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Antitumor efficacy of oncolytic virotherapy is determined 
by the density and distribution of infectious centers 
within the tumor, which may be heavily influenced by 
the permeability and blood flow in tumor microvessels. 
Here, we investigated whether systemic perfusion pres-
sure, a key driver of tumor blood flow, could influence the 
intratumoral extravasation of systemically administered 
oncolytic vesicular stomatitis virus (VSV) in myeloma 
tumor-bearing mice. Exercise was used to increase mean 
arterial pressure, and general anesthesia to decrease it. 
A recombinant VSV expressing the sodium iodide sym-
porter (NIS), which concentrates radiotracers at sites of 
infection, was administered intravenously to exercising 
or anesthetized mice, and nuclear NIS reporter gene 
imaging was used to noninvasively track the density and 
spatial distribution of intratumoral infectious centers. 
Anesthesia resulted in decreased intratumoral infection 
density, while exercise increased the density and uni-
formity of infectious centers. Perfusion state also had a 
significant impact on the antitumor efficacy of the VSV 
therapy. In conclusion, quantitative dynamic radiohis-
tologic imaging was used to noninvasively interrogate 
delivery of oncolytic virotherapy, highlighting the critical 
importance of perfusion pressure as a driver of intratu-
moral delivery and efficacy of oncolytic viruses.
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INTRODUCTION
Oncolytic viruses (OV) are experimental cancer therapies quickly 
approaching approval for clinical use. Numerous viruses from 
diverse families are being investigated as oncolytic agents.1 These 
viruses are naturally evolved or genetically engineered to selec-
tively replicate in and cause damage to cancerous cells while 
leaving healthy cells unharmed.2,3 OV can also be genetically 
enhanced by arming them with therapeutic or reporter transgenes 
to enhance tumor-cell toxicity or assist researchers in understand-
ing and monitoring virus delivery and replication.4 OV are used 
preclinically and in clinical trials to treat multiple types of cancer 

including hematologic malignancies like multiple myeloma. The 
treatment of multiple myeloma or similar multifocal, dispersed, or 
hard to reach cancer deposits requires the use of systemic cancer-
tropic OV. Currently, however, the use of systemically adminis-
tered viruses in clinical trials has resulted in variable delivery in 
the tumor and limited clinical responses.5 While there are many 
genetic strategies to enhance the safety and efficacy of OV, further 
optimization strategies are needed to address the physical barriers 
to curative treatment with systemically administered OV.

Vesicular stomatitis virus (VSV) is a tumor-tropic OV due to 
sensitivity to antiviral effects of interferon (IFN) signaling which 
is often aberrant in tumor cells but robust in healthy cells.6 VSV 
is a negative strand RNA virus of the rhabdoviridae family and 
has a well understood lifecycle including rapid replication, large 
burst size, and efficient cytopathic effects.7–10 VSV is also amenable 
to genetic manipulation, allowing for further attenuation by dele-
tion of methionine 51 of the matrix (M) protein, VSV-Δ51, which 
enhances IFN sensitivity and selectivity for IFN defective can-
cer cells.11 The VSV genome is also amenable to the insertion of 
reporter transgenes like the sodium iodide symporter (NIS) gene 
that when expressed allows tracking of infection. The NIS protein 
concentrates radioiodide or analogous radiotracers in VSV-NIS 
infected cells, thereby coupling radiotracer concentration with 
active viral genome amplification and gene expression.12–18 The 
concentration of radiotracers can be detected with nuclear imag-
ing techniques such as single photon emission computed tomog-
raphy co-registered with X-ray computed tomography (SPECT/
CT). The NIS-mediated imaging has been used to monitor intra-
tumoral VSV infection preclinically.16,19,20

Nuclear NIS imaging has revealed heterogeneity in the intra-
tumoral density and spatial distribution of VSV-NIS infection 
centers after systemic virus administration to tumor-bearing 
mice.20 Heterogeneous intratumoral infection distribution results 
in volumes of tumor that remain void of infection. It is hypoth-
esized that these volumes of tumor void of infection are a result 
of inefficient delivery and extravasation or inability to achieve 
viremic threshold necessary to establish infection. Such infection 
voids could contribute to tumor recurrence or lack of tumor clear-
ance. In fact, our mathematical model predicts that OV therapeu-
tic efficacy is directly influenced by the density and distribution 
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of intratumoral infection.21 Therefore, in order to improve on the 
homogeneity of infection distribution and the efficacy of systemi-
cally administered OV, barriers to delivery must be addressed.

Virus delivery to the tumor from the systemic circulation is 
dependent on rate and distribution of blood flow and the per-
meability of tumor microvasculature allowing for extravasation 
across vessel walls. This transvascular transport can be impaired 
by irregular vascular formation, inadequate tumor perfusion, 
low vessel permeability, and high interstitial fluid pressure.5 
Tumor vasculature is chaotic in terms of vessel length, diameter, 
distribution, and blood flow velocity and direction resulting in 
regions of poor perfusion and low oxygenation that are charac-
teristically difficult to therapeutically target.22,23 Tumor perfusion 
and blood flow can be increased for the purpose of therapeutic 
delivery through physiologic or hemodynamic manipulation of 
the systemic vasculature. This is because poorly differentiated 
tumor microvessels do not maintain blood flow volume homeo-
stasis like systemic vasculature. Therefore, an increase in periph-
eral resistance and blood pressure results in increased blood flow 
and perfusion pressure in the tumor.24–28 Indeed, transient small 
changes in blood flow have been shown to result in changes in 
hypoxic regions of tumors and improve delivery of chemotherapy 
and other therapeutic nanoparticles in solid tumors resulting in 
enhanced survival.24–30As OV are nanoparticles, it is hypothesized 
that similar hemodynamic manipulations, which have yet to be 
used in combination with OV, may influence intratumoral density 
and distribution of infection, ultimately resulting in an impact on 
the clinical outcome of OV.

Until recently, invasive histological techniques were necessary 
to assess intratumoral infection. Advances in nuclear molecu-
lar imaging and reporter gene technologies like NIS now allow 
quantitative and high resolution observation of intratumoral 
infectious centers noninvasively.31 Quantitative analysis of radio-
tracer concentration has been shown to accurately reflect whole 
tumor activity and infection burden.17,18,32,33 NIS mediated imag-
ing has been used to observe intratumoral infection by multiple 
viruses including adenovirus, herpes simplex virus, measles virus, 
vaccinia virus, and VSV, and this technology is being translated 
for clinical monitoring and pharmacokinetic studies. The use of 
high resolution NIS mediated imaging of OV infection has been 
labeled “dynamic radiohistology” for its ability to observe the 
changing temporal and spatial context of intratumoral infectious 
centers with resolution approaching that of invasive histological 
techniques.17,20,34 This provides both qualitative and quantitative 
assessment of virus delivery which can be used to assist in treat-
ment design and optimization.

