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Abstract
Purpose To identify the optimal threshold in 18F-fluoromisonidazole (FMISO) PET images to accurately locate tumor hypoxia by 
using electron paramagnetic resonance imaging  (pO2 EPRI) as ground truth for hypoxia, defined by  pO2 ≤ 10 mmHg.
Methods Tumor hypoxia images in mouse models of SCCVII squamous cell carcinoma (n = 16) were acquired in a hybrid 
PET/EPRI imaging system 2 h post-injection of FMISO. T2-weighted MRI was used to delineate tumor and muscle tissue. 
Dynamic contrast enhanced (DCE) MRI parametric images of Ktrans and ve were generated to model tumor vascular proper-
ties. Images from PET/EPR/MRI were co-registered and resampled to isotropic 0.5 mm voxel resolution for analysis. PET 
images were converted to standardized uptake value (SUV) and tumor-to-muscle ratio (TMR) units. FMISO uptake thresholds 
were evaluated using receiver operating characteristic (ROC) curve analysis to find the optimal FMISO threshold and unit 
with maximum overall hypoxia similarity (OHS) with  pO2 EPRI, where OHS = 1 shows perfect overlap and OHS = 0 shows 
no overlap. The means of dice similarity coefficient, normalized Hausdorff distance, and accuracy were used to define the 
OHS. Monotonic relationships between EPRI/PET/DCE-MRI were evaluated with the Spearman correlation coefficient ( � ) 
to quantify association of vasculature on hypoxia imaged with both FMISO PET and  pO2 EPRI.
Results FMISO PET thresholds to define hypoxia with maximum OHS (both OHS = 0.728 ± 0.2) were SUV ≥ 1.4 ×  SUVmean 
and SUV ≥ 0.6 ×  SUVmax. Weak-to-moderate correlations (|�|< 0.70) were observed between PET/EPRI hypoxia images with 
vascular permeability (Ktrans) or fractional extracellular-extravascular space (ve) from DCE-MRI.
Conclusion This is the first in vivo comparison of FMISO uptake with  pO2 EPRI to identify the optimal FMISO threshold 
to define tumor hypoxia, which may successfully direct hypoxic tumor boosts in patients, thereby enhancing tumor control.
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Introduction

Hypoxic tumors are generally associated with poor patient 
prognosis due to their resistance to radiation and chemo-
therapy [1–4]. Within solid tumors, hypoxia can induce 
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several complex cellular processes triggered by expres-
sion levels of multiple protein responses, most notably 
the hypoxia inducible factor 1α, HIF-1α [5]. This leads 
to increased and chaotic blood vessel formation (angio-
genesis), metastasis, and aggressiveness of the cancer [6]. 
While the topic of low oxygenation and radiation sensitiv-
ity has been understood for eleven decades [7–9], there 
is still no widely accepted method for accurate in vivo 
hypoxia imaging that is in clinical use to better target 
tumor hypoxia.

In a preclinical setting, pulse electron paramagnetic res-
onance imaging (EPRI) is an accurate modality for meas-
uring and imaging near-absolute  pO2 for oxygen-guided 
radiation therapy [4]. EPRI takes advantage of molecular 
oxygen’s unpaired electrons and introduces an oxygen-sen-
sitive spin probe into the system. The spin lattice relaxa-
tion rate of the probe’s unpaired electron spin has a strong 
linear relationship with surrounding  pO2 with very little 
confounding variation [10]. Ongoing EPRI studies have 
demonstrated significant enhancement of tumor control 
by comparing a radiation boost to hypoxic tumor subre-
gions with that of well oxygenated tumor subregions in 
several preclinical models [4]. This hypoxia dose painting 
method benefits subjects by minimizing dose to surround-
ing oxygenated tumor regions and organs at risk. Although 
results are promising, EPRI is not yet available for clini-
cal use [11]. Therefore, in this study, EPRI is used as the 
ground truth hypoxia to evaluate a more clinically relevant 
hypoxic marker: 18F-fluoromisonidazole (FMISO) PET.

