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Abstract

Purpose: Response to toxicity in chemotherapies vary considerably from tissue to tissue and 

from patient to patient. An ability to monitor the tissue damage done by chemotherapy may have a 

profound impact on treatment and prognosis allowing for a proactive management in 

understanding and mitigating such events. For the first time, we investigated the feasibility of 

using whole-body imaging to map chemotherapeutic drug-induced toxicity on an individual-basis.

Experimental design: In a preclinical proof-of-concept, rats were treated with a single clinical 

dose of cyclophosphamide, methotrexate or cisplatin. In vivo whole-body imaging data were 

acquired using 99mTc-duramycin which identifies dead and dying cells as an unambiguous marker 
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for tissue injury in susceptible organs. Imaging results were cross-validated using quantitative ex 
vivo measurements and histopathology and compared to standard blood and serum panels for 

toxicology.

Results: The in vivo whole-body imaging data detected widespread changes, where spatially-

heterogeneous toxic effects were identified across different tissues, within substructures of organs, 

as well as among different individuals. The signal changes were consistent with established 

toxicity profiles of these chemotherapeutic drugs. Apart from generating a map of susceptible 

tissues, this in vivo imaging approach was more sensitive compared to conventional blood and 

serum markers used in toxicology. Also, repeated imaging during the acute period after drug 

treatment captured different kinetics of tissue injury among susceptible organs in males and 

females.

Conclusions: This novel and highly translational imaging approach shows promise in 

optimizing therapeutic decisions by detecting and managing drug toxicity on a personalized basis.
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INTRODUCTION

The success of personalized anticancer therapy depends on optimizing tumor kill and 

minimizing adverse side effects. Toxicity to normal tissues is a major limitation of 

chemotherapies; and the susceptibility to drug-induced side effects varies considerably from 

tissue to tissue and from patient to patient (1–11). Currently the detection of toxicity relies 

on the presentation of clinical symptoms, which are largely descriptive and qualitative. 

Toxicity-induced tissue injury can sometimes be asymptomatic until manifested as late-stage 

organ failure. To address this significant challenge, the current effort presented herein 

pursues the development of an imaging-based survey by detecting the molecular signatures 

of tissue injury in response to cytotoxic drugs. This novel approach provides quantitative 

spatiotemporal information in a minimally invasive and whole-body fashion, and thus 

identifies the effects of toxicity personally on an existing therapy or a new potential drug 

candidate.

Pathologically, elevated cell death in the forms of apoptosis and necrosis is an important 

manifestation of terminal cellular response in toxicity-induced tissue injuries (12–16). 

Compared to stress-based responses and metabolic changes, a propensity for increased cell 

death confers an unambiguous marker for toxic side effects of a drug. As such, the whole-

body imaging of cell death stands as an unexplored and innovative approach to assessing 

drug toxicity in a systemic manner.

Aminophospholipids, including phosphatidylserine (PS) and phosphatidylethanolamine 

(PE), are well-established markers for cell death (17–19). These phospholipids are 

components of the cell membrane and are sequestered inside a viable cell. When a cell loses 

viability PS and PE become accessible from the extracellular space presenting an 

opportunity for detection using aminophospholipid-binding imaging agents (20). In prior 
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studies, we and others have shown that focal cell death was detectable in vivo, for instance 

in models of tissue injury induced by high-dose x-ray and tumor necrosis factor-α, which 

are potent apoptosis-inducing treatments (21–24). However, the feasibility of surveying drug 

toxicity-induced tissue injury at clinically relevant dosages remains to be established, where 

signal changes may be heterogeneous and pervasive. If proven, such a capability will be 

critical to achieving a significant breakthrough in bringing this imaging approach to the 

realm of practicality and ultimately benefits anticancer therapies. For the proof-of-feasibility, 

the current studies employed 99mTc-duramycin which is a PE-specific radiopharmaceutical 

for imaging cell death (22). Comparatively, although Annexin V, a PS-binding protein, has 

also been widely reported as an imaging agent, we select 99mTc-duramycin because it has a 

more favorable biodistribution profile and faster blood clearance for whole-body imaging 

(25,26).

The primary goal of this study was to examine this whole-body scan as a novel approach for 

detecting anticancer drug toxicity-induced tissue injury. Our central hypothesis was that the 

signal changes induced by anticancer drugs at a clinically relevant dose are detectable and 

reflect the systemic toxicity profile of a cytotoxic drug. Studies were conducted using a rat 

model, treated with chemotherapeutics with known end-organ toxicity profiles, including 

cyclophosphamide, methotrexate and cisplatin. These drugs were selected based on their 

distinct mechanisms of action and toxicity profiles – cyclophosphamide is an alkylating 

agent that covalently modifies DNA (27); methotrexate primarily inhibits dihydrofolate 

reductase (28); and cisplatin interferes with DNA replication by forming intra-strand DNA 

crosslink adducts (29). It was anticipated that this approach would enable the detection and 

evaluation of tissue injury caused by different cytotoxic drugs since cell death is a common 

manifestation of terminal cellular response independent of drug pharmacology. In vivo 
single-time point imaging studies were conducted with cross-validation using quantitative ex 
vivo measurements and histopathological analyses. Findings from this new approach were 

also compared to conventional serum and metabolic panels. Lastly, as a proof-of-concept, 

we demonstrated in a multi-time point dynamic study using cyclophosphamide that the 

spatiotemporal kinetics of drug-induced tissue injury could be monitored in the whole body 

in near-real time.

