
Quantitative [18F]-FMISO- PET imaging shows reduction of 
hypoxia following trastuzumab in a murine model of HER2+ 
breast cancer

Anna G. Sorace1, Anum K. Syed2, Stephanie L. Barnes2,3, C. Chad Quarles4, Violeta 
Sanchez5, Hakmook Kang6, and Thomas E. Yankeelov1,2,3

1Internal Medicine, The University of Texas at Austin, Austin, Texas, USA

2Biomedical Engineering, The University of Texas at Austin, Austin, Texas, USA

3Institute for Computational and Engineering Sciences, The University of Texas at Austin, Austin, 
Texas, USA

4Division of Imaging Research, Barrow Neurological Institute, St. Joseph’s Hospital and Medical 
Center, Phoenix, AZ, USA

5Pathology, Vanderbilt University Medical Center, Nashville, Tennessee, USA

6Biostatistics, Vanderbilt University Medical Center, Nashville, Tennessee, USA

Abstract

Purpose—Evaluation of [18F]-FMISO-PET imaging as a metric for evaluating early response to 

trastuzumab therapy with histological validation in a murine model of HER2+ breast cancer.

Procedures—Mice with BT474, HER2+ tumors, were imaged with [18F]-FMISO-PET during 

trastuzumab therapy. Pimonidazole staining was used to confirm hypoxia from imaging.

Results—[18F]-FMISO-PET indicated significant decreases in hypoxia beginning on day 3 (P < 

0.01) prior to changes in tumor size. These results were confirmed with pimonidazole staining on 

day 7 (P < 0.01); additionally, there was a significant positive linear correlation between histology 

and PET imaging (r2=0.85).

Conclusions—[18F]-FMISO-PET is a clinically relevant modality which provides the 

opportunity to 1) predict response to HER2+ therapy before changes in tumor size, and 2) identify 

decreases hypoxia which has the potential to guide subsequent therapy.
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INTRODUCTION

Hypoxia is the reduction of oxygen to tissues below physiological levels (i.e., 15 mmHg, 2% 

O2 in tumors [1]) and is generally created by an inadequate blood supply [2]. Tumor hypoxia 

increases metastatic potential in breast cancer and is a strong prognostic factor of disease 

progression and survival [3]. Additionally, rapid tumor growth can cause increased 

consumption of oxygen, along with poor formation of vasculature which impedes sufficient 

oxygen delivery [4-5]. Radiation therapy, targeted therapies, and chemotherapy are all 

commonly used for the treatment of breast cancer, and hypoxic tumor cells show resistance 

to each of these treatment modalities. Hypoxic cells within tumor xenografts have been 

shown to be resistant to cytotoxic agents that target rapidly dividing cells because of a 

quiescent nature [6-7]. Furthermore, increased expression of downstream hypoxia cellular 

markers (e.g., hypoxia-inducible factor 1α (HIF1 α and carbonic anhydrase IX (CA-IX)) in 

breast cancer biopsies is associated with decreased overall survival [8-10]. Therefore, 

monitoring the spatiotemporal evolution of hypoxic tissue within a tumor, has the potential 

to predict eventual response as well as guide subsequent therapy

There are over 230,000 new cases of breast cancer in American women each year, with 

human epidermal growth factor receptor 2 (HER2) overexpression prevalent in 25% of these 

patients [11]. HER2+ overexpression in breast cancer is associated with increased 

recurrence, metastasis, and poorer overall prognosis. Trastuzumab, a standard-of-care 

therapy in HER2+ breast cancer, is a monoclonal antibody that targets and interferes with 

the HER2/neu receptor to reduce proliferation through cell cycle arrest [12]. Additionally, as 

a secondary mechanism of action, trastuzumab suppresses angiogenesis by induction of 

antiangiogenic factors and inhibition of proangiogenic factors. This alteration in tumor 

vasculature has been shown through increased vascular maturation [13], decreased release of 

vascular endothelial growth factor (VEGF) [13-14], and a reduction of vessel diameter and 

leakiness [14]. Importantly, trastuzumab-induced vascular maturation has been shown to 

improve perfusion and intratumoral delivery of systemic agents [13]. Similarly, improved 

hemodynamic efficiency has the potential to decrease hypoxia and enhance the effectiveness 

of these therapies. The ability to sensitize a tumor to current standard-of-care therapies 

(chemotherapy, radiation therapy) are of great clinical importance in the treatment of cancer, 

because it provides a pathway for improving drug efficiency without increasing the total 

dose.