FMISO PET is the most widely accessible hypoxia 
radiotracer for clinical studies [12, 13]. One clinical study 
(Vera et al. [14]) used FMISO PET to identify and treat 
tumor hypoxia for boost dose escalation. There was no 
evidence of benefit, but also no evidence of higher toxic-
ity to organs at risk when delivering a boost to hypoxic 
tumor subregions; this is a promising result for dose paint-
ing. The head and neck cancer group at Memorial Sloan 
Kettering Cancer Center used FMISO PET to distinguish 
normoxic tumors for dose de-escalation [15], with remark-
able evidence of tumor control at radiation doses with very 
mild side effect profiles. However, there is a lack of unani-
mous definition of tumor hypoxia across research groups, 
even within the same tumor type, leading to a variation in 
tumor hypoxia definition [16].

For example, in Vera et al. [14], tumor hypoxia was 
defined by voxel values with standardized uptake value 
(SUV) greater than 1.4; in Riaz et al. [15], tumor hypoxia 
was defined by tumor-to-muscle ratio (TMR) greater than 
1.2. In a review on oxygen-guided radiotherapy outcomes 
by Ferini et al. [17], each study listed in Table 2 of the 
article used a different or unspecified method to define 
hypoxia with FMISO PET. Lindblom et al. [18] used a 
threshold of 1.4 times  SUVmean; Cheng et al. [19] used a 

threshold of tumor to muscle SUV ratio greater than 1.5; 
Henriques de Figueiredo [20] used the fuzzy logic based 
locally adaptive Bayesian method; Hendrickson et al. [21] 
did not specify the threshold used to define the hypoxic 
target volume. Inconsistent definitions of tumor hypoxia 
using FMISO PET can potentially have negative effects 
on patient survival and post treatment quality of life by 
over- or under-estimating hypoxic volumes.

The research presented here addresses the uncertainty 
in defining hypoxia with FMISO PET among research 
groups, using in vivo  pO2 EPRI as the ground truth 
hypoxia. The temporal variability of hypoxia, or acute 
hypoxia [22], has led to the development of an in-house 
imaging system of a hybrid PET/EPRI machine for near-
simultaneous hypoxia imaging [23]. This has the advan-
tage of imaging tumor hypoxia in two modalities while 
the mouse remains in the same position and physiological 
conditions, avoiding confounding effects and registration 
issues that are often present in multi-modal studies.

SCCVII squamous cell carcinoma mouse models were 
used to image tumor hypoxia with FMISO PET and  pO2 
EPRI to identify the optimal FMISO uptake threshold in 
locating hypoxia. T2-weighted MRI was used to define 
tumor margins. Dynamic contrast enhanced (DCE-) MRI 
parametric images of Ktrans and ve were used to model the 
chaotic tumor vascular properties that are often associated 
with hypoxia. Immunohistochemical (IHC) stains of HIF-1 
α expression were used to validate in vivo hypoxia images, 
and cluster of differentiation 31 (CD31) stains of endothe-
lial cells were used to validate Ktrans and ve. Hematoxylin 
and Eosin (H&E) staining was used to identify necrosis.

Materials and methods

Animal tumor model

SCCVII squamous cell carcinoma tumors (n = 20) were grown 
in the calf muscle of C3H female mice to mean volumes of 
320 ± 100  mm3 within 12 days of tumor cell inoculation for 
imaging. Mice were 8–13 weeks old at the time of imaging. 
Four mice died before imaging was completed; therefore, 16 
mice were included in analysis. The study has been approved 
by the Institutional Animal Care and Use Committee and fol-
lowed US Public Health Service policy.

Image acquisition

A schematic of the imaging experiment is shown in Sup-
plemental Figure S1. Hypoxia images were acquired in 
the hybrid PET/EPRI machine [23], and MR images were 
acquired in a 9.4 Tesla small animal scanner (Bruker, 
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Erlangen, Germany). During image acquisition, mice lay 
prone with anesthesia administered via nose cone main-
tained near 1.2% isoflurane. Mice were monitored to regu-
late their temperature at 37 ◦ C and respiratory rate near 
100 bpm. Mice were not disturbed during imaging except for 
the disconnection of distant catheter access tubes.

Following induction of anesthesia using 2% isoflurane mixed 
with air, the tumor-bearing leg was immobilized in a soft vinyl 
polysiloxane cast (GC America, Alsip, IL) and plastic bed using 
a previously published methodology [24]. A tail vein cannula 
was inserted to administer a bolus injection of ~ 8.5 MBq of 
FMISO (produced on-site [25] and detailed in a previous pub-
lication [26]) for PET imaging. An infusion of oxygen-sensi-
tive spin probe (OX071; GE Healthcare) was used for EPRI 
and a bolus of gadodiamide (Omniscan; GE Healthcare) for 
DCE-MRI.

