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Simple Summary: Multi-parametric magnetic resonance imaging (MRI) is a paradigm that combines
several MR imaging contrast types to provide added layers of information for the characterization
of tissue types, including benign and malignant tumors. The approach detailed in this manuscript
evaluates heat-induced changes in intrinsic MRI contrast types in vivo for tumor characterization.
Specifically, the quantitative longitudinal relaxation time (T1), transverse relaxation time (T2), water
proton chemical shift (CS), and apparent diffusion coefficient (ADC) were measured at various
temperatures for benign and malignant tumors in rats. Results indicate that heat-induced changes in
these intrinsic contrast types can potentially improve MR imaging visualization and characterization
of tumor tissue. The approach detailed here may have a strong impact on real-time interventional pro-
cedures where tumor boundaries need to be accurately delineated to maximize positive therapeutic
response for MRI-guided focal therapy.

Abstract: (1) Background: The longitudinal relaxation time (T1), transverse relaxation time (T2),
water proton chemical shift (CS), and apparent diffusion coefficient (ADC) are MR quantities that
change with temperature. In this work, we investigate heat-induced intrinsic MR contrast types to
add salient information to conventional MR imaging to improve tumor characterization. (2) Methods:
Imaging tests were performed in vivo using different rat tumor models. The rats were cooled/heated
to steady-state temperatures from 26–36 ◦C and quantitative measurements of T1, T2, and ADC
were obtained. Temperature maps were measured using the proton resonance frequency shift (PRFS)
method during the heating and cooling cycles. (3) Results: All tissue samples show repeatable
relaxation parameter measurement over a range of 26–36 ◦C. Most notably, we observed a more
than 3.3% change in T1/◦C in breast adenocarcinoma tumors compared to a 1% change in benign
breast fibroadenoma lesions. In addition, we note distinct values of T2/◦C change for rat prostate
carcinoma cells compared to benign tissue. (4) Conclusion: These findings suggest the possibility of
improving MR imaging visualization and characterization of tissue with heat-induced contrast types.
Specifically, these results suggest that the temporal thermal responses of heat-sensitive MR imaging
contrast mechanisms in different tissue types contain information for improved (i) characterization of
tumor/tissue boundaries for diagnostic and therapy purposes, and (ii) characterization of salient
behavior of tissues, e.g., malignant versus benign tumors.

Keywords: tissue characterization; MRI; thermal sensitivity; in vivo

1. Introduction

The clinical applications of magnetic resonance (MR) imaging in oncology are rapidly
evolving from subjective and interpretive diagnostic tests based on tissue morphology to
more quantitative approaches that probe tissue biology. The best possible characteriza-
tion of cancer in MR imaging is currently achieved by a multi-parametric approach that

Cancers 2022, 14, 405. https://doi.org/10.3390/cancers14020405 https://www.mdpi.com/journal/cancers

https://doi.org/10.3390/cancers14020405
https://doi.org/10.3390/cancers14020405
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-7460-8495
https://orcid.org/0000-0002-7669-274X
https://doi.org/10.3390/cancers14020405
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers14020405?type=check_update&version=2


Cancers 2022, 14, 405 2 of 11

supplements conventional MRI with additional functional MRI techniques [1–4]. These
techniques provide added layers of information on features such as tumor metabolism,
cellular microenvironment, and tumor vascularity [2,4–7]. Despite ongoing research into
multi-parametric MRI [8–11], there are still limitations in detecting and delineating early-
stage cancer lesions when they are curable [4]. MR imaging provides the best spatial
resolution and anatomical soft tissue contrast, but there is still a need to develop novel
MR imaging approaches to improve tissue characterization, reduce unwanted biopsies,
and provide additional information to guide cancer therapy treatments. The lack of multi-
parametric MR datasets is a major clinical impediment in cancer screening and therapy
planning, even in the most common cancer types.