Positron emission tomography (PET) and magnetic resonance imaging (MRI) methods have 

been developed that can assess vascular, molecular, and cellular changes prior to changes in 

tumor size [15-16]. However, the specific evaluation of [18F]-fluoromisonidazole (FMISO)-

PET as a predictor of treatment response in HER2+ breast cancer has been undeveloped. 

[18F]-FMISO freely diffuses into cells and under normal oxidative conditions, freely exits. 

When entering hypoxic cells, FMISO is reduced and retained through accumulation of the 2-

nitroimidazole metabolites and irreversible binding to intracellular thiol-rich proteins [17]. 

The retention of the tracer in hypoxic tissue makes [18F]-FMISO-PET a highly sensitive and 

specific, noninvasive imaging technique for detection of tumors that exhibit hypoxia [18-19]. 

Furthermore, the ability to noninvasively measure hypoxia has the potential to play an 
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important role for evaluating treatment response, as well as guiding radiation and cytotoxic 

therapy.

In this effort, we evaluate [18F]-FMISO-PET as a metric for assessing response to 

trastuzumab therapy in a murine model of HER2+ breast cancer with histological validation. 

Specifically, the goals of this study are to 1) evaluate early response to trastuzumab 

treatment prior to changes in tumor size, 2) validate these measurements by correlating 

imaging and histological assessments, and finally, 3) quantify longitudinal alterations in 

hypoxia following trastuzumab therapy.

MATERIALS AND METHODS

Animal model

All procedures were approved by our institution’s animal care and use committee. BT474 

HER2+ cells were grown in improved minimal essential medium (IMEM, Invitrogen, 

Carlsbad, CA) supplemented with 10% FBS, 1% L-glutamine, and 1% insulin. Cells were 

grown to 80-90% confluency in 5% O2 and 37°C. Cells were counted via hemocytometer 

and trypan blue dye exclusion. Nude athymic female mice (N = 37) were subcutaneously 

implanted with a 0.72 mg, 60-day release, 17β-estradiol pellet (Innovative Research of 

America, Sarasota, FL) in the nape of the neck. Approximately 24 hours later, 107 BT474 

breast cancer cells in serum-free IMEM media with 20% growth factor-reduced Matrigel 

were injected subcutaneously into the right flank of the mouse (cells/100 μl). Tumors were 

monitored through caliper measurements weekly (ellipsoid tumor volume = 

(4/3)*π*(length/2)*(width/2)*(height/2)) and, after five weeks of growth, mice were 

randomly separated into groups (prior to initiation of imaging studies). Animals were treated 

with either trastuzumab (10 mg/kg) or saline via intraperitoneal (i.p.) injection in 100 μl total 

on day 0 (five weeks post implant, tumor volume = 217.84 ± 32.11 mm3), immediately 

following baseline imaging, and day 3, immediately following imaging.

Radiotracer synthesis

[18F]-FMISO was prepared as a service by Vanderbilt University’s radiochemistry core. 

[18F]-FMISO was obtained with average radiochemical purity of 99.82% and specific 

activity was approximately 33785 Ci/mmol (1.25e15 Bq/mmol).

[18F]-FMISO-PET imaging and analysis

Animals (N = 10; N = 5 treated with trastuzumab, N = 5 treated with vehicle) were imaged 

with [18F]-FMISO-PET on baseline (day 0), day 1, day 3, day 4 and day 7 (see Fig. 1). At 

each imaging time point, mice were injected with approximately 350 μCi of [18F]-FMISO 

(348.80 ± 29.10 μCi (12.9 ± 1.1 MBq), mean ± standard deviation) via retro orbital injection 

and then 70 minutes later were transferred under anesthesia to a Siemens Inveon 

microPET/CT (Siemens Preclinical Solutions; Knoxville, TN) for rodent imaging to 

quantify volumetric uptake of [18F]-FMISO. Anesthesia was maintained at a rate of 1.5 % 

isoflurane in air. Animal body temperature was maintained at 37° C by a heated circulating 

water pad. Anesthesia was continued, and immediately prior to PET imaging, a high 

resolution computed tomography (CT) scan was obtained for anatomical localization. CT 
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was acquired with an x-ray voltage of 80 kVp and a beam intensity of 25 mAs. The CT 

images were reconstructed into 367 × 367 × 512 voxels at a spatial resolution of 0.114 × 

0.114 × 0.114 mm3. At 80 min post injection, list-mode data were collected for 20 minutes. 

