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ABSTRACT 

Optical coherence tomography (OCT) is a minimally-invasive imaging modality that 

generates high resolution cross-sectional images of tissue. The present study employed a 

2 mm diameter endoscopic spectral domain OCT system in the in vivo evaluation of the 

drugs α-Difluoromethylornithine and Sulindac as chemopreventive and chemotherapeutic 

agents in a mouse model of sporadic colorectal cancer. 30 mm lateral images of each 

colon at eight different rotations were obtained at five different time points. Visual 

analysis of the images was performed to determine the number and size of discrete 

adenomas, with gross photos and histology serving as gold standard confirmation of the 

final imaging time point. When applied for chemoprevention, DFMO and Sulindac both 

significantly reduced the incidence of adenoma, appearing to interact additively in the 

prevention of tumorigenesis. For chemotherapy, however, only Sulindac had a significant 

effect on the number of adenoma and neither DFMO nor Sulindac significantly affected 

tumor growth. 
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INTRODUCTION 

Gastrointestinal Tract Structure and Function 

The human gastrointestinal (GI) tract is comprised of the esophagus, stomach, small 

intestine (duodenum, jejunum, ileum), large intestine (cecum, colon, rectum) and anus. 

The colon is further subdivided into the ascending colon, transverse colon, descending 

colon and sigmoid colon. Each of these organs is composed of the same basic tissue, 

which enables them to perform their various functions during digestion. There are four 

main layers of gastrointestinal tissue referred to from medial-most to lateral-most as the 

mucosa, submucosa, muscularis externa and serosa (see Figure 1). The mucosa consists 

of a layer of columnar epithelial cells interspersed with mucus-secreting goblet cells, 

followed by a layer of loose connective tissue referred to as the lamina propria and a thin 

smooth muscle layer referred to as the muscularis mucosa. Together the epithelial layer 

and lamina propria form the villi of the anterior GI tract and the crypts of the posterior GI 

tract, whereas the muscularis mucosa provides structural support underneath these 

structures. As a whole, the mucosa is responsible for the absorption of excess fluid and 

the secretion of mucus to facilitate particle movement throughout the tract. The 

submucosa lays lateral to the mucosa, and consists of irregular dense connective tissue 

that houses blood and lymphatic vessels, nerves and occasional glands. From here, blood 

vessels branch out into the mucosa, muscularis externa and serosa, supplying each with 

necessary nutrients.  The muscularis externa surrounds the submucosa and consists of 

two concentric and relatively thick layers of smooth muscle. The innermost layer is 
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circular with respect to fiber orientation, whereas the outer layer is longitudinal. These 

layers of muscle contract sequentially to mix and propel contents through the digestive 

tract (i.e. peristalsis). In the large intestine, however, part of the longitudinal muscle layer 

is thickened to form three equally-spaced longitudinal bands referred to as teniae coli. 

During contraction, the teniae facilitate shortening of the tube to further propel its 

contents. The lateral-most layer of the GI tract is the serosa. This layer consists of a 

mesothelium of simple squamous epithelium and a small amount of underlying 

connective tissue. The serosa is contiguous with both the mesentery and the lining of the 

abdominal cavity, providing structural support and protection to the organs. Certain 

portions of the GI tract (the thoracic part of the esophagus, the duodenum, ascending and 

descending colon, rectum and anal canal) do not contain a serosa because they are fixed 

to the nearby cavity wall by a layer of connective tissue, the adventitia, which blends 

with the connective tissue of the wall.
1
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Figure 1: Structure of the Gastrointestinal Tract. Notice how each organ is composed of the same four 

basic layers: mucosa, submucosa, muscularis externa, and serosa. In some areas, such as the thoracic 

esophagus, the serosa is replaced with a thin connective tissue layer known as the adventitia.  

 

Colorectal Cancer Overview 

Colorectal cancer is a life-threatening disease that can develop spontaneously, due to 

genetic predisposition, or as a complication of pre-existing inflammatory conditions such 

as Crohn’s disease and Ulcerative Colitis. It is the third leading cancer with respect to 

incidence and death rates in both men and women in the United States, expected to be 

responsible for approximately 141,210 new cases and 49,380 deaths in 2011 alone. 

Currently, only 39% of new cases are detected during the early stages of the disease, 
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when the five year survival rate is very high (90%). Five year survival rate drops to 70% 

and 12%, respectively, for moderate and advanced stages of disease.
2
 Risk factors 

associated with colorectal cancer include age, sex, race/ethnicity, family history, physical 

activity level and diet. As many as 90% of new cases and 94% of deaths due to colorectal 

cancer occur in individuals over the age of 50. Furthermore, incidence and mortality rates 

are 35-40% higher in males than females, and even more notably so in individuals of 

African American descent. Although a family history of colorectal cancer, physical 

inactivity and a high fat diet are also risk factors for developing the disease, the most 

significant risk factor is age.
2
   

 

Disease Progression 

Colorectal cancer typically develops slowly over 10-15 years, with the accepted model of 

progression following a pre-cancerous adenomatous polyp (adenoma) leading to 

carcinoma.
2-5

 The adenoma-carcinoma sequence is thought to be initiated by the 

accumulation of mutations in cancer-promoting genes (protooncogenes), combined with 

the loss of carcinogenesis inhibition by various tumor suppressor genes. These mutations 

then lead to the formation of dysplastic cells, which progress into an adenomatous polyp 

and later carcinoma.
2-5

 It has been postulated, however, that the formation of aberrant 

crypt foci (ACF) may serve as an even earlier biomarker of the neoplastic process than 

cellular dysplasia.  
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ACF were first identified in unsectioned colons stained with methylene blue in 

carcinogen-treated mice by Bird (1987)
6
. ACF were described as focal abnormal regions 

with or without dysplasia, consisting of individual or clusters of crypts characterized by a 

larger size, thicker epithelial lining and more intense staining compared to normal 

crypts.
6,7

  Furthermore, results indicated that the average number of ACF per mouse 

increased with increasing dosages of carcinogen.
7
  A subsequent investigation in rats 

confirmed these results, also finding that ACF became larger and more atypical or 

dysplastic over time.
8
 Investigations in humans have found ACF with similar 

characteristics to those reported in rodents
 9-11

 and determined that the prevalence and 

number of ACF is significantly correlated not only with risk factors of disease, such as 

age
12,13

 and family or personal history of colorectal cancer
14,15

, but also with the stage of 

disease
13,15,16

. For example, Takayama, Katsuki, and Takahashi, et al. (1998)
12

 used 

magnifying chromoendoscopy to evaluate the prevalence, number, size and dysplastic 

features of ACF in 171 normal subjects, 131 patients with adenoma, and 48 patients with 

colorectal cancer. They found that dysplastic ACF tended to be compressed and indistinct 

with a thicker epithelial lining than normal crypts, whereas hyperplastic ACF tended to 

have circular or slit-like luminal regions due to an increase in cryptal cell proliferation. 

Prevalence and number of ACF per individual was found to be lowest in individuals 

under the age of 40 and increased linearly with age. Additionally, individuals with 

adenoma or cancer had significantly higher prevalence and number of ACF than the 

normal controls.
12

 Sakai, Takahashi, and Kato, et al. (2011) recently confirmed these 

results in a large-scale high magnification chromoscopic colonoscopy study with 861 
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patients (383 normal, 372 with adenoma, and 106 with colorectal cancer). A significant 

increase in both the prevalence and number of ACF was found in patients with more 

advanced stages of disease (p < 0.001).
16

 The existence of a link between personal and/or 

family history of colorectal cancer and prevalence of ACF has been hypothesized for 

years, but was unproven until 2007. Stevens, Swede, and Heinen, et al. (2007)
14

 

conducted a chromoendoscopic colonoscopy study in 103 patients, concluding that 

prevalence and number of ACF was higher in individuals with a personal history of 

adenoma when compared to normal controls, but highest in individuals with a family 

history of colorectal cancer in a first degree relative.
14

 Anderson, Swede, and Rustagi, et 

al. (2012)
15

 expanded on these results in a study with 74 patients to investigate whether 

the likelihood of a patient having advanced neoplasia in a follow-up colonoscopy could 

be predicted based on the number of ACF counted at baseline. The number of ACF per 

patient was determined and the patients were classified as having a low risk or high risk 

of advanced neoplasia based on whether their number of ACF was below the median 

(low risk) or above the median (high risk).  The results indicated that patients classified 

as high risk based on ACF count were more likely to have advanced neoplasia at follow-

up compared to those classified as low risk.
15

 Based on the results of the aforementioned 

studies, it is likely that ACF are precursors of colorectal cancer and thus early biomarkers 

of colorectal cancer risk. However, this is still being debated in the literature.
12-16
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As mentioned earlier, the adenoma-carcinoma sequence is generally agreed upon to be a 

multi-step process initiated by the accumulation of mutations in various protooncogenes 

and tumor suppressor genes.
2-5

 In 1990, Fearon and Vogelstein postulated a genetic 

model for colorectal tumorigenesis, stating that although genetic mutations often occur 

according to a preferred sequence, it is likely that the total accumulation of changes, 

rather than the order in which they occur, is responsible for determining whether or not 

an adenoma will advance to a carcinoma.
17

  In the case of sporadic colorectal cancer, it 

has been found that the adenomatous polyposis coli (APC), SMAD 2/4 and tumor protein 

53 (p53) tumor suppressor genes, along with the Kirsten rat sarcoma viral oncogene 

homolog (KRAS), are among the most commonly mutated.
4,5,17-19

 Mutations in APC, 

SMAD 2/4, TP53 and KRAS have been estimated to occur in 70-80%, 5-30%, 70%, and 

up to 50% of sporadic colorectal cancer cases, respectively.
4,5

 Figure 2 depicts the 

sequence of mutations proposed by Fearon and Vogelstein (1990). As can be seen, APC 

mutation is considered to initiate the neoplastic process, with subsequent mutation in 

KRAS, SMAD 2/4 and TP53 promoting the progression of adenoma into carcinoma. In 

addition to inactivation by mutation, it is important to note that other events such as DNA 

methylation or haploinsufficiency may inactivate the aforementioned tumor suppressor 

genes.
3,4,17,19

 Protooncogenes, on the other hand, are most often converted into oncogenes 

due to overexpression caused by genomic amplification and/or translocation.
3,4,19,20

 The 

alteration of tumor suppressor gene and protooncogene functioning by genomic 

instability and/or inflammation  has been found to result in the acquisition of six 

biological activities characteristic of neoplastic cells prior to malignant transformation. 
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These alterations were reviewed in Hanahan and Weinberg (2011) and include: 

sustaining proliferative signaling, evading growth suppressors, resisting apoptosis, 

inducing angiogenesis, enabling replicative immortality, and activating tissue invasion 

and metastasis.
20

   

 

 

 

Figure 2: Colorectal Carcinogenesis Pathway. Modeled from Fearon and Vogelstein (1990)
17

. 

