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Abstract

Longitudinal monitoring of tumor size in vivo can provide important biological information about 

disease progression and treatment efficacy that is not captured by other modes of quantification. 

Ultrasound enables high throughput evaluation of orthotopic mouse models via fast acquisition of 

three-dimensional tumor images and calculation of volume with a reasonable degree of accuracy. 

Herein, we compare orthotopic pancreatic tumor volume measurements determined by ultrasound 

with volume measured by calipers and tumor weight, and found strong correlations between the 

three modalities over a large range of tumor sizes, suggesting ultrasound can accurately quantify 

tumor volumes in this model. Furthermore, we demonstrate the unique ability of longitudinal 

treatment monitoring to reveal a tumor size-dependent dependent response to Benzoporphyrin 

Derivative photodynamic therapy (BPD-PDT) and irinotecan. Small tumors (5–35 mm3) were 

found to respond well to a single round of PDT, while large tumors (35–65 mm3) showed no 

response to the same treatment. These results highlight the role that tumor size can play in 

preclinical interpretation of treatment response, and more generally suggest that careful evaluation 

of subtle biological features such as this must be carefully considered in order to grant a more 

comprehensive understanding of disease biology in vivo.

†This article is part of a Special Issue celebrating Photochemistry and Photobiology’s 55th Anniversary.
*Corresponding author’s email: thasan@mgh.harvard.edu (Tayyaba Hasan). 
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Graphical abstract text:

Tumor volume measured by ultrasound agrees well with volume measured by calipers and tumor 

weight in an orthotopic mouse model of pancreatic cancer. Using ultrasound to noninvasively 

monitor tumor growth longitudinally, a size-dependent response to photodynamic therapy (PDT) 

and low dose irinotecan is revealed. Small tumors respond to each monotherapy, while large ones 

only to their synergistic combination.

INTRODUCTION

Mouse models of cancer have been utilized as a tool for investigating the efficacy of new 

anti-cancer therapies for decades. The ability of these models to more comprehensively 

reflect the biology seen in human disease as compared to in vitro models has made them an 

indispensable, albeit with limitations, workhorse of the preclinical part of the drug 

development process. Treatment response in vivo can be determined by a variety of metrics, 

including overall survival or treatment induced changes to molecular markers. However, 

response is commonly quantified by changes in tumor size, in particular volume or weight 

(1), at a fixed time point or longitudinally. While it goes without saying that meaningful and 

robust conclusions regarding in vivo treatment response must be based on accurate 

underlying data, ensuring this is not trivial, and a number of studies have been conducted to 

verify the accuracy of non-invasive tumor measurements in this setting (1–8).

Tumor size is an important parameter both clinically and in preclinical in vivo studies. 

Longitudinally monitoring disease in a given model or in response to treatment can provide 

valuable insights into the biology and progression of disease, and obviates some of the 

fluctuations that are inherent in outcomes measured from global averages of mice (patients). 

Growth rates of tumors can provide information about the disease phenotype of a particular 

model (9–11). Tumor regrowth rates after treatment can also yield insight as to the durability 

of a particular treatment and inform dosing schedules to provide sustained remission 

(12,13). Clinically, change in tumor size is the primary metric for objectively evaluating 

treatment response. The Response Evaluation Criteria in Solid Tumors (RECIST) guidelines 

provide a standardized framework for determining tumor progression or response to therapy 

in clinical studies and underscore the importance of tumor size measurements when 

assessing clinical efficacy of a new therapy (14).
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A number of methods and tools are available to quantify tumor burden in preclinical animal 

models. Non-invasive MRI and CT can obtain highly detailed 3-dimensional images. 

However, their high cost, long acquisition time, and the need for specialized training to 

operate these instruments makes them cumbersome to use in large preclinical treatment 

response studies. Optical based imaging modalities using bioluminescent or fluorescent cell 

lines also allow for non-invasive longitudinal measurements while being simpler and 

cheaper than MRI or CT, but have the disadvantage of requiring genetically altered cells. 