Images collected for 20 minutes were reconstructed into transaxial slices (128 × 128 × 95) 

with voxel sizes of 0.95 × 0.95 × 0.8 mm3, after applying scatter and attenuation corrections 

using an iterative ordered subsets expectation maximization (OS-EM 2D) algorithm. For 

accurate measures of injected dose, the needle containing the tracer dose was measured prior 

to injection and the residual in the needle post injection was also measured.

Parametric maps of the standardized uptake value (SUV) were calculated by normalizing the 

average activity concentration to animal weight and injected dose. MATLAB was used to 

manually draw three-dimensional (3D) regions of interest (ROIs) around the entire tumor 

volume on the SUV maps. CT images were used to confirm tumor location, but did not 

provide the necessary contrast between tumor and muscle on the ventral side of the tumor to 

delineate the differences, while PET did. ROIs were also drawn across three slices within the 

contralateral muscle to serve as controls and the average and max muscle SUV were 

calculated. Three investigators, who were blinded to treatment groups, defined all ROIs for 

each mouse at each imaging time point. To eliminate the inconsistencies found with 

identifying the slices where the tumor begins and ends due to partial voluming tissue with 

air, the five central slices were utilized to calculate the average, max and hotspot SUVs. 

Hotspot SUV utilizes the general criteria established in PERCIST [20], and identifies the 

nine voxels that compose a cube (evaluated through all three planes) whose average SUV in 

the maximum within the tumor ROI. The average of the results from the three sets of tumor 

ROIs was used to determine the SUV values for each mouse on each day throughout the 

study. Hotspot analysis was not completed on the muscle ROI due to the small section used. 

Inter-user error was calculated by quantifying the standard error between the SUVs 

calculated from the different ROIs for one tumor. The hotspot SUV from the tumor ROI was 

selected for statistical comparisons to eliminate potential bias due to tumor necrosis, which 

would lead to an increase in heterogeneity of radiotracer uptake throughout the whole tumor 

volume. The one central slice of imaging data was used to further directly compare with 

histology central slice information.

Immunohistochemistry

Immediately following [18F]-FMISO-PET imaging at day 7, animals were injected with 

pimonidazole via the tail vein. One hour following pimonidazole injection (Hypoxyprobe, 

Burlington, MA), animals were sacrificed and tumors were cut in half at the largest cross 

section of the tumor (to allow slices to be obtained from the center of the tumor) and 

immediately fixed in 10% formalin for 48 hours. Samples were then transferred to 70% 

ethanol for 72 hours and then processed and embedded in paraffin, and cut into 4 μm 

sections, floated onto charged glass slides, and dried overnight. For each tumor, one section 

was stained for hematoxylin and eosin (H&E). Additionally, following antigen retrieval on 

the remaining sections, the tissue sections were stained with anti-CD31 (DAKO, Carpinteria, 

CA, Catalog # m7240, antigen retrieval: Citrate Buffer pH 6 (Decloaking Chamber), dilution 

1:150, overnight incubation, Envision, DAB (Dako) or anti-pimonidazole (Hypoxyprobe, 

Burlington, MA, dilution 1:400, overnight incubation, Envision, DAB (Dako)). Slides were 
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digitally scanned in high resolution (20×) brightfield with a Leica (Leica Microsystems Inc, 

Ariol, Buffalo Grove, IL) SCN400 Slide Scanner. H&E sections were examined for cellular 

necrosis and reported as a percentage of tumor cross-sectional area. The software associated 

with the Leica SCN400 package provided unbiased, semi-automated image analysis and 

quantification of immunostaining in brightfield. The program was manually trained to 

identify hypoxia, microvessels, necrosis, and cellularity based on coloring and size 

thresholding on known positive samples of the histology stain and then automated to be 

systematically applied to the entire tumor ROI for each histology slice for quantification. 

