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Abstract

There is intense interest in developing non-invasive prognostic biomarkers of tumor response to
therapy, particularly with regard to hypoxia. It has been suggested that oxygen sensitive MRI,
notably Blood Oxygen Level Dependent (BOLD) and Tissue Oxygen Level Dependent (TOLD)
may provide relevant measurements. This study examined the feasibility of interleaved T,*- and
T41-weighted oxygen sensitive MR, as well as Ry* and Ry maps of rat tumors to assess the relative
sensitivity to changes in oxygenation.Investigations used cohorts of Dunning Prostate R3327-AT1
and -HI tumors, which are reported to exhibit distinct size-dependent levels of hypoxia and
response to hyperoxic gas breathing. Proton MRI Ry and Ro* maps were obtained for tumors of
anesthetized rats (isoflurane/air) at 4.7 T. Then, interleaved gradient echo To*- and T1-weighted
images were acquired during air breathing and a ten minute challenge with carbogen (95% 02/5%
COy).

Signals were stable during air breathing and each type of tumor showed distinct signal response to
carbogen. To* (BOLD) response preceded T; (TOLD) responses, as expected. Smaller HI tumors
(reported to be well oxygenated) showed the largest BOLD and TOLD responses. Larger AT1
tumors (reported to be hypoxic and resist modulation by gas breathing) showed the smallest
response. There was a strong correlation between BOLD and TOLD signal responses, but AR *»
and AR were only correlated for the HI tumors. The magnitude of BOLD and TOLD signal
responses to carbogen breathing reflected expected hypoxic fractions and oxygen dynamics
suggesting potential value of this test as a prognostic biomarker of tumor hypoxia.
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INTRODUCTION

Tumor hypoxia is widely reported to influence response to therapy. Moreover, hypoxia has
been linked to tumor aggressiveness resulting from stress induced genetic instability,
stimulated angiogenesis and metastatic tendency (1). The fundamental studies of Gray et al.
demonstrated the influence of hypoxia on response to radiation (2). More recently,
polarographic electrode measurements of pO, distributions and hypoxic fractions in patients
confirmed poor outcome for hypoxic tumors in several disease sites including prostate (1, 3).

Stratifying patient tumors based on hypoxia is particularly timely since there are increasing
opportunities to tailor therapy to tumor characteristics, potentially enhancing success
through personalized medicine. Thus, there is a true need for prognostic biomarkers to
identify hypoxia in human tumors and many diverse modalities and reporter molecules are
under evaluation (1, 4, 5). Based on oxygen electrode measurements Movsas et al. showed
poorer outcome in terms of locoregional control and distant metastasis in men with hypoxic
prostate cancer (3). Vergis et al. found that biochemical failure was significantly more
prevalent for men with elevated HIF1-a, VEGF and osteopontin expression in biopsy
samples (6).

Oxygen sensitive MRI is attractive, since it is non-invasive and avoids the need for an
exogenous reporter agent. Increasingly, reports suggest the feasibility of Blood Oxygen
Level Dependent (BOLD) and Tissue Oxygen Level Dependent (TOLD) contrast MRI in
patients (7-14). BOLD effects have been evaluated in numerous pre-clinical tumor types in
animal models and several studies have demonstrated a correlation with measurements of
pO, based on polarographic electrodes (15, 16), fluorescent fiber optic probes (17), ESR
(18, 19) and 19F MRI (20, 21). Others have examined consistency with
immunohistochemical markers such as hypoxia, and vascular extent (22, 23).

BOLD MRI is sensitive to changes in deoxyhemoglobin concentration, but it is also
influenced by vascular volume, flow, microvessel diameter and consequent transit ability of
red blood cells containing deoxyhemoglobin to (24-26). Ry (=1/T4) is sensitive to pO, since
molecular oxygen is paramagnetic (27, 28). Ry is subject to modulation by many parameters
including ionic strength, metal ions, and potentially deoxyhemoglobin, so that R4 is not
expected to be directly correlated with pO, in tumors. With respect to a simple hyperoxic
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gas challenge intervention many parameters such as ion and protein concentrations are
expected to remain largely unchanged. A predicted TOLD effect was reported using
hyperbaric (29) or hyperoxic oxygen breathing challenges (14). Recently, intense interest
has developed in combining observations of both R and Ry* in pre-clinical animal systems
and patients (13, 30-33).