Furthermore, differences in imaging and model parameters preclude absolute tumor volume 

quantification for comparison between studies despite efforts to correlate emission 

intensities and tumor size in these models (5,15). In subcutaneous models, calipers are used 

extensively as they are easy to use and inexpensive; however, they are not practical in 

orthotopic models. Tumor weight is a useful and commonly reported metric, but requires a 

terminal procedure which precludes longitudinal monitoring (16). Ultrasound is also used 

extensively both preclinically and in the clinic to make diagnoses and evaluate treatment 

response as it offers some of the benefits of optical modalities, including ease of use, high 

throughput capacity, and sub-millimeter scale resolution, as well as the depth penetration 

and 3-dimensional imaging capabilities afforded by MRI and CT. These characteristics make 

ultrasound a powerful modality for preclinical studies, particularly for large cohorts of 

orthotopically implanted animals where a wide range of tumor sizes must be accurately and 

non-invasively measured.

In this study, we establish the accuracy and reproducibility of ultrasound tumor volume 

measurements in an orthotopic mouse model of pancreatic cancer. Using an ellipsoidal 

volume estimation, tumor volume determined by ultrasound exhibits a size dependent 

correlation with volume determined by digital calipers, with smaller tumors correlating more 

strongly than large ones. We also report on the impact of initial tumor size on treatment 

response in a recently established combination of Benzoporphyrin Derivative photodynamic 

therapy (BPD-PDT) and nanoliposomal irinotecan (L-IRI) (9). This study demonstrates the 

need to consider how subtle biological variables, such as initial tumor size, may affect 

treatment response data and potentially alter the interpretation of overall outcomes.

MATERIALS AND METHODS

Cell lines and culture.

MIA PaCa-2 pancreatic cancer cells (MP2) obtained from ATCC were cultured according to 

the vendor’s instructions. Patient derived pancreatic cancer associated fibroblasts (PCAF) 

were obtained via MTA from the laboratory of Diane Simeone and were isolated as 

previously described (17). Both lines were grown in Dulbecco’s Modified Eagle’s Medium 

supplemented with 10% fetal bovine serum and 100 U/mL penicillin/streptomycin at 37oC 

and 5% CO2 in a humidified incubator, and confirmed negative for mycoplasma 

contamination.

Preparation of liposomal BPD and irinotecan.

Nanoliposomal formulations of Benzoporphyrin Derivative (L-BPD) and irinotecan (L-IRI) 

were prepared and characterized as described previously (9). Both were prepared by freeze-
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thaw extrusion, and particle size, polydispersity index, and zeta potential determined using a 

Zetasizer NanoZS (Malvern). BPD and irinotecan concentrations were measured by UV-Vis 

spectrophotometry in dimethyl sulfoxide (DMSO) using their known molar extinction 

coefficients (BPD: ε=34,895 M−1 cm−1 at 687nm; irinotecan: ε =21,835 M−1 cm−1 at 

384nm).

Orthotopic pancreatic tumor implantation.

All animal experiments were performed according to approved MGH Institutional Animal 

Care and Use Committee (IACUC) protocols. Orthotopic tumors were established in male 

athymic (nu/nu) Swiss mice at 4–6 weeks of age. While under ketamine/xylazine 

anesthetization, a 1 cm incision was made in the left abdomen of the animal to exteriorize 

the pancreas. Longitudinal treatment response studies were carried out with an established 

orthotopic model of pancreatic cancer by implanting 1×106 MP2 cells in a medium + 

Matrigel mixture. Tumor measurement method studies were performed on mice 

orthotopically implanted with 0.5×106 MP2 + 0.5×106 PCAF in order to further characterize 

this relatively new orthotopic model. After injection into the pancreas, the incision was 

sutured aseptically.

In vivo combination treatments and ultrasound monitoring.

Treatments were initiated 9 days post implantation in MP2 implanted mice. One hour after 

intravenous injection of L-BPD (0.25 mg/kg) and/or L-IRI (20 mg/kg), mice were 

anesthetized and the pancreas exteriorized. PDT was performed with a 690 nm laser (75 

J/cm2, 100 mW/cm2) by focusing a vertical beam onto the tumor. Surrounding tissue and 

skin were protected from light using an opaque cloth. Following PDT, incisions were sutured 

aseptically.

Tumor growth was measured longitudinally using a 2-dimensional ultrasound imaging 

system (Vevo LAZR, VisualSonics). Mice were anesthetized with isoflurane and placed on a 

37oC heating pad to maintain body temperature during the procedure. An MS550 transducer 

(central frequency 40 MHz) ultrasound probe with axial resolution of 40μm and a 14.6 mm 

field of view was used. Once the tumor was identified, the entire tumor volume was captured 

by scanning along the length of the tumor and obtaining two-dimensional images at 152 um 

intervals. Height and width measurements were taken at the largest transverse diameter, and 

length measured perpendicular to this plane. Volume was calculated using the ellipsoid 

estimation formula (V = height x width x length x π / 6), which has been shown to correlate 

more strongly with tumor volume than many other estimation methods (1)(18).