The objective of this study was to improve upon the current 
strategies used to enhance OV efficacy by optimizing intratumoral 
delivery of systemically administered OV. Since the density and 
distribution of intratumoral infection by systemically adminis-
tered OV is hindered by transvascular transport barriers including 
poor perfusion pressure, hemodynamic manipulations were used 
to alter intratumoral perfusion pressure. Dynamic radiohistology 
was then used to quantitatively assess changes in intratumoral 
infection density and distribution and subsequent therapeutic 
efficacy of systemically administered VSV as a result of different 
intratumoral perfusion states.

RESULTS
Heterogeneous delivery has been identified as a barrier to the suc-
cess of OV.31 Intratumoral delivery is influenced by both trans-
vascular and interstitial movement of viral particles. It is known 
that interstitial stromal barriers are minimal in plasmacytomas.35 
Therefore, multiple myeloma tumor models provide a tool for 
investigating transvascular transport barriers including those 
related to perfusion, permeability, and irregular vasculature. Here, 
the aim of this study was to better understand how altering per-
fusion pressure will affect intratumoral delivery and therapeutic 
efficacy of systemically administered VSV.

Tumor vasculature
Since tumor vasculature is known to be irregular, it could be 
hypothesized that a lack of vasculature would result in a lack 
of virus particle delivery. To ensure vasculature density did not 
confound the investigation of perfusion pressure, the relation-
ship between vascular density and VSV infection density and 
distribution was first investigated in 5TGM1 syngeneic multiple 
myeloma tumors. Tumors were explanted from KaLwRij mice 24 
hours after i.v. administration of 2 × 108 TCID50 (50% tissue cul-
ture infective dose) VSV-GFP. Using immunofluorescent staining 
of tumor sections against blood vessels (CD31) and VSV infec-
tion, the presence of blood vessels, areas of infection, and areas 
void of infection could be visualized. While the presence of blood 
vessels is necessary for virus particle delivery to initiate infection, 
image quantification revealed a higher density of blood vessels did 
not drive a higher density of intratumoral infection within tumor 
tissue (Figure 1).

Hemodynamic manipulations
Finding no correlation between vascular density and the density 
of intratumoral infection, it was hypothesized that the cause of 
heterogeneous intratumoral infection density and distribution 
could be related to the perfusion state of the tumor vasculature. 
Since perfusion is dependent on blood pressure, hemodynamic 
manipulations to increase or decrease systemic mean arterial 
pressure (MAP) were used to increase or decrease intratumoral 
perfusion pressure, respectively.

Virus infusion protocols were identified in which hemody-
namic manipulations reliably increased or decreased MAP for a 
sustained period of time during which virus administration was 
possible. Wireless telemetry devices were used to monitor changes 
in MAP during hemodynamic manipulations for protocol devel-
opment. The changes in MAP were reproducible across multiple 
mice and could be maintained to allow for administration of 
virus while MAP is elevated or lowered (Figure 2a,b). Clinically 
relevant methods of hemodynamic manipulation were used 
to induce hypertensive and hypotensive conditions. To induce 
hypertensive, high perfusion conditions, exercise was used. There 
was an  exercise-intensity dependent increase in MAP (data not 
shown), and a rate of 20 m/minute was chosen for elevating MAP 
during virus administration. Exercise at a rate of 20 m/min-
ute significantly increased systemic MAP, with a mean increase 
of 21.51 mm Hg (Figure 2c, P = 0.001, paired t-test). To induce 
hypotensive, low perfusion conditions, general anesthesia (iso-
flurane in O2) was used. There was an isoflurane dose-dependent 
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Figure 1 Immunofluorescent staining of tumor vasculature does not correlate with density of VSV-GFP infection. (a) Representative immu-
nofluorescent staining of tumor section explanted from 5TGM1-tumor-bearing KaLwRij mice 24 hours post i.v. 2 × 108 TCID50 VSV-GFP. The top and 
bottom rows show the same tumor section stained with Hoechst (blue) to identify cellular nuclei, anti-VSV (green) to identify regions of VSV infection, 
and anti-CD31 (red) to identify tumor blood vessels. Top row shows a section of tumor with regions of VSV-GFP infection. Bottom row shows a differ-
ent section of tumor with minimal VSV-GFP infection. Bar = 500 µm, all images are taken at same magnification. (b) Image quantification of multiple 
images from sections of five different 5TGM1 tumors. The total amount of anti-CD31-positive stained pixels and the total amount of anti-VSV-positive 
stained pixels was standardized against the total amount of Hoechst-positive stained pixels for each image to determine the percent of tumor tissue 
stained positive for anti-CD31 and anti-VSV respectively.
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Figure 2 Mean arterial pressure in mice is significantly increased by exercise and significantly decreased by isoflurane. (a) Wireless telemetry 
monitoring of average MAP during the 5 minutes before, 20 minutes during exercise (20 m/minute), and 5 minutes after end of exercise in three 
separate mice. Large drops in MAP around time 0 minute and 20 minutes are due to movement of mouse on and off treadmill. (b) Wireless telem-
etry monitoring of average MAP during 5 minutes before, 10 minutes during, and 5 minutes after induction with anesthesia (5% isoflurane). Large 
drops in MAP around time 0 minute and 10 minutes are due to movement of mouse to/from induction chamber. (c) Average MAP over 1 minute of 
exercise 5 minutes prior to exercise compared to the average MAP during 1 minute of exercise after exercising for 10 minutes on the treadmill (20 m/
minute) in the same mouse. MAP significantly increases (paired t-test, n = 13, P = 0.001). (d) Average MAP (mm Hg) over 1 minute 10 minutes prior 
to isoflurane induction compared to the average MAP during 1 minute under isoflurane (5%) after 10 minutes of isoflurane induction in the same 
mouse. MAP significantly decreases (paired t-test, n = 7, P < 0.001).
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decrease in MAP (data not shown). The largest decrease in MAP 
was observed at 5% isoflurane, which significantly decreased sys-
temic MAP with a mean decrease of 67.13 mm Hg (Figure  2d, 
P  <  0.001, paired t-test). This dose was selected for decreasing 
MAP during virus administration. All mice subsequently treated 
with hemodynamic manipulations were warmed immediately 
prior to virus administration to eliminate effects of hemodynamic 
 manipulation-induced changes in body temperature on virus 
delivery.