 

APC was the earliest gene mutation detected in colorectal cancer.
3
 It was mapped to 

chromosome 5q21 by genetic linkage analysis of families with an autosomal dominant 

condition known as Familial Adenomatous Polyposis (FAP), which predisposes them to 

the development of colorectal cancer.
3,4,17-19

 When functioning normally, APC is a 

negative regulator of the Wnt/β-catenin signaling pathway. In this pathway, APC binds to 

β-catenin and cooperates with axin and glycogen synthase kinase-3β (GSK-3β) to enforce 

the degradation of β-catenin through ubiquitin-mediated phosphorylation. Mutation of 

APC has been identified as the primary initiating event in colorectal carcinogenesis, 

resulting in the truncation of the APC protein. This truncation makes it impossible for 

APC to bind to β-catenin, thus allowing β-catenin to accumulate in the cytoplasm and 

continually translocate into the nucleus. In the nucleus, β-catenin interacts with 

Normal 
Epithelium 

Dysplastic 
Epithelium 

Early 
Adenoma 

Intermediate 
Adenoma 

Late 
Adenoma 

Carcinoma Metastasis 

KRAS 

Mutation 

SMAD 2/4 

and/or DCC 

Loss 

SMAD 2/4 

and/or DCC 

Loss 

SMAD 2/4 

and/or DCC 

Loss 

P53 

Loss 

SMAD 2/4 

and/or DCC 

Loss 

Initiation Stage Promotion Stage Progression Stage 

APC 

Mutation or 

Loss 

Other 

Alterations 



19 
 

transcription factor-4 (Tcf-4) in the transcription of genes that upregulate cellular 

proliferation, differentiation and migration, and inhibit apoptosis
3,4,17,18

 (see Senda, 

Iizuka-Kogo, and Onouchi, et al. (2007)
18

 for a thorough review of APC function in the 

epithelium of the colon). However, according to Fearon and Vogelstein (1990), the 

frequency of APC mutation is the same in small adenomas as in advanced adenomas and 

carcinomas.
17

  

 

In contrast to APC, the protooncogene KRAS encodes the protein Ras, a guanosine 

triphosphatase (GTPase) that functions as a binary molecular switch in various 

intracellular signaling pathways. When activated by epidermal growth factors, Ras binds 

to guanosine triphosphate (GTP), subsequently activating other proteins necessary for the 

propagation of cell growth, differentiation and survival signals within the cell. Ras is 

inactivated when GTP is hydrolyzed into guanosine diphosphate (GDP), a process 

facilitated by guanine nucleotide exchange factors and GTPase activating proteins. In this 

manner, KRAS and its gene products serve as control mechanisms for intracellular 

signaling.
 4,17

 As such, the mutation of KRAS over-rides the normal control mechanisms 

provided by Ras proteins, resulting in its permanent activation. According to Fearon 

(2011), KRAS mutations contribute to adenoma development and progression but are not 

necessary for the initiation of carcinogenesis. This is evidenced by the observation that 

the frequency of KRAS mutation appears to be dependent upon the size and degree of 

dysplasia within individual lesions, with a 10% frequency of mutation occurring in 



20 
 

adenomas smaller than 1cm in diameter compared to a 40-50% frequency of mutation in 

adenomas larger than 1cm in diameter. 
4
 Interestingly, there have also been several 

reports of KRAS mutation in normal colonic mucosa, which suggests that tumorigenesis 

may only result from the combination of KRAS mutations with other mutations, such as 

APC mutation.
3
  

 

Similar to the mutation of APC and KRAS, mutations in SMAD 2 and/or SMAD 4 result 

in defects in intracellular signaling, particularly in the TGF-β pathway. These genes are 

located on chromosome 18, encoding proteins that operate downstream the initiation of 

TGF-β signaling. Following TFG-β receptor complex formation, SMAD 2 and SMAD 3 

are phosphorylated, which allows SMAD 4 to bind to them. The SMAD 2/4 and SMAD 

3/4 complexes then traverse to the nucleus of the cell to regulate the transcription of 

various genes involved in cellular growth and apoptosis.
4
 Mutations in the SMAD 2 or 

SMAD 4 genes prevent the regulation of gene transcription, hypothesized to further 

promote the carcinogenic process by permitting small adenoma initiated by defects in the 

Wnt signaling pathway to grow into larger adenoma.
4,17

 The deletion of these SMAD 

genes has also been associated with poor prognosis in colorectal cancer.
4,17,19

  

Additionally, a third gene located on chromosome 18, the deleted in colorectal carcinoma 

(DCC) gene, is also commonly mutated during the carcinogenic process. Although 

hypothesized to be involved in cell adhesion, the particular functions of this gene and 

how it contributes in promoting tumorigenesis remains unknown.
4,17
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The most distinctive changes in carcinogenesis occur following mutation of the TP53 

gene. Located on chromosome 17, TP53 encodes for the p53 protein. Mutation of this 

gene usually occurs late in the carcinogenic process, potentially marking the transition 

from a benign adenoma to a malignant carcinoma.
3
 The p53 protein is primarily noted for 

its tumor suppressive activities, which arise due to its ability to act as a transcription 

factor for numerous proteins involved in regulating cell cycle progression, inhibiting 

angiogenesis, and promoting apoptosis. The mutation of p53 is particularly catastrophic, 

as mutated forms not only lose their tumor suppressive abilities, but may also acquire the 

ability to perform new functions not carried out by wild-type p53. This combination of 

loss and gain of function in p53 significantly promotes the neoplastic process and 

tumorigenesis.
4,17

    

 

Screening Methods 

The most commonly employed screening methods for colorectal cancer include fecal 

occult blood testing (FOBT), flexible sigmoidoscopy, colonoscopy, double-contrast 

barium enema (DCBE), computed tomographic colonography (CTC), and magnetic 

resonance colonography (MRC). FOBT and associated stool DNA tests are primarily 

capable of detecting cancer, whereas sigmoidoscopy, colonoscopy, DCBE, CTC and 

MRC are more likely to detect both adenomas and cancer
2
 (see Table 1 for a comparison 

of the accuracy, benefits, and limitations of these screening modalities). The American 

Cancer Society currently recommends that individuals at average risk for developing 
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colorectal cancer be screened with a colonoscopy at the age of 50, whereas individuals at 

high risk for developing colorectal cancer should be screened as early as 40 years of age.
2
   

Screening 
Modality 

Average 
Sensitivity Per 

Patient 

Average 
Specificity Per 

Patient 
Benefits Limitations 

FOBT 45.7% (26.5%) 87.6% (11.4%) 
No bowel preparation, 
testing done at home, 

noninvasive 

Misses most polyps and some 
cancers, high false-positive rate, 

colonoscopy necessary if 
abnormalities detected 

Flexible 
Sigmoidoscopy 

82% (9.3%) 83.9% (0%) 

Does not require 
sedation, minimal 

bowel preparation and 
discomfort, fairly quick 

procedure 

Views only 1/3 of the colon, 
cannot remove polyps, 

colonoscopy necessary if 
abnormalities detected 

Colonoscopy 94.7% (4.6%) 99.8% (0.2%) 

Entire colon examined, 
can biopsy and 

remove polyps, can 
assist in diagnosis of 

other diseases 

High miss rate for polyps < 1 cm, 
full bowel prep needed, sedation 

necessary, risk of bowel tears 
and infection 

DCBE 82.3% (8.7%) 92.4% (14.7%) 
Few complications, no 

sedation necessary 

High miss rate for polyps < 1 cm, 
full bowel preparation and 

specialized contrast agents 
needed, cannot remove polyps, 
exposure to low-dose radiation, 

colonoscopy necessary if 
abnormalities detected 

CTC 95.7% (5.9%) 98.5% (1.3%) 

Examines entire colon, 
fairly quick, no 

sedation, noninvasive, 
few complications 

High miss rate for polyps < 1 cm, 
full bowel preparation and 

specialized contrast agents 
needed, cannot remove polyps, 
exposure to low-dose radiation, 

colonoscopy necessary if 
abnormalities detected 

MRC* 75% 93% 

Examines entire colon, 
fairly quick, no 

sedation, noninvasive, 
few complications 

High miss rate for polyps < 1 cm, 
full bowel preparation and 

specialized contrast agents 
needed, colonoscopy required if 

abnormalities detected 

 

Table 1: Comparison of Clinical Colorectal Cancer Screening Modalities. * Denotes sensitivity and 

specificity reported in Sun, et al. (2008) 
21

, whereas all other sensitivity and specificity data obtained from 

Allameh, Davari and Emami (2011) 
22

. Sensitivity and specificity data listed are for adenoma larger than 

1cm. SD reported in parenthesis.  
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Cancerous tumors often bleed and shed dead cells containing altered DNA into the 

intestines. As such, tests such as FOBT and stool DNA smears have been developed to 

detect blood and cancerous DNA in fecal excrement. However, bleeding and the 

shedding of dead cells often occur intermittently, causing most polyps and some cancers 

to be missed by FOBT and stool DNA tests. Multiple consecutive tests should be 

performed every year or two in order for the most accurate results to be obtained.
2
  

 

Flexible sigmoidoscopy and colonoscopy are the most commonly employed modalities 

for the screening and diagnosis of colorectal cancer, with colonoscopy as the current gold 

standard.
2,23

 In both modalities, a slender tube with a light and focusing optics at the tip is 

inserted through the rectum and wound throughout the colon. A real-time camera 

captures images of the tissue structure and relays them to a computer screen for the 

doctor to examine. Only the distal 1/3 of the colon is evaluated during flexible 

sigmoidoscopy, whereas the entire colon is evaluated during colonoscopy.
2
 Colonoscopes 

can also be equipped with cauterizing forceps so that tissue biopsy or polyp removal may 

be performed during the examination.
2,23

 Furthermore, specialized contrast agents can be 

applied prior to examination in order to enhance visualization of certain tissue features 

(referred to as chromoendsocopy) and improve the diagnostic accuracy of 

colonoscopy.
24,25

 Prior to examination with either modality, bowel cleansing is necessary. 

Due to the time required for a colonoscopy to be performed and the discomfort associated 

with the procedure, patients are usually sedated and given pain medications. Pain 
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medication may also be provided during flexible sigmoidoscopy, although sedation is 

unnecessary.
2
   Limitations to flexible sigmoidoscopy and colonoscopy include risk of 

infections and bowel tears, and a high miss rate for small (< 1cm in diameter) and/or flat 

lesions.
2,23

 In fact, a review by Häfner (2007) reported a 21-30% colonoscopy miss rate 

for polyps 1-5mm in diameter, versus a 8-20% miss rate for polyps 5-9mm in diameter 

and a 1-8% miss rate for polyps 10mm in diameter or greater.
23

  

 

Similar to chromoendoscopy, DCBE improves differentiation between normal and 

abnormal tissue through the use of contrast enhancing agents such as barium sulfate and 

air. Barium sulfate is introduced into the colon through an enema and permitted to spread 

throughout the tissue. Air is then introduced to expand the colon and further increase 

contrast while x-ray images are taken. As with colonoscopy, bowel preparation is 

necessary prior to the introduction of the contrast agents. The main advantage of DCBE 

over colonoscopy is its minimally-invasive nature. Furthermore, sedation and pain 

management are not required. However, DCBE has also been known to miss small 

polyps and cancers, irradiates the patient, and cannot remove identified polyps. As such, 

colonoscopy would still be required for tissue biopsy and/or polyp removal.
2
 

 

CTC was first described by Vining, Gelfand, and Bechtold, et al. (1994)
26

 and has since 

been investigated by numerous researchers and companies. CTC is based on the principle 

that the various tissue types in the body will differentially absorb x-rays passed through 
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the body. This differential absorption can be detected by a high resolution CCD detector 

system that rotates around the body as the x-rays are being transmitted.
27

  Accurate lesion 

differentiation in current CTC techniques requires meticulous bowel preparation and gas 

insufflation prior to imaging,
21,28,29

 along with image acquisition in both supine and prone 

positions.
28,29

 The main advantage of CTC is its ability to examine the bowel of patients 

with obstructive tumors and/or extensive bowel curvature, which would make 

colonoscopic examination impossible.
2,21

  However, CTC examination is limited by its 

miss rate for polyps < 6mm in diameter,
2,21,28,29

 the large variability in accuracy due to 

differing detectors and/or imaging modes,
21

 and the fact that it exposes patients to low-

dose radiation while being unable to remove polyps identified during examination
2,21,28,29

. 

The low sensitivity of CTC for small lesions (approximately 48%, based on meta-

analysis)
21

 may be partly due to its resolution capabilities (50-100 µm)
27

. Administration 

of intravenous contrast agents may improve the accuracy of CTC as a screening and/or 

cancer staging tool by assisting in the differentiation between normal tissue, abnormal 

tissue and fecal matter.
21,27-29

  

 

In contrast to CTC, MRC is based on the principle that generating a magnetic field 

around a patient causes the hydrogen atoms in water within the body to align, thus 

creating magnetic dipoles. The alignment of the individual dipoles is temporarily changed 

by the generation of a radio frequency (RF) pulse within the bore of the magnet. Once the 

RF pulse ceases, dipole alignment relaxes, returning to baseline. This behavior can be 
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described through T1 and T2 relaxation parameters. The relationship between these 

parameters differs in the various tissues of the body, thus creating the contrast inherent to 

MRC.
27

 The application of magnetic resonance imaging in evaluating colonic disorders 

was first performed by Luboldt, Bauerfeind, and Steiner, et al. (1997)
30

. Three patients 

with colonic disorders (diverticula, colorectal carcinoma and colorectal adenoma) were 

evaluated following either DCBE (1 patient) or colonoscopy (2 patients). Image analysis 

in conjunction with multiplanar reconstructions revealed all relevant lesions. 