Ex vivo tumor volume measurements.

MP2 + PCAF implanted animals were sacrificed on the same day of acquiring an ultrasound 

scan in order to measure tumor volume by calipers and weight. Caliper volume 

measurements were obtained in the same manner as described above. After euthanization, 

the tumor was excised and any normal tissue cut away, and the three orthogonal axes 

measured using electronic slide calipers (Fisher Scientific). Volume was calculated using the 

same ellipsoid estimation formula (V = height x width x length x π / 6) in order to allow for 
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a direct comparison between caliper and ultrasound volume measurements. Tumor weight 

was then recorded using an electronic balance.

Statistical analyses.

Results are presented as mean +/− standard error of the mean (SEM), except where noted 

otherwise. Statistical analysis was performed using GraphPad Prism (GraphPad Software), 

Matlab, or Microsoft Excel tools. Sample sizes for each data set are indicated in the figure 

captions. All p values were calculated using two-tailed t-tests.

RESULTS

Comparison between ultrasound, caliper, and tumor weight measurements

Pairwise comparisons between measurement methods were found to correlate strongly 

between the three modalities (Figure 1a-c). Scatter plots show the best fit line and equation, 

the 95% confidence band, and correlation coefficient of each comparison. Ultrasound 

volume correlated well with both caliper volume (r2 = 0.9057) and weight (r2 = 0.8969), 

while caliper volume and weight correlated strongest (r2=0.9718). These results are 

consistent with previously reported correlations between caliper and weight measurements 

(1), and ultrasound and caliper (2). Tumors measuring up to 3000 mm3 are also plotted in 3 

dimensions in Figure S1 (see Supporting Information).

Bland-Altman plots (Figure 1d-f) were used to analyze the agreement between each method. 

Difference in measured volume was plotted against the average of the two measurements for 

each tumor. The ultrasound vs caliper volume measurement comparison produced a minimal 

bias of −36 mm3, with Limits of Agreement (LoA) from −771 mm3 to 699 mm3. Ultrasound 

vs weight and caliper vs weight comparisons had slightly larger biases of −121 mm3 (LoA 

from −914 mm3 to 671 mm3), and −85 mm3 (LoA from −478 mm3 to 307 mm3), 

respectively. It can clearly be seen in each plot that the three measurement modalities agree 

far better when measuring small tumors than large ones.

Volume measurements correlate more strongly for small tumors than large ones

Caliper and ultrasound volume measurement correlations were analyzed for three size 

ranges of tumors as shown in Figure 2a: 0–200 mm3, 200–1000 mm3, and 1000–3000 mm3 

(determined by ultrasound, n = 16–18 for each size range). Tumors with volumes up to 200 

mm3 correlated the strongest (r2 = 0.936), while medium and large ones correlated 

progressively worse (r2 = 0.674 and 0.342, respectively). This size dependent correlation is 

also illustrated in Figure 2b, where the correlation coefficient between caliper and ultrasound 

volume measurements as a function of volume is plotted. Correlation coefficients were 

calculated by arranging tumors in ascending volume as measured by ultrasound. Beginning 

with a 50mm3 cutoff value, Pearson’s correlation coefficients were calculated for all tumors 

above (grey line) and below (black line) the cutoff value, in 10 mm3 increments. Correlation 

among tumors larger than the cutoff gets progressively worse and more variable as the cutoff 

size increases, consistent with what it shown in Figure 2a.
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Variation of tumor sizes eight days post orthotopic implantation

Mice were implanted orthotopically with MP2 cells over five separate experiments and 

imaged by ultrasound 8 days post-implantation to analyze the variation of tumors sizes at 

this early time point. Individual tumors, represented by each bar, are grouped according to 

their experiment and the volume of each tumor plotted in Figure 3a. The average volume of 

all tumors at day eight was 36.9 +/− 26.1 mm3 (standard deviation), indicating a high degree 

of variability among initial tumor growth rates.