Intratumoral delivery and dynamic radiohistology
Virus was administered systemically in temperature-regulated 
MPC11 syngeneic tumor bearing BALB/C mice during the hemo-
dynamic manipulations described above to determine the effect 
of altered perfusion pressure on the density and distribution of 
intratumoral infection. VSV-Δ51-NIS was used to allow visual-
ization of the spatiotemporal changes in intratumoral infection 
over time via NIS-mediated dynamic radiohistology. Dynamic 
radiohistology uses nuclear imaging techniques like SPECT/CT 
to observe concentration of radionuclides in tissues expressing 
NIS which is coupled to NIS-encoding viral amplification and 
gene expression. The deletion of methionine 51 attenuates VSV 
to improve its safety profile. The MPC11 syngeneic tumor model 
was used because VSV intratumoral infection has been shown 
previously to spread much more rapidly in this model relative to 
5TGM1 tumors, allowing for enhanced early quantitative analysis 
of SPECT/CT imaging.

In order to effectively compare changes in NIS-mediated 
radionuclide uptake at centers of infection, a  dose-determining 
study was performed to assess dose- and time-dependent 
changes in radionuclide concentration (Supplementary 
Figure  S1). Consistent with other VSV-NIS dosimetry find-
ings, there is a dose-dependent increase in radionuclide uptake 
followed by a decrease in radionuclide uptake over time cor-
responding with cell death after infection.20 The low dose of 
5 × 106 TCID50  VSV-Δ51-NIS was chosen so that differences in 
intratumoral infection density and distribution as a result of 

altered perfusion pressure could be observed with imaging on 
days 1–3 (d1–3) following viral administration.

SPECT/CT dynamic radiohistology of syngeneic  tumor-bearing 
mice administered IV VSV-Δ51-NIS during high and low perfusion 
states allowed visualization of intratumoral infection (Figure 3 and 
Supplementary Figure S2). Dynamic radiohistology confirmed the 
persistence of heterogeneous intratumoral infection density and 
distribution, as seen previously, both within treatment groups and 
across treatment groups, as evidenced in Supplementary Figure S2. 
Even so, dynamic radiohistology revealed an increase in radio-
tracer activity, corresponding with infection density, on d1and d2 in 
mice exercised during virus administration relative to those under 
anesthesia (Figure 3 and Supplementary Figure S2). Quantitative 
analysis of radionuclide uptake confirmed a significant increase in 
uptake intensity per cubic centimeter of tumor in mice exercised 
during virus administration relative to mice under anesthesia on d1 
and d2 (Figure 3b, d1 P = 0.0012, d2 P = 0.0064, unadjusted t-test).

Infection distribution
To assess improvements in homogeneity of spatial infection dis-
tribution, a novel quantitative method was developed to describe 
intratumoral distribution patterns (see Materials and Methods 
and Figure 4). During this analysis, high-resolution SPECT/CT 
imaging data is transformed in order to determine distance to 
nearest infected neighbor for every point within the tumor vol-
ume. This describes the proximity of any given location within the 
tumor to the closest infectious center. The cumulative distribu-
tion of these distances can then be used to describe and compare 
the distribution pattern of all intratumoral infection. However, 
every tumor is unique in shape and infection burden such that 
comparison of the nearest neighbor distances between different 
tumors is not a useful comparison. For this reason, the distri-
bution of nearest infected neighbor distances for each tumor is 
compared to that of a theoretically simulated random infection 
within the same tumor volume for a standardized comparison 
of deviation from true random distribution. When the cumula-
tive distribution of nearest infected neighbors is plotted for both 

Figure 3 SPECT/CT imaging reveals changes in density and distribution of intratumoral infection centers in animals with altered perfusion 
states during VSV-Δ51-NIS administration. (a) Coronal SPECT/CT planar image through center of representative MPC11 tumor-bearing BALB/C 
mouse days 1, 2, and 3 following administration of i.v. VSV-Δ51-NIS during exercise (top) or during anesthesia (bottom). (b) Quantification of radio-
active Tc99m concentration above background per cubic centimeter of tumor in MPC11 tumor bearing BALB/C mice days 1, 2, and 3 following 
administration of i.v. saline negative control (gray, n = 1),VSV-Δ51-NIS during exercise (green, n = 5), and VSV-Δ51-NIS during anesthesia (orange, 
n = 5). There is a significant increase in radionuclide uptake in animals exercised during administration of VSV-Δ51-NIS relative to VSV-Δ51-NIS under 
anesthesia on d1 and d2 (d1 P = 0.0012, d2 P = 0.0064, t-test).
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experimental and theoretically simulated datasets, the difference 
in area under the curve (ΔAUC) provides a metric for assessing 
how similar experimental distribution is to random. The smaller 
the ΔAUC, the more similar to random and more homogenous 
the distribution of intratumoral infection is. The nearest infected 
neighbor distances can also be used to locate the largest spherical, 
nonoverlapping infection voids that will allow comparison across 
treatment groups to evaluate whether hemodynamic manipula-
tions affect infection void size.

This distribution analysis was applied to the SPECT/
CT imaging of tumor-bearing mice administered IV VSV-
Δ51-NIS during high and low perfusion states. Distribution 
analysis revealed that on average, virus administration dur-
ing exercise to induce high perfusion pressure resulted in the 
smallest ΔAUC, resulting in infection distribution that was 
most similar to theoretically simulated random distribution 
(Figure  5). Virus administered to mice while under anes-
thesia resulted in the greatest ΔAUC, resulting in infection 

Figure 4 Pathway of data transformation for quantitative distribution and infection void analysis. Data transformation pathway to allow for 
quantitative distribution analysis by generating binary data labels of infected and uninfected tumor tissue from SPECT/CT images following infection. 
(a) Axial SPCET/CT planar image through representative MPC11 tumor-bearing BALB/C mouse 1d post administration of IV VSV-Δ51-NIS. White 
dashed outline denotes tumor location. (b) Threshold of radiotracer activity is set to distinguish infected from uninfected space. Lower left region of 
activity is the bladder. (c) A label is applied to identify tumor from nontumor space, resulting in (d) a binary data set of infected (black within white 
tumor space) and uninfected tumor tissue (white). (e) Distributive distance transformation determines the Euclidean distance to the nearest infected 
voxel for every voxel within the tumor volume. A heat-map is used to visualize the nearest infected neighbor distances. (f) The 30 largest nonover-
lapping spherical infection voids are identified from the nearest infected neighbor distances and mapped in gray. (g) Theoretical random infection 
is simulated within the same tumor volume so that the tumor has the same burden of infection as in d. (h) Distributive distance transformation 
is performed on theoretical random distribution as in e, and (i) infection voids are identified as in f. (j) The cumulative distribution of the nearest 
neighbor distances describes the distribution of uninfected and infected space and can be used for comparison of distribution to theoretical random 
distribution. Theo1–Theo5 are the cumulative distributions of five independent theoretical random simulations, demonstrating the repeatability of 
the random simulation. Exp is the cumulative distribution of the experimentally observed nearest infected neighbor distances. (k) The 30 largest 
nonoverlapping infection voids in experimentally observed (gray) and theoretical random simulated (red) infection distributions can be compared.
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distribution significantly different than theoretically simulated 
random distribution (Figure  5, P  =  0.0117, t-test). Moreover, 
mice administered virus during an induced high perfusion state 
had increased homogeneity of infection distribution compared 
to the distribution of infection observed in mice administered 
virus during low perfusion (P = 0.0564, t-test). Likewise, mice 
administered virus during exercise had smaller average infec-
tion voids compared to mice administered virus while under 
anesthesia (Figure 5).