MATERIALS AND METHODS

Chemotherapeutic Dosing Of Animals

Cyclophosphamide was obtained from Sigma Aldrich and reconstituted to a concentration of 

200 mg/mL in saline. Methotrexate was obtained from Enzo Life Sciences and reconstituted 

to a concentration of 25–40 mg/mL in saline. Cisplatin was purchased from Biorbyt Ltd and 

reconstituted to a concentration of 2 mg/mL in saline.

The animal protocol was approved by the Institutional Animal Care and Use Committee 

under the National Institutes of Health guideline. Male rats, of Sprague Dawley (SD) 

outbred strain, 8–12 weeks of age with a body weight between 250 and 300 g each were 

administered with each of the chemotherapeutics either intraperitoneally (i.p.) or 

intravenously (i.v.).
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In Vivo Single-Time Point Studies

We conducted a series of single time point in vivo imaging studies to test a sub-hypothesis 

that the changes in 99mTc-duramycin uptake in tissues in response to cytotoxic drugs were 

significant and detectable systemically in live animals. The single time point studies were 

terminal to allow immediate tissue retrieval for cross-validation using histopathological 

analyses. In addition, the in vivo data were cross-validated with quantitative ex vivo 
biodistribution study. The in vivo imaging studies were conducted on day-2 after 

cyclophosphamide treatment (n = 15), day-1 for methotrexate (n = 15), and day-5 for 

cisplatin (n = 15). The time points were selected as the peak of signal changes for most 

tissues in a small-scale time series pilot study.

At the designated time, each animal was anaesthetized under 2% isoflurane, secured to a 

dedicated cradle to allow proper coregistration of imaging data, and injected with 99mTc-

duramycin at approximately 74 MBq of radioactivity via a tail vein catheter. Duramycin was 

radiolabeled as previously described (22), using approximately 70–125 MBq of 99mTc-

pertechnetate.

MRI

Magnetic Resonance Imaging for anatomical localization was performed on a 9.4T Bruker 

Biospec MRI system with 30 cm bore, using a 12 cm gradient insert and 72 mm quadrature 

volume radiofrequency coil (Bruker Inc., Billerica, MA). The rat was anesthetized using 

isoflurane (3% for induction, 1.5–2% for maintenance) and positioned in an animal bed. 

Respiration and temperature were monitored using an MRI-compatible small animal 

monitoring system (Small Animal Instruments, Inc., Stonybrook, NY). A laser positioning 

system was used to center the thorax of the rat in the magnet. Three consecutive stacks of 

respiratory gated axial T2 weighted accelerated spin echo (TurboRARE) images were 

acquired using the following parameters: TR/TE=1000 ms/20 ms, RARE factor 8, field of 

view 6 cm x 6 cm, 2 mm slice thickness, 1 average, and with fat suppression. A sagittal 

image (used to aid in segmenting the thymus) was acquired with identical parameters except 

that there were 13 slices with thickness 1 mm. The positioning system was then used to 

move the bed 5 cm into the magnet, and the axial imaging stacks were repeated on the 

abdomen.

Data were exported from Paravision 6 into DICOM format, and imported into Amira 6 to 

assemble the final MRI volume. The consecutive slice packages in the thorax and abdomen 

were concatenated, then the thoracic and abdominal stacks were merged after translating the 

abdominal stack by 5 cm to account for repositioning of the rat. After completion of MRI, 

the animal bed was transferred intact to the SPECT/CT imaging system.

SPECT/CT acquisition

SPECT was acquired on a U-SPECT+/CT (MILabs, Netherlands) using a general-purpose 

rat/mouse collimator with 1.5mm pinholes, 1.1mm resolution, and >1500 cps/MBq 

sensitivity. Two 20 minute sets of data (frames) were acquired and combined. Pixel-based 

ordered subset expectation maximization (POSEM) reconstruction was used with 4 subsets, 

6 iterations, and a 3D-Gaussian kernel (FWHM of 0.8 mm) filter. Voxel size was 0.4 mm3. 
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X-ray microCT was used for anatomic guidance and attenuation correction. The collimator 

was calibrated with a 99mTc point source to enable conversion from cps to MBq. CT was 

converted to Hounsfield units for attenuation correction. The data were presented as absolute 

radioactivity uptake (%ID/cm3) and fold change over the mean of the control group.

Histology

After imaging data acquisition for the single-time point studies, animals were immediately 

euthanized. Tissues and organs were excise and portions of fresh tissue specimens were 

immediately fixed in 4% formaldehyde in phosphate buffer. The tissues were paraffin-

embedded, and 4-μm sections were prepared. Tissue slides were analyzed using hematoxylin 

and eosin (H&E) staining and for the presence of apoptosis using the terminal 

deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay and read by 

3 qualified pathologists (A.U., G.B., L.L.). TUNEL assay was performed following a 

standard staining protocol provided by the manufacturer (Roche). The frequency of 

apoptosis was calculated as an apoptotic index, in which the proportion of cells undergoing 

apoptosis was expressed as a percentage of all cells. The apoptotic index was calculated as 

the number of TUNEL-positive cells and bodies per 5000 cells counted in five randomly 

selected fields in each tissue specimen.