These reports prompted us to explore BOLD and TOLD measurements in response to
carbogen breathing challenge in two rat prostate tumor types noted for differential growth
rates, vascular development, oxygenation and radiation response (34, 35). Specifically, we
examined differences in signal intensity in T1- and To*-weighted images, as well as
relaxation rates (Rq and R,*) with respect to carbogen breathing challenge.

EXPERIMENTAL

Investigations were approved by the Institutional Animal Care and Research Advisory
Committee.

Tumor models

MRI

Two sublines of the Dunning prostate R3327 adenocarcinoma were selected based on
extensive previous reports regarding differential hypoxia, response to hyperoxic gas
challenge and response to radiation (34-38). The HI subline is moderately well-
differentiated, hormone-insensitive and relatively slow growing with a tumor volume
doubling time (VDT) of 9 days; while, the AT1 is a faster growing, poorly-differentiated
subline with a VDT of 4.4 days (39). Pieces of freshly excised donor tumor tissue were
implanted subcutaneously in the thigh of adult male Copenhagen rats (~250 g, Harlan,
Indianapolis, IN), as described in detail previously (40). Typical histological characteristics
are presented in Figure 1. Tumors were investigated by MRI when small (<3 cm3) or large
(>3 cm3). Seventeen HI tumors, including 8 smaller (size range 0.7 — 2.6 cm3) and 9 larger
(range 3.6 — 7 cm?3), and 16 AT1 tumors, including 9 smaller (range 0.75 — 2.2 cm3) and 7
larger (range 3.1 — 5.8 cm3) were investigated.

MRI experiments were performed using a Varian Unity Inova® 4.7 T horizontal bore system
(Agilent, Palo Alto, CA) equipped with actively shielded gradients. Each rat was maintained
under general gaseous anesthesia (air and 1.5% isoflurane). The rat body temperature was
maintained using a warm water blanket at about 36 °C, though not measured continuously.
The tumor was placed inside a size-matched single-turn H volume coil, which provided
both transmit and receive functions. Following shimming on tissue water signal to a typical
linewidth of 50 Hz, a spin echo multiple slice (SEMS) sequence was applied to acquire Ry
maps under air breathing (baseline) with acquisition parameters: repetition time (TR)
arrayed as 9 values from 100 ms to 3.5 s, echo time (TE) = 20 ms, FOV =40 x 40 mm,
matrix = 64 x 64 and 3 adjacent slices each 1.5 mm thick and separated by 1 mm space in
10% mins. Baseline R,* maps were obtained with a gradient echo multiple slice (GEMS)
sequence with 7 echoes (TR = 195 ms, initial TE = 7 ms and spacing = 6 ms, echo train
duration = 42 ms, using the same spatial resolution as for R; maps) in 3 min. Then a series
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of 5 T1-weighted (TR =30 ms, TE =5 ms, flip angle = 45°; acquisition time = 3 s, matrix=
128x128) and T *,-weighted (TR = 150 ms, TE = 20 ms, flip angle = 20°, acquisition time =
19 s, matrix= 128x128) spoiled gradient-echo images were acquired in an interleaved
fashion, as baseline. At this point, the breathing gas was changed to carbogen (CB; 95% O,
plus 5% CO, at 1 dm3/min) and a series of 20 interleaved T1- and To*-weighted images was
acquired over 10 mins. Finally, Ry and R *;, values were measured again during CB
inhalation.

Immunohistochemistry

Additional AT1 and HI tumors were implanted as above specifically for histological
comparison based on published methods (36, 41). Briefly, when tumors reached about 1 cm
diameter pimonidazole hydrochloride (Hypoxyprobe-1; NP1, Belmont, MA) was injected
into the tail vein at a dose of 60 mg/kg. Ninety minutes later, rats were anesthetized and
perfused for 20 minutes with physiological saline containing 5 mM CaCl,. Tumors were
resected from living rats, cut in half, and halves rapidly placed in liquid nitrogen or 10%
formalin respectively. Monoclonal antibody Mabl (NPI) that detects pimonidazole—protein
adducts was added to frozen sections (8 um) followed by incubation for 2 hours at 37 °C.
Slides were then incubated for 1 hour at 37 °C with horseradish peroxidase (HRP)—
conjugated goat antimouse secondary. After a PBST wash, sections were immersed in 3,3'-
diaminobenzidine (DAB) in H,O for 1 minute at room temperature to visualize HRP-
enzyme activity. For H&E staining, tumor tissues were fixed in 10% formalin, embedded in
paraffin, and sectioned (4 pm).