Animals were randomly assigned to a treatment group at the time of treatment on day 9: 

untreated (NT), liposomal irinotecan (L-IRI), BPD + hv (PDT), L-IRI + BPD + hv (L-IRI + 

PDT), and no light controls (BPD – hv and L-IRI + BPD – hv; see supplemental material 

Figure S2. These groups had similar growth curves compared to NT and L-IRI groups, 

respectively). Only animals bearing tumors that were between 5 and 65 mm3 at day eight, as 

indicated by the dotted lines in Figure 3a, were included in subsequent longitudinal analysis. 

Of the 90 tumors analyzed, 75 fell within this size range. Small tumors were defined as 

being between 5 mm3 and 35 mm3 on day eight, and large having a volume between 35 mm3 

and 65 mm3. The separation into these size groups is based on the average tumor size 

observed at day 8 in this study (32.4 mm3), as well as studies previously conducted by our 

group (9,19) and others (20,21) using similar animal models.

The initial sizes of small and large tumors are plotted in Figure 3b-c. Of the 75 tumors that 

were analyzed, 44 fell within the small range and 31 within the large range. In the small 

tumor group, the average size was 22.3 +/− 7.5 mm3 (standard deviation). The average large 

tumor size was 46.8 +/− 9.0 mm3 (standard deviation). Separation into two size ranges and 

exclusion of outliers greatly reduced size variability which was important when determining 

the effect of tumor size on treatment response. The relative standard deviation of all 90 

tumors was 70.7%, compared to 33.5% and 19.3% in the small and large tumor groups, 

respectively, indicating a large reduction in variability upon separation into similarly sized 

groups, as expected.

Interestingly, large and small untreated tumors (NT) show statistically similar growth curves 

(Figure S3, see Supporting Information). Despite their significant size differences at day 8 (p 

< 0.001), both groups quickly converge and grow at similar rates and to similar sizes on day 

30. This phenomenon indicates that, in this model, tumor size at an early time point has little 

effect on subsequent growth if left untreated. For this reason, and due to insufficient animals 

in the large tumor NT group, subsequent longitudinal NT growth curves are plotted using all 

untreated animals.

PDT and L-IRI synergize to inhibit growth in large tumors

Representative cross-sectional images of tumors in PDT treatment groups at day 8 and day 

30 post-implantation, when this study was terminated, can be seen in Figure 4. At 9 days 

post-implantation, animals were randomly assigned to each treatment group (NT, L-IRI, 

PDT, L-IRI+PDT combination), and growth curves for each regimen are plotted in Figure 

5a-b.
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In small tumors, both PDT alone and the combination inhibited cancer progression to a 

similar degree while L-IRI alone produced a small, non-statistically significant size 

reduction (p=0.12 at day 30), suggesting that PDT is the primary driver of treatment 

response for small tumors. In contrast, PDT has no effect on large tumors in this model. 

Similar tumor nodule size dependent responses to PDT have previously been shown in vitro 
by West (22). Here, the differences in growth of large and small PDT treated tumors are 

statistically significant at all time points (except day 16; p = 0.051), suggesting that the anti-

cancer effects of PDT on small tumors occur within a couple of days. The immediate 

therapeutic effects of PDT in vivo have been shown before in orthotopic models of 

pancreatic cancer, in which acute tumor inflammation was observed 48 hours after PDT 

(10). As in the case with PDT, large tumors showed no response to monotherapy L-IRI. In 

combination treated tumors, we observed a non-statistically significant reduction in size 

between large and small tumors, from 147 mm3 to 77 mm3 (p=0.064). This treatment 

controlled both tumor sizes in a similar manner, however, as those in both groups grew 3-

fold by day 30 compared their size at the time of treatment. Our group has previously 

demonstrated the synergistic effects of PDT and L-IRI in this tumor model, which is 

attributable to their distinct mechanisms of action and their ability to block critical survival 

pathways (9).The analysis presented here further confirms the complementary effects of 

these two therapies, revealing enhanced synergy and reinforcing the importance of 

mechanistically-based combination therapies especially in larger, difficult to treat tumors.