Ex vivo Biodistribution Studies

For biodistribution studies, each group of animals were treated with a single dose of 

cyclophosphamide (80 mg/kg, i.p., n = 15), methotrexate (100 mg/kg, i.v., n = 15) or 

cisplatin (2 mg/kg, i.p., n = 15). On day 2, 1 or 5 after the administration of 

cyclophosphamide, methotrexate or cisplatin, respectively, each animal was injected 

intravenously with 99mTc-duramycin (10 – 37 MBq) and were euthanized at 1 hour after 
99mTc-duramycin injection. Organs and tissues were collected for γ-counting. Uptake values 

were corrected for decay and the radioactivity uptake was expressed as percentage of 

injected dosage per gram (%ID/g). The data were presented as absolute radioactivity uptake 

(%ID/g) and fold change over the mean of the control group.

In Vivo Dynamic Studies

Baseline SPECT/CT/MRI imaging data were acquired on males and females (8 animals per 

group) prior to treatment with a single dose of cyclophosphamide (80 mg/kg, i.p.). On days 

1, 3, 5 and 7 post-treatment, each of the animals underwent SPECT/CT/MRI scans as 

described above. The radioactivity uptake in tissues was measured in terms of %ID/voxel 

and normalized to the baseline level.

Statistics

For each organ/tissue at each time point, the mean and standard deviation of radioactivity 

uptake in terms of %ID/cm3 (in vivo) or %ID/g (ex vivo) was calculated for the cohort. To 

examine the statistical differences in radioactivity uptake values in each organ/tissue before 

and after drug treatment in the sing-time point in vivo study and the ex vivo cross-validation 

study, and between each of the post-treatment time points and the baseline value in the 

dynamic in vivo study, the two-tailed Student t test was used with a P value smaller than 
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0.05 considered statistically significant. The statistical test was also used to determine the 

significance of difference between the control and treated groups among serological 

measurements.

RESULTS

In vivo single time point studies.

Cyclophosphamide-induced tissue injury.—A single dose of cyclophosphamide 

caused widespread signal changes, with key tissues including the kidneys, spleen, pancreas, 

colon, thymus, and gut. The in vivo whole-body imaging approach enabled examinations 

systemically as well as in anatomical sub-structures within an organ-of-interest. The in vivo 
data after cyclophosphamide treatment are shown in Fig. 1. The numeric data were 

expressed in two ways. Changes in the absolute uptake of 99mTc-duramycin per unit tissue 

[percentage of total injected radioactivity dose per cm3 (%ID/cm3)] in cyclophosphamide-

treated tissues relative to the mean value of the non-treated control population (Fig. 1A). The 

P values from two-tailed Student t-test between treated and control group are included in 

Table 1, where P < 0.05 is regarded as statistically significant. The numeric data also can be 

expressed as fold changes in 99mTc-duramycin uptake in each drug-treated tissue over the 

mean of control (Fig. 1B). The changes detected by in vivo imaging were cross-validated 

with quantitative ex vivo gamma counting measurements (Suppl. Table 1).

The tissues that exhibited greater changes were consistent with the toxicity profile of 

cyclophosphamide (27, 30–36). For comparison purposes, a list of known adverse effects in 

response to cyclophosphamide toxicity is included in Suppl. Table 2. The in vivo thymus 

signal was accompanied by a significantly elevated apoptotic index in cyclophosphamide 

treated animals (0.55% to 1.70%, 3.09 fold increase, Fig. 1C). Prominent in vivo signals 

were observed in bones, in particular at the epiphysis regions. These changes were 

confirmed by histopathological evaluation of femur H&E sections showing a degeneration of 

hematopoietic cells in femoral bone marrow obtained from cyclophosphamide-treated 

animals (Fig. 1D). There was significantly increased medullary signal in the kidneys, which 

was corroborated with signs of nephrotoxicity including elevated apoptotic index (0.028% to 

0.23%, 8.21 fold increase) and histopathological changes of cellular degeneration with focal 

hemorrhage (Fig. 1E). In the testes, the apoptotic index was elevated from 0.17% to 0.55% 

(3.23 fold increase), and according to histopathology, adverse changes included reduced 

number of spermatids and spermatozoa cells, and the degeneration of spermatogenic cells. 

These effects were consistent with known toxicity of cyclophosphamide on male fertility 

(32). Changes in the imaging data in the heart reflected signs of cardiotoxicity identified in 

histopathology, including elevated apoptosis (undetectable in control TUNEL versus 0.03% 

in cyclophosphamide-treated) and myocardial edema with myocardial degeneration.

It is notable that changes in imaging signals in the liver did not achieve statistical 

significance in group-based analysis (P = 0.18, Table 1). However, the imaging results 

captured a heterogeneous response in liver toxicity, where some individuals exhibited a 

greater susceptibility compared to others as seen in clinical oncology cases. This was 

confirmed via histopathology, where hepatocyte degeneration with focal necrosis was noted 
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in some but not all animals. This outcome indicated that the current approach may be useful 

in personalized as well as population-based studies.

Methotrexate-induced tissue injury.—We then treated a second group of animals with 

methotrexate which has a distinctly different mechanism of action compared to 

cyclophosphamide. The signal changes in the in vivo imaging data after methotrexate 

treatment (Fig. 2, Table 1) were cross-validated with quantitative ex vivo gamma counting 

(Suppl. Table 1). In the group-based analysis, tissues with the highest signal changes in 

terms of net 99mTc-duramycin uptake per unit tissue included the kidneys, colon and spleen 

(Fig. 2A). In terms of fold elevation (Fig. 2B), tissues with the largest changes included the 

colon, kidneys, bones, and spleen. The changes in signals were consistent with the known 

target organ toxicities of methotrexate including myelosuppression, nephrotoxicity, and 

adverse effects in the digestive system and the immune system (Suppl. Table 2) (37–40). 