Survival analysis
To determine if the significant change in distribution as a result 
of perfusion pressure resulted in an effect on therapeutic effi-
cacy, survival analysis was performed on MPC11 tumor-bearing 
mice treated with i.v. saline control or 5 × 106 TCID50 VSV-Δ51-
NIS while under high and low perfusion states. Treatment with 
 VSV-Δ51-NIS during high perfusion led to a significant increase 
in survival relative to mice treated with VSV-Δ51-NIS during low 
perfusion (Figure  6a, p  =  0.0016, log-rank (Mantel–Cox) test). 
Moreover, during low perfusion pressure, VSV-Δ51-NIS treat-
ment provides no significant survival benefit relative to saline 
(Figure 6a, P = 0.4629, log-rank (Mantel–Cox) test).

Similar to the influence of perfusion pressure on survival, 
there is also a clear difference in disease progression and tumor 
response as a result of perfusion pressure. Disease progression and 
cause of death were monitored in all mice following virus admin-
istration (Supplementary Table S1). It is known that treatment 
of MPC-11 tumor-bearing mice with VSV-Δ51-NIS causes rapid 
tumor lysis which can cause toxicity soon after treatment. When 
response to treatment was assessed in living mice at d11, a time 
when death was no longer attributed to toxicity, a clear difference 
in survival benefit was seen. All of the surviving mice treated with 
VSV-Δ51-NIS during high perfusion pressure were responsive 
to therapy as monitored by tumor volume (complete response, 
partial response, or stable disease) while a significantly lower pro-
portion, 33%, of mice treated during low perfusion pressure were 
responsive to treatment on d11 (Figure 6b, P = 0.011, Fischer’s 
exact test). Tracking tumor volume over time showed treatment 
with IV VSV-Δ51-NIS under high perfusion pressure resulted in 
greater tumor growth inhibition relative to mice treated under low 
perfusion pressure (Figure 6c).

Infectious virus recovery was performed to ensure safety 
and specificity of systemically administered VSV-Δ51-NIS when 
administered with hemodynamic manipulations. The infectious 

Figure 5 Quantitative distribution analysis shows exercise increases homogeneity of distribution. Average cumulative nearest infected neighbor 
distance for theoretically simulated random distribution (lighter color) compared to experimentally observed distribution (darker color) for MPC11 
tumor-bearing BALB/C mouse 1d post administration of i.v. VSV-Δ51-NIS (a) during high perfusion pressure via exercise (green) and (b) during low 
perfusion pressure via isoflurane (orange). Statistical analysis shows the curves are most similar with exercise (P = 0.0940) and are statistically differ-
ent for VSV under isoflurane (P = 0.0117). (c) Quantification of the mean (±SD) difference in area under the curve (ΔAUC) of cumulative distribution 
of nearest infected neighbor distances between theoretically simulated random and experimentally observed distributions, indicating magnitude of 
deviation from random distribution. Virus infusion during exercise resulted in a near significant reduction in ΔAUC relative to isoflurane during infu-
sion (P = 0.0564, t-test). (d) The average radius of the 30 largest, nonoverlapping spherical regions void of infection determined from SPECT/CT 
imaging d1 after treatment with VSV-Δ51-NIS during exercise (n = 5) and VSV-Δ51-NIS during anesthesia (n = 5). *Indicates significant difference in 
average void size (P < 0.05, t-test).
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virus recovered from tumors reflects the results of imaging and 
survival analysis. While there were high titers of infectious virus 
recovered from tumors harvested from all mice treated with 
VSV-Δ51-NIS, mice treated under high perfusion pressure had 
higher titers than those treated under low perfusion pressure 
(Figure  6d). Failure to recover infectious virus above the limit 
of detection from other organs demonstrates safety and tumor 
specificity of IV VSV-Δ51-NIS even with altered systemic MAP. 
Infectious virus recovery was corroborated by similar quantita-
tive real-time polymerase chain reaction of RNA extracted from 
tumor and tissues (Supplementary Figure S3). Furthermore, 
liver enzyme levels were assessed to address concerns of liver 
toxicity after infection. In the MPC11 syngeneic-BALB/C model, 
there was no increase in liver enzyme alanine transaminase and 
aspartate transaminase levels after treatment with VSV-Δ51-NIS, 
further confirming safety of this treatment during hemodynamic 
manipulations (Supplementary Figure S4). Elevated enzyme lev-
els are typically detected at higher virus doses and in other mod-
els, however. For this reason, liver enzyme levels were measured 

in 5TGM1-syngeneic tumor-bearing KaLwRij mice treated with 
i.v. 5 × 107 TCID50 VSV-IFNβ-NIS, a similar attenuated VSV, dur-
ing exercise to ensure that the elevated perfusion pressure did 
not cause increased liver toxicity. Treatment with VSV-IFNβ-NIS 
with and without exercise resulted in increased alanine transami-
nase and aspartate transaminase liver enzyme levels. However, 
treatment during exercise did not cause additional elevation and 
may have provided slight protective effects against liver enzyme 
elevation (Figure 7).

DISCUSSION
With the recent US Food and Drug Administration (FDA) 
approval of the first OV, a genetically modified herpes virus 
termed Imlygic (talimogene laherparepvec), and because many 
more OV are approaching clinical trial and FDA approval, there 
is a continued need to alleviate barriers to success.36,37 The use 
of systemic OV is appealing to target distant, difficult to reach, 
or multiple tumor deposits. However, a distinct barrier to the 
clinical efficacy of systemic OV is the variability in delivery of 