For EPRI, spin-probe infusion began 1.5 h post-injection 
of FMISO. At least three  pO2 images were acquired at 7 min 
each; the last image was used for analysis to be temporally 
near the FMISO PET image. PET/EPRI were not acquired 
simultaneously due to RF-frequency interference. Immedi-
ately after EPRI imaging, a static 20–30-min PET image 
was acquired 2 h post-injection. Thirty minutes later, after 
the mouse was transferred to the MRI facility, T2-weighted 
(T2w) and DCE-MRI images were acquired. Ktrans and ve 
parametric images were generated using the Tofts model 
[27] described in detail in a previous publication [26].

To prepare tumors (n = 2) for IHC staining, the tumor-bear-
ing mouse leg was skinned and cut in half axially at the tumor 
center, and the leg was separated and dropped into formalin for 
36 h. The leg was then transferred into decalcification solution 
for 2 h, after which the tumor (including surrounding muscle 
and decalcified bone to aid in registration with MRI images) was 
cut into two 5-mm axial sections at the center and set in labeled 
cassettes. The solution was rinsed with dewater and transferred 
into 70% ethanol for 24–36 h.

Four serial paraffin sections were prepared with 5-mm 
thickness every 500 mm for multiparametric immunohisto-
chemistry stained for H&E, CD31 (1:200 dilution; ab28364, 
Abcam), and HIF-1α (1:1000 dilution; #NB100-479SS, 
Novus Biologicals). H&E was used to identify tumor vs 
healthy tissue cells and necrosis; CD31 targeted the endothe-
lial cells of blood vessels to identify angiogenesis; and the 
HIF-1α antibody was hypothesized to be expressed largely in 
tumor cells around necrosis and angiogenesis. This resulted 
in 16 potential slices for multiparametric IHC analysis.

Image analysis

Pre‑processing

EPRI/PET/MRI images were registered and resampled to 
0.5-mm isotropic voxels—the output voxel resolution of 

PET images—using an in-house software [28] developed 
in MATLAB (MathWorks, Natick, MA). Anatomic land-
marks and fiducials filled with water and the EPRI spin 
probe embedded in the plastic bed were used for registration.

The tumor was manually contoured in the axial slices of 
T2w MR images (Fig. 1). A small region of interest (ROI) 
was drawn in the muscle of the tumor-bearing leg near the 
femur to generate FMISO images in units of tumor-to-mus-
cle ratio (TMR). Standardized uptake value (SUV) images 
were generated by normalizing the PET image concentration 
by the injected dose and mouse body weight. The tumor 
contour was transformed to all EPRI/PET/MRI images for 
analysis.

Optimal FMISO PET threshold to localize hypoxia

The optimal FMISO threshold to define hypoxia was deter-
mined by using EPRI as the reference truth for hypoxia, 
which is well-established as  pO2 ≤ 10 mmHg [29]. Receiver 
operating characteristic (ROC) analysis [30] was repeated 
for different  pO2 thresholds ranging from 6 to 14 mmHg 
to confirm the EPRI  pO2 ≤ 10 mmHg hypoxia threshold 
(Supplemental Figure S2). One-way analysis of variance 
(ANOVA) was used to compare means of the area under 
the curve (AUC) across all subjects for each EPR threshold.

FMISO-based hypoxia thresholds were defined by a vari-
ation of TMR and SUV thresholds commonly found in the 
literature [14–17]. Figure 2A shows a scatter plot from an 
example tumor’s  pO2 and SUV voxel values, and how true-
positive fractions (TPF) and false-positive fractions (FPF) 
change based on the FMISO uptake threshold. The TPF is 
the fraction of voxels within a tumor that FMISO PET accu-
rately classified as hypoxic; the FPF is the fraction of tumor 
voxels that FMISO PET misclassified as hypoxic but were 
actually normoxic. PET thresholds were defined by SUV ≥ 
X, where X ranges from 0 to 5. PET thresholds were further 
evaluated by SUV ≥ X ×  SUVmean or SUV ≥ X ×  SUVmedian, 
and SUV ≥ Y ×  SUVmax where Y ranges from 0 to 1. The 
 SUVmean,  SUVmedian, and  SUVmax were calculated over all 
voxels in each tumor. Analysis was repeated for thresholds 
in TMR units.