Percent hypoxia (i.e., pimonidazole staining) was calculated as the percentage of hypoxic 

region (as designated by color thresholding) stained in the central slice of the tumor. 

Pimonidazole immunohistochemistry has been shown to be the gold standard for evaluation 

of hypoxia to compare to [18F]-FMISO uptake [21-22]. Microvessel density (MVD) was 

examined through analysis of total microvessels per area (calculated by combination color 

thresholding and size inclusion) through CD31 staining. Cellular density was calculated as 

the total number of nuclei per square millimeter for the entire central slice. Percent necrosis 

(H&E staining) was calculated as the percentage of necrosis (as designated by color 

thresholding) stained in the central slice of the tumor. Two central slice tumor sections were 

analyzed and averaged for each histological parameter for comparison with the in vivo data 

on day 7.

Immunofluorescence

Another cohort of animals (N = 27) was separated into two groups (treated with trastuzumab 

and those receiving vehicle) to assess longitudinal changes in hypoxia (pimonidazole) 

through immunofluorescence. Agent (Hypoxyprobe, Burlington, MA) was injected 1 hour 

prior to sacrifice between days baseline (zero) through seven. Mice were sacrificed and 

tumors resected on days zero, one, three, four, and seven for immunofluorescence; there 

were three treated and three control animals for each time point, except for day zero, in 

which there were four animals total. Tumors were cut in half at the largest cross-section and 

were immediately frozen for processing. One central slice per tumor was stained. The tissue 

sections were stained according to modified manufacturer’s protocols with anti-

pimonidazole (Hypoxyprobe) with propidium iodide as a nuclear counterstain. Slides were 

digitally scanned in high resolution (20× magnification). Central slice tumor sections were 

analyzed for quantification of immunostaining as percent hypoxia.

Statistics

Statistical analysis was completed with GraphPad Prism 6 (GraphPad Software Inc, La Jolla, 

CA) and R (The R Foundation). Longitudinal [18F]-FMISO-PET and tumor growth 

parameters were compared within and between cohorts at each time point using the 

nonparametric Wilcoxon rank sum test. The Friedman test adjusting for multiple 

comparisons with Dunns was utilized to assess longitudinal changes. The longitudinal 

changes within and between cohorts were also assessed by fitting mixed-effects linear 

models while taking into account the underlying temporal correlation. In each model, SUV 

serves as dependent variable and time and time2 serve as explanatory variables. The 

significance of time and time2 variables in the model assessing the within-cohort change was 

evaluated. To assess between-cohort change, we added an interaction term between time and 
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cohort indicator variable in which the statistical significance of the interaction term would be 

indicative of between-cohort change in SUV. Receiver operating characteristic (ROC) 

analysis was performed on absolute parameter values on baseline and days one, three, four, 

and seven to determine the sensitivity of the SUV to separate groups. Histological data was 

compared using a nonparametric Wilcoxon rank sum test. Linear regression parameters and 

Pearson correlation coefficients were determined for the central slice analysis for 

comparisons between percent hypoxia (determined by pimonidazole staining) and SUV (as 

determined by hotspot analysis of [18F]-FMISO-PET imaging). All data are presented as 

mean ± standard error (SE) with P ≤ 0.05 considered significant.

RESULTS

Tumor volume

Changes in tumor volume are displayed for each cohort in Fig 2c. A significant difference in 

the percent change in tumor volume was observed between the groups at day 7 (P = 0.02). 

No significant differences were observed on days zero through four (P > 0.05).

[18F]-FMISO-PET Imaging

Representative images of SUV were constructed and tumors are designated by dashed circle 

in Fig 2a. One representative animal from each cohort is displayed in each of two columns, 

while the five rows represent the different imaging time points. The mean SUV, SUV 

hotspot, and SUV max values for each imaging time point are included in Table 1. 