Figure 6 Survival analysis of mice with or without hemodynamic manipulations treated with VSV-Δ51-NIS shows decreased efficacy in hypo-
tensive animals. (a) Survival curve following percent of MPC11 tumor bearing BALB/C mice surviving after IV saline control (n = 5), VSV-Δ51-NIS dur-
ing high perfusion (exercise, Ex; n = 12), VSV-Δ51-NIS during low perfusion (isoflurane, ISO; n = 12). Survival in animals under isoflurane during virus 
infusion is significantly lower than animals treated during exercise and not significantly different than saline treated animals (P = 0.0016, P = 0.4629, 
respectively, Log-rank (Mantel–Cox) test). Survival in animals treated during exercise is significantly higher than saline treated animals (P = 0.0232, 
Log-rank (Mantel–Cox) test). (b) Proportion of mice responding (complete response, CR, partial response, PR, or stable disease, SD) to treatment 
at d11 post virus treatment as determined by tumor volume. Mice treated with virus while under anesthesia have a lower proportion responding to 
treatment relative to those treated with virus during exercise (P = 0.011, Fischer’s exact test). (c) Tumor growth curves showing tumor size (mm3) over 
60d following for mice treated with i.v. saline (gray), VSV-Δ51-NIS during exercise (green), or VSV-Δ51-NIS during anesthesia (orange). (d) Infectious 
virus recovery from organs harvested 1 day after administration. Limit of detection is 102 TCID50.
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the virus to the tumor site. Moreover, highly variable delivery 
within tumors of animal models has been shown, with large 
infectious voids impeding complete tumor clearance. For this 
reason, we sought to reduce infection voids and improve intra-
tumoral infection distribution by manipulating critical determi-
nants of intratumoral virus extravasation. Here, we were able to 
show that changes in intratumoral perfusion pressure driven by 
changes in systemic blood pressure significantly impacted the 
intratumoral distribution and therapeutic efficacy of systemi-
cally  administered OV.

By quantifying the density of tumor vasculature and intra-
tumoral infection throughout tumor sections, it was shown that 
higher tumor vascular density did not drive increased infection 
density. The low density of vessels in some tissue regions in which 
infection was detected could be the result of infection-induced 
vasculature damage. Furthermore, infection voids occurred even 
in the presence of tumor blood vessels. This alleviates concern 
that vasculature density varies throughout the tumor or between 
tumor types, indicating that the inability to initiate infection in 
tumor voids goes beyond the presence of blood vessels to deliver 
the virus. Therefore, focus was placed on perfusion pressure since 
how blood flows through the available vessels may have a greater 
impact on virus delivery. It has been shown previously that sys-
temic blood pressure is directly related to intratumoral perfusion 
pressure, and perfusion pressure is necessary for virus extravasa-
tion from the vessel into the tumor parenchyma.22,24,28,38 Changes 
in perfusion pressure can also impact diffusion coefficients known 
to be variable or nonexistent in tumors yet important for spread of 
virus particles throughout the tumor.39–41

In order to thoroughly analyze the impact of perfusion pres-
sure on the density and spatial distribution of intratumoral infec-
tion, a method for quantitatively comparing distribution patterns 
was necessary. With advancements in imaging technologies, 
dynamic radiohistology now provides the means to image intratu-
moral infection distribution.20 It is now possible to distinguish the 
distribution of infectious centers with very high-resolution small 
animal SPECT/CT imaging instruments like the U-SPECT II  

(MI Labs, The Netherlands).34 The detailed three-dimensional 
(3D) high resolution images are able to be quantitatively analyzed. 
The novel distribution analysis technique described here allows 
changes in distribution pattern to be objectively and quantita-
tively described. Since infectious centers are known to conflate 
and coalesce, making it impossible to determine the origination 
of merged infectious centers, a related metric, the nearest infected 
neighbor distance was used to describe distribution.

The cumulative distribution of nearest infected neighbor dis-
tances is useful in describing how far away any location within the 
tumor is from infection. For instance, the cumulative distribu-
tion of nearest neighbor distances can identify when 50% (or 75 
or 90%, etc.) of the tumor is within a given distance to infection. 
This can be thought of as the additional distance that infection 
would need to spread to infect 50% of the tumor. If the distance 
is very small, then infection is more homogenously distributed. 
If the distance is very large, then infection is more clustered with 
large infection voids. These nearest infected neighbor distances 
can also be used to compare distribution patterns across treat-
ment groups.

To circumvent the confounding variability in tumor shape, 
size, and infection burden—as determined by multiple factors 
including tumor-specific barriers to delivery—it was concluded 
that the distribution of infection within each tumor should be 
compared to simulated theoretical random distribution within 
the same tumor rather than directly compared to the distribution 
of infection within other tumors that differ in these confound-
ing factors. This provides a standardized and more appropriate 
comparison. By comparing the observed cumulative distribution 
of nearest neighbor distances to that of theoretically simulated 
random infection using ΔAUC, how similar or dissimilar the 
observed distance to nearest infection is from random for every 
tumor can be determined; the smaller the ΔAUC, the more similar 
to random distribution the experimental distribution. In this way, 
ΔAUC can be used as a nonbiased metric to compare distribution 
across multiple tumors and across multiple treatment groups. This 
method of distribution analysis is helpful in not only providing 

Figure 7 Exercise during intravenous VSV-IFNβ-NIS administration may offer protective effects against liver enzyme elevation in 5TGM1 
tumor bearing KaLwRij mice. (a) Alanine transferase (ALT) and (b) aspartate transferase (AST) liver enzyme levels measured in whole blood from 
retro orbital eye bleed of 5TGM1 tumor bearing KaLwRij mice 1 day after administration of i.v. saline negative control (n = 3), saline during exercise 
(n = 3), 5 × 107TCID50 VSV- IFNβ -NIS alone (n = 5), and 5 × 107 TCID50 VSV- IFNβ -NIS during exercise (n = 5). Average levels for each group are labeled 
and elevation relative to saline control is noted. Reference values for normal enzyme levels, denoted by dashed horizontal line, are subjectively aver-
aged from a variety of sources.
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a means to compare changes in distribution pattern but also in 
helping to guide future optimizations in virus spread and delivery.

The hemodynamic manipulations were chosen to demonstrate 
two extreme states of perfusion pressure and selected to replicate 
scenarios feasible in the clinic. Exercise is frequently used in the 
clinic during cardiac exercise stress tests. While high-intensity 
exercise may not be possible for all cancer patients, some physi-
cal activity in patients could allow for the small increase in blood 
pressure seen in mice here. Exercise was also chosen because of the 
other favorable physiological effects associated with acute exercise 
including increased rate of blood flow and decreased splanchnic 
circulation which could protect the liver and spleen from virus 
particle deposition. The high perfusion pressure as a result of exer-
cise during virus administration resulted in a significant increase 
in intratumoral infection density and more homogenous infection 
distribution. This increase was met with a significant increase in 
survival relative to that achieved with virus administered during 
a low perfusion pressure state. Anesthesia was used to induce low 
perfusion pressure because patients routinely undergo anesthesia 
for procedures, and similar physiologic conditions could also be 
achieved during periods of rest, immobility, lethargy, coma, or 
otherwise reduced systemic blood pressure. Anesthesia also low-
ers core body temperature and slows blood flow, especially to the 
surface, which may also contribute to a decrease in viral delivery. 
For this reason, animals from all treatment groups were warmed 
during virus administration to ensure that body temperature was 
constant at time of injection. Systemic administration of VSV 
during the low perfusion state induced by anesthesia resulted in 
a decrease in density and distribution of intratumoral infection 
that corresponded with a significant reduction in survival benefit 
relative to administration during high perfusion. Therefore, the 
delivery and subsequent efficacy of systemically administered OV 
is critically dependent on the perfusion pressure driven by sys-
temic blood pressure during infusion.