Three metrics were used to define similarity between hypoxia 
in EPRI and FMISO PET: accuracy, dice similarity coefficient 
(DSC), and the 95th percentile Hausdorff distance  (dH,95%). 
Accuracy was defined by the fraction of true positives (TP) 
and true negatives (TN) over the entire tumor including false 
positives (FP) and negatives (FN): accuracy = (TP + TN)/
(TP + TN + FP + FN). The DSC = 2|X ∩ Y|/(|X| +|Y|), where 
X and Y are hypoxic voxels defined by EPRI and PET respec-
tively, is the ratio of the number of voxels in the overlapping 
region of hypoxia to the sum of the number of hypoxic voxels 
in each region. The  dH,95% measured the greatest distance from 
the nearest points in the EPRI-defined hypoxic region to the 
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PET-defined hypoxic region. The  dH,95% was normalized and 
subtracted from 1, denoted by ||dH,95%||, so that all three metrics 
would range from 0 to 1 (lowest to highest similarity between 
the two hypoxic tumor subregions).

The overall hypoxic similarity (OHS) was calculated for each 
tumor as the mean of accuracy, DSC, and ||dH,95%||, again rang-
ing from 0 to 1. For all metrics, the mean across all tumors was 
plotted against each potential FMISO threshold (Fig. 3), setting 
true hypoxia at  pO2 EPRI ≤ 10 mmHg. The FMISO thresh-
olds with maximum OHS were defined as the optimal FMISO 
threshold for TMR,  TMRmean,  TMRmedian,  TMRmax, SUV, 
 SUVmean,  SUVmedian, and  SUVmax. Additionally, the hypoxic 
fraction was calculated based on FMISO PET images  (HFPET) 
at thresholds with maximum OHS to compare to hypoxic frac-
tions defined by EPRI  (HFEPR).

Correlations between EPRI, FMISO PET, and DCE‑MRI

DCE-MRI parametric images of Ktrans (contrast agent 
rate of transport to tissue) and ve (volume fraction of the 

extravascular extracellular space in tissue) were generated 
using the standard Tofts model [27]. Spearman correlation 
coefficients were calculated for each tumor between  pO2 
EPRI, FMISO uptake, Ktrans, and ve to identify significant 
correlations between modalities. The paired t-test was used 
to compare inter-modality correlation strengths.

Validating in vivo images with H&E and IHC staining

Sectioned and stained slides were scanned with 40× resolution 
digital light field microscope and imported into CaseViewer and 
QuPath software for viewing. The H&E slide was manually reg-
istered to the T2-weighted axial MRI image that most closely 
resembled its anatomical features. Note the limitations of this 
method in registering ex vivo to in vivo samples due to tear-
ing and deformation of the excised tissue. Regions of necrosis 
were identified by H&E, HIF-1α expression in the cell nucleus, 
and CD31 staining of endothelial cells in sister sections, with 
guidance from a pathologist. Those regions were then identi-
fied in associated in vivo slices to see if (1) necrotic regions 

Fig. 1  Axial slices in the center 
of the tumor and histogram 
distributions for A Mouse 5 
with a large, compact hypoxic 
volume, and B Mouse 15 with 
a low, heterogeneous hypoxia 
distribution
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Fig. 2  A Scatterplot of tumor voxel values where hypoxia is defined 
by  pO2 ≤ 10 mmHg (vertical dashed line) and FMISO PET threshold 
for hypoxia is exploratory (horizontal dashed line). The true-positive 
fraction (TPF) and false-positive fraction (FPF) vary by the FMISO 
threshold for hypoxia. B Example ROC curves (red) from result of 
sweeping through scaled FMISO ×  SUVmean thresholds from 0 to 5. 