DISCUSSION

While a number of different metrics are used to quantify treatment efficacy in preclinical in 
vivo studies, this is commonly done by monitoring change in tumor size. Measuring size, 

either by volume or weight, only at the end of the study period is often sufficient to 

accomplish this. However, this approach may fail to reveal subtle yet important biological 

characteristics that may impact treatment response. As a result, these often overlooked 

variables, such as tumor size at the time of treatment, may skew interpretation of 

experimental results, and possibly contribute to the high failure rate of many investigational 

therapies in the clinic despite their significant promise and efficacy demonstrated 

preclinically (23). Analysis of metrics in preclinical in vivo studies such as tumor growth 

rate and time- and size-dependent response to treatment, which can be readily evaluated in 

longitudinal studies such as this one, may allow researchers to draw more comprehensive 

conclusions about a particular investigational therapy in order to better inform how or if to 

translate to the clinic. Needless to say, it is important to mimic human disease as closely as 

possible in preclinical in vivo studies. To this end, orthotopic and GEM models have gained 

attention over the years due to their predictive value of therapeutic efficacy in human disease 

and use in studying the effect of specific genetic mutations on treatment response (24). In 

these models where the tumor is located internally, however, sophisticated imaging 

modalities, such as ultrasound, must be used to non-invasively and longitudinally quantify 

tumor size.

Regardless of imaging modality, it is imperative to ensure its accuracy and reliability when 

taking measurements. The use of ultrasound to measure volumes of biological structures has 

been studied extensively due to its pervasive use preclinically and clinically to visualize 
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internal organs, make diagnoses, and monitor treatment progress in many fields of medicine. 

Volume measurements are generally obtained either by 3D volume reconstruction, or by 

measuring the length of three orthogonal axes to estimate volume. A number of studies have 

demonstrated that volume reconstruction is more accurate at determining the true tumor 

volume than estimation methods (25–27); however, this is a much more involved process 

and takes far longer than estimation calculations and is therefore impractical to do for large 

cohorts in preclinical studies. In most cases, particularly when measuring regularly shaped 

ellipsoidal tumors, the difference in accuracy between volume reconstruction and estimation 

is minimal (8,25), and the practicality of volume estimation warrants its use.

As demonstrated in Figure 1, both ultrasound (1b) and caliper (1c) based volume estimations 

correlate strongly with tumor weight over a large range of sizes in MP2 + PCAF co-culture 

tumors. Fibroblasts (PCAF) are known to play an important role in pancreatic cancer, and 

the addition of this cell line to pancreatic tumors in vivo has recently been shown to more 

closely mimic human disease (17). In these tumors, extensive collagen deposition and 

increased biochemical signaling between cell types were observed, which limits drug 

penetration and promotes metastases and epithelial-mesenchymal transition, two significant 

barriers to pancreatic cancer therapy in the clinic. In these experiments, we found that MP2 

+ PCAF tumors grew to an average of 156 mm3, while the MP2 alone ones grew to 264 

mm3. We hypothesize the formation of smaller tumors may be due to a number of factors. 

The addition of PCAFs may promote the growth of denser, more compact tumors, and may 

further lead to poor vascularization and delivery of nutrients required for cellular 

proliferation. Additionally, PCAFs in vivo may have a slower growth rate than primary MP2 

cells, leading to fewer cells and a smaller tumor overall.

Despite these observed differences in tumor models, ultrasound and caliper volume 

measurements correlate well in this co-culture model (Figure 1a), indicating that the addition 

of fibroblasts does not significantly impact the ability to monitor these tumors by ultrasound. 

This agreement can also be seen in the Bland-Altman plots (Figure 1d-f), particularly at 

small tumor volumes, while larger ones agree progressively worse. We believe that this is 

due to the difficulty of accurately estimating the volume of larger, more advanced tumors in 

these types of models, where tumors tend to grow around and into nearby organs (28) and 

form necrotic cores due to poor vascularization (29,30), an example of which can be seen in 

Figure 4 in the large PDT treated tumor at day 30. This is further supported by the size-

dependent correlations between caliper and ultrasound measurements in Figure 2a. Smaller 

tumors, which are usually more regularly shaped and easier to image and measure, correlate 

very well, while large ones correlate very poorly. While this may be partly due to the smaller 

size range of the small tumors (0–200 mm3) compared to large tumor range (1000–3000 

mm3), it is consistent with our observations that large advanced tumors often grow in 

irregular shapes, making them more difficult to measure. Future studies that involve more 

animals and analysis with finer, equal size ranges would further strengthen this conclusion. 

Regardless, these observations suggest that the method used to measure tumors is 

particularly important for larger ones. The added complexity of quantifying irregularly 

shaped and large tumors makes their accurate measurement more difficult, and the decision 

of which modality or technique to use, for example 3D volume reconstruction versus 

ellipsoidal volume estimation, becomes more important as it is more likely to influence 
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results. Thus, for smaller tumors, where caliper and ultrasound correlate very strongly, the 

method used to measure tumors is less important in terms of reproducibility and accuracy 

than in large ones.

