on various tissue components individually in realistic
model systems; 3) investigate the OC effects in living systems (e.g. experimental animal models of human disease). It
should be noted that by design the OC effects are expected to be transient while enabling a sufficiently wide spectral and
longitudinal (time) window for appropriate number of data points acquisition during the imaging study. Therefore, to
perform non-invasive assessment of the interaction between OC composition in a living system the imaging modality of
choice should have a sufficient spatiotemporal resolution while having the ability to capture changes of tissue environment
in a suitable volume of tissue.

1.2 MRI in detection of tissue solvent interactions.

Magnetic resonance imaging (MRI) is a tomographic technique that utilizes radio wave frequency range, non-ionizing
radiation with unlimited depth of penetration in the body. Proton MR is exquisitely sensitive to bulk effects caused by
diamagnetic water-miscible solvent administration on proton density and proton spin relaxation changes, and in the case
of living tissue these are mostly the protons of water. Moreover, the change of microviscosity of the tissue affected by
OC components is affecting free and macromolecule-bound (structured) water in the skin layers and subdermal tissue and
fluid compartments. For example, rotational diffusion correlation times of proteins strongly depends the viscosity of the
water-DMSO mixture as a function of the amount of DMSO and can vary by a factor of 2 in the relevant concentration
range [15]. Due to the sensitivity of MRI to changes of tissue rheology MR elastography became an established approach
for measuring the extent of fibrosis and inflammation in the liver [16]. Therefore, the application of OC should be
expected to change the relaxation rates of polarized water proton spins. It should be noted that OC is affecting the tissue
located only several millimeters away from the skin surface and MR correlative studies are not expected to produce
meaningful data at the greater depths. The other limitation is potential presence of MR image artifacts at the tissue
boundaries. However, unlike many other non-tomographic imaging techniques MRI provides a global assessment of the
tissue of interest. MR imaging generates cross-sectional anatomical maps with sufficient detail that are highly useful for
registering the images obtained on the periphery of the body (and potentially the underlying organs) while deeper layers
of tissue carry multiple anatomic signatures useful for registering image acquired over time, before and after the
administration of OC compositions. In our study we hypothesized that at low external magnetic field strengths (Bo=1-
1.5T) the effects arising from the modification of skin and subdermal tissue hydration and viscosity that may cause local
increase of paramagnetic species in the tissue are reflected in the change of T2-weighted signal intensity due to water
proton relaxation rate shortening, which was not expected to be strongly weighted by T2*-effects. The latter are primarily
generated by the presence of paramagnetic components of blood (e.g. deoxyhemoglobin) [17]. Therefore, we set forth to
investigate whether there is a quantifiable correlation between the effects resulting from optical clearing (OC) with the
changes in T2-weighted (T2w) magnetic resonance (MR) signal measured over the matched skin/tissue area acquired
using live mouse models of cancer, i.e. tumor xenografts developed in mice.
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Figure 1. In vivo fluorescence imaging: A — macroscopic low resolution iBox (UVP) image of the whole mouse bearing
a HEp-2-TagRFP tumor. The tumor formed three distinct nodules in the mouse flank; B= a cassette for mouse imaging
with the tumor in a close proximity to the glass window (indicated by an arrow); C — the cassette positioning on the stage
of the confocal in vivo imaging device based on inverted microscope.

2. RESULTS AND DISCUSSION

2.1. Optical Imaging.

The effect of a diamagnetic mixture of glycerol/DMSO/water (the OC mixture) on subcutaneous tissue signal intensity
after a short-term application was studied using a non-cryogenic 1T MR imaging system. The OC consisted of a mixture
of 70% glycerol, 5% DMSO, 25% water. The OC/MRI experiments were performed in athymic mice (n=5) carrying
subcutaneous epithelioid human carcinoma (HEp2 or A549) tumor xenografts expressing Tag RFP, a far-red cell marker
protein previously used for sensor engineering and in tumor detection [18, 19]. TagRFP has an emission maximum of
584 nm [20] and it can be imaged in vivo at 2-3 weeks after tumor inoculation into the flank of the animals [21]. As
previously shown by us the characteristic fluorescence lifetime for TagRFP expressed in HEp2 cells is approximately
2.18 ns [21]. To investigate the effect of OC on image characteristics that reflect the patterns of TagRFP fluorescent
protein expression in vivo we measured fluorescence intensity (FI) and lifetime (FL) of TagRFP in subcutaneous tumors.
Since these tumors appeared very close to the skin surface, we hypothesized that OC should result in the overall increase
of FI. The effect of OC on FL is largely unknown. The initial assumption was that because of the decrease of light
scattering above the thin subdermal tissue layers as a result of applying the refractive index matching solution FL should
result in a decrease of the median FL. Initially we assessed the distribution of subdermal signal on the fluorescence
intensity images at low resolution using an iBox camera (Fig. 1A), which in the case of HEp2-TagRFP tumors showed
several disseminated subcutaneous tumor nodules. After identifying the precise location of the tumor sources within the
peripheral mouse tissue we transferred the mouse under anesthesia into a cassette for macroscopic confocal
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Figure 2. A schematic showing custom macroscopic confocal fluorescence imaging setup.