Data analysis

Data analysis was performed using IDL-based software. Signal Intensity (SI) in the initial
five T1- or To*-weighted images (during air breathing) was averaged to obtain mean
baseline images and relative changes in signal intensity with respect to CB challenge were
calculated on a voxel by voxel basis. Ry values for a given voxel were obtained by fitting the
signal intensities corresponding to 9 delay values to a three-parameter least squares curve,
using a Levenberg-Marquardt algorithm. Ry* values for a given voxel were obtained by
fitting an exponential model of signal decay curve. Common voxels (typically, 1,300 to
2,500 depending on tumor size) were compared under carbogen and air breathing and
differences calculated: ARq o 2% = (Rq o 2+ - Ry or 2+211).

Statistical analysis

RESULTS

Statistical significance of changes in signal intensity in T1- and To*-weighted images and
relaxation rates was assessed using one way analysis of variance (ANOVA) and Fisher's
PLSD (Protected Least Significant Difference) or Student's t-tests. Data are presented as
mean + standard error (SE).

Considerable spatial heterogeneity was observed during air breathing (baseline), particularly
in To*-weighted MR images, but signal intensity was generally stable (mean ASI in Ty*-
and Tq-weighted images being less than 1%, Figs. 2-5). Increased signal intensity in T*-
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weighted images was significant within 30 seconds of switching gases in 12 of 13 HI tumors
and 13 of 16 AT1 tumors irrespective of size. Within two minutes signal reached a stable
plateau for both smaller (8 of 8) and larger (3 of 5) HI tumors and smaller (6 of 9) AT1
tumors (Figs. 2-4 a-c). Larger AT1 tumors sometimes showed a transient increase with
return to baseline after two to six minutes (4 of 7) (Fig. 5¢). Response to carbogen was
heterogeneous with focal signal changes ranging from plus 100% to minus 40%, but the
mean value for each adjacent slice was quite uniform (Figs. 2-5 ¢). T1-weighted signal
response was considerably smaller using these data acquisition parameters (ranging from
20% to minus 5%) and tended to be slower, reaching statistical significance within 1 minute
of switching gases in 11 of 13 HI tumors and 12 of 16 AT1s (Figs. 2-5, d-f).

Smaller HI tumors generally showed the largest BOLD response with mean signal increase
ranging from 6 to 57% within 1 minute of changing gas and settling on a plateau of 4% to
66% enhancement (mean 21 = 7%, Table 1), as shown for a typical tumor (Fig. 2 a-c). The
mean response of three adjacent image slices was highly consistent (Fig. 2¢) and comparison
of the variation of signal intensity with carbogen challenge showed no significant difference
between slices (p>0.7). TOLD response was smaller and initial rapid response was followed
by continued increase over 10 minutes reaching 4 to 16 % (e.g., Fig. 2 d-f). Larger HlI
tumors showed a smaller To*-weighted response (Fig. 3c), but T1-weighted response (3 to
9%) approached that of the smaller tumors (Figs. 2 & 3 f). Smaller AT1 tumors responded
rapidly in both T1- and Ty*-weighted images with little further change after 2 minutes.
There was marked spatial heterogeneity with greatest response close to the tumor periphery
in both To*- and T1-weighted images (Fig. 4). Larger AT1 tumors showed particularly small
BOLD and TOLD response (Fig. 5 ¢ & f).

Each tumor type showed consistent responses and mean time courses are presented for both
BOLD and TOLD experiments (Fig. 6 a, b) and summarized in Table 1. Noting the initial
rapid dynamic response leading to stable plateau, the data in Table 1 show the mean values
for ASI considering only the last ten measurements during carbogen breathing. Mean
changes in Sl in T1- and T,*-weighted images of small HI tumors (reported to be well
oxygenated (34, 37, 42, 43)) were significantly greater than in small or large AT1 tumors
(p<0.05). The T1-weighted image response was also significantly different between larger
HI and larger AT1 tumors (Table 1).