Additionally the mean SUV and the max SUV values for the muscle are seen in Table 2. The 

SUV hotspot of the treated cohort was significantly lower on day 3 (P = 0.008), day 4 (P = 

0.008), and day 7 (P = 0.008), compared to controls (as seen in Fig 2b), revealing an early 

response detected by imaging prior to changes in tumor size. There were no significant 

differences in the SUV hotspot between the control and treated groups at baseline or day 1 

(P = 0.15). Additionally, there were no changes seen between the treated and control groups 

in the muscle ROIs for either the SUV mean or max values at each day (P > 0.05). The 

Friedman test adjusting for all multiple comparisons evaluating longitudinal changes within 

each group revealed significant comparisons in the control group (P = 0.003) beginning at 

day four and trended towards significance in the treated group (P = 0.08). However, mixed-

effects models revealed significant change in SUV over time in both the control group (P < 

0.001) and the treatment group (P = 0.014), and also disclosed the longitudinal changes in 

SUV were significantly different between the two groups (P < 0.001).

On day one, the area under the ROC curve was 0.84 (P = 0.08) and 0.54 (P = 0.84), for SUV 

hotspot and tumor volume, respectively. On day three, ROC analysis showed an area under 

the curve value of 1.00 (P = 0.009) and 0.70 (P = 0.30), for SUV hotspot and tumor volume, 

respectively. On day four, ROC analysis of area under the curve value was 1.00 (P = 0.009) 

and 0.62 (P = 0.53), for SUV hotspot and tumor volume, respectively. On day seven ROC 

analysis revealed an area under the curve value of 1.00 (P = 0.009) and 1.00 (P = 0.01), for 

SUV hotspot and tumor volume, respectively.
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Histology

Immunohistochemical staining for pimonidazole exhibited a significant decrease in the 

treated group compared to controls on day seven (P = 0.008), as seen in Fig 3a, b. SUV of 

central slice analysis also showed a significant difference between treated and controls 

which was consistent with the tumor volume analysis (P = 0.008), Fig 3c. Furthermore, the 

percentage of hypoxia for viable tissue per group is significantly different (P < 0.0001) 

between treated (1.97±1.34) and control (22.97 ± 1.31) groups. Additionally, the comparison 

of one central slice of the imaging and histology data on day seven showed a significant 

positive linear correlation (r2 = 0.85, P < 0.0001), as seen in Fig 3d. Error in SUV is 

associated with inter-user error, while error in the x-direction is from the averaging different 

histology slices. Immunohistochemical staining for microvessel density revealed a non-

significant increase in the treated group compared to controls on day seven (P = 0.22), as 

seen in Fig 4a-c. Additionally, evaluations of cellularity showed no significant changes 

between the groups (P = 0.22) (Fig 4d-f); as well as no significant changes in percent 

necrosis (P =0.53), as seen in Fig 4g-i.

Longitudinal assessment of histology hypoxia markers

Longitudinal assessment of changes in hypoxia in a separate cohort of mice through 

immunofluorescence staining revealed (non-significantly) decreased pimonidazole staining 

in treated tumors compared to controls on day four, with a 28% decrease (P = 0.23), as seen 

in Fig 5. Immunofluorescence staining for pimonidazole exhibited a significant 45% 

decrease in the treated group compared to controls on day seven (P = 0.0001, Fig 5).

DISCUSSION

Hypoxia is a prognostic factor of cancer resistance, and reduction of hypoxia has the 

potential to be an early measure of response to treatment. This study demonstrated that 

trastuzumab reduces hypoxia in a preclinical model of HER2+ breast cancer. Furthermore, 

this study evaluated quantitative PET imaging of hypoxia as a predictive imaging metric of 

response to trastuzumab, separating responders (treated) vs. nonresponders (control group, 

saline treated) four days prior to significant changes in tumor size. This study also confirmed 

correlation between [18F]-FMISO-PET imaging and quantitative analysis of pimonidazole 

(hypoxia) via histology in this model. Finally, this study revealed preliminary results 

evaluating the temporal changes in hypoxia following trastuzumab therapy.

[18F]-FMISO-PET has been shown to be reproducible in a xenograft model of breast cancer 

[23], further supporting this technique to be utilized as a metric for predicting response to 

treatment. Other preclinical models have also employed [18F]-FMISO-PET to assess 

treatment response and have demonstrated that it can be utilized to monitor changes in 

hypoxia in response to treatment in murine models of colorectal cancer (treatment with 

DMXAA [24]) and lung cancer (treatment with EGFR targeted therapy [25]). One other 

preclinical model of HER2+ breast cancer using the mouse mammary tumor virus (MMTV)- 

polyoma virus middle T (PyMT) derived mammary carcinoma exhibited a significantly 

decreased SUV in response to sunitinib [26]; though, this study did not evaluate [18F]-

FMISO as a predictive metric to evaluate response, but as a secondary method for evaluating 
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response simultaneously with changes in tumor volume. Additionally, other PET imaging 

tracers have been evaluated as predictive biomarkers of response to trastuzumab in mouse 

models [27-28]. To the author’s knowledge, the current effort is the first assessment of using 

[18F]-FMISO-PET to evaluate and predict the response of a HER2+ breast cancer model to 

trastuzumab.