Dotted-dashed grey lines show ROC curves for individual tumors 
with area under the curve (AUC) ranging from 0.42 to 0.92. The 
thick red ROC curve shows mean ROC curve (AUC = 0.74) across all 
tumors for each FMISO threshold. The dashed black line shows the 
theoretical random ROC curve (AUC = 0.5) where TPF = FPF

Fig. 3  Tumor hypoxia overlap 
between PET/EPRI for select 
FMISO PET uptake units: 
TMR, SUV, ×  SUVmean, × 
 SUVmedian, and ×  SUVmax. 
Mean, median, and maximum 
TMR images generated identi-
cal results, so are excluded from 
the figure. Shaded curves show 
mean and standard error across 
all tumors. For each unit, the A 
DSC, B  dH,95%, and C accuracy 
is displayed for all potential 
FMISO PET thresholds. D 
OHS = (DSC +||dH,95%||+ Acc)/3 
identifies the peak thresholds 
where FMISO uptake best over-
laps with EPRI-defined  pO2 ≤ 
10 mmHg (specified in Table 1)
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corresponded to areas of low Ktrans and high ve, (2) areas without 
CD31 stains corresponded to hypoxia, and (3) HIF-1α expres-
sion corresponded to hypoxia.

Results

Figure 1 shows two examples of tumors (in all modalities) 
selected to show variation in hypoxic fraction, FMISO 
uptake, and tumor volume. For example, Mouse 5 in 
Fig. 1A had a large tumor volume and hypoxic core, while 
Mouse 15 in Fig. 1B had a small tumor volume with several 
nodules and a heterogeneous spread of hypoxia.

Optimal FMISO PET threshold to localize hypoxia

The mean OHS reached its peak with hypoxia defined by 
FMISO SUV ≥ 1.4 ×  SUVmean and SUV ≥ 0.6 ×  SUVmax (and 
the same for TMR). Figure 3 shows the distribution of DSC, 
 dH,95%, accuracy, and OHS at all potential FMISO uptake thresh-
olds. Table 1 shows the resulting DSC,  dH,95%, and accuracy val-
ues at each unit’s maximum OHS values: SUV ≥ 2.4, SUV ≥ 1.6 
×  SUVmedian, SUV ≥ 1.4 ×  SUVmean, and SUV ≥ 0.6 ×  SUVmax.

The mean and standard deviation of the AUC for ROC 
curves across all mice was 0.74 ± 0.1 for EPRI  pO2 ≤ 
10 mmHg. Using a lower threshold of  pO2 ≤ 6 mmHg had a 
lower AUC (0.70 ± 0.2), but there was no significant differ-
ence in results across  pO2 thresholds (p = 0.9). ROC curves 
and AUC values are displayed in Supplemental Figure S2.

Box plot distributions of  HFEPRI and  HFPET are shown in 
Fig. 4A. Three-dimensional masks of tumor hypoxia with differ-
ent FMISO thresholds are shown in Fig. 4B. This visualization 
demonstrates using an absolute threshold of TMR or SUV to 
define hypoxia, rather than a scaled threshold such as  SUVmean, 

risks underestimating hypoxia. This would be detrimental to a 
radiation treatment plan since a large portion of hypoxic clono-
genic cells may survive.

Correlations between EPRI, FMISO PET, and DCE‑MRI

Table 2 shows median (top right) and min/max (bottom left) 
monotonic Spearman correlation coefficients between tumor 
voxels of  pO2, FMISO uptake, Ktrans, and ve, which were calcu-
lated for each mouse. Figure 5 shows the histogram distributions 
of correlation strengths between  pO2 with FMISO uptake (5A), 
 pO2 and FMISO uptake with Ktrans (5B), and ve (5C). Moderate 
correlations (p < 0.05) were observed between  pO2 with FMISO 
uptake and Ktrans with FMISO uptake. Only weak correlations 
were observed with ve.

Negative correlations were observed between all  pO2 vs 
FMISO voxel values ( �

median
 = − 0.52, p < 0.001 and �

min
 

=  − 0.71, p < 0.001), confirming low  pO2 in tumor subregions 
with high FMISO uptake. Positive correlations between  pO2 
vs Ktrans ( � median = 0.33, p < 0.001, �

max
 = 0.58, p < 0.001) sup-

port the theory that higher vascular perfusion and permeabil-
ity increases with  pO2. Negative correlations between FMISO 
uptake vs Ktrans ( � median =  − 0.41, p < 0.001, �

min
 =  − 0.66, 

p < 0.001) support that vascular perfusion and permeability 
decreases while FMISO uptake increases.

The paired t-test comparing strength of correlations showed 
a significantly higher strength of absolute � for FMISO uptake 
vs Ktrans ( |�

mean
|= 0.34) than for  pO2 vs Ktrans ( |�

mean
|= 0.28) 

(p = 0.018). However, both mean correlations were generally weak.