Furthermore, three-dimensional maximum-intensity projections provided a 

morphological overview of the entire colon.
30

 Since this study, two types of MRC 

imaging have been developed: dark lumen and bright lumen. Dark lumen MRC depicts 

the bowel wall and any lesions brightly against a dark distended colonic lumen, whereas 

bright lumen MRC depicts the bowel wall and any lesions darkly against a bright 

distended colonic lumen.
31

 As with CTC, meticulous bowel preparation and distension is 

necessary prior to MRC imaging. Bowel preparation may include purgation of stool 

through the use of an enema, or fecal tagging with contrast agents to decrease the signal 

intensity of stool. Bowel distension, on the other hand, may be accomplished with water 

or gas.
31

 With respect to lesion localization and differentiation, MRC and CTC perform 

similarly.
21,27

 However, some advantages of MRC over CTC are its lack of radiation
21,27

, 

as well as its improved resolution capabilities (25-100 µm versus the 50-100 µm of 

CTC)
27

. As with CTC, MRC is mainly used when difficult or incomplete colonoscopy is 

expected. Furthermore, MRC also lacks sensitivity for small lesions (< 6mm in 

diameter).
21,27,31
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In order to effectively reduce the morbidity and mortality rates associated with colorectal 

cancer, screening methods capable of detecting early neoplastic features of colonic tissue 

are needed. Although colonography, CTC and MRC have resolutions capable of 

detecting adenoma > 6mm with high accuracy, systems capable of sub-cellular and 

cellular resolutions would best facilitate the early detection of neoplasia. 

 

Animal Models of Colorectal Cancer 

The progression of colorectal cancer and its response to therapeutic treatment has been 

evaluated in several animal species; however, mice are the most common. The similarity 

between the morphological structure of the human GI tract and the murine GI tract was 

first described by Hampton (1960).
32

 Since then, mice have been instrumental in 

validating gene functions, identifying novel cancer promoting genes and tumor 

biomarkers, gaining insight into the molecular and cellular mechanisms involved in 

carcinogenesis, and evaluating chemopreventive agent effectiveness.
33,34

 The advantages 

of mouse models over others include: small size, inexpensive, rapid reproduction with 

large litters, and ability to genetically manipulate.
33

  Furthermore, studies using mouse 

models have high reproducibility due to the extensive amount of genetic information 

available on individual mouse lines. The main limitations of mouse models for cancer 

research, however, are that they may lack invasive and/or metastatic phenotypes, and 

may differ slightly in the carcinogenic process from human forms of cancer.
34

 To date, 
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two general categories of mouse models exist: genetically engineered mouse models, and 

carcinogen-treated mouse models.  

 

Genetically Engineered Mouse Models 

Genetically engineered mouse models (GEMM) have induced mutations in their genome, 

including: transgenes, targeted mutations (knockouts, knockins, chemically-induced), and 

virus-mediated mutations. These mutations cause either loss (knockout, chemically-

induced) or gain (knockin, transgene, virus-mediated) of function. In mouse models of 

cancer, the goal of inducing mutations is to either activate oncogenes, inactivate tumor 

suppressor genes, or both. As such, transgenic, and gene-targeting approaches are among 

the most commonly employed.
33

  

 

Transgenic mice have a segment of foreign DNA incorporated into their genome via 

microinjection into pronuclei of fertilized zygotes. The transgene sequences are then 

integrated into random sites of the genome with variable frequency. The main advantage 

to this method is that it’s straight forward and useful in assessing tumorigenic functions 

of individual genes. Furthermore, it takes a shorter time to generate these mouse models 

compared to the gene-targeting approach. However, the inability to control the level and 

pattern of transgene expression is a major disadvantage of transgenic mouse models.
33

 An 

example of a transgenic mouse model used in colorectal cancer research is the Vil-Cre-
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ER
T2

 x LoxP-Tag mouse model, recently developed to investigate the immune response 

to sporadic colorectal cancer.
35

  

 

In contrast to transgenic alteration, gene-targeting involves altering or mutating specific 

endogenous loci of a gene through the homologous recombination of embryonic stem cell 

DNA with a specific targeting vector. The targeting vector is specialized to disrupt 

normal allelic function through deletion of the gene or portions of its coding sequence 

(knockout approach), replacement of an endogenous genetic sequence with an exogenous 

one (knockin approach), or chemical induction of point mutations. Gene targeting is 

particularly useful for modeling heritable syndromes such as FAP.
33

 For instance, the 

most commonly used FAP mouse model, the Apc
Min

 model, is based on chemical 

induction of heterozygous truncation at APC codon 850 using ethylnitrosurea 

(ENU).
34,36,37

 Despite the usefulness of these models for investigating FAP, there are also 

several disadvantages to the gene-targeting approach. First of all, tumor multiplicity and 

progression is likely to vary between mouse strains. Furthermore, studies on specific 

tumor types may not be possible due to increased tumor multiplicity in other tissues, 

thereby causing early mortality. Incomplete gene disruption is also possible, which would 

lead to non-desired phenotypes. However, the greatest disadvantage to these models is 

that they fail to mimic sporadic multistep tumorigenesis, which severely limits their 

applicability since 75-80% of colorectal cancer cases in humans are of the sporadic 

type.
33

 Additional examples of common gene-targeted mouse models for studying FAP 
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are ApcΔ
716

 and Apc
1638N

 knockout mice. Similar to Apc
Min

 mice, these mice carry 

heterozygous truncation mutations at APC codon 716 and 1638, respectively, causing 

them to develop numerous polyps in the small intestine and few, if any, in the colon.
36,37

  

Subsequent mutations in additional genes
37

 or exposure to carcinogens
34

 has been found 

to increase tumor incidence in the colon, better modeling human FAP.  

 

Carcinogen-Treated Mouse Models 

Although GEMMs have been valuable for discovering the various oncogenes and tumor 

suppressor genes involved in colorectal carcinogenesis, the investigation of 

chemopreventive agent efficacy is most often performed in carcinogen-treated mouse 

models.   The most widely used carcinogen-treated mouse models are 1,2-

dimethylhydrazine (DMH) and its metabolite azoxymethane (AOM).
34,38

 DMH was first 

discovered as a potent carcinogen in Fischer 344 (F-344) rats by Hermann Druckrey and 

colleagues in the late 1960’s. They postulated that DMH undergoes numerous 

transformations in vivo as it is metabolized, and that its metabolites would also have 

carcinogenic properties (see Figure 3).
39

  Fiala (1977) verified the proposed pathway of 

DMH metabolism through the detection and quantification of DMH metabolites in the 

exhaled breath and urine of F-344 rats using gas chromatography and high-pressure 

liquid chromatography, respectively.
40

   Treatment with DMH or its metabolite AOM has 

since been found to produce colorectal tumors in both rats and mice. Furthermore, the 

tumors exhibit many of the morphological and pathological features associated with the 
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sporadic form of colorectal cancer in humans
34,38,41,42

 such as polypoid form, 

dysregulation of arachidonic acid metabolism, and elevated cyclooxygenase-2 activity.
34 

However, due to the enhanced potency of AOM compared to DMH and its greater 

stability in dosing solutions,
34

 AOM is currently the most commonly employed 

carcinogen in carcinogen-treated models of colorectal cancer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: 1,2-Dimethylhydrazine Metabolism Pathway. The depicted pathway was proposed by 

Hermann Druckrey and colleagues in the late 1960’s and confirmed by Fiala (1977)
40

 in F-344 rats.  

 

Carcinogen-treated mouse models typically use inbred strains of mice. Common strains 

used in colorectal carcinogensis models include C57BL/6, AKR/J, A/J, and SWR/J. It has 

been found, however, that these strains differ significantly in their susceptibility to 
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AOM.
38,42,43

 For instance, A/J mice are most susceptible to the development of colorectal 

adenomas after AOM treatment
38,42,43

, whereas AKR/J are most resistant
38,42,43

, and 

C57BL/6
38

 and SWR/J
38,42

 show moderate susceptibility. The evaluation of these strain 

differences at the morphological and molecular levels has been difficult due to the 

variation in AOM treatment regimens between study protocols. As such, Bissahoyo, et al. 

(2005)
38

 conducted a study to determine the best treatment dosage, route of 

administration and time scale to maximize inter-strain differences between AKR/J, A/J, 

and SWR/J mice. Due to their increased susceptibility to developing colorectal tumors, 

additional A/J mice were used to determine the appropriate dosage of AOM. It was 

determined that 10 mg/kg body weight of AOM is the maximal dosage tolerated, as 20 

mg/kg resulted in 100% mortality within a week of administration. Dose-dependent 

differences in tumor penetrance and multiplicity were also observed, regardless of the 

dosing schedule (1 time a week for 2, 4 or 8 weeks) or route of administration 

(subcutaneous or intraperitoneal). Similar trends in tumor initiation were observed with 

both routes of administration, despite the strain- and dose-dependent effects of AOM. 

Furthermore, increasing the treatment duration resulted in significant strain-dependent 

effects on tumorigenesis, independent of AOM susceptibility. Despite these differences, 

all tumors showed similar morphological features. It was concluded that 4 weekly 

treatments with 10 mg AOM per kg body weight (administered either subcutaneously or 

intraperitoneally) is optimal to maximize inter-strain differences in colorectal 

tumorigenesis.
38
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Chemoprevention with α-difluoromethylornithine and/or Sulindac 

Colorectal cancer is a particularly suitable disease for targeted chemopreventive and/or 

chemotherapeutic interventions due to its prevalence. Furthermore, the typically slow 

development of colorectal cancer over a period of 15-20 years provides multiple 

opportunities for effective interventions to be implemented. Previous research
44-57

 has 

indicated that the drugs α-difluoromethylornithine (DFMO) and Sulindac are effective 

chemopreventive agents in both human
44-48 

and murine
49-54

 investigations of colorectal 

cancer, with the combination of DFMO and Sulindac having particularly strong anti-

carcinogenic effects
55-57

. 

 

DFMO is known to be a potent inhibitor of the enzyme ornithine decarboxylase 

(ODC).
44,45,49,51,52,55-57

 ODC is the first enzyme in the polyamine synthesis pathway, 

serving as a rate-limiting step in the synthesis of putrescine, spermidine and spermine. It 

functions by decarboxylating ornithine (a byproduct of metabolizing arginine in the urea 

cycle) to form putrescine, which is subsequently acted upon to form spermidine and 

spermine. Although the specific functions of polyamines are not clearly defined, they 

have been implicated in normal biologic functions such as tissue growth, development, 

remodeling and repair. In the murine and human colonic mucosa, ODC is negatively 

regulated by the APC tumor suppressor gene. Loss of APC function results in increased 

expression of the MYC oncogene, which encodes for a transcription factor required for 

normal cellular growth and proliferation.
58

 A study by Bello-Fernandez, Packham and 
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Cleveland (1993) resulted in the finding that ODC is a direct transcriptional target of 

MYC.
59

 As such, overexpression of MYC results in the upregulation of ODC and 

increased polyamine levels.
 
Increased polyamine levels commonly occur during 

colorectal carcinogenesis
 
and are associated with increased cell growth and proliferation, 

inhibition of apoptosis, and promotion of angiogenesis.
58

  

 

Clinical trials using DFMO have shown that it irreversibly inhibits ODC activity, thereby 

reducing polyamine levels in colorectal mucosa and inhibiting the carcinogenic 

process.
44,45 

For instance, Meyskens, et al. (1994)
44

 conducted a dose de-escalation study 

in 111 patients (36 female and 75 male) that had previously undergone colorectal polyp 

removal to determine the lowest dose of DFMO that would deplete polyamine levels in 

colorectal mucosa. Patients were separated into groups and treated with daily doses of 

DFMO orally, ranging from 3 to 0.1 g/m
2
, for 4 weeks. It was shown that single daily 

doses of as little as 0.25 g/m
2
 of DFMO significantly decreased polyamine content.