Limitations of this study include a lack of corresponding histology and imaging data for 

each time point investigated, which is not possible with a longitudinal imaging study. In 

particular, the apparent difference in sensitivity between FMISO and pimonidazole between 

the longitudinal studies likely reflects differences in animal number at each time point, with 

fewer animals analyzed by histology (n = 3/group/time point) than imaging (n = 5/group/

time point). Additionally, multiparametric analysis of vascular delivery (via dynamic 

contrast enhanced MRI [29-30] or contrast enhanced ultrasound [31-32]) could potentially 

be informative to simultaneously evaluate the correlations and longitudinal effects of 

oxygenation (hypoxia) and vascularity. Another limitation of this study is the low uptake of 

[18F]-FMISO compared to normal tissue, though we do note that the SUV values reported 

for other xenograft models range from 0.06 to 1.2 [24-25], which is consistent with our 

study. Additionally, trastuzumab reducing hypoxia is in agreement with previously published 

data on HER2-overexpressing MCF7 cells in a murine model [33]. Despite the limitations, 

while hypoxia generally increases with tumor size[34] (as seen in the control group), this 

study reveals that trastuzumab decreases hypoxia prior to changes in tumor size. It is also 

important to note that there are significant differences between the max SUV values found in 

the muscle and tumor data (Table 1 and Table 2) indicating that the tumor is a hypoxic 

environment at the initiation of the study (prior to treatment). Furthermore, previous 

investigations revealed that trastuzumab improves vascular perfusion into the tumor, 

therefore, the decreased changes in [18F]-FMISO uptake in the treated group were not 

simply due to decreased perfusion or delivery of the tracer. Additionally, the imaging time 

frame at 90 minutes post injection would occur downstream after any initial differences in 

perfusion or delivery of the contrast agent.

Toxicity is the rate limiting factor for treatment of cancer with cytotoxic therapy. There has 

been an ongoing efforts to improve patient care through reduction of toxicity and the side 

effects associated with cancer treatment [35]. Our results provide multiple lines of evidence 

that trastuzumab reduces hypoxia in BT474, HER2+ breast cancer, tumors. The observed 

increase in tumor oxygenation (through reduction in hypoxia) initiated by treatment with 

trastuzumab has the potential to enhance the effectiveness of cytotoxic radiation therapy, 

without increasing dose or toxic side effects. Previous research has shown that trastuzumab 

increases the vascular delivery of a secondary agent during this same timeframe [13]. 

Increasing vascular delivery and reducing hypoxia presents an opportunity to decrease 

metastatic potential of the tumor, while improving the treatment efficiency. The reduction of 

cytotoxic side effects and improvement of therapeutic effectiveness has the capability to 

improve a breast cancer patient’s overall health and quality of life. The ability to identify 

this temporal window via a clinically relevant imaging modality (i.e., [18F]-FMISO-PET) 

would provide the translational opportunity to optimize therapy on a patient-specific basis.
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CONCLUSIONS

Hypoxia is a prognostic factor of cancer resistance, and alleviation of hypoxia has potential 

to be a marker of response to treatment. This study revealed that trastuzumab significantly 

reduces hypoxia in a HER2+ breast cancer, providing the opportunity for decreased 

metastatic potential and increased susceptibility to respond to treatment. Significant changes 

in hypoxia measured via noninvasive imaging were detected four days prior to changes in 

tumor size, providing an early predictor of response to treatment. This response was 

confirmed via immunohistochemistry. Additionally, positive correlations between histology 

and imaging of hypoxia in this HER2+ breast cancer model were established. Utilizing a 

clinically relevant imaging modality provides the opportunity to translate this technique to 

the clinic for predicting response to therapy, with future potential to guide combination 