To*- and T1-weighted signal responses were well matched with a general trend of larger
TOLD response being associated with larger BOLD response (Fig. 7). Considering the 29
tumors, where T,*- and T1-weighted signal responses were evaluated, the linear correlation
coefficient R2>0.75 (p<0.0001), which strengthened considerably for HI tumors alone
(R2>0.85; p<0.0001), although it was weaker for AT1 alone (R2>0.53; p<0.002). One tumor
showed particularly high values for both BOLD and TOLD responses and might be
considered an outlier. If this point is neglected then the correlation for the remaining 28
tumors becomes R2>0.61 (p<0.0001) and for HI alone becomes RZ>0.59 (p<0.005).

To investigate the origin of the changes in SI, Ry and R,* maps were evaluated for 27 of the
tumors during air and carbogen breathing (e.g., Fig. 8) and mean values are presented in
Table 2. Ry* ranged from 28 to 108 s and changed significantly for many individual
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tumors, though the change was not statistically significant for any of the groups of tumors
(Table 2). There was an inverse correlation between ASI and AR,* irrespective of tumor
type and size (R%>0.48; p<0.0002), which improved to R2>0.55 (p<0.002) for AT1 tumors
alone. A very similar result was observed if percentage change in Ry* was considered in
place of absolute AR,*. Not surprisingly, Ry and R,* values measured during carbogen
breathing were very tightly correlated with respective baseline air breathing values, since the
changes were relatively small (e.g., Ra*(at1) R?>0.98; Ry(at1) R?>0.938; Ro* (1)) R2>0.79;
STCD) R2>0.8; all p<0.001; Fig. 8). Mean Ry and R,* values were significantly different
between larger HI tumors and other groups, as shown in Table 2, but none of the other
groups differed significantly. Baseline R ranged from 0.389 to 0.711 s™1 (Table 2). If all AT1
and HI tumors are considered together then no apparent correlation was found between T1-
weighted signal and AR; (R?<0.05). Likewise for AT1 or HI tumors alone, however, if small
HI tumors are considered in isolation then a strong correlation was found between T1-
weighted signal and AR based on absolute change in Ry (R2>0.58) or percent change in Ry
(R2>0.62). A strong correlation was observed for mean AR vs. AR,* in HI tumors
(RZ>0.67; p<0.001), but AT1 tumors showed no obvious trend (R2<0.25; Fig. 9). No
significant correlations were found for either tumor type on a voxelby-voxel basis (see
examples in Supplementary Data Fig. S1). Heterogeneity of baseline Ry and Ry*
distributions, as well as response to carbogen breathing is seen in the maps (Fig. 8) and
emphasized by histograms of individual voxels (Supplementary Materials, Fig. S2).

DISCUSSION

As expected, BOLD and TOLD contrast responses to breathing hyperoxic gas were quite
different for the tumor sublines and sizes. Smaller HI tumors, reported to be well
oxygenated and highly responsive to hyperoxic gas challenge (34, 37, 42, 43), showed the
largest signal changes, whereas large AT1 tumors, reported to be hypoxic and unresponsive
(33, 35, 36, 43), showed the smallest responses. Each tumor showed considerable
heterogeneity within an image slice, but quite similar response between slices and overall
consistency between multiple tumors of a given group.

BOLD signal responses were larger than TOLD using the current acquisition parameters, but
there was a strong correlation between the magnitude of each (Fig. 7). This is reasonable
since BOLD is thought to represent conversion of deoxyhemoglobin to oxyhemoglobin and
additional delivery of oxygen is expected to increase pO,. There was a general inverse trend
between magnitude of BOLD signal response and change in Ro*, but the correlation was
weak. This suggests influences beyond deoxyhemoglobin concentration affected the signal
intensity, which has been reported to be subject to changes in blood flow and vascular
volume (24). Indeed, carbogen breathing has been reported to increase both oxyhemoglobin
and total hemoglobin, as observed using near infrared spectroscopy of small HI tumors (44).

Noting that BOLD response was generally greater than TOLD response, prompts the
question as to the advantage of measuring both parameters. BOLD is expected to primarily
reflect vascular oxygenation, but has been reported to exhibit contradictory behavior with
respect to tumor oxygenation in some cases (24, 45). Noting that TOLD responses followed
BOLD (Figs. 2-6) adds confidence to the oxygen dependence, since enhanced oxygen
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delivery generates elevated pO,. In HI tumors a strong correlation was found between AR
and AR,* (Fig. 9) consistent with change in vascular oxygenation generating change in
tumor pO,. Thus, in HI tumors TOLD may add little information regarding hypoxia and
response to intervention, beyond emphasizing the BOLD response. Meanwhile, in the AT1
tumors semi quantitative BOLD and TOLD signal responses appear correlated (Fig. 7),
whereas quantitative Ry and Ry* showed distinct lack of correlation (Fig. 9). These results
suggest that R1 and Ry* may be sensitive to different biological processes emphasizing the
importance of measuring both parameters and ultimately determining which may be most
relevant as a prognostic biomarker for a given intervention or tumor type, as also
emphasized by others (13, 32).