fluorescence observation and measurements (FI and FL), with tumor nodules immediately adjacent and contacting the
glass lid as shown in Figure 1B, arrow. For fluorescence measurements we assembled and used a macroscopic confocal
system equipped with a supercontinuum laser with the acousto-optic tunable filter and a photon-counting detector before
and after OC, which required inverting the cassette to afford proper lens focusing (Figure 1C). TagRFP fluorescence was
excited in vivo at 540 nm with additional 510-560 BP accessory filter and the emission was collected by using a HQ550LP
(Chroma) and 580BP40 (Omega) filters to cut off the excitation light (Figure 2). Fluorescent signal was recorded through
the skin by epi-illumination. The OC effect was achieved by applying the OC mixture onto the skin over the tumor area
for 15 min followed by removal of the mixture from the skin and recording confocal images. OC resulted in appreciable
increase of tumor brightness as shown on Figure 3A (before) and B (after) representative images of the field shown in
Figure 1 taken after a 15 min exposure to optical clearing composition and images were normalized per total number of
photons/image. It should be noted that as expected, macroscopic epifluorescent excitation resulted in larger areas of
fluorescence than macroscopic confocal fluorescence detection (compare Figures 1A and 3A,B).

Figure 3. Confocal microscopic image of three small HEp2-TagRFP nodules showing fluorescence intensity of TagRFP
before (A) and after (B) of OC application. FL pseudocolor scale is shown under each image. Bar = 1 cm.
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However, in multiple cases we observed an overall of more areas of the skin positive for TagRFP fluorescence after OC.
To characterize the distribution of emission photons over the spectrum of FL values we collected 20-50-10° photons over
each ROI and plotted the distribution of registered photons before and after OC, Figure 4A, which shows FL distribution
typical for these series of experiments over the entire region of interest (ROI), including both fluorescent tumor foci and
the zones around them (that had no specific visible TagRFP fluorescence). Time-correlated single photon counting
experiments showed that after OC application FL values characteristic of TagRFP was higher with the median difference
of 51 ps (p<0.05, Wilcoxon matched-pairs test, Figure 4B). Since the images of tumors clearly appeared more fluorescent
after OC, we measured average FI increase, which varied from ROI to ROI. By analyzing determined as increased by
33% after OC) resulting in the higher frequency of fluorescence intensity increase observations (n=19 vs. n=3, Figure

5B).
—— before OC A p=0.001 B
2500 2500
e after OC I—l
[ ]
2400~
£ 2000 @
] =
g £ .
5 § 23004
fud = o
5 1500 =
8 8 °
E % o
2 8 2200+
5 ° f
1000 2 O
. 2100+ o B
LY °
0 [ ]
200 600 1000 1422 ps1 800 2200 2600 ps b ™ _be;‘”e oc Tm_af{er oc

Figure 4. A - Distribution of fluorescence lifetime (FL values) measured across the whole area shown in Figure 3; B —
the change of fluorescence lifetime values (in ps) measured using n=3 tumor-bearing animals. TagRFP marker protein
FL measured before and after optical clearing (n=12 ROI); FL differences were statistically significant (p<0.05) according
to Wilcoxon test of paired observation (prior and after optical clearing).
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Figure 5. TagRFP fluorescence intensity change histogram showing the observation numbers corresponding to
fluorescence intensity ratio changes expressed as Fi/Fo, where Fo is the initial integrated fluorescence intensity of given
ROI before OC. Fluorescence intensity increase (i.e. Fi/Fo>1) indicating optical clearing effect was detected in 19 ROI
out of 22 total in n=3 animals.

Proc. of SPIE Vol. 11239 112390N-5

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 13 Aug 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