In this work, we evaluate a novel approach to characterize tissues using the thermal
responses of heat-sensitive MR quantities. We provide an initial dataset to assess how
thermally sensitive intrinsic MR contrast types may differentiate certain tissue types, with
the ultimate goal of improving tumor visualization and characterization. In general, tumors
have different mechanical, water diffusion, thermal, and perfusion properties from normal
tissue [2,12]. These can produce different thermal responses in proton resonance frequency
shift (PRFS)-based MR thermometry, T1, T2, and diffusion-weighted imaging [13–16]. It is
challenging to use all these descriptors in a multivariate MR thermal contrast approach
because the way they change with temperature is very tissue dependent. Previous work
detailing the temperature dependence of various MR quantities is mostly limited to ex vivo
analysis [17–20], although some in vivo testing has been done using T2 for the thermometry
of adipose tissue in humans [21]. To the best of our knowledge, there is very limited work
detailing how these thermal descriptors change with temperature in vivo, especially for
different tumor types.

In this report, we present preclinical in vivo animal data that quantify how T1, T2,
PRFS, and ADC change with temperature in breast carcinoma, breast fibroadenoma, and
prostate carcinoma. The results suggest that these thermal response characteristics may be
useful as an additional imaging biomarker in a multiparametric framework for improved
cancer diagnosis and treatment monitoring. To that end, we envision a method that consists
of (i) a thermal applicator, (ii) an optimized set of MR protocols that acquires T1, T2, and
diffusion-weighted maps at various temperatures, and (iii) a classification module that
interprets the acquired data for cancer diagnosis and treatment response.

2. Materials and Methods

The procedure to perform in vivo temperature change experiments involved (1) admin-
istering anesthesia and positioning the rat inside the coil, (2) placing the rectal thermometer,
tumor surface thermometer, insulation, and heat source, (3) achieving a “low temperature”
26-degree Celsius steady-state rectal (body) temperature for 10 min before quantitative
scanning, and (4) warming the rat to a “high temperature” 36-degree Celsius temperature
for final quantitative scanning. A rectal probe and a fiber optic temperature probe placed
on the shaved tumor surface were used to verify temperatures for the body and tumor,
respectively. MR thermometry (MRT) was also used to measure temperature changes dur-
ing periods of warming. Localizer scans were performed as the rat temperature stabilized
during Step 3 and tumor locations were determined with the help of a knowledgeable
biologist. Axial slice selection was performed to cover the entire tumor volume. In general,
two to four slices gave full tumor coverage. Once the rat reached steady-state temperature
(i.e., <∆0.1 ◦C/min), quantitative measurements of T1, T2, and ADC were obtained. In total,
12 rats were scanned with four rats for each tumor type.

Two tumor cell lines were used in this study. MAT B III cells, rat breast adenocarcinoma
(ATCC® CRL-1666TM), were cultured in McCoy’s 5A media supplemented with 10% FBS.
MatLyLuB2 cells, rat prostate carcinoma (ATCC® CRL-2376TM), were cultured in RPMI
1640 media supplemented with 10% FBS. The MAT B III cells were authenticated and tested
at ATCC for post freeze viability, morphology, mycoplasma contamination (Hoechst DNA
Stain and Direct Culture Methods), post freeze cell growth, interspecies determination
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(Isoenzyme Analysis), and bacterial and fungal contamination. The MatLyLuB2 cells were
authenticated and tested at ATCC for post freeze viability, growth properties, morphology,
mycoplasma contamination (Hoechst DNA Stain and Direct Culture Methods), interspecies
determination (COI assay), and sterility test (BacT/ALERT 3d: iAST bottle aerobic and
anaerobic at 32 ◦C). Cells underwent Radil testing in-house using the IMPACT V PCR
profile method for H1, KRV, LCMV, MAD, Mycoplasma pulmonis, Mycoplasma sp., PVM,
rCMV, RCV/SDAV, REO3, RMV, RPV, RTV, Sendai, Seoul. All test results were negative.
No other internal authentication testing was done.