The clinical implications of this finding should be emphasized, 
such that patients receiving systemic OV or other targeted cancer 
therapeutics are kept in an alert state or at the very least avoid 
hypotensive conditions to allow for the best intratumoral deliv-
ery and therapeutic response. Pharmacologic means of increasing 
or decreasing blood pressure, such as epinephrine or phenyleph-
rine to increase or dobutamine to decrease, are also available. 
Improvements in intratumoral virus delivery due to epinephrine 
and phenylephrine were seen when used in preliminary studies 
(data not shown). It should be noted that different hemodynamic 
manipulations with similar effects on blood pressure could have 
different effects on delivery and distribution due to differing 
mechanisms of action. Pharmacologic means to alter hemody-
namics and perfusion pressure could be used to alter delivery in 
the clinic but will require independent validation.

The increase in intratumoral extravasation, density, and dis-
tribution of infection shown here as a result of increased systemic 
pressure allows hypotheses regarding the underlying mechanisms 
of delivery to be made that will merit continued investigation. One 
hypothesis supported by this work is that uneven tumor perfu-
sion may result from differences in interstitial fluid pressure. High 
interstitial fluid pressure can occlude tumor vasculature, reducing 
blood flow and access to the tumor. Increased systemic pressure 

is likely to equilibrate the pressure differential between tumor 
vasculature and interstitial fluid pressure that would allow for an 
increase in functional vessels allowing virus to more effectively 
access the tumor. Similarly, changes in MAP could affect hypoxic 
tumor regions known to be barriers to intratumoral infection, 
thereby influencing the density and distribution of infection. It 
should also be noted that changes in perfusion pressure induced 
by hemodynamic manipulations were not measured directly 
but rather indirectly monitored via changes in MAP. While the 
changes in intratumoral infection density and distribution are 
assumed to be a result of differences in perfusion pressure, the 
hemodynamic manipulations used here cause additional physi-
ological effects that could also influence intratumoral delivery. 
For example, along with a decrease in systemic MAP, isoflurane 
causes peripheral vascular collapse that could also restrict virus 
access to the tumor. While perfusion pressure was identified as a 
critical determinant of intratumoral extravasation here, it will be 
beneficial to isolate the effects of the different physiological phe-
nomenon underlying the applied hemodynamic manipulations in 
future experiments to better understand how changes in perfu-
sion pressure mediate changes virus delivery.

It is also worth discussing that a reduction in systemic blood 
pressure has the potential to reduce intratumoral perfusion pres-
sure and subsequent intratumoral virus extravasation to a greater 
extent than elevating systemic blood pressure can increase per-
fusion pressure and virus extravasation. This is because tumor 
perfusion is dependent on multiple factors including the pressure 
gradient across the tumor vessel which is determined by both 
systemic blood pressure and intratumoral interstitial fluid pres-
sure. Other factors including vascular geometry, permeability, 
resistance to blood flow, and tumor location can also affect tumor 
perfusion such that the tumor is protected from elevated perfu-
sion pressure.42 The dependence of tumor perfusion on the sys-
temic to interstitial pressure gradient and vasculature resistance to 
blood flow will influence the response of tumors to hemodynamic 
or other vasoactive manipulations.42 Even so, while it may be dif-
ficult to overcome all of these barriers to delivery with a sufficient 
increase in systemic blood pressure, a reduction in blood pressure 
will only magnify the intensity of these barriers to intratumoral 
delivery.

The use of quantitative dynamic radiohistology offers a 
method for guided therapeutic optimization such as improv-
ing distribution of intratumoral infection here. The quantitative 
imaging data can also help to inform predictive mathematical 
model development and improvement. There are few inductive 
mathematical models describing OV currently available, as many 
are theoretically derived models based on predictions of how 
virus is delivered, spreads, and interacts with the tumor environ-
ment.21,43–56 The 3D data provided from imaging provides oppor-
tunity for more inductive models to be developed that will in turn 
help describe and understand the dynamic nature of OV that is 
actually observed. For, example, our previous simplistic math-
ematical model predicts that therapeutic efficacy is dependent 
on delivery, which is clearly evidenced here.21 Furthermore, the 
model predicts that a sharp therapeutic threshold separates tumor 
survival from tumor cure which can be bridged by small changes 
in density or spread of infection centers. This threshold is evident 

314 www.moleculartherapy.org vol. 24 no. 2 feb. 2016



© The American Society of Gene & Cell Therapy
Perfusion Pressure Drives Oncolytic Virus Delivery

here where a substantial change in efficacy is seen as a result of 
a small difference in infection density and uniformity of infec-
tion distribution. The 3D data from dynamic radiohistology can 
also offer a glimpse into the spatial and temporal heterogeneity 
of infection with capabilities for noninvasive and real-time analy-
sis that have yet to be adequately modeled. The use of dynamic 
radiohistology to identify infection voids and cumulative nearest 
infected neighbor distances can provide useful insight to adjust 
or inform model parameters to improve predictive and inductive 
modeling.

As the use of systemic OV continues to grow, so does the 
need to identify and overcome remaining barriers to therapeutic 
success. Intratumoral perfusion pressure has been identified as a 
critical determinant of systemically administered OV therapeutic 
success. Elevation of perfusion pressure has been identified as a 
clinically relevant means of overcoming barriers to intratumoral 
transvascular delivery and improving therapeutic efficacy. Using 
elevated systemic blood pressure to induce elevated perfusion 
pressure during virus administration resulted in a significant 
increase in density of infection and improvement in the homo-
geneity of infection distribution within the tumor. Moreover, the 
reduction in delivery and significantly heterogeneous distribution 
due to decreased perfusion pressure during virus administration 
ultimately resulted in a significant reduction in therapeutic effi-
cacy. This highlights the role that hemodynamics play in driving 
intratumoral delivery and shows that changes in intratumoral 
infection density and distribution identified using quantitative 
dynamic radiohistology have the potential to impact survival. 
This work identifies the need to focus beyond genetic manipula-
tions of the virus, as manipulations of the host and tumor envi-
ronment will also impact efficacy of the oncolytic. Based on the 
evidence here, it is clear that systemic perfusion pressure, a key 
driver of tumor blood flow, influences the intratumoral extravasa-
tion of systemically administered OV and has a critical impact on 
therapeutic efficacy.