44
 A 

subsequent study by the same research group expanded on these results, finding that 

doses of 0.20 and 0.40 g/m
2
 per day for a period of 6 months reduced putrescine levels to 

approximately 34% and 10%, respectively, compared to those in a placebo group, with 

smaller decreases observed in spermidine and spermine levels.
45

  

 

In contrast to DFMO, Sulindac is a non-steroidal anti-inflammatory drug (NSAID) 

similar to aspirin that has been shown to inhibit the carcinogenic process by non-
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selectively inhibiting the enzyme cyclooxygenase (COX) and its two isozymes (COX-1 

and COX-2).
46

 COX functions in the production of signaling molecules known as 

prostaglandins during the metabolism of arachidonic acid.
60-63

 In human colorectal 

cancer, COX-2 function is typically upregulated by loss of APC function
60

, although it 

can also be upregulated by tumor promoters, growth factors and cytokines
61

. With respect 

to colorectal cancer, the relationship between overexpression of COX-2 and increased 

levels of prostaglandin E2 (PGE2) is of particular importance. PGE2 is normally involved 

in cell proliferation
62

 and vasodilation
61

. However, when COX-2 is overexpressed, as in 

colorectal cancer, apoptosis is inhibited and the levels of PGE2 increase substantially.
61,62

 

This in turn promotes carcinogenesis through increased cell division and proliferation 

rates and stimulation of angiogenesis.
64

  In fact, it has been reported that COX-2 is 

overexpressed in more than 85% of carcinomas and about half of adenomas, making it a 

viable target for chemopreventive and chemotherapeutic agent development.
63

    

 

The application of Sulindac in preventing colonic adenoma formation was first described 

by Waddell and Loughry (1983)
65

 and has since been evaluated in numerous 

experimental models
46-48, 53-57

. Sulindac is composed of sulfide and sulfone metabolites 

which both display anti-carcinogenic effects.
46,66

  The sulfide metabolite is known to 

inhibit COX enzyme activities and suppress Ras-dependent intracellular signaling, 

whereas the sulfone metabolite inhibits COX-2 expression and decreases PGE2 

production.
46

 Investigations using human cancer cell cultures and mouse models of 



36 
 

carcinogenesis have shown that Sulindac further inhibits colorectal tumorigenesis by 

decreasing intracellular β-catenin levels
47,54

 and inducing apoptosis
51,54,66

.  Numerous 

clinical trials with Sulindac have also been conducted, resulting in the finding that 

Sulindac treatments cause a significant reduction in both the number of tumors and the 

number of ACF. For instance, Takayama, et al. (2011)
48

 conducted a randomized double-

blind trial in 177 patients without polyps or who had a polypectomy performed to 

investigate the effectiveness of the NSAIDS Sulindac and Etodolac in reducing the 

number of ACF and preventing adenoma formation. Participants were treated with either 

300 mg Sulindac daily (n = 59), 400 mg Etodolac daily (n = 60), or a placebo (n = 58) for 

two months.  After two months of treatment ACF were counted using magnifying 

endoscopy, whereas the occurrence of adenoma was evaluated 10 months after the 

completion of treatment. Both the number of ACF and the number of adenoma were 

significantly lower in the Sulindac group (p = 0.0075 and 0.064, respectively) than the 

Etodolac group (p = 0.73 and 0.63, respectively).
48

  

 

The aforementioned results of clinical trials using DFMO or Sulindac clearly demonstrate 

the efficacy of these drugs in the chemoprevention of colorectal adenomas. However, the 

differences in their mechanisms of action suggest that the combination of DFMO and 

Sulindac may prove to be more effective at inhibiting the carcinogenic process than 

DFMO or Sulindac alone. To date, research regarding the combination of DFMO and 

Sulindac for chemoprevention is relatively sparse. Lawson, Ignatenko, Piazza, Cui, and 
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Gerner (2000)
55

 were the first to evaluate the effect of combining these drugs in a study 

using human colon cancer-derived Caco-2 cell cultures. They found that, when applied 

together, DFMO and Sulindac interact additively to prevent the growth and viability of 

colon cancer cells.
55

 These results further suggest that the combination of DFMO and 

Sulindac may be useful in chemoprevention strategies. Based on the results of Lawson, et 

al. (2000) and previous work investigating the chemopreventive effects of DFMO
44, 45

, 

Meyskens, McLaren, and Pelot, et al. (2008)
56

 conducted a study to evaluate the 

effectiveness of combining DFMO and Sulindac for the prevention of recurring sporadic 

colorectal adenomas in patients with a history of resected adenomas. In their study, 375 

patients aged 40-80 years with a history of resected adenomas were randomly assigned to 

receive 500 mg of DFMO and 150 mg of Sulindac or matched placebos orally once a day 

for 36 months. At the end of the study, colonoscopies were performed to compare 

adenoma recurrence between the treatment groups. The combination of DFMO and 

Sulindac resulted in a 70% decrease in adenoma recurrence when compared to the 

placebo group.
56

 A subsequent study in the Apc
Min

 mouse model of FAP obtained similar 

results, with the combination of DFMO and Sulindac reducing tumor number by more 

than 80%. In contrast to results obtained from the combination of DFMO and NSAID 

Celecoxib, only the combination of DFMO and Sulindac resulted in a decrease in 

polyamine levels compared to untreated controls.
57

 The results of these studies serve as 

an important milestone in the development of chemopreventive strategies for sporadic 

and hereditary forms of colorectal cancer, proving that targeting ODC and COX-2 is a 

viable and effective method of colorectal cancer prevention.   
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Optical Coherence Tomography 

As mentioned earlier, the accepted gold standard screening methodology for colorectal 

cancer is white light colonoscopy, which is capable of screening the entire colonic 

surface for polyps. The main limitation to this screening procedure, however, is its miss 

rate for non-adenomatous and/or small (< 1 cm in diameter) polyps.
2,23

 This same 

limitation also inhibits CTC
2,21,27,29

 and MRC
21,27,31

 from being viable screening 

modalities. More sensitive screening methodologies are needed, as the morbidity and 

mortality rates associated with colorectal cancer may be significantly reduced by early 

detection of neoplastic processes in the colon.  

 

Optical coherence tomography (OCT) is a minimally-invasive imaging modality 

analogous to B mode ultrasound, except that it uses light instead of acoustic waves. OCT 

is capable of producing images with greater resolution capabilities than clinical 

ultrasound
67

, CT and MRI
27

 (2-20 µm versus 10-100 µm, 50-100 µm and 25-100 µm, 

respectively). More specifically, OCT is based on the principles of low-coherence 

interferometry, using near-infrared light backscattered from index of refraction 

mismatches to generate cross-sectional images. Multiple axial scans (A-scans) are 

concatenated together to form an image (B-scan). The axial image resolution of OCT is 

inversely proportional to the bandwidth of the system light source. As such, broad-

bandwidth light sources, such as superluminescent diodes, are required in order to obtain 

high axial resolutions. Transverse resolution in OCT, on the other hand, is determined by 
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the diffraction limited spot size of the focused optical beam, which is inversely 

proportional to the numerical aperture (NA) of the beam. Fine transverse resolutions can 

be achieved with a high NA optical design, as that will focus the beam to a small spot 

size. Increasing the transverse resolution, however, results in depth of penetration 

decrements. As such, the trade-off between resolution and depth of penetration needs to 

be carefully considered when designing OCT systems for particular applications.
67

 

 

Advances in OCT imaging speed came with the advent of spectral domain and swept 

source OCT systems. Early OCT systems (time domain OCT) consisted of a low-

coherence light source coupled into an interferometer with a scanning reference arm. 

These systems measured the time delay of interference between the reference and sample 

arms. However, Fourier domain systems measure the entire interference spectrum, 

allowing greater imaging speeds. Both spectral domain OCT (SDOCT) and swept source 

OCT (SSOCT) use Fourier detection.  SDOCT systems consist of a broadband 

continuous-wave low-coherence light source coupled into an interferometer with a 

scanning sample arm and stationary reference arm. Backscattered light from the reference 

and sample arms is dispersed by a spectrometer and collected on an array detector, such 

as a CCD line-scan camera. In contrast to SDOCT systems, SSOCT systems consist of a 

narrowband light source that is swept in wavelength. The spectral interference pattern 

generated is subsequently detected on photodetectors as a function of time. As in 

SDOCT, however, the reference arm of SSOCT systems is stationary.
67

 Numerous 
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functional variants to these systems exist, allowing specialization for specific applications 

(see Drexler and Fujimoto (2008)
67

 for a more detailed discussion of the theory and 

design of OCT systems).  

 

OCT has been investigated for use in an array of biomedical applications, including 

imaging the human GI tract. Due to the fact that OCT is an optically-based imaging 

modality, systems can be easily integrated with endoscopes, catheters, laparoscopes and 

needles for internal imaging. Tearney, Brezinski and Southern, et al. (1997)
68

 were 

among the first to investigate the capability of OCT to differentiate the architectural 

morphology of GI tissue.  Ex vivo postmortem tissue was imaged and structures such as 

the mucosa, submucosa and muscularis propria were identified based on comparison of 

the OCT images with histological sections.
68

  The results of the aforementioned study 

have since facilitated the utilization of OCT for optical biopsy and in vivo endoscopic 

applications in GI tissue. The first in vivo studies to use OCT for imaging GI tissue 

integrated an OCT probe into the working channel of standard endoscopes to generate 

lateral scans of localized areas
69

 or 360
 
deg radial scans

70
 of esophageal, gastric and 

colonic mucosa during routine endoscopic examinations with 10-11 µm resolutions. The 

results of in vivo studies imaging the human colon have shown that OCT is capable of 

delineating the layers of healthy colon
69,70

, detecting adenoma and carcinoma
69

, and 

differentiating between dysplastic and hyperplastic polyps
71

 (see Brand, Poneros and 

Bouma, et al. (2000)
72

 for a more thorough review of studies employing OCT to image 
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the human gastrointestinal tract in normal and diseased states).  As such, OCT systems 

may allow more accurate analysis of the effect of carcinogens and therapeutic compounds 

on colonic tissue since individual patients can be monitored time-serially and between-

patient variations can be measured.  
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PRESENT STUDY 

Introduction and Objectives 

The investigation of colorectal cancer using OCT in our lab began with the 

development
73

 and application
74,75

 of a dual-modality endoscope for simultaneous time-

domain OCT and laser-induced fluorescence imaging in mouse models of colorectal 

cancer with axial  and lateral resolutions of 15 µm (in air) and 20 µm, respectively.
  
We 

have since developed ultra-high resolution (UHR) OCT endoscopy systems capable of 2-

5 µm axial and lateral resolutions
76,77

, and demonstrated the ability of OCT to time-

serially image adenoma formation in mouse models of colorectal cancer
78

.  The ability to 

time-serially image individual mice greatly improves upon current research practices with 

mouse models, which involve euthanizing the animals at various disease time points and 

harvesting tissue for immunohistochemical analysis. 

 

As discussed earlier, previous research shows that DFMO and Sulindac interact 

additively when combined for chemoprevention
55

 to significantly reduce the recurrence 

of colorectal adenoma in human subjects
56

. However, little is known about their 

chemotherapeutic value. Also, human studies have been limited to one or two imaging 

time points. The growth rate of adenoma under different chemopreventive or 

chemotherapeutic regimens therefore cannot be determined. As such, the purpose of the 

present study is to test the hypothesis that treatment with a combination of DFMO and 

Sulindac will prevent, reduce the incidence, and/or slow the growth rate of colorectal 
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adenoma when given in chemopreventive applications, and will prevent or reduce the 

incidence of new adenoma and/or slow or regress the growth of existing adenoma when 

given in chemotherapeutic applications. This hypothesis will be tested through time-serial 

imaging of disease progression in azoxymethane (AOM)-treated mice using SDOCT. 

Gross photos and histological sections will serve as gold standard confirmation of the 

final imaging time point.  

 

Materials and Methods 

Endoscopic Spectral Domain Optical Coherence Tomography System 

The design of the endoscopic UHR SDOCT system implemented in this study has been 

previously described in detail (schematic shown in Figure 4).
77

 Briefly, ultra-high 

resolution is achieved using a superluminescent diode light source (Superlum 

Broadlighter, Moscow, Russia) centered at 890 nm with a 150 nm full-width-at-half-

maximum (FWHM) bandwidth. A 50:50 coupler splits the source optical power into the 

reference and sample arms. The reference arm is attenuated using a neutral density (ND) 

filter and SF2 right-angle prisms provide dispersion compensation.  The sample arm 

consists of a 2 mm diameter endoscope with focusing optics at the tip. The focusing 

optics include a glass spacer GRIN lens assembly (GRINTECH GmbH, Jena, Germany) 

coupled into a rod prism to achieve a side-firing endoscope. The endoscope optics are 

enclosed in a 2 mm diameter glass tube for protection during imaging. Linear and 

rotation actuators control the lateral and angular position of the endoscope during 
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imaging. Backscattered light from the reference and sample arms interfere and recombine 

at the 50:50 coupler and are then detected by a custom built CCD-based spectrometer. At 

the spectrometer, incident light is collimated by a parabolic mirror for dispersion into 

separate wavelengths by a volume phase holographic grating. Finally, a custom Cooke 

triplet focuses the dispersed light onto a 2048-pixel silicon CCD array (Atmel 

AT71SM2CL2014-BAO, San Jose, California). Data is collected by sampling the 

detected light using a Meteor2-CL/32 frame grabber (Matrox Imaging, Dorval, Quebec). 