2.2 MRI of optical clearing composition effects on imaging signal in the skin and subcutaneous tissue layer.

It is known that OC compositions penetrate through the skin and depending on how efficient this process is the presence
of glycerol in those compositions is capable of causing a reverse flow of free or loosely bound water from the skin and
gradually replace it over time. The effects of OC components are likely to be dissimilar, depending on the nature of the
mixture. In our case the glycerol is likely to affect the tissue differently than DMSO since according to Raman
spectroscopy results obtained in a model system [22, 23] glycerol alone does not penetrate into the skin to the depths
greater than tens of microns per hour. It is likely that glycerol can affect the water in a remote way by setting water in
motion in deeper layers of tissue, i.e. up to 1-2 mm deep. Glycerol thereby may assist in increasing the refractive index
of'the tissue environment and increase the viscosity of the interstitial fluid due to the withdrawal of water and simultaneous
increase the concentration of proteins (including paramagnetic deoxyhemoglobin) and salts dissolved in it. The latter may
have direct consequences for MRI signal because it depends on concentration of paramagnetic species as well as tissue
microviscosity. We set forth to use the same experimental setup and OC protocol that was described before, i.e. we used
the same xenograft-bearing animal treated with OC composition followed by subjecting to MRI before and after the OC
application, with MR images acquired over time by using T2w fast spin-echo (FSE) MRI pulse sequences in the same
animals shortly after optical imaging. The analysis of obtained T2w FSE MR images showed significant quantitative
differences (p=0.03) between the Gaussian noise-normalized MR signal intensities of the 0.7-mm-thick axial peripheral
tissue/skin slices before and after OC mixture applications in 5 animals (i.e. signal-to-noise ratios, SNR, Table 1). The
differences of MR signal were measured by ROI analysis in 6 or more tomographic slices (0.7 mm thick) as shown in
Figure 6A. The increase of apparent R2 (transverse relaxation rates) due to the penetration of OC composition through
the skin, which results in the measurable “darkening” of the subcutaneous space below the treated skin, i.e. in the tumor
periphery. These MR signal changes differences, which are negative in value, indicate the increase of the apparent T2w
MR signal (a function of R2). As a result, we observed highly statistically significant changes of T2w MR signal in three
out of five animals under study, Table 1 (P values, Mann-Whitney test) (Figure 6B). To test, whether the observed T2w
signal increase, which is observed as measurable “darkening” of the image could be a potential consequence of OC
dilution in the extracellular fluid we conducted phantom experiments. We performed dilutions of OC in water and applied
the same T2w FSE pulse sequences to record the change in T2w signal in the obtained samples (Figure 7). We observed
no statistically significant differences when we compared T2w MR signal intensities measured in 100% OC, mixture
phantoms various dilutions of OC, as well as pure water. This control MRI experiment showed that the observed
differences in T2w MR signal intensity were not due to the application of OC mixture because T2w signal decreased
(increased in value) upon dilution. Therefore, the dilution is unlikely to be the reason behind the T2w signal increase. It
appears that the change in MR signal is instead a consequence of OC mixture interaction with the skin and subcutaneous
tissue.

Table 1. Mean SNR and the change of magnetic resonance imaging signal intensity (ASI) measured by using T2-weighted
fast-spin-echo pulse sequences at 1T.

HEp-2-TagRFP1 | HEp-2-TagRFP2 | HEp-2-TagRFP3 | A549-TagRFP 1 A549-TagRFP 2

before after before after before after before after before after

mean SNR D 49.63 42.02 16.05 14.33 20.05 18.48 14.70 13.10 17.81 16.00
SD 433 5.73 0.92 1.85 3.51 1.99 1.77 1.70 0.59 1.87
SEM 1.37 1.73 0.33 0.65 1.01 0.60 0.56 0.57 0.24 0.76
ASI -7.61 -1.72 -1.57 -1.6 -1.81

P2 0.04 0.03 0.06 0.2 0.04

1) Mean normalized MR signal intensity change before and after OC application was measured using T2w FSE pulse sequence
(TR/TE 4000/39.8) in 6 or more 0.7 mm thick tomographic slices. SNRi= SIi/SDnoisc
2) Mann-Whitney test, n=6-12 data points
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Figure 6: MRI of signal change after OC using T2-weighted fast-spin-echo pulse sequences at 1T. A- T2w FSE
(TR/TE=4000/40 ms, 7NEX, 0.7 mm slice thickness) of TagRFP expressing tumor-bearing mouse at 1T, before, during
and after OC with ROI used to calculate tissue MR signal intensity and SD of noise shown in red; B- a representative
scatter dot plot showing the change of normalized T2w MR signal intensity in n=10 slices over time before, during and
after OC solution application onto the skin of the xenograft-bearing mouse. The mean MR signal intensity=SD is shown
along with the measurements in each of the slices.
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Figure 7: The results of MRI using T2-weighted fast-spin-echo pulse sequences, TR/TE=4000/40 ms, 7NEX, 0.7 mm
slice thickness applied to phantoms containing either 100% OC, serially diluted OC, or water.
Normalized signal intensity (SNR) shows identical signal in water and OC and no T2w effect upon dilution.

CONCLUSIONS

The obtained results point to the potential mechanism of OC clearing as it relates to: 1) a transient change of the peripheral
tumoral microenvironment affecting the superficial layer of Tag-RFP expressing cells which results in fluorescence
intensity increase because of refractive index matching and caused by shortening of mean proton transverse relaxation
times within the voxels of subcutaneous tumors; 2) potential increase of blood volume/deoxyhemoglobin concentration
due to skin permeability for the OC components and their osmotic properties leading to water displacement and T2w MR
hypointensity increase because of the shortening of tissue water proton transverse relaxation times. The phantom
experiments suggest that the effect of the OC mixture on MR signal is indirect rather than direct consequence of either
OC/water magnetic relaxation properties, or additional chemical shift artifact. Therefore, T2w 1T MRI showed certain
promise as a technique suitable for detecting small longitudinal changes of the MR signal in the subcutaneous tissue
under the conditions of OC, which resulted in an increase of FI/FL of a red fluorescent marker protein. The latter effects
are expected to benefit in vivo imaging of marker protein expression in animal tumor models.
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