BOLD showed significant differences between the most responsive tumors (small HI) and
small or large AT1 tumors (Table 1). By comparison TOLD showed a significant difference
between the responses of larger AT1 tumors versus all the other groups. The large BOLD
and TOLD responses in the HI tumors, as compared with AT1 tumors were expected, since
the HI tumors are reported to be better vascularized and less hypoxic (34-36, 42, 43), as also
seen in Fig. 1.

Significantly, we recently found that for a cohort of AT1 tumors, a TOLD response could be
used to stratify tumors, whereby those showing a larger positive response to oxygen
breathing challenge prior to single high dose radiation showed a significantly longer tumor
growth delay when irradiated while breathing oxygen (33). This was not the case for BOLD
response. Predictive correlation of TOLD, but not BOLD was also reported by Arias et al. in
orthotopic C6 rat glioma with respect to single high dose radiation (46). By contrast, it has
been reported that G3H prolactinomas showed a strong BOLD response to carbogen
challenge, which coincided with improved tumor growth delay, while RIF-1 fibrosarcomas
showed minimal response (32, 47). Baker et al. recently confirmed that large AR,* response
in a group of G3H tumors coincided with significant reduction in hypoxia assessed using
immunohistochemical markers CCI-103F and pimonidazole in a pulse chase fashion (23).
For individual G3H tumors the AR,*response was quite variable, in that a large BOLD
response could be associated with large or minimal change in hypoxic fraction (23); perhaps
indicating that some tumors were already well oxygenated, as we believe to be the case of
small HI tumors here. We previously reported that larger BOLD response coincided with
elimination of hypoxic fraction in 13762NF rat breast tumors accompanying oxygen
breathing (20), though we have not yet tested the radiation responsiveness in those tumors.
Anecdotally, it would appear that BOLD response is relevant in well vascularized tumors
(HI, GH3 and 13762NF), whereas less so in poorly vascularized tumors (RIF-1 and AT1). It
will be important to evaluate the relevance of BOLD and TOLD to irradiation of HI tumors
in due course.

The To*-weighted signal response was very similar to that reported previously for AT1
tumors (48) and baseline Ry* values fell within the range reported for diverse tumors types
at4.7 T (7, 20, 22, 47, 49). Human prostate tumors xenografts (DU145 and PC3) in mice
were reported to have Ro* values and signal responses at 4.7 T similar to the R3327-AT1
and HI tumors found here (7). When tumors show a substantial BOLD response to
hyperoxic gas breathing it is normally maintained until gas is returned to air (15, 17, 48).
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However, a transient response was reported in PC3 tumors (7), as seen for the larger AT1
tumors here (Fig. 5¢). R1 values were in the range reported for many other tumor types at
4.7 T (50), though much lower than those reported for SCC tumors in a study of hyperoxic
and hyperbaric gas intervention (29).

Semi-quantitative approaches based on change in signal intensity alone provide simple rapid
indication of response to intervention (Figs. 2-7), but we recognize that the magnitude of
response depends on Ry and Ry*, together with TE and TR times. Moreover, tumor motion
sometimes precludes effective signal subtraction. Immobilizing tumors in small animals is
reasonably straightforward, but in patients, respiratory or cardiac motion, or other
movements such as swallowing, bladder filling and bowel peristalsis, may preclude effective
signal subtraction (11). Quantitative R1 and Ro* measurements are slower, but even if image
co-registration isn't perfect, histograms for Ry and R,* distributions may be compared with
respect to interventions. One might expect Tq-weighted signal response to be closely related
to change in Ry, however this was only observed for the group of small HI tumors here.
Various factors could be responsible for the lack of correlation; in particular the use of a
spin echo acquisition protocol (SEMS) for Ry mapping, as opposed to the SPGRE sequence
for T, weighted imaging. The SEMS approach would be too slow for practical assessment of
transient dynamics, whereas GRE provides faster time resolution. However, the two
approaches are expected to experience differential sensitivity to flow effects (51). The spin
echo approach using TE = 20 ms might also be biased by short T, water protons (e.g., those
near deoxygenated blood vessels that produce large magnetic field gradients).