When compared to the cyclophosphamide-treated group, methotrexate treatment resulted in 

a different toxicity profile. Signal changes in the liver reached statistical significance (P = 

0.029, Table 1), which were consistent with pathological evidence including microscopic 

signs of hepatocytes degeneration and focal necrosis. The imaging data were corroborated 

with serological data (see below), where liver enzymes alanine transaminase (ALT) and 

aspartate aminotransferase (AST) were elevated after methotrexate treatment (Suppl. Table 

3). The increase in colon signal was associated with an elevated apoptotic index in the 

TUNEL assay (0.90% to 1.70%, 1.89 fold increase). Using this imaging approach we 

identified drastically elevated signals in the joints consistent with the occurrence of bone and 

joint degeneration reported in the methotrexate literature (47). This was validated in 

histopathological evaluation, which revealed the presence of joint damage and thrombus 

formation (Fig. 2C). The elevation of imaging signals in the heart reached statistical 

significance (P = 0.0014, Table 1), which was indicative of myocardial injury. The findings 

were validated with histopathology, where hyperemia with edema and mild myocardial 

degeneration were noted. The imaging approach identified significant signal changes in the 

testes (Table 1). This was consistent with histopathology evidence of tissue degeneration 

including reduced number of spermatids cells and spermatozoa. The thymus is known to be 

susceptible to cytotoxic agents and treatments. The imaging data revealed significant signal 

changes in the thymus (P = 0.0033, Table 1), which correlated with an elevated apoptotic 

index (0.55% to 1.02%, 1.85 folds). Changes in skin signals were non-uniform throughout 

the body. Using image-guided localization, we identified significantly elevated apoptosis in 

positive skin tissues (1.15% to 2.73%, 2.37 fold increase) (Fig. 2D). According to 

histopathology, adverse changes included edema of dermis and degeneration of hair 

follicular epithelial cells. The ability to spatially identify tissue injury is critical to the 

detection and identification of potential toxicological targets susceptible to adverse events. 

This capability, as may be envisioned, would help better characterize the toxicity profile of a 

drug and minimize sampling errors in histopathology-based toxicity studies.

Methotrexate is a folic acid antagonist and is known to cause severe gastrointestinal injury in 

not all but a subpopulation of recipients (46). This was evident in our study: in a group-

based analysis the change in gut signal after methotrexate treatment did not reach statistical 

significance (P = 0.14, Table 1), signs of substantial toxicity were detected on an individual 
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basis. In the animal which exhibited a significant 99mTc-duramycin uptake in the intestinal 

region, we detected an elevation in apoptotic index (0.69% to 11.07%, 16.04 fold increase). 

In histopathology we observed inflammation of the lamina propria with interstitial and 

submucosa hyperemia and edema and erosion of surface epithelium. These changes seen in 

the data were consistent with gastrointestinal toxicity of the drug further demonstrating the 

usefulness of the imaging approach for identifying individuals suffering more severe adverse 

effects within a population.

Cisplatin-induced tissue injury.—A third group of animals (n = 15) were treated with a 

single dose of cisplatin and were imaged at 5 days post-treatment. Increases in 99mTc-

duramycin uptake were observed in tissues known to be susceptible to cisplatin toxicity. The 

known susceptible tissues for cisplatin toxicity are listed in Suppl. Table 2 (41–45). 

According to the net uptake of 99mTc-duramycin (Fig. 3A), the most prominent tissues 

included the kidneys, gut and skin. Tissues with the highest fold changes (Fig. 3B) included 

the skin, kidneys, and gut. When compared to cyclophosphamide and methotrexate treated 

groups, cisplatin treatment resulted in yet a different toxicity profile. The in vivo findings 

were cross-validated with quantitative ex vivo gamma counting (Suppl. Table 1). While 

cyclophosphamide toxicity appeared to primarily affect the medulla of the kidneys 

consistent with distal toxicity, cisplatin predominantly affected the cortex of the kidneys 

(Fig. 3C). TUNEL staining revealed significantly elevated apoptosis in the cortex of 

cisplatin-treated animals (0.028% to 2.34%, 83.57 fold increase). Histopathological analysis 

identified evidence of cortical epithelial cell degeneration with focal hemorrhage. As shown 

in Fig. 3D, the imaging results were correlated with histopathology findings included an 

enlargement of the joint space, edema, hyperemia, hemorrhage and degeneration of cartilage 

tissues. These changes were accompanied with an increased signal in the bone marrow 

throughout the skeletal system, including the femur (Fig. 3E), pelvic, and vertebra bodies. 

The changes were significant and systemic, consistent with the myelosuppressive effect of 

cisplatin. The ability to image multiple locations will enable more objective conclusion on a 

potential test subject or patient by minimizing sampling biases. Cisplatin is known to have 

toxicity to the gastrointestinal system (45). The imaging data identified significant elevation 

in gut signals (Fig. 3F), which were correlated with an increase in apoptotic index (0.69% to 

1.62%, 2.35 fold increase) and histopathological evidence of tissue degeneration, including 

moderate to severe inflammation of the lamina propria and submucosa with hyperemia and 

edema.