The experimental protocol was approved by the IACUC at the General Electric Global
Research Center (Niskayuna, NY, USA), which is an AAALAC and OLAW accredited
facility. Animals were housed in standard caging, were provided food and water ad libitum
and were maintained on a 12-h/12-h light/dark cycle. In this study, we used 8–12 week
female Fischer 344 rats (MAT B III cell line), 8–12 week male Copenhagen rats (MatLyLuB2
cell line), and 18–24 month female Sprague Dawley rats (spontaneous mammary tumors).
Rats received a subcutaneous injection of 5–10 × 106 cells suspended in complete media
to their left flanks. Older Sprague Dawley rats were observed until spontaneous palpable
growths were detected. When the tumors reached an optimal size, the rats were imaged in
the MRI scanner. During imaging the rat was anesthetized using 1–3% isoflurane.

After imaging and heating experiments, histopathology was performed on the tumor
tissue. Tumors were collected and fixed in 10% formalin for 24 h. Tissues were processed
using a Tissue Tek VIP tissue processor, embedded in paraffin and sectioned into 5 µm sec-
tions. Sections were stained using a standard H&E staining protocol, and the whole tissue
section was imaged in 20× magnification using a VS120 whole slide scanner (Olympus,
Center Valley, PA, USA). This technique is considered the gold standard for analyzing his-
tology slides and was essential in determining the diagnosis for the spontaneous mammary
tumors. An in-house pathologist was consulted to evaluate the H&E slides and provide
a diagnosis.

Rats with breast adenocarcinoma (MAT B III), benign breast fibroadenoma, and
prostate carcinoma (MatLyLuB2) were imaged when the tumors reached a diameter of
2–3 cm. Imaging tests were performed in vivo, and quantitative metrics were calculated
for all tumor tissue and muscle tissue near the tumors. Rats were anaesthetized using
isoflurane and placed into a rat-sized transmit/receive quadrature Litz rat coil (Doty Sci-
entific). Imaging was performed on a 3T GE MR750 scanner (GE Healthcare, Waukesha,
WI, USA). The core body temperature of the rat was monitored rectally by a calibrated
fiber-optic thermometer (SA Instruments, Stony Brook, NY, USA) along with a fiberoptic
thermometer attached to the shaved (hair-free) surface of the tumor growth (fluoroptic
thermometry system Luxtron M3300, Lumasense Technologies, Santa Clara, CA, USA).
Rats were heated by either (i) hot water flow through tube lines, (ii) an MR-compatible
resistive heat pad (CWE, Inc., Ardmore, PA, USA) that replaced the water lines, and/or
(iii) an MR compatible small animal heating system (SA Instruments) which contained a
hot-air blower controlled by the temperature probe sensor.

The system was thermally isolated, and the rats were stabilized at temperatures for
10 min to ensure a steady state before imaging experiments began. Figure 1 shows the
general setup for experiments (shown without insulation material or oil vials). The core
body temperature was maintained at temperatures of 26 and 36 ◦C. The “low temperature”
of 26 ◦C was achieved by allowing free breathing of room temp air (~21 ◦C) under isoflurane
anesthetic without any heating. The rat body temperature dropped naturally to 26 ◦C at
which point it was stabilized with active heating. Two cycles of cooling and warming were
performed per rat. Data were acquired for four rats per tumor type.
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imaging experiments began. 
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slices, 3 mm slice thickness. T1-IR signal intensity (S) was fit to (1) 
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ments. Figure 2a illustrates single slice ROI selections for data fitting. Each ROI averages 
the signal intensity of its voxels and represents one point on a plot like Figure 2b. Here, 
18 regions of interest, each consisting of 38 × 38 voxels, were taken at each inversion time 
(inversion time = 150 ms in Figure 2a) and T1 plots were made for each ROI. This proce-
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Figure 1. Setup used for imaging/heating experiments in rats (shown without oil vials, or insula-
tion). Rats were administered an isoflurane anesthesia and placed into a rat-sized transmit/receive
MRI coil. The core body temperature of the rat was monitored rectally by a calibrated fiber-optic
thermometer. The rats were stabilized at temperatures for 10 min to achieve a steady state before
imaging experiments began.