Given that Ry is directly dependent on pO, in solution, it has been suggested that changes in
R4 could directly indicate changes in tissue pO,. Indeed in the vitreous human of the eye, a
well-defined medium, Berkowitz et al. achieved measurements consistent with invasive
electrodes (27). When we applied the calibration curve of Matsumoto et al. (29) to the
current AR responses, we found general trends consistent with published 1°F oximetry, but
also substantial discrepancies, potentially due to flow effects or temperature drift. We have
recently introduced a further refinement providing quantitative oximetry based on Ry, Ry
and IVIM during air breathing (so-called MOXI) (52). However, such measurements
currently require 14 minutes and make assumptions regarding oxygen hemoglobin binding
and the relative amounts of oxygen carried by hemoglobin versus that dissolved in plasma,
which may not be appropriate for hyperoxic gas breathing situations.

Another issue potentially confounding the use of water relaxation measurements for
assessment of tumor oxygenation is the sensitivity to temperature. Sensitivity of Rq to
temperature has been reported at many magnetic fields ranging from 0.2 to 11.7 T with a
general trend of decreased sensitivity at higher field (53-55). We found no data relating Ry
to temperature of aqueous solutions at 4.7 T and have undertaken a preliminary examination
of an aqueous solution of Gadavist contrast agent (12.5 UM to approximately match Ry
observed for tumor). We determined a sensitivity of approximately 3% change in Rq per
degree Celsius (unpublished data). This emphasizes the importance of maintaining stable
temperature during examinations of oxygen sensitive MRI, since we observed mean AR; in
the range 1.4 to 7% (Table 2), though individual tumors showed responses as large as 16%
(Fig. 9). We would expect temperature variation to appear as drift rather than the acute

NMR Biomed. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 9

transition seen upon oxygen challenge (Figs. 2-5), and thus the observed changes should not
be overly influenced by any temperature variations. However, changes in Rq represent
differences in maps achieved during baseline air breathing and at the end of the CB
breathing period, so that temperature instability could be more significant. This should serve
as a caveat for interpreting R1 responses and may contribute to lack of correlation between
%ASI and ARq in some cases.

One might expect oxygen breathing to uniformly enhance tumor oxygenation, and generate
increased R1 (induced by higher oxygen concentrations) and reduced R,* (induced by
conversion of deoxygenation to oxyhemoglobin). In some cases we observed decreased Ry
accompanying CB breathing; notably, 6 of 13 AT1 and 2 of 13 HI tumors. Regional
decrease in Ry is noticeable in Figure 8 d and g. Negative response was extensively
characterized in the recent work of Linnik et al. (14), who provided evidence that decreased
R4 in OE-MRI (TOLD) was spatially associated with poor perfusion (based on DCE MRI)
and hypoxia (based on pimonidazole detected histologically post mortem). This is certainly
consistent with the greater hypoxia often observed in AT1 tumors as compared with HI, as
reported extensively (4, 33-37, 42, 43) and indicated by Figure 1.

Any new technique should be placed in the context of competing techniques (4). Many
diverse approaches are available to measure pO» directly including invasive polarographic
electrodes and fluorescent tipped fiber optic probes (15-17). Analogous measurements have
been achieved using reporter molecules such as hexafluorobenzene, with 1°F MRI (56-58),
hexamethyldisiloxane with IH MRI (59) or crystals of lithium phthalocyanine using ESR
(18), based on direct injection into tissue followed by non-invasive measurement of dynamic
response to interventions. Appropriate ESR and MRI reporters may be delivered
systemically avoiding potential tissue damage, but potentially biasing measurements
towards better perfused regions (19, 60). Hypoxia itself is widely interrogated with 18F-
labeled nitroimidazoles such as EF5, FAZA and F-misonidazole, but such studies involve
the cost and logistic complications of handling radionuclides (61, 62). There remains debate
over the optimal methodology in terms of static versus dynamic measurements and preferred
timing of measurements and such reporters may not reach ischemic tissues, such as those
induced by vascular disrupting agents (63). Insights into tumor oxygenation avoiding the
need for reporter molecules appear particularly attractive. Near infrared spectroscopy has
been used to evaluate oxy/deoxy hemoglobin ratio, though many studies have lacked spatial
resolution (64, 65). In this respect photoacoustic tomography has advantages (66), although
depth of signal penetration is usually limited to about 3 cm. A recent report suggests that
MRI R of lipids offers greater sensitivity to changes in pO,, compared with water (67). We
do note that the current study could have been strengthened if histological validation were
available for each tumor, as presented by Robinson et al. (26) in prolactinomas and recently
by Linnik et al. (14) for glioma on air breathing mice or Baker et al. (23), revealing changes
in hypoxia based on pulse chase delivery of two immunohistological markers of hypoxia.