Hepatotoxicity has not been considered as a significant side effect for cisplatin, which is 

consistent with the non-significant statistical outcome in imaging results in group-based 

analysis (P = 0.53). However, we identified individuals with substantial elevation in the liver 

uptake of 99mTc-duramycin. Histological analyses on such an individual revealed an 

elevated apoptotic index (0.11% to 0.37%, 3.36 fold increase) in the TUNEL assay and 

hepatocyte degeneration with focal necrosis in histopathology examination. These findings 

may reflect species-dependent susceptibility or uncommon cases of hepatotoxicity 

associated with cisplatin treatment (48).
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Comparison with serological standards.—For the three tested drugs, the in vivo 
imaging data were compared with standard serological toxicological panels. Analyses in 

comprehensive metabolic panels (CMP, Suppl. Table 3) and complete blood panels (CBC, 

Suppl. Table 4) between control and drug treated groups identified a number of changes 

which were consistent with manifestations of drug toxicity. Significant lympho/leukopenia 

was observed likely due to cytotoxicity on circulating white blood cells and the 

myelosupressive effect on hematopoietic stem cells in the bone marrow. There were 

indications of nephrotoxicity especially for methotrexate and cisplatin (creatinine elevation, 

P = 0.03 and 0.04, respectively). For cyclophosphamide treatment there was a modest 

increase in the mean creatinine value compared to control (Suppl. Table 3), but the P value 

did not reach significance. However, the CMP data identified significantly changes in 

calcium (P = 0.02), chloride (P = 0.01) and sodium (P = 0.03), which may be indicative of 

renal distress and electrolyte disturbances. Liver damage was identified among the CMP 

data in methotrexate-treated group (ALT P < 0.001, AST P = 0.01); whereas the changes 

were not statistically significant for cyclophosphamide- and cisplatin-treated groups. The 

serological findings in liver enzymes were in agreement with the imaging data, where 

hepatic signal changes were significant after methotrexate treatment (P = 0.029), but not 

cyclophosphamide (P = 0.18) or cisplatin (P = 0.53). Overall, the serological data and 

findings from the imaging approach were both corroborative and complementary, where the 

former provides information on the cellular and metabolic changes, the latter detects 

spatially specific changes in individual organs and tissues.

In vivo dynamic imaging study after cyclophosphamide treatment.

In an effort to further examine the spatiotemporal utility of this imaging approach, and the 

ability to assess susceptibility in both sexes, dynamic studies were performed on male and 

female rats after treatment with cyclophosphamide. We tested the sub-hypothesis that the 

kinetics of drug toxicity-induced signal changes could be assessed systemically and 

dynamically by whole-body imaging. This approach involved the acquisition of a baseline 

scan prior to drug administration, followed by multiple post-treatment scans in male (n = 8) 

and female (n = 8) rats spanning the acute phase at days 1, 3, 5 and 7. The data from each 

animal provided dynamic information, which reflected the spatiotemporal distribution of 

tissue susceptibility to toxicity-induced injury. In addition, this approach presented an 

advantage where the baseline scan for each animal served as an internal control allowing for 

the repeated imaging and continuous monitoring of tissue changes with individualized data 

analysis.

A single dose of cyclophosphamide treatment resulted in widespread changes in 99mTc-

duramycin uptake throughout the body in both males and females, where different tissues 

not only exhibited different levels of susceptibility, but also differed in the kinetics of signal 

changes. The changes were relatively consistent between both sexes. Representative images 

from the males are shown in Fig. 4 to demonstrate the dynamic signal changes in some of 

the susceptible tissues, including the gut (Fig. 4A), thymus (Fig. 4B), kidneys (Fig. 4C), 

spleen (Fig. 4D) and bones (knees and femurs, Fig. 4E). The plots of fold changes for males 

and females are presented in Fig. 5; and the numerical data, including means plus/minus 

standard deviations and the P values from 2-tailed Student t test, are included in Suppl. Table 
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5. Visually, the toxicity profiles (Fig. 5) between males and females were remarkably 

similar. According to the statistical test, tissues that were consistently identified in both 

sexes to have significant signal changes were bones, brain, colon, fat, heart, kidneys, liver, 

stomach and thymus. In the female reproduction tract, the ovaries also exhibited statistically 

significant signal elevation. In addition, the dynamic studies captured different kinetics in 

signal changes. For instance, the kidneys, skeletal muscles, skin and thymus underwent early 

changes within 8 hours post-treatment, whereas other tissues including the adipose tissue, 

bones, heart, liver, spleen and stomach had a delayed response with their signal changes 

peaking on or after day 3.

DISCUSSION:

The primary aim of this study was to examine the feasibility of using an imaging approach 

for assessing systemic tissue injury induced by cytotoxic chemotherapeutics. The central 

hypothesis was that the signal changes in response to drug toxicity can be detectable 

systemically in an individualized manner. Pharmaceuticals vary in toxicity and therapeutic 

efficacy as a consequence of mechanisms of action, pharmacodynamics and 

pharmacokinetics. A minimally invasive approach for detecting adverse effects of a drug on 

an individualized basis brings value in determining the toxicity profile for a given therapy. 

The current data demonstrated, using three established chemotherapeutic drugs with distinct 

toxicity profiles, that tissue injury induced by chemotherapeutic drug treatment at a 

clinically relevant dose can be detected by in vivo imaging in near-real time, where the 

signal changes are consistent with known adverse effects.