5000 sampled spectra (A scans) are concatenated to form the resultant 30 mm x 2 mm 

deep images (1024 x 5000 pixels) with 3.5 μm axial resolution in air and 5 μm lateral 

resolution. 

 

 

Figure 4: Endoscopic SDOCT System Schematic. 2 mm diameter endoscopic system generates cross-

sectional images with 3.5 μm axial and 5 μm lateral resolutions.   
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Animal Model 

Due to their particular susceptibility to the carcinogen AOM, A/J mice were used in the 

present study to model sporadic colorectal carcinogenesis (see Appendix A for animal 

subjects approval, protocol #06-183). 114 A/J mice were initially enrolled in the study. 

However, 24 mice were excluded from the final analyses due to death prior to twenty-

nine weeks of age, resulting in 90 A/J mice between two experimental groups 

(Chemoprevention and Chemotherapy). Each experimental group consisted of two 

treatment groups (AOM and Saline control) and four treatment subgroups (No Drug 

control, DFMO, Sulindac, DFMO/Sulindac). Of the 90 mice, 66 were treated with 

subcutaneous injections of AOM to induce colorectal cancer. AOM (10 mg/kg body 

weight) purchased from Sigma-Aldrich Chemicals (St. Louis, Missouri) was 

administered once a week for five weeks, starting when mice were 6 weeks of age (see 

Appendix B and C for AOM dilution and administration procedures). The remaining 24 

mice were treated with saline of equivalent volume with the same dosing schedule. 

Treatment with DFMO and/or Sulindac in the AOM and Saline mice was initiated 

concurrently with AOM treatment for the chemoprevention experimental group, whereas 

treatment was initiated 13 weeks after the completion of AOM treatment for the 

chemotherapy experimental group. For treatment with DFMO alone, mice received 1% 

DFMO in water (see Appendix D for DFMO dilution procedures) and standard AIN 93G 

food from Harlan Laboratories, Inc. (Madison, Wisconsin), whereas mice treated with 

Sulindac alone received normal water and AIN 93G food pre-constituted with100ppm of 

Sulindac (Harlan Laboratories, Inc., Madison, Wisconsin). Mice treated with both DFMO 
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and Sulindac received 1% DFMO in water and AIN 93G food pre-constituted with 

100ppm of Sulindac (Harlan Laboratories, Inc., Madison, Wisconsin). See Table 2 for the 

number of mice included in each of the experimental and treatment groups. All mice 

were housed by the University of Arizona Animal Care on a 12:12 hour light/dark cycle 

with free access to water and food during the study. All protocols were approved by the 

University of Arizona Institutional Animal Care and use Committee.   

Agent 
Dosing Time 

(Age of Mouse) 

Number of Mice 

AOM 

Treated 

Saline 

Control 

No Drug N/A 11 3 

DFMO 1%  in water 6 weeks 11 4 

Sulindac 100ppm in food 6 weeks 7 3 

DFMO 1%/Sulindac 100ppm 6 weeks 7 3 

DFMO 1%  in water 24 weeks 12 4 

Sulindac 100ppm in food 24 weeks 9 3 

DFMO 1%/Sulindac 100ppm 24 weeks 9 4 

Totals:   66 24 
 

Table 2: Distribution of Mice in Experimental and Treatment Groups. Treatment began at 6 

weeks of age for mice in the chemoprevention experimental group, compared to 24 weeks of age 

for mice in the chemotherapy experimental group. The No Drug group was used as controls in both 

experiments. 

 

Imaging Protocol 

Following the final AOM treatment, the mice were allotted an 8-week period to allow 

disease development prior to the initial imaging time point. After the initial imaging time 

point, mice were imaged monthly for 4 additional months. Total study duration from 

receipt of the mice to euthanasia was approximately 8 months. 
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Twenty-four hours prior to imaging, mice were fasted and given Pedialyte in place of 

water to ensure minimal amounts of feces in the colon at imaging. Immediately prior to 

imaging, mice were anesthetized with a 2.6% Avertin solution given intraperitoneally 

(IP). However, due to difficulties with Avertin, it was replaced during the study with a 

mixture of Ketamine (0.33 mg/ml, 100 mg/kg) and Xylazine (0.033 mg/ml, 10 mg/kg), 

also administered IP (see Appendix E for Ketamine/Xylazine mix and dosing 

procedures). Once the mice were fully anesthetized, the colon was gently flushed with 3-

9 mL of warm saline to clear any feces or blood that may be present. The endoscope was 

then coated with a biocompatible water-based lubricant and inserted approximately 32 

mm inside the colon. For all mice, 30 mm lateral OCT images were collected at eight 

different positions spaced 45 degrees apart, without the application of contrast agents. 

Imaging of each mouse took approximately 5 minutes (see Appendix F for explicit mouse 

endoscopy procedures and Appendix G for image acquisition protocol using FDOCT 

program).  Once imaging was completed, the mice were monitored until they woke from 

anesthesia and were then transported back to animal care in clean cages.  

 

Tissue Acquisition and Histology 

Following the final imaging time point, the mice were euthanized with CO2 gas and 30 

mm of colorectal tissue was excised for histological processing. Excised colons were 

opened longitudinally, adhered flat to Whatman paper and fixed in Histochoice 

(Amresco, Solon, Ohio) for at least one day (see Appendix H for colon excision 
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procedures). Prior to embedding in paraffin, gross photos of the excised colon were 

taken. Tissues were then embedded in paraffin and longitudinal sections were obtained 

every 250 µm.  The resultant sections were then stained with hematoxylin and eosin (see 

Appendix I for hematoxylin and eosin staining procedures). Two blinded observers 

analyzed the histological sections to determine the number and maximal width of discrete 

adenoma per mouse (see Appendix J for histology analysis protocol). The gross photos of 

the excised colons and results of histological analysis provided gold standard 

confirmation of the final OCT imaging time point (see Figure 5, below, for examples of 

normal colon, neoplasia and adenoma in murine histological sections). 

 

Figure 5: Murine Histological Sections of Normal Colonic Tissue, Neoplasia, and Adenoma.  Murine 

histological sections depicting normal colonic structure (A), neoplasia (B), and an adenoma (AD) beside a 

lymphoid aggregate (LA) (C). A is at 20x, whereas B and C are at 10x.  
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Image Analysis Protocol 

OCT image features associated with normal colon tissue and adenoma were previously 

determined and verified by gold standard histology of 13 AOM-treated mice. A blinded 

panel of experts utilizing these features achieved 95% sensitivity to adenoma
78

. The 

features of normal colon include consistent mucosal thickness, consistent signal 

attenuation and visible tissue boundaries. On the other hand, the features of adenoma 

include thickened regional mucosa and/or moderate to marked protrusion of mucosa to 

more than twice the average regional thickness, moderate to marked signal attenuation 

and faint or obscured tissue boundaries.
78

 All 8 images for each mouse at each time point 

(3528 images total) were visually analyzed using the above criteria to determine the 

number of discrete adenoma per mouse. These same criteria were used in the analysis of 

histological sections, described earlier. Adenoma size was also measured, determined as 

the maximal width of discrete adenoma identified in the OCT images (see Appendix K 

for OCT image analysis protocol). Size measurements were then used to calculate total 

tumor burden (sum of discrete adenoma volumes per mouse at each time point), assuming 

a spherical volume.  All measurements were recorded in a spreadsheet for statistical 

analysis and comparison with histology.  

 

Statistical Analysis Methods 

For between-group comparisons of weight, number of tumors and tumor burden, 

descriptive statistics were calculated and an analysis of variance (ANOVA) was 
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performed (see Appendix L for tables of the experimental raw data). The descriptive 

statistics calculated included group averages and standard deviations over time.  Data for 

all saline treatment groups were combined in the calculation of descriptive statistics, as 

they did not vary significantly. For the statistical analyses using ANOVA, all 

measurement time points were included for the chemoprevention experimental group, 

whereas only time points following treatment initiation at 24 weeks of age were included 

for the chemotherapy experimental group.  Statistical analysis of weight and tumor 

burden was performed by fitting a linear regression line to the values measured across 

time for individual mice. In the analysis of weight gain, the effects of AOM versus saline 

treatment, DFMO treatment (presence or absence) and Sulindac treatment (presence or 

absence) was assessed using a three-way ANOVA. A three-way interaction between 

these variables was initially evaluated, but found to be not significant. As such, it was 

removed from the model and all two-way interactions were assessed. When a two-way 

interaction was statistically significant (p < 0.05), stratified analyses were performed. In 

the analysis of tumor burden, only AOM-treated mice were included in a two-way 

ANOVA. As before, stratified analyses were performed if the two-way interaction was 

found to be statistically significant.  In contrast to the aforementioned analyses, the 

analysis of number of tumors was based on the maximum observed number of tumors 

over the entire study duration for individual mice. The number of tumors was analyzed 

using Poisson regression, with assessment of interaction evaluated using a two-way 

ANOVA. Additional analyses adjusted for when treatment was initiated were conducted 

to further assess the effects of DFMO and Sulindac in the chemotherapy experimental 
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group (i.e. the data obtained at 21 weeks of age, prior to treatment initiation, was used as 

a covariate).  All p-values reported are two-sided and are not adjusted for multiple 

comparisons.  

 

Results 

Time-Serial Analysis of Disease Progression in OCT 

The SDOCT system presented here yielded high resolution images of murine colonic 

morphology with clear distinction between tissue types such as the mucosa, submucosa 

and muscularis propria. Furthermore, the micron-scale resolutions attained by this system 

allowed relevant markers of disease progression to be tracked. An example OCT image 

series for one mouse over the five imaging time points is presented in Figure 6, along 

with corresponding final time point histology. In the first image (Fig. 6A), a colonic 

lesion portraying several of the characteristics consistent with adenoma, such as regional 

mucosal thickening and marked signal attenuation, is evident. Additionally, tissue 

boundaries are faint compared to adjacent normal colon. However, the lesion does not 

meet the mucosal protrusion of more than twice the average regional thickness criteria. 

As such, it would not be counted as an adenoma. In contrast, the same lesion is depicted 

in the second image (Fig. 6B), portraying all of the characteristics consistent with 

adenoma.  In the third through fifth images (Fig. 6C, D, and E respectively), an additional 

lesion appears in the proximal end of the images. As time progresses, both lesions 

significantly increase in size. As before, the lesions portray all of the characteristics 



52 
 

consistent with adenoma. The corresponding histological section (Fig. 6F) confirms the 

presence of adenoma at the suspected locations.  

 

 

 

 

 
 

 

 

Figure 6: Time-Serial OCT Image Series. OCT image series for a single mouse at a single rotation over 

time. (A)-(E) 30 mm lateral OCT images obtained at each imaging time point and (F) corresponding 

histology. OCT image contrast was adjusted for improved visibility. AN = anus, M = mucosa, SM = 

submucosa, MP = muscularis propria, T = abnormally thickened mucosal area, AD = adenoma.  
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Weight Gain 

The mean slopes and standard errors generated from linear regression analysis of weight 

gain for the chemoprevention and chemotherapy experimental groups are shown in Table 

3. There was a statistically significant interaction between DFMO and Sulindac in both 

experimental groups (p = 0.0072 for chemoprevention, p = 0.0048 for chemotherapy), 

regardless of whether the animals were AOM- or Saline-treated. The combination of 

DFMO and Sulindac resulted in a significant decrease in weight gain, whereas treatment 

with DFMO or Sulindac alone did not.  

 
Chemoprevention Chemotherapy 

Treatment Group 
Mean 

Slope 
S.E. 

Mean 

Slope 
S.E. 