Validating in vivo images with H&E and IHC staining

Regions with low Ktrans and high ve and hypoxia in both 
FMISO PET and EPRI corresponded with regions of 

Table 1  A summary of mean ± standard deviation values of DSC, 
 dH,95%, accuracy, OHS, and  HFPET over all mice for each FMISO 
uptake unit when compared to the reference  pO2 ≤ 10 mmHg hypoxia 

definition from EPRI, where mean  HFEPRI = 0.17 ± 0.2. The displayed 
FMISO TMR and SUV hypoxia thresholds shown in this table had 
the highest OHS values

DSC = dice similarity coefficient
dH,95% = Hausdorff distance (95th percentile)
OHS = Overall hypoxia similarity
HFPET = Hypoxic fraction defined by FMISO PET
HFEPRI = Hypoxic fraction defined by  pO2 EPRI
TMR = Tumor-to-muscle ratio
SUV = Standardized uptake value

TMR ≥ 2.4 SUV ≥ 2.4 ≥ 1.4 ×  SUVmean ≥ 1.6 ×  SUVmedian ≥ 0.6 ×  SUVmax

DSC 0.31 ± .2 0.35 ± .2 0.41 ± .2 0.37 ± .2 0.39 ± .2
dH,95% [mm] 3.3 ± .6 3.3 ± .8 3.3 ±.5 3.3 ± .6 3.2 ± .4
Accuracy 0.82 ± .07 0.82 ± .08 0.81 ± .05 0.81 ± .06 0.82 ± .06
OHS 0.708 ± .2 0.709 ± .2 0.728 ± .2 0.717 ± .2 0.728 ± .2
HFPET 0.14 ± .1 0.21 ± .2 0.18 ± .05 0.16 ± .07 0.16 ± .07
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necrosis and no stained blood vessels with CD31 (Fig. 6A, 
red arrows). Tumor regions without apparent necrosis and 
stained blood vessels with CD31 (Fig. 6B, green arrows) 
corresponded with oxygenated tumor regions (high  pO2 and 
low FMISO uptake). HIF-1α expression in tumor cell nuclei 
was apparent throughout the entire tumor, particularly at 

tumor edges and around new vascular growth. There was no 
HIF-1α expression in healthy muscle cells.

Discussion

We have calculated the optimal threshold to apply to a late 
static FMISO PET image 2 h post-injection. Other groups 
have published more complete dynamic imaging and kinetic 
analysis that would require a longer PET scan over several 
hours and more complex image processing and compart-
mental data analysis [31, 32]. However, a simple approach 
is necessary for hypoxia imaging to be widely implemented, 
which is the goal of this work.

The importance of using the optimal FMISO threshold in 
locating tumor hypoxia is in the risk of a too-high FMISO 
threshold, which could underestimate hypoxia with negative 
treatment outcomes. Small fractions of missed hypoxia in radia-
tion treatment can still result in clonogenic hypoxic tumor cells 
resulting in clinical failure as discussed in Epel et al. [4]. This 
must be balanced by the risk of overestimating tumor hypoxia 
with an FMISO threshold that is too low, which could result in 
over-treating a tumor and organs at risk.

Results of our study confirmed that overall hypoxic simi-
larity between FMISO PET/EPRI images were maximized 
at similar FMISO thresholds as reported by independent 
research groups [14–20] of SUV ≥ 1.4 ×  SUVmean and SUV 
≥ 0.6 ×  SUVmax, and the same with TMR units. However, 
SUV may be more appropriate than TMR because units of 
SUV do not require a subjective contour of a muscle ROI.

The DSC and  dH,95% were dependent on the tumor’s 
hypoxic fraction, where larger hypoxic fractions had higher 
DSC values (indicating better overlap) but also higher  dH,95% 
values (indicating worse overlap), shown in Supplemental 
Figure S3. This tradeoff supports the need for multiple met-
rics to define the quality of overlap between hypoxic tumor 
subregions shown in  pO2 EPRI vs FMISO PET.