T1 datasets were acquired using a 2D axial inversion recovery (IR) sequence at the
following TI values: 4000, 3500, 2000, 950, 550, 350, 150, and 75, with all times in ms.
Other parameters included flip angle (θ) = 180/90◦ set with proper transmit gain setting
(TG) of RF amplifier, TR = 6000 ms, TE = 4 ms, FoV = (13 × 6.5) cm2, matrix 128 × 128,
NEX = 1, 5 slices, 3 mm slice thickness. T1-IR signal intensity (S) was fit to (1)

S(τ) = S0

(
1− 2e−TI/T1

)
, (1)

over either a selected region of interest (ROI) or per pixel, where (TI) is the inversion time.
T2 datasets were acquired using a 2D axial spin echo (SE) sequence with the following TE
values: 280, 180, 120, 80, 60, 40, 30, 25, 20, 15, and 4 ms, θ = 90/180◦ (set with proper TG),
and same parameters as the IR experiments. T2-SE signal intensity (S) was fit to (2)

S(τ) = S0e−TE/T2 (2)

over either a selected ROI or per pixel where (TE) is the echo time. Figure 2a–c depicts the
general data-processing procedure performed per slice for relaxation parameter measure-
ments. Figure 2a illustrates single slice ROI selections for data fitting. Each ROI averages
the signal intensity of its voxels and represents one point on a plot like Figure 2b. Here,
18 regions of interest, each consisting of 38 × 38 voxels, were taken at each inversion
time (inversion time = 150 ms in Figure 2a) and T1 plots were made for each ROI. This
procedure was repeated for a 1–5 slice acquisition giving typically 20–80 T1 measurements
(depending on the number of ROIs taken from muscle/tumor regions) to be used for
statistics calculations.

ADC datasets were acquired from diffusion-weighted images (DWI) using a 2D
axial spin echo (SE) sequence with echo-planar imaging (EPI) readout. Other parameters
included θ = 90◦/180◦ (set with proper TG), TR = 6000 ms, FoV = (13 × 6.5) cm2, matrix
size = (128 × 128), 5 slices, slice thickness = 3 mm, b-values of 300, 600, 900, 1200 s/mm2,
and NEX = 8 for each b-value. Post processing was performed on the scanner console
where the ADC of each pixel was computed from a fit of (3)

S(b) = S0e−bADC (3)

where S(b) is the voxel signal intensity at some b-value and S0 is the signal intensity at a
b-value of 0.Γ.
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cay. (c) Residuals from the fits in (b). 
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Figure 2. Example of T1 and T2 curve fit and analysis. (a) Example image through the center mass of
the tumor. Signal intensity in each square ROI was averaged and contributes to one point in a T1 or T2

plot. (b) T1 plot (top) and T2 plot (bottom) was approximated as a single exponential recovery/decay.
(c) Residuals from the fits in (b).

The change in the set of quantitative thermal MR quantities (Γ = T1, T2, ADC) were
measured and described with respect to a unit change in temperature (%∆Γ/◦C). Calcula-
tions were made using the Equation (4)

%∆Γ/◦C =
((

ΓhighT − ΓlowT

)
/ΓlowT

)
/∆◦C× 100%, (4)

where ΓhighT is the high temperature (36 ◦C) measure of ∆Γ and ΓlowT is the low temperature
measurement at 26 ◦C. All quantitative imaging metrics were compared using a standard
Student’s t-test for two samples. We rejected the null hypothesis (i.e., no difference between
muscle and tumor tissue means, or respective rates of change) with a 5% type I error
probability (p < 0.05).

A 3-echo spoiled gradient echo (SPGR) imaging sequence was used to perform MR
thermometry (MRT) during periods of temperature change. In this work MRT was used as a
complementary method to monitor internal tumor and muscle temperature changes during
periods of warming. MRT data were used to confirm internal tissue temperature change
for comparison with the fiber optic probe measurements. Sequence parameters included
TE1 = 14.9 ms, TE2 = 17.3 ms, TE3 = 19.7 ms, TR = 110 ms, θ = 29◦, FoV = (13 × 13) cm2,
matrix size = (128 × 128), 3 slice acquisition, slice thickness = 7 mm. Fat-referenced PRFS
maps [22–25] are computed as (5)

∆T(x, y) =
(x, y)− ∆φ f (x, y)