Despite these limitations of volume estimation using ultrasound, it is still an appropriate 

modality to measure and analyze tumors, particularly in longitudinal studies where non-

invasive imaging is required. In a demonstration of the biological insights that this technique 

can provide, we analyzed variations in tumor volume in orthotopically implanted animals 

and the subsequent tumor size-dependent response to PDT and irinotecan treatments. This 

kind of study would be impossible to conduct using weight or calipers to quantify tumor size 

in this model because these modalities would require the animal to be sacrificed upon the 

first measurement, precluding the possibility of subsequent growth monitoring. Even in 

conventional longitudinal treatment response studies, ultrasound is far superior from a 

financial and time perspective over the use of calipers or weight (Table S1, see Supporting 

Information). While analysis of ultrasound images, involving selection of three appropriate 

orthogonal tumor axes, is a bit more complicated and time consuming than simply weighing 

the tumor, the additional biological information that can be gained and high-throughput 

capacity warrants its use in many cases. Ultrasound also has significant advantages over 

other imaging modalities, such as MRI or CT, due to its lower complexity and cost and high 

throughput capacities described above.

At 8 days post implantation, we analyzed the variation in pancreatic tumor volume (Figure 

3a). Even in tumor models that are highly tumorigenic, variation in growth rates of 

individual tumors similar to those observed in this study is common (31,32). This 

phenomenon is likely due to the complexity of surgical implantation procedures and disease 

and mouse heterogeneity. In order to confirm that this observation is due to actual tumor size 

variation among mice and not simply an artifact of uncertainty in the measurement modality 

itself, we examined the intraperson variability associated with ultrasound volume estimation 

(Figure S4). Three independent ultrasound measurements of a single tumor taken by the 

same investigator revealed an average volume measurement of 142.9 mm3 and standard 

error or the mean of 6.0 mm3. This small error indicates that the large range of tumor sizes 

seen in Figure 3 is not simply due to uncertainty associated with the ultrasound 

measurement itself, an observation which compelled us to examine the effect of this initial 

tumor size variability on treatment outcomes of two therapeutic modalities: PDT and 

liposomal irinotecan.

PDT and irinotecan have been studied extensively in animal models and both are used 

clinically. PDT is currently approved for a number of indications, including skin, head and 

neck, and bladder cancer, among others. BPD based PDT is also under investigation in 

clinical trials for locally advanced pancreatic cancer (33). Liposomal irinotecan (Onivyde®), 

similar to the formulation used in this study, is approved for the treatment for metastatic 

pancreatic cancer. Although Onivyde is safer and more effective than non-liposomal 

irinotecan, significant adverse side effects are still common and can require dose de-

escalation or discontinuation of treatment. Therefore, strategies to reduce the administered 

dose while maintaining or improving efficacy would be very beneficial to patients. Previous 

work by our group has demonstrated that the photodynamic priming of tumors prior to the 

Pigula et al. Page 9

Photochem Photobiol. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



administration of low dose liposomal irinotecan is highly synergistic (9). The effects of 

tumor size on response to the monotherapies and their combination is explored here in more 

detail.

The separation of tumors into small and large groups illuminates the distinct size-dependent 

therapeutic efficacy of PDT in this model, which can be attributed to a number of causes. 

Light scattering properties of tissue limit the effective depth penetration of 690 nm light to 

several millimeters (34). Spherical tumors with a volume of 65 mm3 (the largest in this study 

at the time of PDT treatment) have a diameter of 5 mm, suggesting that the entire tumor may 

not receive the full light dose. Larger tumors have also been shown to be more hypoxic than 

smaller ones (35,36). BPD-PDT requires the presence of molecular oxygen to efficiently 

generate singlet oxygen and induce cytotoxicity, and tumor response to PDT has been 

demonstrated to be highly dependent on tissue oxygenation (37). The dense stroma and 

immature vascular development commonly seen in pancreatic tumors has also been 

implicated in reduced drug delivery and therapeutic efficacy (38). Despite these challenges, 

this combination of PDT and liposomal irinotecan is still effective in large tumors even 

when the monotherapies fail. Photodynamic priming of tumors has been previously shown 

by our group to improve drug penetration into pancreatic tumors (39). This rationally 

designed combination is also mechanistically cooperative, as PDT and irinotecan each block 

survival pathways stimulated by the other therapy (9,39). The results described in this work 

indicate that this synergy is especially enhanced in larger tumors, and suggests that disease 

treated with the right combination of therapies may respond well even if those particular 

monotherapies are ineffective.