Drug toxicity can be projected with a broad range of manifestations, from changes in 

molecular interactions, signaling and metabolism to tissue/organismal-level responses such 

as hormonal and functional dysregulations. Among these, cell death presents a form of 

terminal and extreme cellular response to toxicity. A significantly elevated level of 

pathological cell death in a target tissue confers an unambiguous indicator for the 

susceptibility to the adverse effects of a given drug or treatment.

Systemic toxicity is a highly dynamic and individualized process, where tissue response 

differs spatially and temporally, and thus each individual may present with a different level 

of susceptibility (49,50). To the best of our knowledge, the current approach represents the 

first effort to test the feasibility of delineating toxicity-induced tissue injury in a systemic 

approach. The minimally-invasive nature allows repeated scans of the same subject both 

before and after drug treatment at multiple time points. The in vivo dynamic data detected 

variations in the onset and progression of signal changes in different organs and tissues. The 

imaging data provided a visual map in a whole body fashion, and are particularly useful for 

identifying problematic sites when changes are regional and heterogeneous. In addition to 

the spatial heterogeneity within an organ, there are variations in the same tissue among 

different individuals. Tissues which exhibit the greatest variations in response to drug 

toxicity from one individual to another are likely contributors to personalized susceptibility. 

In this respect, the current studies demonstrated the feasibility of a potential approach for 

delineating the dynamics of tissue injury in a personalized fashion. Compared to 

histopathology-based toxicity studies, which necessitate euthanizing multiple groups of 
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animals for full tissue biopsy, the imaging approach provides indications for susceptible 

tissues in a continuous fashion in near-real time. The prompt availability of such information 

is complementary to histopathology-based toxicity studies and may help accelerate the 

decision making process in drug discovery and development. In addition, an imaging 

approach may be able to detect adverse changes in animals at the tissue level after a single 

dose of drug, thus improving the ability to compare multiple therapies or drugs for 

tolerability in a time-efficient way.

The in vivo imaging of cell death is conceptually simple, but a major challenge resides in 

minimizing systemic background and improving target-to-background ratio in order to make 

it technologically feasible to detect more subtle signal changes that reflect the underlying 

pathology. In the present study, the use of 99mTc-duramycin achieved an appreciable level of 

sensitivity with a reasonable dynamic range which covers both relatively high and low level 

signal changes. While the molecular mechanism of phospholipid externalization does not 

differentiate apoptosis from necrosis, being able to detect a marker for tissue injury 

regardless of the modes or causes of cell death is a desirable advantage. The outcome of the 

current investigation sets the goals for continued research efforts to develop future 

generation imaging agents, acquisition techniques and post-processing algorithms, which 

will be geared toward improving the data quality, which in turn, can lead to greater detection 

sensitivity.

At the preclinical stage, an in vivo approach for assessing toxicity could help address unmet 

needs in pharmaceutical research and development. Intuitively, a potential role for imaging 

would be in preclinical toxicity studies, which currently rely on histopathology-based tissue 

analyses. An effective way to identify injury in intact organs and tissues could provide useful 

indicators that independently validate or improve upon histopathology findings, particularly 

when the toxicity effect is heterogeneous and tends to lead to sampling errors during tissue 

retrieval. A second potential role for an in vivo toxicity assessment may fit in the 

pharmacology phase of drug development, which is relatively early in drug discovery with 

the comparison of a number of lead candidates. This stage may be too early for full-scale 

toxicity studies for these candidates, yet timely characterizations of adverse event profiles 

are essential to reaching a go-no-go decision for these candidates. Given the minimally 

invasive nature of the in vivo approach, it may provide the needed information to guide 

candidate selection at near-real time. This information on the spatiotemporal occurrence of 

adverse effects will help select efficacious drug candidates with lower toxicity for 

prioritization, while eliminating candidates that are too toxic to vital organs/tissues. The 

ability to prioritize candidates at the pharmacology phase will help eliminate problematic 

drug candidates early on so that resources can be better focused on bringing the right 

program forward. In a third potential area, post-marketing surveillance is an important 

component in pharmacovigilance. Drugs with unforeseen side effects or drug-drug 

interactions may need to be reassessed for safety especially when they are administered to 

patients that are on multiple drugs. An in vivo dynamic study in a systematic fashion can be 

useful for identifying problematic side effects and for testing alternative dosing/formulation 

to mitigate the issue.
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The minimally invasive nature of this imaging approach makes it feasible for clinical 

translation. Ultimately, when fully established for human use, the current approach can 

conceivably play a role in detecting and managing adverse side effects by providing an 

objective, quantitative matric for determining toxicity. This capability will identify the onset 

of tissue injury in both symptomatic and asymptomatic scenarios, thus reduces uncertainties 

and biases. The early detection of tissue injury in susceptible organs will be helpful in 

making timely adjustment in therapy to maximize efficacy and reduce the risk of serious 

adverse effects. The current imaging approach is administered on an individual basis. It is 

well appreciated that response to drug toxicity is highly variable from tissue to tissue and 

individual to individual. A way to identify susceptibility to serious side effects in the whole-

body fashion provides a unique opportunity to manage cancer therapy on a personalized 

level.