γαB0TE
(5)

where ∆φ f (x, y) represents the non-temperature dependent component of the PRF phase
shift during heating experiments, assumed to be dominated by static B0 drift. The water-
based phase difference maps are corrected by the phase difference maps of the fat images
as any fat phase change is assumed to be caused by time-varying phase disturbances [26].
To avoid any confounding results from in vivo fat susceptibility changes with increasing
temperature, unheated external oil vials were used as the correction region. Corrected
PRFS MRT techniques used here have been thoroughly validated to produce MRT accuracy
and precision values of <0.5 ◦C in phantoms [27]. For these experiments, the PRFS thermal
coefficient for water-based tissues (α = −0.01 ppm/◦C) was used. Rats were imaged at the
magnet isocenter.
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3. Results
3.1. MR Imaging Experiments with Temperature Modulation

MR thermometry and temperature probe data were used to ensure that steady-state
temperatures were achieved before quantitative parameter measurements were acquired.
Figure 3a,b depicts warming data plots with MRT and temperature probe data for tumor
tissue (blue oval ROIs) and surrounding muscle tissues (red rectangle ROIs). Muscle ROIs
were selected to minimize fat content. The oil vials seen in the axial images were used
for B0 drift correction in the PRFS measurements. External oil phantoms were also used
to verify reproducibility in T1/T2 measurement at high and low temperatures [28]. All
oil T1/T2 measurements were within 2.5% during the 2-h scan sessions. Similar plots to
Figure 3b were observed for all rats imaged and provide a confirmation of temperature
change and stabilization for quantitative imaging. MRT measurements were always within
1 ◦C of fiber optic probe measurements. All rats were heated from an initial temperature of
26 ◦C as discussed in the Materials and Methods section.
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ADC images of a MAT B III tumor. Here, MRI data were fitted per pixel to obtain the 
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aging volume were very similar as this was determined by the center mass of the xeno-
graft tumor in localizer scans. Unfortunately, due to movement a direct mapping of pa-

Figure 3. In vivo MR thermometry data and temperature probe data. (a) Axial slice through the
center of a tumor grown on a rat flank. The elliptical ROI averages the MRT data in the tumor region,
while the rectangular ROIs average MRT data in the muscle region. (b) Temperature change plots
during warming cycle for muscle (diamond markers) and tumor (round markers) tissues. Plot also
indicates rectal (body) and tumor temperature probe readings at various timepoints.

For all tumor models analyzed in this work, we found a statistically significant differ-
ence (p < 0.05) between one or more delta-quantitative contrast measurements (%∆Γ/◦C)
for all tumor/muscle pairs. Figure 4a–d presents an example of low-temperature and
high-temperature quantitative image parameter maps for reconstructed T1, T2, and ADC
images of a MAT B III tumor. Here, MRI data were fitted per pixel to obtain the quantita-
tive maps. In all experiments the rat required some repositioning to check temperature
probe placements. An example of this repositioning can be seen when comparing posi-
tional differences in Figure 4 top and bottom. Overall, the slices selected for the imaging
volume were very similar as this was determined by the center mass of the xenograft
tumor in localizer scans. Unfortunately, due to movement a direct mapping of parame-
ter change could not be achieved. Table 1 shows the fit quantities (mean and standard
deviation) for each tumor/muscle contrast type, and their respective %∆Γ/◦C. Most no-
tably, we found significant difference in %∆T1/◦C and %∆ADC/◦C for MAT B III tumor
compared to its surrounding muscle, along with a significant difference in %∆T2/◦C and
%∆ADC/◦C for MatLyLuB2 compared to its surrounding muscle tissue. Blue bolded
values in Table 1 indicate the statistically significant differences for all measured %∆◦C
(t-test result p-value < 0.05). Box plots of highlighted values from Table 1 are presented in
Figure 5. Each point plotted here represents four measurements for each tumor type or its
surrounding muscle tissue.
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Figure 4. (a) Reference axial images of the same rat (top and bottom) with MAT B III tumor. Top
images in (b–d) are quantitative T1, T2, and ADC maps, respectively, at 26 ◦C. Bottom images in (b–d)
are quantitative T1, T2, and ADC maps, respectively, at 36 ◦C. General locations of the tumor and
muscle regions are indicated on the images.