Vera’s Phase II study [14] used an FMISO PET threshold of 
SUV ≥ 1.4 to define hypoxic lesions to deliver a boost dose to, 
where 48% of the cohort’s tumor histology was lung squamous 
cell carcinomas. The study showed that FMISO uptake was 
strongly associated with poor prognosis features, but delivering 
a boost dose to the hypoxic subregions did not reverse those fea-
tures. A possibility of why this was observed was a suboptimal 
choice of threshold to define hypoxia with FMISO. For exam-
ple, when using the threshold SUV ≥ 1.4 in this study’s dataset, 
the mean ± standard deviation of the DSC was 0.38 ± 0.2 and 
 dH,95% was 9.2 ± 2 mm. The  dH,95% increased by almost 6 mm 
compared to the use of a more optimal threshold like SUV ≥ 
1.4 ×  SUVmean. This large discrepancy between definitions of 
hypoxic tumor regions could result in suboptimal boost targets 
for treatment, which affects patient outcome.

Fig. 4  A Comparison of hypoxic fractions  HFEPRI and  HFPET at TMR 
≥ 2.4, SUV ≥ 2.4, SUV ≥ 1.6 ×  SUVmedian, SUV ≥ 1.4 ×  SUVmean, 
and SUV ≥ 0.6 ×  SUVmax. Markers show individual hypoxic frac-
tion (HF) values next to their respective boxplots. Because the mean, 
median, and max TMR HF distributions were identical to SUV, they 
were excluded from the plot. There is no statistical difference in the 
means (using ANOVA, p = 0.66) of HF values across thresholds. 
However, there is a significant difference in the variance between the 
“true” HF from EPR to HF defined by  SUVmedian (p = 0.02),  SUVmean 
(p < 0.001), and  SUVmax (p = 0.02). B Examples of tumor hypoxia 
defined by  pO2 EPRI (blue) vs FMISO PET (red) using various opti-
mal thresholds for Tumor 5 and Tumor 15 (axial slices shown in 
Fig. 1)
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The resolution differences between preclinical EPR and 
PET imaging modalities were < 1 mm. Previously evalu-
ated resolutions of this study’s imaging systems were found 
to be ~ 1.6 mm for PET and ~ 1.0 mm for EPROI [23]. All 
multimodal tumor images were resampled to isotropic 
0.5 mm output voxel resolution of the PET image, so EPR 
 pO2 images were upsampled from their 0.67 mm isotropic 
resolution. The effect of resampling would mostly affect 
similarity metrics at the edges of hypoxic tumor subregions, 
which straddle each threshold to define hypoxia. This did not 
significantly affect the AUC for various EPR  pO2 thresholds 
of hypoxia (p > 0.05). DCE-MRI images of Ktrans and ve were 
downsampled from 0.1 × 0.1 × 0.75  mm3, which would have 
more strongly affected statistical analysis and accuracy of 
similarity metrics in the axial plane in tumors with more 
heterogeneous vascular perfusion and permeability features. 

This may be a contributing factor to the generally weak-to-
moderate strengths of Spearman correlations.

Generally weak to moderate correlations between EPR/
PET hypoxia images with DCE-MRI parametric images sup-
port that tumor hypoxia is a much more complex process 
than vascular supply [33]. Recent work by Hillestad et al. 
[27] shows that a combination of Ktrans and ve (rather than 
Ktrans and ve alone) can be used to predict hypoxia level and 
hypoxic fraction. That in turn predicted progression-free 
survival using hypoxic fraction and Ktrans values, but not 
ve. This is consistent with our results showing some mod-
erately strong correlations between  pO2 with Ktrans, but no 
correlations between  pO2 with ve. The stronger correlations 
between FMISO uptake with Ktrans compared to  pO2 with 
Ktrans suggest that FMISO is more susceptible to effects of 
vascular perfusion and permeability than EPRI.

Fig. 5  Histograms of Spearman 
correlation coefficients between 
tumor hypoxia  (pO2 EPRI and 
FMISO SUV) with vascular 
permeability/perfusion (Ktrans) 
and fraction of extracellular-
extravascular space (ve) for each 
tumor. A Negative correlations 
are consistent between FMISO 
SUV and EPRI  pO2. B Nega-
tive weak correlations between 
FMISO SUV and Ktrans (pink) 
and positive weak correlations 
between EPRI  pO2 with Ktrans 
(cyan). C Positive weak cor-
relations between FMISO SUV 
and ve (pink) and negative weak 
correlations between EPRI  pO2 
with ve (cyan)

Table 2  Spearman correlation coefficients � between all in vivo 
modalities. Median � values are on the right above the diagonal in a 
darker shade of gray. The minimum and maximum � values are on the 

left below the diagonal in a lighter shade of gray. Top values show 
maximum � ; bottom values show minimum �.