Studies comparing BOLD and TOLD in tumors have been presented in patients (glioma
(13)), rabbits (VX2 (30)) and xenografts in mice (G3H and PC3 (32)). We are only aware of
two previous studies in rats: Arias et al. (46) in glioma and our own work on AT1 tumors
(33). The very different behaviors of the two syngeneic rat tumor types (AT1 and HI),
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consistent with reported oximetry is potentially important and coincides with the recent
study of G3H and PC3 xenografts in mice (32). Importantly, oxygen sensitive MRI is non
invasive, simple to implement, highly reproducible and reveals spatial and temporal
heterogeneity of oxygen dynamics. It does not quantify pO, or hypoxic fraction (potential
advantages of 19F oximetry, ESR, or electrodes (1)), but requires no needle insertion or
exogenous reporter molecule beyond breathing hyperoxic. We believe evaluation of an
oxygen challenge by NMR T, and T,* provides a non-invasive method to distinguish
between responsive and non-responsive tumors to hyperoxic gas challenge, potentially
allowing hypoxic tumor identification and therapy to be tailored to these characteristics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BOLD blood oxygen level dependent contrast
TOLD tissue oxygen level dependent contrast
HF hypoxic fraction

signal intensity

VDT volume doubling time

SEMS spin echo multiple slice

GEMS gradient echo multiple slice

TR repetition time

TE echo time

FOV field of view

CB carbogen

ESR electron spin resonance
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Figure 1. Histological characteristics of small Dunning prostate R3327-AT1 and -HI tumors
Upper row for AT1: A) poorly differentiated anaplastic structure is revealed by H&E; B)

widespread hypoxia in both central and peripheral regions observed using pimonidazole
(HRP-activated dark stain).

Lower row for HI: C) Moderately differentiated structures with extensive mucinous
vacuoles; D) Minimal hypoxia with just non-specific background staining. These images
show additional AT1 and HI tumors implanted specifically for histological comparison and
do not correspond to any of the imaged animals.
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Figure 2. Response of T1- and To*-weighted ima%e signal intensity to carbogen challenge in a
small Dunning prostate R3327-HI tumor (2.1 cm®)

Normalized spin echo planar To*-weighted cross-sectional images of the tumor acquired
while breathing (a) air (baseline), and (b) carbogen (image selected to show maximum
change), ¢) Mean BOLD (normalized signal intensity (SI)) response in three adjacent image
slices (O, A,0) and mean over whole tumor (m). Corresponding normalized T1-weighted
gradient echo images of the tumor acquired breathing (d) air and (e) carbogen. f) Mean
variations across the tumor of normalized Sl change vs. time (TOLD response). Heat scale
bar shows % change and linear scale =5 mm.
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Figure 3. Signal response to carbogen challenge in a large Dunning prostate R3327-HI tumor
Data correspond to Figure 2, but for a larger HI tumor (5.7 cm3). The BOLD response was

significant, but considerably less than in the smaller HI tumor, whereas TOLD response was

quite similar to smaller tumors.
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Figure 4. Signal response to carbogen challenge in small R3327-AT1 tumor
Data correspond to Figure 2, but in a small AT1 tumor (0.75 cm?3). The BOLD and TOLD

responses were each considerably less than in the small HI tumor.

NMR Biomed. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhao et al.

ASI (%) T,*-weighted

-weighted

ASI (%) T

AT1 tumor (5.8 cm?)

NMR Biomed. Author manuscript; available in PMC 2016 August 01.