Table 1. Summary of (i) quantitative quantities a and (ii) thermally-induced changes in quantitative
quantities b. Bolded quantities indicate t-test p-value < 0.05 for comparisons indicated in text.

Fibroadenoma (Benign) Breast Tumor/MAT B III Prostate Tumor/
MatLyLuB2

Muscle c Benign
Tumor Muscle c Breast

Malignant Muscle c Prostate
Malignant

T1 (ms) a 769 ± 12 651 ± 20 767 ± 10 1201 ± 26 770 ± 13 1145 ± 22

%∆T1/◦C b 1.16 ± 0.20 1.20 ± 0.91 1.40 ± 0.42 3.41 ± 0.64 1.05 ± 0.3 0.60 ± 0.51

T2 (ms) a 26.0 ± 0.75 23.8 ± 1.2 25.8 ± 0.8 63.7 ± 2.1 26.6 ± 0.6 64.6 ± 1.7

%∆T2/◦C b 0.50 ± 0.3 1.17 ± 0.8 0.72 ± 0.5 1.11 ± 0.7 0.70 ± 0.3 1.7 ± 0.9

ADC (×10−4 mm2/s) a 14.88 ± 1.1 11.22 ± 1.6 14.91 ± 1.0 8.9 ± 1.7 13.52 ± 1.2 10.3 ± 1.4

%∆ADC/◦C b 1.6 ± 0.7 4.00 ± 0.78 1.8 ± 0.6 4.20 ± 0.81 1.5 ± 0.6 2.60 ± 0.56
a Measurements were made at ~36 ◦C. Error reported from the calculated measurement stdev, b Measurements
calculated as percent increase per degree Celsius. Absolute error reported from the propagation of 90% confidence
intervals calculated as Ā ± (ts/

√
n) where Ā is the mean measured value, t is Student’s t, s is the measured

stdev, and n is the number of measurements, c Muscle ROIs were selected near the corresponding benign or
malignant tumors.
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3.2. Tumor Histopathology

Histopathology provided a ground truth reference to determine a true positive result
for malignant or benign tissue. A histopathology report of each tumor used in experiments
was made to determine the general tissue morphology of the tumors as described in section
II.A. H&E staining of the MAT B III and MatLyLuB2 tumors indicates that these tumors are
indeed malignant breast and prostate carcinoma, respectively. When evaluating the H&E
staining of the spontaneous mammary tumors, all were classified as benign fibroadenomas.

4. Discussion

This study investigated how quickly quantitative MR quantities (T1, T2, PRFS and
ADC) change with moderate temperature rise in vivo. This is in contrast to previous
studies that characterized similar quantities in heated ex vivo tissue at temperatures
above 37 ◦C [17–20]. Our results show that the tissue-dependent differences in how fast
quantitative MRI quantities change as temperatures increase may potentially be used
as biomarkers for tumor characterization. When compared to healthy muscle tissue,
we observed statistically significant differences (t-test p-value < 0.05) in %∆T1/◦C and
%∆ADC/◦C in breast carcinoma (MAT B III), and %∆T2/◦C and %∆ADC/◦C in prostate
carcinoma (MatLyLuB2).

Although the exact biological mechanism for this thermal biomarker is still currently
under investigation, it may be explained by a change in water molecules bound in different
vascular and tissue compartmental structures of the tumors. A basic assumption is that
upon heating, the proton correlation times change as water changes from a “bound state”
to a “free state” inside the complicated vascular network, leading to the observed changes
in T1, T2, and ADC. We do note however that observed changes more likely manifest
from a very complicated combination of cellular mobility of water, vascular changes,
macromolecule environment (itself a complex milieu of pH-dependent metabolites and
proteins), and possible changes in tissue oxygenation. Future studies are needed to further
elucidate the mechanism.