Size-dependent treatment response has been previously reported across a range of 

therapeutic modalities, disease models, and tumor sizes (40–42), suggesting that this 

phenomenon is not unique to optical modalities. In a pointed example, De Jong et al. found 

that rats bearing a subcutaneous pancreatic tumor with a size between 3–9 cm2 had complete 

disease response to a single targeted radionuclide treatment, while no more than half of 

those with larger or smaller tumors responded similarly (43). Given that, both clinically and 

preclinically, patients with larger disease burden/tumor size generally carry more advanced 

disease and a correspondingly poorer prognosis, insights obtained by using initial tumor size 

as a metric for disease progression indicate that opportunities may exist to further optimize 

treatments based on this disease parameter. More generally, the study presented herein 

reiterates the importance of considering and controlling for tumor size, and other potentially 

hidden biological variables, in preclinical in vivo studies in order to draw more meaningful 

conclusions, and evaluation of investigational therapies on a range of tumor sizes may assist 

researchers in the drug development process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Pairwise comparisons between ultrasound, caliper, and weight measurements of tumors in an 

orthotopic mouse model of pancreatic cancer. (a-c) Linear regressions and correlation 

coefficients for each comparison are shown, with 95% confidence bands as dotted lines (n = 

45 for each plot). (d-f) Bland-Altman plots for each comparison are plotted by percent 

difference of the two measurements. Tumors measured to be less than 5 mm3 or 5 mg were 

excluded as tumors this size were difficult to measure by any method. For comparisons 

involving weight, a tumor density of 1 g/mL was assumed in order to compare to ultrasound 

or caliper volume measurements. Bias is denoted by the thick dotted line, and 95% Limits of 

Agreement as the thin dotted lines. Bias is −36 mm3, −121 mm3, and −85 mm3 for d-f, 

respectively.
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Figure 2. 
Ultrasound and caliper volume measurements correlate more strongly for small tumors than 

large ones. (a) Linear regressions and correlation coefficients of tumors in three size 

intervals (0–200 mm3, 200–1000 mm3, 1000–3000 mm3) are shown (n = 16–18 for each 

segment). r2= 0.9359, 0.6745, 0.3421 respectively. (b) Correlation coefficients between 

ultrasound and caliper measurements with volumes below (black) and above (grey) volume 

cutoffs in 10 mm3 increments (x-axis volumes determined by ultrasound).
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Figure 3. 
Tumor size variation eight days post MiaPaCa-2 orthotopic implantation. (a) Tumors were 

implanted in 5 separate batches, each denoted by a different patterned bar. Each bar 

represents an individual tumor and its volume measured by ultrasound. Dotted lines are 5 

mm3 and 65 mm3, and tumors that fell within this range were included in subsequent 

longitudinal analysis. The black line denotes the size cutoff of 35 mm3 for large and small 

tumors. (b,c) Separation of tumors into small and large tumor size groups, respectively. 

Dotted lines represent the cutoff sizes for each group (5–35 mm3 in B, 35–65 mm3 in C). 

Red lines denote the average size of tumors in that group, 22.3 mm3 for small tumors, and 

46.8 mm3 for large tumors.
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Figure 4. 
Representative ultrasound images of tumors at day 8 and 30. Transverse ultrasound images 

are shown and were identified as being the largest cross-sectional area of the tumor, from 

which an orthogonal length measurement was made. Volume estimations were made from 

these three measurements as described. The tumor margins are identified by the white line 

and kidney (K) and spleen (S) identified in the images where possible. Necrosis can be seen 

in the PDT treated tumor at day 30, a common feature of large tumors in this model.
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Figure 5. 
Small tumors respond better to PDT and L-IRI than large tumors. (a) PDT and PDT + L-IRI 

combination significantly inhibit growth of small tumors for 3 weeks after treatment. (b) 

Monotherapies are ineffective in large tumors; however, the combination still shows 

significant efficacy. Arrows indicate day of treatment (day nine). Mean tumor volume and 

s.e.m. are plotted longitudinally. (n = 5–14, * P<0.05 for PDT and combination vs NT, ** 

P<0.05 for combination vs NT, two-tailed t-tests).
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