MATERIALS AND METHODS
Cell lines and virus manufacture. Vero cells were obtained from American 
Type Cell Culture (ATCC, Manassas, VA) and cultured in Dulbecco’s 
Modified Eagles Medium. 5TGM1 murine myeloma cells were obtained 
from Dr Babatunde Oyajobi (UT Health Sciences Center, San Antonio, TX, 
originally established from the parent murine 5T33 (IgG2bκ) myeloma57) 
and cultured in Iscove’s Modified Dulbecco’s Medium. MPC11 murine 
myeloma cells were obtained from ATCC and cultured in Dulbecco’s 
Modified Eagles Medium. All cell line culture media was supplemented 
with 10% serum (fetal bovine serum, for Vero and 5TGM1, horse serum 
for MPC11), 100 U/ml penicillin and 100 mg/ml streptomycin. 5TGM1 
cells are syngeneic to the C57Bl6/KaLwRij mouse strain and MPC11 cells 
are syngeneic to BALB/C mouse strain. Successful tumor growth in the 
respective strains confirms cell line identity. These cell lines were not oth-
erwise authenticated.

In vivo studies were performed to evaluate efficacy and distribution of 
intratumoral infection using various recombinant VSV vectors.

VSV-mIFNβ-NIS, a recombinant VSV containing transgenes coding 
for murine interferon-β (IFNβ) and the human sodium iodide symporter 
(NIS) was produced by Mayo Clinic Viral Vector Production Lab (VVPL, 
Rochester, MN) as described previously.16

VSV-GFP, a recombinant VSV containing the transgene coding for 
green fluorescent protein (GFP), was generated by inserting the cDNA of 

the GFP gene at engineered restriction sites within the M/G gene junction 
of the pVSV-XN2 plasmid containing the positive strand antigenome.

VSV-Δ51-NIS, containing a deletion in methionine 51 in the matrix 
(M) protein and containing the transgene coding for NIS, was generated 
as described previously.19

Virus was rescued and amplified using previously described 
methods.16,58 Viral titer was quantified by measuring TCID50 on Vero cells 
calculated using the Spearman–Karber equation as previously described.59 
Virus was stored at −80 °C until use.

Ethics statement. All animals were maintained and cared for in accor-
dance with the Institutional Animal Care and Use Committee of Mayo 
Clinic (A25514).

Blood pressure monitoring. Wireless telemetry devices (PA-C10 model, 
Data Sciences International (DSI, St. Paul, MN)) were used to wirelessly 
and continuously monitor the physiologic parameters in KaLwRij mice. 
To measure blood pressure, the telemetry system uses a fluid-filled cath-
eter that is inserted into the carotid artery to allow direct and continuous 
measurements of arterial pressure as it is transduced through the fluid. The 
catheter is connected to a capsule containing a manometer, battery, signal 
transmitter, and related electronic hardware that is implanted intraperi-
toneally by DSI surgeons in anesthetized mice. The pressure wave signals 
detected at the manometer are converted to radio waves that can be wire-
lessly transmitted and received by a signal receiver placed externally of the 
animal’s housing. The signal is converted and stored in a digital recorder. 
Physiological parameters are measured continuously and averaged for 
every 10 seconds of monitoring. Data acquisition and analysis was per-
formed using DataQuestA.R.T. software (DSI). Animals were allowed 1 
week recovery from surgery before measuring blood pressure. Telemetry 
devices were not implanted in BALB/C mice because a characteristic of the 
strain is an incomplete circle of Willis, which could result in death after 
insertion of the catheter into the carotid artery.

Hemodynamic manipulations. Mice implanted with wireless telemetry 
devices were used to develop the hemodynamic manipulation protocol. 
Blood pressure changes were determined to be reliable and replicable so 
that once the protocol was determined, surgical implantation of telem-
etry devices to monitor hemodynamic changes was not necessary for the 
remaining survival and distribution experiments. In mice with implanted 
telemetry devices, blood pressure was manipulated once a day, and mea-
sured in up to three separate animals daily to determine protocol. Blood 
pressure was first monitored during rest for baseline measurements. Blood 
pressure was then measured in mice for 10 minutes prior to hemodynamic 
manipulation, throughout the course of hemodynamic manipulation, 
and until blood pressure returned to resting baseline measurements after 
hemodynamic manipulation was ceased.

Hemodynamic manipulations applied to mice include exercise on 
a treadmill (up to 20 m/minute) for 20 minutes to elicit a hypertensive, 
high perfusion state. Prior to monitoring physiological parameters in 
exercised mice, mice were first acclimated to and trained on the treadmill 
for 1 week using increasing pace and duration as described previously.60 
Mice are motivated to run by an electric shock grid that is activated when 
the animal steps off the treadmill. The shock grid delivers a mild noxious 
stimulus of 10 V. Exercise is terminated when the animal remains on the 
shock grid for longer than 5 seconds. To elicit hypotensive conditions and 
a low perfusion state, anesthetic induction with isoflurane (up to 5% in 
O2) for 10 minutes was used.

The determined protocol for hemodynamic manipulation to be 
followed during virus infusion was as follows: for infusion of virus during 
high perfusion state, mice were run on a treadmill at 20 m/minute for 
10 minutes. Mice were removed and promptly restrained and warmed 
under a heating lamp for i.v. injection of virus. After injection, mice 
were placed on the treadmill for an additional 10 minutes of running at a 
pace of 20 m/minute. For infusion during low perfusion state, mice were 
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anesthetized with 5% isoflurane for 5 minutes. After 5 minutes, while 
maintaining anesthesia, the mice were warmed with a heating lamp for 
i.v. virus infection. After injection, heat was removed and mice remained 
anesthetized for an additional 5 minutes.

In vivo studies assessing efficacy and safety of VSV. 5TGM1 syngeneic 
murine myeloma tumors were established in mice by subcutaneously 
implanting 5 × 106 washed 5TGM1 murine myeloma cells (suspended in 
100 μl sterile phosphate-buffered saline) in the right flank of ~6-week-old 
female syngeneic C57Bl6/KaLwRij mice (Harlan, Horst, The Netherlands). 
MPC11 syngeneic murine myeloma tumors were established in mice by 
subcutaneously implanting 5 × 106 washed MPC11 murine myeloma cells 
(suspended in 100 μl sterile phosphate-buffered saline) in the right flank of 
~6-week-old female syngeneic BALB/C mice (Harlan, Indianapolis, IN).

When tumors measured ~0.5 cm in diameter, mice were injected with 
a single i.v. dose of either 100 μl sterile saline or recombinant VSV at a 
dose up to 2 × 108 TCID50. Prior to injection, virus was diluted in sterile 
saline for a total injection volume of 100 μl per mouse. For infusion during 
altered perfusion state, mice were administered viral dose as described 
above.

For survival studies, tumor response was monitored by serial caliper 
measurements in two dimensions. Tumor volume was calculated using 
the formula V = 0.5a2b (where a ≤ b). Mice were euthanized if tumors 
reached greater than 10% of mouse body weight, tumors were severely 
ulcerated, weight loss was greater than 20%, mice were unable to access 
food and water, or were in obvious distress. Tumor volume was used to 
determine therapeutic response. Progressive disease was defined as an 
increase in tumor volume relative to baseline at day 11 posttreatment 
relative to tumor volume at baseline.