Several techniques can be used to induce temperature changes in vivo, including
superficial and deep radiofrequency hyperthermia, MR-guided high-intensity focused ul-
trasound, microwave and laser ablation devices, and hypothermic methods [29–34]. Given
the data summarized in Table 1 and Figure 5, statistically significant changes in selected
quantitative MRI contrast types were observed in malignant tissue versus surrounding
normal tissue over the range of temperatures studied here (26–36 ◦C). This suggests that
the proposed tumor characterization approach may utilize sub-lethal hyperthermic temper-
atures (i.e., cumulative equivalent minutes at 43 ◦C < that for cell death in the anatomical
regions of interest) instead of higher temperatures that may be cytotoxic within a shorter
period of time. This technique can be particularly useful in circumstances where intrinsic re-
laxation quantities or diffusion imaging contrast at ambient temperature are not noticeably
different between malignant and normal tissues. As an additional advantage, this tech-
nique does not require the administration of any exogenous contrast agent (Gd/Mn/13C
based drug [35,36]). Any implementation of this technique will, however, depend on the
availability of fast and accurate T1, T2, and ADC mapping techniques.

While the results of this study are promising, we acknowledge that the study can be further
improved in future work to address some limitations. These limitations include the following:

(i) measurements were obtained at temperatures less than or equal to 36 ◦C;
(ii) accuracy of tumor temperature can be improved as temperature probe was placed

just below the surface of the tumor instead of within the center of the tumor mass;
(iii) the relatively small number of in vivo samples (n = 4) for each tumor type;
(iv) the use of a xenograft (versus orthotopic) tumor model.

In (i), temperatures less than or equal to 36 ◦C were chosen to avoid the risks of
adverse animal reactions potentially caused by whole-body hyperthermic temperatures for
prolonged periods of time. The second limitation (ii) is salient because the temperatures
of the tumor and surrounding muscle tissues are assumed to be equal when temperature-
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induced changes in quantitative MR quantities are computed between these tissue types.
However, we note that there is consistently close agreement in the temperature readings
(i.e., within 1 ◦C) from the rectal (body) thermometer, the temperature probes on the surface
of the tumor, and MR thermometry. This supports the hypothesis that tumor temperatures
were consistently comparable to the core body temperature (see Figure 3b). The limitations
(iii) and (iv) may be addressed in future work to further validate the technique proposed in
this preclinical pilot study. An orthotopic tumor model would also create a better testing
environment to ensure that the observed changes can be properly linked to tumor biology.

In this work, we assume that the spin echo sequences produced accurate measure-
ments of quantitative T1, T2, and ADC values. As with all in vivo imaging studies,
there are potential sources of imaging-related errors that may adversely impact the accu-
racy and precision of these measurements. These issues include magnetic field inhomo-
geneity effects, imperfect RF pulses, slice profile, multi-slice collection, misregistration,
partial volume effects/non-monoexponential relaxation, flow, diffusion, and magnetic
susceptibility [37–40]. Attempts were made here to mitigate these effects. We carefully
selected the RF transmit gain to produce correct 90/180 degree flip angles for our experi-
ments. Non-perfect pulse calibration would tend to produce T1/T2 values systematically
lower than expected [41]. For multislice collections, we used a non-contiguous acquisition
to mitigate off-resonance pulse effects [42]. Signal intensity in a fitted region may be a
mixture of various components and is also dependent on proton exchange rates. This
means that each fitted region may have a different temperature sensitivity. In all cases, our
residual values were small compared to the x–y values in the fits (see example in Figure 2c).
In addition, the standard deviation of quantitative T1 measurements was low for multiple
regions selected across tumor or muscle tissue. Therefore, we determined that (i) using a
mono-exponential fit is a good approximation to accurately represent the individual fitted
region spin-systems, and (ii) that the tissue was heated uniformly within this experimental
setup. A similar approach was used to measure T2 and ADC.

5. Conclusions

In conclusion, we presented results that support the feasibility of a novel MR thermal
contrast biomarker for tumor characterization. Future work is needed to (i) validate the
technique in a larger cohort of preclinical subjects prior to clinical studies and (ii) combine
this technique with other MR imaging methods in a multiparametric framework. Overall,
the proposed thermal contrast may add new information to improve tumor characterization,
which can improve cancer diagnosis and real-time MR-guided treatment monitoring.
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