AOM - No Drug 0.087 0.022 -0.022 0.044 

AOM – Sulindac 0.031 0.025 0.073 0.051 

AOM – DFMO 0.099 0.022 -0.014 0.044 

AOM - 

DFMO/Sulindac 
*-0.101 0.024 **-0.223 0.048 

Saline - No Drug 0.189 0.047 0.13 0.089 

Saline – Sulindac 0.016 0.047 0.005 0.089 

Saline – DFMO 0.095 0.036 0.006 0.077 

Saline - 

DFMO/Sulindac 
*-0.08 0.031 **-0.149 0.077 

 

Table 3: Comparison of Weight Gain Mean Slope between Treatment Groups. Only the combination 

of DFMO and Sulindac resulted in a significant decrease in weight gain (* denotes p = 0.0072, ** denotes p 

= 0.0048). 

 

Chemoprevention Experimental Group 

With respect to the average number of discrete adenoma, descriptive statistics revealed 

that AOM-treated mice given DFMO and/or Sulindac developed  fewer tumors than 
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untreated controls, with the greatest reduction in number occurring in the group treated 

with both DFMO and Sulindac (see Figure 7). OCT image analysis did result in two false 

positive instances of adenoma assigned to the saline group, however, which histology 

confirmed to be gastrointestinal lymphoid tissue (refer to Appendix L for the number of 

mice in each treatment group over time).  Statistical analysis of the AOM-treated mice by 

two-way ANOVA confirmed the aforementioned results (see Table 4 for the treatment 

group means and standard error), revealing a significant effect of both DFMO and 

Sulindac on the maximum number of tumors observed per mouse (p < 0.0001 for both). 

A statistically significant interaction between DFMO and Sulindac was not found (p = 

0.57).  

 

 
 

Figure 7: Chemoprevention Experimental Group Average Number of Adenoma per Mouse over 

Time. Notice the significant reduction in average number of adenoma per mouse for the DFMO, Sulindac 

and DFMO/Sulindac groups. Error bars based on SD calculated for each treatment group.  
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Descriptive statistics calculated for tumor burden in the AOM-treated mice depicted the 

same trend as seen for average number of adenoma, with groups given DFMO and/or 

Sulindac having distinctly smaller average tumor burden values compared to untreated 

controls (see Figure 8). As before, treatment with both DFMO and Sulindac appeared to 

have the greatest effect in reducing tumor burden (refer to Appendix L for the number of 

mice in each treatment group over time). Statistical analysis using a two-way ANOVA, 

however, found that DFMO and Sulindac interact at a statistically significant level (p = 

0.0069), meaning that the effect either drug has on tumor burden is dependent on whether 

or not the other drug is present. In fact, subsequent stratified analyses found that 

treatment with either drug only significantly reduces tumor burden in the absence of the 

other drug (p = 0.0002 for DFMO, p = 0.0081 for Sulindac). The mean tumor burden per 

treatment group and standard error are shown in Table 4, below.  

 
 

Figure 8: Chemoprevention Experimental Group Average Tumor Burden per Mouse over Time. 

Notice the reduction in tumor burden in mice treated with DFMO and/or Sulindac compared to untreated 

controls. Error bars based on SD calculated for each treatment group.  
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Maximum Number 

of Tumors 
Tumor Burden 

Treatment Group Mean S.E. Mean S.E. 

AOM - No Drug 5.538 0.117 6.028 0.717 

AOM – Sulindac *1.857 0.277 **1.099 0.978 

AOM – DFMO *1.461 0.229 ***0.710 0.717 

AOM - DFMO/Sulindac 0.333 0.577 0.501 0.862 
 

Table 4: Means and Standard Errors for Maximum Number of Tumors and Tumor Burden in the 

Chemoprevention Experimental Group. Treatment with DFMO and/or Sulindac resulted in a significant 

effect on the maximum number of tumors, whereas treatment with DFMO or Sulindac only significantly 

affected tumor burden in the absence of the other drug (* denotes p < 0.0001, ** denotes p = 0.0081, *** 

denotes p = 0.0002). 

 

Chemotherapy Experimental Group 

The progression of average number of adenoma per mouse over time is depicted in 

Figure 9, below (see Appendix L for the number of mice in each treatment group over 

time). In contrast to the results obtained for the chemoprevention experimental group, 

descriptive statistics calculated for the chemotherapy experimental group did not reveal a 

distinct effect of treatment with DFMO and/or Sulindac on the average number of 

discrete adenoma per mouse. However, statistical analysis using a two-way ANOVA was 

able to find a significant effect of Sulindac on the maximum number of tumors per mouse 

(p = 0.0072). An effect of DFMO on the maximum number of tumors per mouse was not 

found (p = 0.07), nor was there a statistically significant interaction between DFMO and 

Sulindac (p = 0.80). Adjusting for the measurements obtained prior to treatment initiation 

did not significantly affect these results.  
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As depicted in Figure 10, descriptive statistics calculated on tumor burden data were also 

unable to elucidate any effect of treatment with DFMO and/or Sulindac (refer to 

Appendix L for the number of mice in each treatment group over time). Statistical 

analysis using a two-way ANOVA confirmed these results, showing no interaction 

between DFMO and Sulindac (p = 0.81) and no effect of either DFMO (p = 0.81) or 

Sulindac (p = 0.07) on tumor burden (see Table 5 for mean tumor burden and standard 

error data for each treatment group). Adjusting for the measurements obtained prior to 

treatment initiation did not significantly affect these results. 

 

 

 
 

Figure 9: Chemotherapy Experimental Group Average Number of Adenoma per Mouse over Time. 

Error bars based on SD calculated for each treatment group.  
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Maximum Number 

of Tumors 
Tumor Burden 

Treatment Group Mean S.E. Mean S.E. 

AOM - No Drug 5.916 0.118 6.500 2.018 

AOM - Sulindac *4.111 0.164 2.020 2.330 

AOM - DFMO 4.666 0.133 5.518 2.018 

AOM - DFMO/Sulindac 3.000 0.182 2.087 2.211 
 

Table 5: Means and Standard Errors for Maximum Number of Tumors and Tumor Burden in the 

Chemotherapy Experimental Group. Treatment with Sulindac resulted in a significant effect on 

maximum number of tumors (* denotes p = 0.0072). However, treatment with DFMO and/or Sulindac did 

not have a significant effect on tumor burden.   

 

 

 

 
 

Figure 10: Chemotherapy Experimental Group Average Tumor Burden per Mouse over Time. 
Treatment with DFMO and/or Sulindac does not appear to affect average tumor burden per mouse. Error 

bars are based on SD calculated for each treatment group.  
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Comparison of OCT with Histology 

Currently, the accuracy of OCT can only be determined by comparison with gold 

standard measurements. For the present study, histological analysis was used as the gold 

standard. The accuracy of OCT in the quantification of disease progression was thus 

determined by evaluating percent incidence of adenoma between treatment groups, 

determining the percentage of measurement error in discrete adenoma and tumor burden 

measurements, and calculating the sensitivity of OCT to adenoma. Only data from mice 

with corresponding histology were included in these analyses.  

 

Final OCT time point adenoma incidence for both the chemoprevention and 

chemotherapy experimental groups is presented with the results of histological analysis in 

Figures 11 and 12, respectively. In general, OCT image analysis results correlate well 

with gold standard histology in both experimental groups.  The only instance in which the 

results did not correlate well was in the chemoprevention saline group where OCT image 

analysis resulted in two false positives. Overall, OCT image analysis of the 

chemoprevention experimental group resulted in the finding that 100% of the mice in the 

No Drug group developed adenomas over the course of the study, whereas incidence was 

reduced to 72.73% in the DFMO group, 85.71% in the Sulindac group and 16.67% in the 

DFMO/Sulindac group. On the other hand, OCT image analysis of the chemotherapy 

experimental group resulted in the finding that although 100% of the mice in the No Drug 

group developed adenomas, only 90% of the Late DFMO group, 83.33% of the Late 
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Sulindac Group and 71.43% of the Late DFMO/Sulindac group developed adenomas 

over the course of the study.  

 

Figure 11: Chemoprevention Experimental Group Adenoma Incidence in Final OCT Time Point and 

Histology. OCT image analysis results correlate well with those from histology. 

 

 

Figure 12: Chemotherapy Experimental Group Adenoma Incidence in Final OCT Time Point and 

Histology. OCT image analysis results correlate well with those from histology. 
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For measurement error calculations, the percentage of measurement error was calculated 

using the following equation 

        
|   −          |

         
       

where OCT is the total number of adenoma or the total tumor burden calculated based on 

OCT image analysis, and Histology is the total number of adenoma or the total tumor 

burden calculated based on analysis of the histology slides. Percent measurement error 

was thus determined to be 2.38% for number of discrete adenoma, and 42.90% for tumor 

burden. Based on this protocol, OCT was determined to have 89.02% sensitivity to 

adenoma. Of the total number of tumors identified in OCT image analysis, only 12.57% 

were false positives (21 out of 167).  

 

Discussion 

The purpose of the present study was to evaluate the effectiveness of DFMO and/or 

Sulindac as chemopreventive and chemotherapeutic agents in an AOM-treated mouse 

model of colorectal cancer through time-serial imaging using endoscopic SDOCT.  High 

resolution images of 30 mm of colonic tissue microstructure were obtained in 90 A/J 

mice and visually analyzed to determine the number and size of discrete adenomas. The 

results were then compared between experimental groups using descriptive statistics and 

statistical analysis by ANOVA, and the final time point was confirmed with gold 

standard histology. This study was particularly novel due to the fact that it evaluated 
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multiple treatment regimes, whereas previous research using these drugs have only 

evaluated one treatment regime (DFMO
44,45,49,52

, Sulindac
46-48,50,51,53,54

, or the 

combination of DFMO and Sulindac
55-57

). As in previous research with human
68-70 

and 

murine
73-78

 subjects, the SDOCT system presented here clearly delineated the 

architectural features of healthy colonic tissue including the mucosa, submucosa and 

muscularis propria, and differentiated between normal tissue and adenoma (see Figure 6).  

 

Chemoprevention Experimental Group 

Treatment with DFMO or Sulindac was found to significantly reduce the maximum 

number of tumors per mouse (p > 0.0001 for both) compared to untreated controls in the 

chemoprevention experimental group. This result was expected due to the fact that 

DFMO and Sulindac have been shown to inhibit the carcinogenic process in colorectal 

cancer through inhibition of polyamine overproduction
44,45

 and COX-2 overexpression
46

, 

respectively. Such molecular inhibitions result in the minimization of overgrowth, 

unchecked proliferation and apoptosis avoidance characteristic of pre-cancerous and 

cancerous cells. The reduction in adenoma incidence observed after treatment with 

DFMO and/or Sulindac not only confirms the results of previous research in humans
44-

46,48,56
, but also proves the efficacy of implementing these treatments in chemopreventive 

investigations with mouse models of colorectal cancer. Furthermore, the lack of an 

interaction between DFMO and Sulindac in statistical analyses of maximum tumor 

number (p = 0.57) suggests that they act in an additive fashion to prevent tumorigenesis, 
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as previously found by Lawson, et al. (2000)
55

 in human colon cancer-derived cells. 

When analyzing this possibility through the comparison of group means (see Table 4), 

however, it can be seen that the observed effect of combining these drugs is greater than 

that which would be expected by an additive effect (mean of 0.333 ± 0.577 versus 2.220 

± 0.519). As such, the combination of DFMO and Sulindac in the prevention of 

tumorigenesis may be due to an additive interaction of the drugs, as well as an 

intensification of their individual effects.  

 

In contrast to the results on maximum number of adenoma, a significant interaction 

between DFMO and Sulindac (p = 0.0069) was found in the analysis of tumor burden. 

Subsequent stratified analyses determined that, due to this interaction, DFMO was 

capable of significantly reducing tumor burden only in the absence of Sulindac (p = 

0.0002), and Sulindac was capable of significantly reducing tumor burden only in the 

absence of DFMO (p = 0.0081). Despite the lack of a statistically significant effect of 

combining DFMO and Sulindac, a drastic decrease in mean tumor burden was observed 

in the DFMO/Sulindac treatment group compared to untreated controls (see Table 4). 

This reduction in tumor growth is likely due to differences in disease stage between the 

treatment groups; however, treatment with DFMO and Sulindac may contribute to some 

degree.  