In conclusion, the current data demonstrated the feasibility of an approach to characterize 

toxicity-induced tissue injury. Work presented in these studies indicates a new opportunity 

for the minimally invasive evaluation of systemic drug toxicity by utilizing a molecular 

biomarker for tissue injury. This approach provides useful information on both individual 

and population levels for gauging systemic tissue injury induced by chemotherapeutics. The 

technique has potential to generate a real impact in pharmaceutical development and clinical 

oncology.
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Statement of significance:

Toxicity to normal tissues is a significant limitation in chemotherapies. The current work 

demonstrated an in vivo imaging-based approach for characterizing toxicity-induced 

tissue injury in a systemic, dynamic and near-real time fashion. This novel approach 

shows promise in optimizing therapeutic decisions by monitoring drug toxicity on a 

personalized basis.
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Statement of translational relevance:

The response to chemotherapeutic drug toxicity is highly variable from tissue to tissue 

and from individual to individual. The ability to identify susceptibility to serious side 

effects in the whole-body fashion provides an opportunity to optimize cancer therapy on 

a personalized level. The minimally invasive nature of this imaging approach makes it 

feasible for clinical translation, where it can play a role in detecting and managing 

adverse side effects by providing an objective, quantitative matric for determining 

toxicity. This capability will identify the onset of tissue injury in both symptomatic and 

asymptomatic scenarios, thus reducing uncertainties and biases. The early detection of 

tissue injury in susceptible organs will be helpful in making timely adjustment in therapy 

to maximize efficacy and reduce the risk of serious adverse effects on a personalized 

basis.
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Figure 1. 
In vivo single time point study of cyclophosphamide treated rats at 48 hours. A single dose 

of cytotoxic drug cyclophosphamide (80 mg/kg) caused widespread changes in 99mTc-

duramycin uptake in different organs and tissues. A) Scatter plot of net change in 

radioactivity uptake in terms of percentage of injected dose per cm3 in cyclophosphamide 

treated (n = 15) over the mean of nontreated control tissues (n = 15). *Signal changes in the 

kidney are plotted at a different scale in the box on right. B) Scatter plot of fold changes in 

radioactivity uptake among tissues at 48 hour after cyclophosphamide treatment. A ratio of 1 
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indicates no change. C) SPECT/CT fusion images of thymus (arrows) from control and 

cyclophosphamide (CP) treated animals. Representative images of TUNEL staining are 

shown on the right panel (scale bar = 75 μm). D) SPECT/CT fusion and corresponding H&E 

images of the femurs obtained from control and cyclophosphamide-treated animals as 

indicated. Significant signal elevation was detected in the symphysis of the bones as 

indicated by arrows. In contrast to control animals, H&E stained section of femoral bone 

demonstrate the degradation of hematopoietic cells in cyclophosphamide-treated animals 

(scale bar = 50 μm). E) SPECT/CT fusion images of kidney demonstrate an increased 

radioactivity uptake in cyclophosphamide treated animals. Note the elevated signal intensity 

particularly in the infundibulum. H&E staining (scale bar = 75 μm) indicated in 

cyclophosphamide-treated animal the kidney had generalized hyperemia and swelling, with 

foci of dilated proximal and distal tubules that contained granular eosinophilic deposits with 

tubular epithelium. Moderate degeneration of tubular epithelial cells with focal vacuolation 

of the cytoplasm, pyknosis of the nuclei and eosinophilic cast formation were noted. 

Representative images of TUNEL staining show a significant increase in apoptosis in kidney 

from cyclophosphamide-treated animal (scale bar = 75 μm).
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Figure 2. 
In vivo single time point study of methotrexate treated rats (100 mg/kg, n = 15) at 24 hours. 

A) Scatter plot of net change in radioactivity uptake in terms of percentage of injected dose 

per cm3 in methotrexate treated (n = 15) over the mean of nontreated control tissues (n = 

15). *Signal changes in the kidney are plotted at a different scale in the box on right. B) 
Scatter plot of fold changes in radioactivity uptake among tissues. A ratio of 1 indicates no 

change. C) SPECT/CT fusion images of the femurs and knees in control and methotrexate 

treated animals are presented. Significant signal elevation was detected in the symphysis of 

the bones and knee joints. H&E stained section of femoral bone demonstrates a depletion of 

hematopoietic cells in bone marrow of methotrexate-treated animals (scale bar = 75 μm). D) 
SPECT images of skin obtained from the control and methotrexate treated animals with 

corresponding TUNEL images as indicated (apoptotic nuclei were stained positive with the 

deposition of brown pigment, scale bar = 75 μm).
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Figure 3. 
In vivo single time point study of cisplatin treated rats ((2 mg/kg, n = 15) on day-5. A) 
Scatter plot of net change in radioactivity uptake in terms of percentage of injected dose per 

cm3 in cisplatin treated (n = 15) over the mean of nontreated control tissues (n = 15). 

*Signal changes in the kidney are plotted at a different scale in the box on right. B) Scatter 

plot of fold changes in radioactivity uptake among tissues. A ratio of 1 indicates no change. 