EPR
pO2

FMISO 
SUV

DCE-MRI 
Ktrans

DCE-MRI 
ve

EPR pO2 1 -0.52
***

0.33
***

-0.19
***

FMISO SUV
-0.0042

***

-0.71
***

1 -0.41
***

0.15
***

DCE-MRI 
Ktrans

0.58

-0.18
***

-0.0016

-0.66
***

1 -0.20
***

DCE-MRI
ve

0.15

-0.50
***

0.48

-0.14
***

0.16

-0.64
***

1

Associated p values are shown by asterisks: * = p ≤ 0.05, ** = p ≤ 0.01, *** = p < 0.001
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HIF-1α expression was not localized only to hypoxic 
tumor regions, but throughout the whole tumor, with darker 
nucleic stains around blood vessels stained with CD31. This 
supports that in the presence of hypoxia, and surrounding 
necrosis, HIF-1α induces angiogenesis [34, 35]. We initially 
considered there was overstaining, but there was no HIF-1α 
expression in healthy muscle cells. Tumor regions without 
CD31 staining, i.e., regions without blood-delivering vas-
culature, were more strongly associated with necrosis and 
low Ktrans.

While these results were consistent throughout the two 
tumors for which H&E and IHC staining was completed, 
a limitation to the study is that only two tumors were used. 
However, those tumors are representative of the whole 
group: Tumor 14 had a hypoxic core with high similarity 
between FMISO PET/EPROI-defined hypoxia and high 
FMISO uptake, while Tumor 15 had a heterogeneous 
spread of hypoxia with low similarity between FMISO PET/
EPROI-defined hypoxia and low FMISO uptake.

Another limitation to our study is the lack of radiation 
treatment outcome results when delivering boost doses to 
these optimally defined hypoxic tumor subregions imaged 
with FMISO PET. However, this is the only in vivo study 
to use EPRI as the ground truth for tumor hypoxia, and 
the validity of using EPRI to define and treat hypoxia 
has been previously verified and published [4, 24]. Our 
optimal threshold for defining hypoxia with FMISO PET 
falls within the range of clinical studies using FMISO to 
locate tumor hypoxia for radiation boosts [8–16]. Ongo-
ing experiments will carry out preclinical in vivo tumor 
hypoxia boost studies and will be reported in the future.

The presented analysis was performed in a single ani-
mal tumor model system. The results are liable to change 

in other tumor models that may be more likely to develop 
severe necrosis, stromal structures, and different patterns 
of vascularization. For example, similar work in clini-
cal studies have shown different kinetics in FMISO PET 
and DCE-MRI in head-and-neck cancer [36] compared to 
breast cancer [37] patients. To address this concern, work 
is ongoing to repeat our study in mammary adenocarcino-
mas and fibrosarcomas preclinical mouse models.

The generally low DSC and high  dH,95% values show 
the need for a potential correction to FMISO PET images 
using DCE-MRI, but this study aims to identify the opti-
mal FMISO PET threshold for clinical settings where only 
static FMISO PET imaging is feasible. Repeating the study 
in other tumor types will identify potential differences or 
similarities between tumor physiology and hypoxia across 
tumor models that may exhibit a different volume of distri-
bution, which may affect the  pO2 EPRI vs FMISO PET cor-
relations, thereby altering the optimum threshold setting.

Conclusion

This is the first in vivo comparison of FMISO uptake with 
 pO2 EPRI in preclinical squamous cell carcinomas to identify 
the optimal thresholds to define tumor hypoxia (SUV ≥ 1.4 
×  SUVmean and SUV ≥ 0.6 ×  SUVmax). A hybrid PET/EPRI 
imager was used to ensure identical physiological conditions of 
the mouse during imaging. Over all tumors, the relatively low 
mean DSC and high  dH,95% suggest the need to apply a correc-
tion to FMISO PET images, for which work is ongoing [26].

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00259- 022- 05889-4.

Fig. 6  Magnified H&E and immunohistological stains of HIF-1α and 
CD31 expression in hypoxic tumor cells regions with some necro-
sis (A, D) and tumor region without apparent hypoxia (B, E). Cor-

responding in vivo axial slices with the registered H&E slide (C, F) 
show corresponding red arrows (necrosis/hypoxia) and green arrows 
(oxygenated tumor cells)

https://doi.org/10.1007/s00259-022-05889-4
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