 



64 
 

During the study, two mice in the DFMO/Sulindac treatment group developed adenomas.  

Treatment may not have been completely effective in these mice due to any or all of the 

following: limitations of the AOM-treated mouse model, the incomplete metabolism of 

Sulindac, or animal eating and drinking habits. In the AOM-treated mouse model, 

methylazoxymethanol (MAM) induces DNA adduct formation, thereby producing the 

initiating event for colon carcinogenesis by causing mutations in DNA repair genes, 

TGF-β signaling, β -catenin, and/or KRAS.
79, 80 

These genetic alterations result in COX-2 

and ODC upregulation in AOM-treated mice, although APC is not directly mutated in 

this mouse model. In addition, treatment with high doses of AOM has been shown to 

result in liver toxicity,
38

 which could affect the ability of the liver to metabolize Sulindac. 

AOM is metabolized in the liver by the enzyme cytochrome P450 (CYP) isoform 2E1 

(CYP2E1) to form MAM.
 81

 The differential strain susceptibility observed in mice treated 

with AOM is based on the activity of this enzyme. Increased activity of CYP2E1 in A/J 

mice results in higher amounts of AOM being metabolized, which could cause liver 

toxicity. Liver toxicity could then compromise the metabolism of Sulindac by adversely 

affecting the ability of flavin monoxygenase 3 (FMO3) to oxidize Sulindac and form 

Sulindac sulfone. Along with the aforementioned explanations, the development of 

adenoma in the two mice treated with DFMO and Sulindac could also be explained by 

changes in eating and drinking habits. As outlined in the methods section, DFMO was 

administered in the drinking water and Sulindac in the food. If the mice were not eating 

or drinking much, there would not be high enough concentrations of DFMO and Sulindac 

in the body for carcinogenesis to be prevented.  
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Chemotherapy Experimental Group 

Treatment with DFMO was not found to have a significant effect on either maximal 

number of tumors per mouse (p = 0.07) or tumor burden (p = 0.81) in the chemotherapy 

experimental group. This suggests that DFMO may be primarily effective during the 

initiation state of carcinogenesis. Sulindac, on the other hand, had a significant effect on 

the maximum number of tumors (p = 0.0072), regardless of whether or not it was 

combined with DFMO. In Table 5, a 50% reduction in the maximum number of tumors 

in the DFMO/Sulindac treatment group is observed compared to untreated controls 

(3.000 ± 0.182 and 5.916 ± 0.118, respectively). This reduction is largely due to the 

statistically significant effect of Sulindac. However, DFMO may contribute to some 

extent, as the reduction in maximum number of tumors was larger in the DFMO/Sulindac 

treatment group than the treatment group given Sulindac alone (3.000 ± 0.182 and 4.111 

± 0.164, respectively). Increasing the number of mice in the treatment groups may further 

elucidate the effects of combining DFMO and Sulindac in chemotherapeutic applications.  

 

Although a statistically significant effect of treatment with DFMO or Sulindac was not 

found in the present study’s analysis of tumor burden (p = 0.81 and p = 0.07, 

respectively), Sulindac likely plays a role in tumor burden reduction through the 

induction of apoptosis or decrease of intercellular β-catenin levels described earlier, as 

both of the treatment groups with Sulindac had smaller average tumor burdens compared 

to untreated controls (see Table 5). The results presented here suggest that Sulindac is 
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most likely to significantly contribute to inhibiting carcinogenesis when applied during 

the initiation or promotion stages.  

 

Measurement Error 

Comparison of final imaging time point data with histology indicates that adenoma 

assignment based on OCT images is highly accurate (2.38% error). However, discrete 

adenoma sizing based on OCT image analysis is not as accurate (42.9% error). These 

errors in adenoma assignment and sizing likely stem from a variety of sources, including 

but not limited to: sampling interval, image analysis, and histological processing.  

 

Based on the diameter of the endoscope and the sampling interval of 45 degrees, this 

protocol for endoscopic OCT imaging could completely miss adenoma ≤ 0.8 mm in 

diameter.  Sampling every 45 degrees could also result in the underestimation of size in 

larger adenomas. For example, a 2 mm diameter adenoma centered between imaging 

planes would only overlap each plane by 0.6 mm. Since it is assumed during image 

analysis that the maximal width being measured occurs at the center of the adenoma, this 

2 mm diameter adenoma would be underestimated as being only 1.2 mm in diameter. In 

addition, the structure of individual adenoma at more advanced stages of disease often 

mimics that of cauliflower, with separate clusters of tumor cells emanating from the same 

lamina propria stalk. If an image at the maximal width of the adenoma is not obtained 
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due to the sampling interval, separate clusters of the same adenoma may appear, and be 

counted as, discrete adenoma.  

 

OCT imaging, image analysis and histological processing also likely contribute to 

measurement errors. For instance, the insertion of the endoscope may cause large 

adenoma to compress or fold over at the stalk, minimizing the likeliness of capturing the 

maximal width, let alone the adenoma, in the resultant images. The resolution of the OCT 

system is also a determining factor in measurement error. With lower resolution images, 

it is more difficult to discern adenoma from feces due to noise, or distinguish individual 

adenoma from multiple adenomas in close proximity to each other. Although such 

measurement errors can occur in higher resolution systems, as well, they are not as likely. 

Furthermore, histological processing is known to dehydrate tissue samples, causing the 

gold standard measurements to consistently be smaller than those obtained by OCT 

image analysis.  

 

Despite measurement errors due to the aforementioned sources, the protocol followed in 

the present study was able to correctly identify adenoma with a sensitivity of 89.02%, 

with only 12.57% of the adenomas counted being false positives (21 out of 167). As 

mentioned earlier, previous research in our lab (Hariri, et al., 2007) resulted in OCT 

accurately identifying adenoma with a sensitivity of 95%. The false positive rate for the 

study was 15.56% (7 out of 45).
78

 Two major differences between Hariri, et al. (2007) 
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and the present study can account for the discrepancy in sensitivity. First of all, 50% of 

the data collected during the previous study was thrown out, with only 8 of the 16 images 

taken for each mouse being analyzed.  In addition, the results of the previous study were 

based on a small number of mice (n = 15) compared to the present study (n = 90). Due to 

the fact that the present study included all data collected and a greater number of animals, 

the slightly lower sensitivity to adenoma is to be expected.    

 

Agent Toxicity 

Previous research with human subjects has indicated that the extended use of DFMO or 

NSAIDs causes toxic side effects such as hearing loss, gastrointestinal bleeding, 

gastrointestinal permeability, and adverse cardiovascular events (i.e. stroke, myocardial 

infarction, heart failure). For instance, mild to moderate temporary hearing loss is a 

known toxicity of treatment with DFMO.
44,45,56,82-88

 However, the effect of DFMO on 

hearing loss has been shown to be dosage-dependent.
85,86

 Extended NSAID use, on the 

other hand, has been associated with gastrointestinal bleeding, gastrointestinal 

permeability, and increased risk of cardiovascular events.
89-94

 The NSAIDs most likely to 

be toxic are of the coxib type, which tend to be selective COX-2 inhibitors.
89,91-93

 In fact, 

a thorough review of the literature revealed that potential toxicities associated with 

Sulindac treatment have not been widely investigated. Studies investigating Sulindac for 

the chemoprevention of colorectal cancer, however, have reported few adverse side 

effects of treatment, with the majority being mild in nature.
48,56,95

 Furthermore, a study 
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conducted by Zell, et al. (2009) which examined the risk of cardiovascular events due to 

treatment with a combination of DFMO and Sulindac determined that the subjects most 

likely to experience adverse cardiovascular events are those with a high risk of 

cardiovascular events at baseline.
96

  

 

In the present study, a statistically significant reduction in weight gain resulted from the 

combination of DFMO and Sulindac, regardless of experimental or treatment group. This 

suggests that the combination of DFMO and Sulindac caused some amount of illness in 

the mice in those treatment groups. Reduction in weight gain by treatment with DFMO
86

 

or Sulindac
97

 has also been found in colorectal cancer chemoprevention studies on F344 

rats. The only other symptom exhibited that could potentially be caused by drug toxicity 

was bleeding at the rectum. However, it is widely known that large adenomas must 

recruit their own blood supply to survive and as such often bleed when fecal matter is 

passed. Based on the size of discrete adenoma in the mice that exhibited rectal bleeding, 

it is therefore highly likely that the bleeding was due to disease stage rather than drug 

toxicity.  

 

Study Challenges 

Death of animals prior to study completion was a major challenge of this study. As 

reported earlier, 114 mice were initially enrolled in the study with 24 excluded due to 
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death prior to 29 weeks of age. Of the 90 mice included in the final analyses, however, 

only 73 lived through the completion of the study. A variety of factors contributed to the 

number of deaths, including the anesthetic Avertin, AOM, and random environmental 

factors. As mentioned in the methods section, Avertin was initially used as the anesthetic 

in this study. However, extended use of Avertin results in liver disease, which likely 

contributed to the premature death of several mice. In addition, several mice died during 

AOM treatment. Previous research by Bissahoyo, et al. (2005) has shown that treatment 

with a high dose of AOM (i.e. 20 mg/kg body weight) results in the death of all mice 

within one week of treatment.
38

 It is suspected that a bad batch of AOM was received, as 

this is exactly what occurred in several of the mice. Furthermore, the deaths ceased when 

an alternate batch of AOM was used. Of particular concern is the fact that several of the 

mice in the DFMO/Sulindac treatment groups were among those that died prior to 

completion of the study. Due to the above confounders, however, it was impossible to 

determine whether treatment contributed to those deaths.  

 

Acquiring OCT images at the same locations for all imaging time points and obtaining 

histological sections corresponding to these exact locations for gold standard 

measurements was the other major challenge of this study. Protocols have been 

developed to optimize OCT image and histology matching, however certain confounders 

such as the following are unavoidable: (1) Natural colonic elasticity allows the colon to 

accommodate the diameter of the endoscope; however, large adenomas may cause the 
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colon to be laterally or angularly displaced from its normal orientation when the 

endoscope is inserted. (2) Peristaltic movements are inherent in colonic tissue, caused by 

the contraction of the muscularis propria. The resulting compression of the colon at 

locations of peristalsis will not be the same across imaging time points.  The presence of 

an endoscope within the rectum of the mouse also stimulates the contraction of the 

muscularis propria. (3) Insufficient lubrication may result in friction between the 

endoscope and the colonic tissue, causing the colon to deviate from its normal lateral 

position. (4) Histological processing results in the overall size of tissue appearing smaller 

than in OCT images due to fluid removal (see Figure 6F). Furthermore, it is very difficult 

to obtain sections that depict the attachment of all adenoma to the colon. Figure 6E 

depicts colonic compression between the lesions that is likely due to a combination of 

factors (1)-(3). These confounders were also likely contributors to the two false positives 

in the Saline group that resulted during OCT image analysis. However, the usually 

discrete and well-separated nature of the adenoma facilitated assignment and tracking 

over time. As discussed previously, comparison of final imaging time point data with 

histology indicates that adenoma assignment based on OCT images is highly accurate.  

 

Conclusions and Future Directions 

The application of OCT for tracking disease progression and evaluating chemopreventive 

and chemotherapeutic agent effectiveness was extremely successful. This method 

significantly improved upon the current paradigms for evaluating disease progression and 
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agent effectiveness in human and mouse models, allowing time-serial data on an 

individual subject to be obtained. Furthermore, the novel design of this study allowed 

multiple treatment regimes to be evaluated, thereby confirming the results of previous 

research and identifying previously unknown chemotherapeutic properties of DFMO and 

Sulindac. Although the combination of DFMO and Sulindac appears to be most effective 

in preventing adenoma incidence in chemopreventive applications, the observation of 

additional mice may show this drug combination to be effective in reducing adenoma 

incidence in chemotherapeutic applications, as well. A reduction in tumor burden, on the 

other hand, appears to result from chemopreventive treatment with DFMO or Sulindac 

alone, or chemotherapeutic treatment with Sulindac alone. This suggests that DFMO is 

mainly effective during the initiation stage of carcinogenesis, whereas Sulindac is likely 

to be effective in the initiation and/or promotion stages. Due to the ototoxicity of DFMO 

and the potential toxicities of Sulindac, however, additional studies are needed to 

determine the minimal dosage required to maintain the chemopreventive and 

chemotherapeutic effects observed. Future investigations into the development of 

endoscopic OCT systems capable of cellular resolutions would also be of great value as 

such systems would allow earlier detection of neoplasia, thereby improving the morbidity 

and mortality rates associated with colorectal cancer.  
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APPENDIX A: ANIMAL SUBJECTS APPROVAL 
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APPENDIX B: AOM DILUTION PROCEDURES 

Diluting 25 mg AOM to 1.0 mg/mL 

 

Supplies 

Tabletop chuck 

Nitrile gloves 

Protective clothing- mask/lab coat 

Red tape 

Pen 

25 mg Azoxymethane (AOM) 

Two 20 mL bottle of 0.9% NaCl sterile saline 

Large syringe with an 18 gauge needle 

1 mL syringe with a long needle (1 ½” preferred) 

50 mL plastic conical vial 

Vial holder 

Left-handed Butyl glove (or opposite of dominant hand) 

 

Equipment 
 None 

 

Procedures must be done under biohazard hood in sterile conditions. 