C) SPECT/CT fusion images of kidneys from control and cisplatin (CDDP) treated animals 

demonstrate an elevated signal intensity in the parenchymal region. The corresponding H&E 

and TUNEL images are shown (scale bar = 75 μm). D) SPECT/CT fusion images of knees 

from control and cisplatin treated animals demonstrate radioactivity uptake. Corresponding 

micrographs with H&E staining demonstrate foci of hemorrhage and degeneration of knee 

joint tissue (left scale bars = 75 μm, right scale bars = 18.75 μm). E) Significant signal 

elevation was detected in the symphysis of femurs. Decreased number of hematopoietic cells 
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was observed in femoral bone marrow of animals treated with cisplatin as shown by H&E 

images (scale bar = 75 μm). F) SPECT/CT fusion images show the gut region in control and 

cisplatin treated animals, with corresponding H&E and TUNEL images which demonstrated 

tissue degeneration and the elevation of apoptosis (scale bar = 75 μm).
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Figure 4. 
Dynamic imaging of cyclophosphamide treated rats. Signal changes in representative tissues 

from male rats before and 1, 3, 5 and 7 days after cyclophosphamide treatment (80 mg/kg, 

single dose). SPECT/CT fusion images demonstrate signal changes in the gut (A), thymus 

(B), kidneys (C), spleen (D) and femurs/knees (E) over the course of 7 days after treatment. 

Note that the onset and progression of tissue injury differ in a spatiotemporal fashion.
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Figure 5. 
Relative signal changes in organs/tissues in male and female rats before and at 1, 3, 5 and 7 

days after cyclophosphamide treatment (80 mg/kg, single dose). The data are presented as 

fold change, where the baseline signal intensity in each tissue before cyclophosphamide 

administration was normalized to 1. Note that the toxicity profiles between the two sexes 

were visually comparable, where the main susceptible tissues, including the bones, brain, 

colon, fat, heart, kidneys, liver, stomach and thymus were consistently identified between 

males and females. Signal changes in the ovaries were also significant as a result of 

cyclophosphamide treatment.
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Table 1.

Statistical comparison between drug-treated and control groups for in vivo measurements.

Control Cyclophosph-amide Methotrexate Cisplatin

Bone-Femur 0.13±0.038 0.18±0.031(0.001) 0.18±0.029(0.006) 0.17±0.053(0.036)

Bone-Pelvis 0.083±0.021 0.13±0.028(<0.0001) 0.12±0.022(<0.0001) 0.11±0.045(0.021)

Brain 0.045±0.008 0.056±0.009(0.0005) 0.052±0.016(0.12) 0.055±0.013(0.021)

Colon 0.21±0.053 0.37±0.23(0.021) 0.46±0.35(0.017) 0.24±0.089(0.26)

Fat 0.094±0.027 0.12±0.03(0.0054) 0.11±0.024(0.20) 0.13±0.048(0.013)

Gut 0.38±0.16 0.55±0.24(0.020) 0.46±0.14(0.14) 0.59±0.16(0.0011)

Heart 0.19±0.050 0.25±0.051(0.0007) 0.25±0.048(0.0014) 0.26±0.092(0.010)

Kidney-L-Medulla 3.00±0.95 8.09±6.00(0.0023) 4.61±1.54(0.0015) 4.88±1.94(0.0018)

Kidney-L-Cortex 2.51±0.95 4.11±1.41(0.0007) 3.88±0.70(<0.0001) 4.30±1.64(0.0008)

Kidney-R-Medulla 2.96±0.97 8.74±5.98(0.0007) 4.31±1.55(0.006) 4.47±1.72(0.0053)

Kidney-R-Cortex 2.40±0.81 4.04±1.39(0.0004) 3.57±0.66(0.0001) 4.02±1.62(0.0015)

Liver 0.49±0.13 0.57±0.18(0.18) 0.58±0.087(0.029) 0.53±0.21(0.53)

Lung 0.16±0.041 0.22±0.039(0.0006) 0.19±0.042(0.042) 0.21±0.065(0.023)

Muscle 0.12±0.021 0.080±0.048(0.034) 0.059±0.020(0.28) 0.055±0.020(0.66)

Pancreas 0.43±0.13 0.54±0.26(0.19) 0.37±0.12(0.22) 0.34±0.12(0.070)

Skelton 0.12±0.021 0.16±0.027(0.0002) 0.14±0.024(0.012) 0.14±0.044(0.11)

Skin 0.12±0.039 0.14±0.034(0.17) 0.17±0.052(0.010) 0.24±0.068(<0.0001)

Spine 0.093±0.022 0.15±0.082(0.0089) 0.12±0.022(0.001) 0.12±0.04(0.036)

Spleen 0.25±0.095 0.54±0.20(<0.0001) 0.38±0.15(0.009) 0.40±0.29(0.058)

Stomach 0.15±0.084 0.20±0.068(0.068) 0.19±0.052(0.081) 0.17±0.12(0.55)

Testis-L 0.070±0.018 0.086±0.019(0.026) 0.089±0.027(0.027) 0.086±0.025(0.054)

Testis-R 0.068±0.025 0.089±0.018(0.005) 0.11±0.04(0.0028) 0.086±0.024(0.038)

Thymus 0.16±0.045 0.34±0.085(<0.0001) 0.20±0.033(0.0033) 0.057±0.011(0.035)

In vivo single-time point imaging studies – radioactivity uptake among tissues between nontreated control rats (n = 15) and rats treated with 
cyclophosphamide (n = 15), methotrexate (n = 15) or cisplatin (n = 15). The level of radioactivity uptake was determined from in vivo SPECT 

whole-body images acquired at 1 hour after the intravenous injection of 99mTc-duramycin. The absolute radioactivity uptake values in each tissue/
organ in terms of %ID/voxel are shown as means ± standard deviations, with the P values included in parentheses. A P value of <0.05 is regarded as 
statistically significant.
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