Page 19

%)

-~

AS

5%

3%

1%

-1%

-3%

BOLD

Carbogen

Air

TOLD

Carbogen

Time (mins)

Figure 5. Signal response to carbogen challenge in a large R3327-AT1 tumor
Data correspond to Figure 2, but in a larger AT1 tumor (5.8 cm3). The BOLD and TOLD

responses were each considerably smaller than in the other tumors.
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Figure 6. Comparison of BOLD and TOLD response in groups of Dunning prostate tumors
a. Dynamic normalized T,*-weighted signal response to carbogen challenge in the four

different groups of tumors. A (smaller HI; n=8), @ (smaller AT1; n=9), O (larger HI; n=
5), O (larger AT1; n=7), showing mean = SEM.
b. Corresponding T1-weighted signal responses.
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Figure 7. Correlation of TOLD and BOLD response to carbogen challenge
Signal enhancement showed a distinct linear correlation for all tumors (n=29) from this

study (red and blue symbols; R2>0.75; p<0.0001). HI tumors (open red triangles) alone
showed even stronger correlation (R2>0.85; p<0.0001). AT1 tumors from this study (blue
circles) showed a somewhat weaker correlation (R2>0.54; p<0.005).
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Figure 8. Influence of carbogen challenge on R and Ro*

0.5
0.4
0.3
0.2
0.1

-0.1
-0.2
-0.3
-0.4
-0.5
51

Groups of AT1 (@) and HI (2) tumors are shown separately with respect to carbogen gas

breathing challenge. a) a strong correlation was observed between baseline R and that

measured during carbogen breathing with R? = 0.802 (HI) and R2 = 0.936 (AT1). b) Ry map

for a slice through a small HI tumor, revealing baseline spatial heterogeneity. c)
corresponding Ry map with CB breathing; d) difference map showing response to CB

challenge; e) baseline Ry map for large AT1 tumor; f) corresponding Ry map with CB; g)
difference map showing small response in large AT1 tumor. Corresponding Ro* data with
tumors matching those in a-g; h) Correlations were quite similar for R,* (R? = 0.798 (HI);

R2 =0.981 (AT1)), as expected since the changes in each relaxation rate was relatively

small. i) baseline Ry* small HI; j) Ro* (CB) small HI; k) Ry* difference small HI; 1) baseline

Ro* big AT1; m) Ry* CB big ATZ; n) AR,* big ATL.
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Figure 9. Correlation of quantitative TOLD and BOLD response to carbogen challenge
Comparison of AT1 (@) and HI (») tumors showed distinct trends for the group of 29

tumors. Mean change in Ry was closely reflective of R,* for HI tumors (linear fit shown,
R2>0.67), but there was no obvious relationship for the AT1 tumors.
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T,*- (BOLD) and T;- (TOLD) weighted signal response to carbogen challenge in groups of Dunning prostate

R3327 tumors
Tumor BOLD (%ASI) range | TOLD (%ASI) range
Smaller HI (n=8) 21 +72 48565;0
4-66%
Smaller AT1 (n=9) 8+2 45+0.9
0.6-20% 1-8%
_ 7+1 5+1
Larger HI (n—SC) 4-13% 3.9%
Larger AT1 (n=7) —1086i506°8/o 19+ 0.3b
e 0.7-2.7%

ap<0.05 versus smaller and larger AT1

b
versus smaller AT1 and small or large HI

CBOLD and TOLD data available for 5 of 9 large HI tumors.
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Table 2

Mean relaxation rates, R and R,*, in groups of tumors with respect to carbogen breathing challenge

Tumor (n) Ry*air (51 | R,*CB (s7Y) | AR,* (s7Y) | Ryair(sh) RiCB(sY) | AR (sY)
HI (smaller) (5) 66+ 60 65 + 8¢ -1.0 0.43 ig.oz ods000d | 0007
72.5 718 © 389—0 514) 0.430
(45-82) (42-85) 3090 (0.413-0.512)
HI (larger) (8) 4444 37+2 55 0514001 | 054+0.01 0.033
41.3 355 0.515 0.544
(34-72) (34-48) (0.472-0.563) | (0.464-0.605)
AT1 (smaller) 8) | ¢, ., o 61+ 80 -01 052004 | 0512003 | ;o d
646 610 0.468 0.469
(26.108) (23-110) (0.440-0.711) | (0.412-0.671)
AT1* (larger) (6) 58+5 d d 046+0.02 | 046+0.03 d
59.9 R 16 0.428 0.426 0.000
(44-69) (44:70) (0.413-0.528) | (0.415-0.539)

(AR = RCB - Rair); data presented as mean + se, followed by median and range in parentheses; (n) represents number of tumors with R1 and R2*
data available

dp<0.05 vs. larger HI tumors (Fisher's PLSD using ANOVA).
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