therapies of targeted HER2+ therapy plus cytotoxic treatments, radiation, or chemotherapy.
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Fig 1. 
Outline of tumor implantation, imaging and treatment schedule.
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Fig 2. 
a Longitudinal [18F]-FMISO-PET central slice images of a representative control and treated 

animal (tumor denoted by dashed circle) over seven days. [18F]-FMISO retention increased 

longitudinally in the control mouse, in contrast to the observed decrease in the trastuzumab- 

treated mouse. b Graph revealing group mean of hotspot SUV in control versus treated 

tumors. [18F]-FMISO uptake in treated tumors is significantly lower than controls as early as 

day three (P = 0.008). c Graph of tumor volume changes in response to treatment over seven 

days. Day seven reveals a significant difference between the groups (P = 0.02).
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Fig 3. 
Correlation of hypoxia imaging and histology is shown through central slice analysis of the 

treated and control tumors. a Graph revealing quantitative analysis of percent hypoxia 

staining from histology. Treated tumors reveal significantly decreased hypoxia compared to 

controls. b Representative histology central slices showing overall hypoxia (as stained with 

pimonidazole, brown) in the treated and control animals. c Day seven scatterplot of central 

slice SUV comparing treatment and controls. d Quantitative hypoxia imaging (SUV hotspot) 

and quantitative histology shows a positive linear correlation (r2 = 0.85, P < 0.001).
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Fig 4. 
Quantitative analysis comparing treated and control tumors and representative histology 

sections are shown for H&E and CD31. CD31 microvessel density (MVD) is shown for a 
control and b treated tumors; c quantitative analysis reveals no significant changes between 

the groups on day seven (P = 0.22). H&E cellularity is shown for d control and e treated 

tumors; f quantitative analysis reveals no significant difference in cellularity in treated 

tumors compared to controls on day seven (P = 0.22). H&E percent necrosis is shown for g 
control and h treated tumors; i quantitative analysis reveals no significant changes in 

necrosis in treated tumors compared to controls on day seven (P = 0.53). Squares in g and h 
demonstrate the representative regions displayed in tiles a,c and b,d, respectively.
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Fig 5. 
Longitudinal immunofluorescence analysis of pimonidazole in separate cohorts of mice over 

7 days confirm trends of decreased hypoxia markers in trastuzumab-treated tumors.

Sorace et al. Page 16

Mol Imaging Biol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Sorace et al. Page 17

Table 1

Mean SUV, hotspot SUV and max SUV for tumor in vivo longitudinal data

Day 0 Day 1 Day 3 Day 4 Day 7

Control

Mean SUV 0.36 ± 0.03 0.38 ± 0.03 0.37 ± 0.03 * 0.41 ± 0.03 * 0.44 ± 0.03 *

Hotspot SUV 0.60 ± 0.04 0.66 ± 0.05 0.70± 0.02 * 0.77 ± 0.04 * 0.74 ± 0.09 *

Max SUV 0.70 ± 0.04 0.75 ± 0.07 0.80± 0.04 * 0.87 ± 0.05 * 0.89 ± 0.05 *

Treated

Mean SUV 0.32 ± 0.02 0.32 ± 0.02 0.22 ± 0.03 0.26 ± 0.02 0.26 ± 0.01

Hotspot SUV 0.49 ± 0.04 0.53 ± 0.05 0.34 ± 0.05 0.39 ± 0.06 0.35 ± 0.05

Max SUV 0.57 ± 0.06 0.60 ± 0.07 0.42± 0.06 0.44 ± 0.07 0.39 ± 0.02
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Table 2

Mean SUV and max SUV for muscle in vivo imaging longitudinal data

Day 0 Day 1 Day 3 Day 4 Day 7

Control
Mean SUV 0.28 ± 0.02 0.33 ± 0.02 0.31 ± 0.02 0.33 ± 0.02 0.32 ± 0.02

Max SUV 0.34 ± 0.03 0.41 ± 0.02 0.37 ± 0.02 0.39 ± 0.02 0.40 ± 0.02

Treated
Mean SUV 0.29 ± 0.01 0.33 ± 0.02 0.30 ± 0.02 0.32 ± 0.02 0.30 ± 0.02

Max SUV 0.36 ± 0.03 0.39 ± 0.02 0.35 ± 0.02 0.37 ± 0.02 0.37 ± 0.02
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