For safety studies, a randomly selected subset of animals treated 
with recombinant VSV under high and low perfusion states or saline 
control were euthanized, and blood, tumor, liver, spleen, kidney, brain, 
and muscle were harvested 24 hours after infection. Blood was stored in 
lithium heparin microtainer tubes for blood chemistry assays to assess 
liver enzyme levels. For blood chemistry assays, whole blood was analyzed 
on a Piccolo Xpress chemistry analyzer with a comprehensive metabolic 
panel profile (Abaxis, Union City, CA).

Organs were cut into equal sections for storage in RNAlater 
stabilization solution (Ambion, Inc., Austin, TX) for RNA extraction and 
flash frozen in liquid N2 for infectious virus recovery.

RNA extraction was performed using RNeasy Plus Universal 
extraction kit. VSV-N and genome copy numbers were quantified using 
the Roche LightCycler480 quantitative real time polymerase chain 
reaction Thermocycler using the previously validated and described 
protocol (Roche, Indianapolis, IN).61

Tissue frozen for infectious virus recovery was homogenized and 
suspended in Opti-MEM buffer. Tissue homogenate was then frozen and 
thawed twice and centrifuged to separate cellular debris. Supernatant was 
tittered as described above to quantify any infectious virus recovered from 
the frozen tissue.

Immunohistochemistry tumor vasculature analysis. Immunohisto chem istry 
analysis of tumor vasculature via anti-CD31 staining was performed on sections 
from 5TGM1 tumors implanted in syngeneic mice as previously described. 
Mice were treated with a single i.v. dose of 2 × 108 TCID50 VSV-GFP. Tumors 
from treated mice were harvested 24 hours postinfection and frozen in optimal 
cutting medium for sectioning. Tumor sections were subject to immunofluores-
cence staining for (i) VSV antigens using a primary rabbit polyclonal antibody 
generated by the Mayo Clinic VVPL followed by an Alexa-labeled anti-rabbit 
secondary antibody (Invitrogen, Molecular Probes), (ii) blood vessels using a 
primary  rat-anti-mouse CD31 polyclonal antibody (BD Pharmingen) followed 
by an Alexa-labeled anti-rat secondary antibody (Invitrogen), and (iii) cellular 
nuclei using Hoechst 33342 (Invitrogen). Stained tissue sections were mounted 
using ProLong Gold Antifade Mountant (Thermo Fischer Scientific, Grand 
Island, NY). Fluorescent microscopy was used to capture images of the entire 

tumor tissue section using automatic mosaic tiling performed on the Axiovert 
200M Apotome (Zeiss, Göttingen, Germany). ImageJ (NIH) was used to quan-
tify the percent of VSV-positive (green) and CD31-positive (red) pixels within 
Hoechst positive (blue) tumor tissue.

Nuclear imaging. SPECT/CT imaging was used to visualize concentra-
tion of 99mTcO4

− at sites of functional NIS expression coupled to endog-
enous expression or active viral infection as described previously.20 Briefly, 
a dose of 0.5 mCi 99mTcO4

− was administered i.p. to animals 1 hour prior 
to imaging, and mice were imaged for 25 minutes (5 minutes CT and 20 
minutes SPECT) using a high-resolution co-registered microSPECT/CT 
system (U-SPECT-II, MI labs, Utrecht, The Netherlands) daily on d1–3 
post virus administration. Mice were maintained under general anesthesia 
(isoflurane) during imaging. The images were calibrated using a conver-
sion factor as to allow for quantification of uptake activity in volumes of 
interest. The NIFTI image flies (.nii) were analyzed using PMOD 3.5 soft-
ware (PMOD Technologies, Zurich, Switzerland).

Distribution analysis. Data transformation and distribution analysis 
of SPECT/CT imaging data was performed using custom code written 
with Python programming language on the Enthought Canopy platform 
(Enthought, Austin, TX). The process of data transformation and distribution 
analysis is detailed in Figure 1. During this data transformation and analysis 
technique, the SPECT/CT imaging of intratumoral infection is first trans-
formed to a binary data set distinguishing infected from uninfected tumor 
tissue by applying a user-defined threshold of radioactivity for positive infec-
tion and a CT-guided label of the tumor volume (Figure 4a–d). A distribu-
tive distance transformation is applied to the binary data set to identify the 
shortest Euclidean distance from every voxel within the tumor to the nearest 
“infected” voxel. This identifies the distance to the nearest infected neighbor 
for every voxel within the tumor image and is used to describe the proximity 
of any location within the tumor to the closest infectious center (Figure 4e). 
To compare the nearest infected neighbor distance from the observed experi-
mental data, theoretical random infection is simulated within each tumor 
volume to include the same number of infected cells or voxels. Infection 
spread is simulated from centers selected using a random number genera-
tor. Infection is spread radially outward to cover a sphere surrounding each 
center with a radius that is defined based on the experimentally observed 
spread in that tumor. The distributive distance is then performed for the 
theoretical random distribution (Figure 4g,h). The cumulative distribution 
of nearest infected neighbors is plotted for both experimental and theoreti-
cally simulated datasets. A comparison of the difference in area under the 
curve (ΔAUC) is used as a metric for assessing how similar experimental dis-
tribution is to random (Figure 4j). The nearest infected neighbor distances 
are also used to find the largest nonoverlapping spherical infection voids to 
compare size of uninfected volumes of tumor (Figure 4f, i, k).

Quantitative and statistical analysis. All statistical comparisons of tumor 
growth, treatment response, and differences in distribution observed 
in BALB/C mice bearing MPC11 tumors after single administration of 
i.v. VSV-Δ51-NIS at doses of 5 × 106 TCID50 during high and low perfu-
sion states compared to saline-treated mice were performed using Prism 
(GraphPad Software, La Jolla, CA).

SUPPLEMENTARY MATERIAL
Figure S1. VSV-Δ51-NIS dose determination using dosimetry analysis 
of radionuclide uptake in tumors following virus administration.
Figure S2. Serial SPECT/CT imaging of radionuclide uptake in animals 
with hemodynamic manipulations during VSV-Δ51-NIS administration.
Figure S3. VSV-N copy numbers in tumor and organs of mice fol-
lowing VSV-Δ51-NIS administration with or without hemodynamic 
manipulations.
Figure S4. Liver enzyme levels are not elevated after intravenous 
administration of low dose VSV-Δ51-NIS in mice during hemodynamic 
manipulations.
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Table S1. Cause of death for MPC11 tumor bearing mice treated 
with IV saline control or VSV-Δ51-NIS during high perfusion (Exercise, 
Ex) and low perfusion (isoflurane, ISO) states.
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