Refer to MSDS on AOM for further instructions on proper handling of AOM. 

 

Procedures 
1. Gown up with lab coat, facemask, and two pairs of nitrile gloves. 

2. Lay down table cover in hood and tape down. 

3. On piece of red tape, label two saline bottles with the following: 

a) Azoxymethane 1.0 mg/mL 

b) Date 

c) Your initials 

4.   Place all supplies in hood on top of table cover. 

5.   Use large syringe with 18 gauge needle to remove 25 mL of saline from two 

 Azoxymethane labeled saline bottles and place in conical vial.  

  25 mg AOM/25 mL saline = 1.0 mg AOM/mL 

6.   Remove remainder of saline from these two saline bottles and discard. 

7.   Remove about 1 mL of saline from the conical vial. 

8. Put butyl glove on your non-dominate hand. 

9. Open AOM container (break neck of bottle) with non-dominate hand and place 

 bottle top on table pad on its side, stand bottle upright. 

10. Add the 1 mL of saline to the AOM bottle.  

11. Redraw the entire 1 mL of saline from AOM bottle into syringe and add to 

conical vial. 
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12. Repeat steps10-11 five times. 

13. Repeat steps 10-12 with AOM bottle top. 

14. Cap the conical vial and shake gently. 

15. Uncap conical vial. 

16. Draw approximately 15 mL of diluted AOM and add to one of the empty 

azoxymethane labeled saline bottles. 

17. Draw remaining diluted AOM and add to the second empty azoxymethane labeled 

saline bottle. 

18. Store AOM in refrigerator, inside bag or box that has not been contaminated. 

19. Store all other materials in biohazard hood for 1 week. 

20. Place disposables into in red biohazard bag.  
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APPENDIX C: AOM ADMINISTRATION PROCEDURES 

Supplies 

AOM diluted to 1mg/mL 

Diaper 

Nitrile gloves 

Butyl gloves 

Syringes 1 mL with 26 gauge ½” needle 

Sharps container 

Red bag 

Gown 

Mask 

Clean cages with fresh bedding 

 

Equipment 

Scale 

Tray 

 

Safety 

1. A sign will be placed on the door, INJECTIONS IN PROGRESS  DO NOT 

ENTER 

2. Unnecessary conversations will be kept to a minimum. 

3. Interruptions won’t be allowed. 

4. All procedures must be done in the hood, 6 in inside the lip. 

5. Head must remain outside the hood sash. 

6. Gloves and gown will be disposed of within the hood in a red bag. 

7. Sharps and red bag must remain in the hood for 1 week. 

8. Immediately on finishing, hands must be washed with soap and water. 

9. Double nitrile gloves will be worn. 

10. Any damage to the outer glove will require both gloves to be replaced 

immediately. 

11. Do not expel bubbles in syringe. 

12. Do not recap syringes. 

 

Procedures 

1. Gown up with lab coat, facemask, and two pairs of nitrile gloves. 

2. Lay down table cover in hood and tape down. 

3. Lay out syringes, and other materials needed for injection. 

4. Place new cage on surface in a convenient position. 

5. Place butyl glove on non- dominate hand. 

6. Weigh mouse. 

7. If first injection, ear punch as appropriate. 
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8. In the hood, draw up AOM as in chart below, making an effort not to draw up 

excess air. 

9. Do not expel bubble from syringe. 

10. Place mouse on cage top. 

11. Hold tail of mouse with butyl gloved hand. 

12. With bevel up, insert needle behind the shoulders subcutaneously. 

13. Withdraw the plunger slightly to insure not on a blood vessel. 

14. Inject the AOM. 

15. Withdraw the needle and immediately place in the contaminated sharps without 

recapping the needle. 

16. Return the mouse to a new, clean cage. 

17. At the completion of the cage, move lid of old cage to new cage. 

18. Store used cages and all other materials in biohazard hood for 1 week. 

19. Place disposables into in red biohazard bag. 

 

 

Mouse weight (in g) AOM (mL) 

15 0.15 

16 0.16 

17 0.17 

18 0.18 

19 0.19 

20 0.20 

21 0.21 

22 0.22 

23 0.23 

24 0.24 

25 0.25 

26 0.26 

27 0.27 

28 0.28 

29 0.29 

30 0.30 
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APPENDIX D: DFMO DILUTION PROCEDURES 

Making 1% DFMO in Water 

 

Supplies 

DFMO 

Deionized water 

Scale paper 

Scoop 

1L bottle 

Gloves 

 

Equipment 

 Scale 

 

Procedures 

1. Wear  gloves and avoid producing dust. 

2. Weigh out 10 g DFMO onto scale paper using scoop. 

3. Transfer 10 g DFMO into 1L bottle. 

4. Add to 1000 mL deionized water to bottle. 

5. Shake until DFMO is dissolved. 

6. Store in refrigerator until use. 
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APPENDIX E: KETAMINE/XYLAZINE MIX AND DOSING PROCEDURES 

Supplies 

Gloves 

2 sterile saline bottles with septate top 

Ketamine  (100 mg/mL) solution 

Xylazine (20 mg/mL) solution 

Syringes and needles 

Sharps container 

    

Equipment  

None 

Procedures 

1. Put on a pair of gloves. 

2. Completely empty one bottle of saline using a syringe.  This will be your new 

Ketamine/Xylazine container. 

3. Discard saline in sink. 

4. Add  1166.5 µL Ketamine 100 mg/ml stock and 583.25 µL Xylazine 20 mg/ml 

stock to vial. 

5. Add 8250.25 µL Saline to vial. 

6. Gently mix. 

7.  Label bottle with the following information:  

a) 100 mg/ kg Ketamine + 10 mg/kg Xylazine  

b) Date 

c) Your initials 

8. Administer anesthetic based on mouse weight. If imaging on 890 nm SDOCT 

administer ½ dose. 

 

 

Mouse Weight (in g) Full Dose ½ Dose 

12 0.10 0.05 

13 0.11 0.06 

14 0.12 0.06 

15 0.13 0.06 

16 0.14 0.07 

17 0.15 0.07 

18 0.15 0.08 

19 0.16 0.08 

20 0.17 0.09 

21 0.18 0.09 

22 0.19 0.09 

23 0.20 0.10 
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Mouse Weight (in g) Full Dose ½ Dose 

24 0.21 0.10 

25 0.22 0.11 

26 0.22 0.11 

27 0.23 0.12 

28 0.24 0.12 

29 0.25 0.12 

30 0.26 0.13 

31 0.27 0.13 

32 0.28 0.14 

33 0.28 0.14 

34 0.29 0.15 

35 0.30 0.15 
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APPENDIX F: MOUSE ENDOSCOPY PROCEDURES 

Supplies 

Tabletop chucks 

Cotton pads 

Non-sterile gauze 

70% ethanol 

 Distilled water 

Scale (0.1 g resolution, 100 g capacity) 

Small container to weigh mouse (Mouse Box) 

Small container to elevate mouse to instrument height during imaging (Elevation 

box) 

1 mL 25 gauge 5/8” syringes (at least 2 per mouse) 

Anesthetic 

Petri dish 

Lubricant 

Cotton tipped applicators 

Scotch Tape 

Heating pads 

Sharps container 

Clean cages with bedding 

Clean cages without bedding 

 

Equipment   

Endoscopic OCT system 

 

Procedures 

Preparation 

1. Follow protocol for endoscopic OCT system setup/calibration. 

2. Get all supplies needed and set up work areas: one area for imaging and one area 

for anesthesia/recovery. 

a) In imaging area, place elevation box underneath endoscope and lay a 

warmed heating pad covered with a tabletop chuck on top (if electric 

heating pad, set on lowest setting). Also place petri dish with small 

amount of lubricant diluted with water and cotton tipped applicators 

nearby. 

b) In anesthesia/recovery area, prepare a place for the mice to recover with 

heating pads on lowest setting, and clean cages without bedding to prevent 

suffocation.  

 

Weigh Mouse 

1. Turn on and tare the scale. 

2. Place the mouse box on the scale and tare its weight. 
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3. Place mouse inside the mouse box on the scale and read weight. 

4. Record the date, mouse number and weight in laboratory notebook or on printed 

spreadsheet.  

 

Anesthetize Mouse  

1. Use anesthetic conversion chart for specific anesthetic to determine amount 

needed to appropriately anesthetize mouse based on its weight. 

2. Fill a syringe with the amount of anesthetic. Be sure to flick at large bubbles and 

eject excess air from end of syringe. 

3. Place mouse on cage rack (above cage). 

4. Hold mouse’s tail with right hand and pull slightly until mouse is taught. 

5. Use left hand to grab loose skin on back of mouse’s neck (i.e. scruff) and hold 

tightly so mouse cannot turn head and bite. 

6. Release tail, pick up mouse by scruff and flip over so abdomen is exposed. 

7. Place mouse’s tail between third and pinky fingers and hold tightly so abdominal 

skin is kept tight. 

8. Tilt mouse’s head backwards toward floor to allow gravity to pull internal organs 

out of range of injection. 

9. Insert needle into mouse’s abdomen and inject anesthetic. 

10. Remove needle from abdomen carefully and discard in sharps container.  

11. Allow approximately five minutes for anesthetic to have full effect. 

12. When mouse is no longer moving, pinch either back foot to ensure it is 

anesthetized.  If mouse moves, wait a few more minutes and try again.  If mouse 

continues to move, administer an additional 1/3 of initial amount of anesthetic to 

mouse.  

13. Once mouse is anesthetized, flush colon with at least 3 mL of warm saline to 

remove any blood or feces. Be careful not to push too hard or you may perforate 

the colon wall. 

14. Blot anus with cotton pad to remove excess fluid and transfer mouse to 

endoscopic OCT system for imaging. 

 

Position Mouse on Endoscope 

1. Place mouse ventrally (belly down) on top of tabletop chuck.  

2. Clean endoscope with ethanol and cotton pad. 

3. Cover endoscope tip with a thin layer of lubricant using cotton tipped applicator. 

4. Pick up mouse’s tail, use cotton tipped applicator to apply lubricant on anus and 

region near base of tail. Lubricating the hair with a radial sweeping motion away 

from the anus will help you see the region better. 

5. SLOWLY insert endoscope tip into the anus and push gently into the mouse’s 

colon until the black mark (approximately 32 mm) is just outside the anus.  If you 

feel resistance while inserting endoscope, pull it out slightly and then try again to 

push it into the colon.  If there is still resistance, remove endoscope from mouse 

and confirm it is going into the colon. Try re-inserting endoscope again and if 
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resistance is still felt, remove mouse and flush with saline in case feces is 

preventing endoscope insertion. 

6. Once the endoscope is inserted into the mouse colon, tape the mouse’s tail to the 

endoscope to prevent the endoscope from slipping out of the mouse during the 

study.  

 

Obtain Images 

1. Follow specific OCT system protocol for obtaining and saving images. 

2. Occasionally check mouse to ensure it is still breathing (normally) and is not 

moving. 

3. If mouse awakens during image acquisition, try to cover it lightly with your 

gloved hand and keep it calm until imaging finishes. If this does not work, do the 

following: 

a) Pause program 

b) Remove endoscope from mouse. 

c) Administer 1/2 the initial dose of anesthetic to the mouse IP. 

d) Re-insert endoscope and re-tape mouse’s tail to the endoscope. 

e) Resume taking images. 

 

Wrap Up 

1. When image acquisition is complete, SLOWLY remove tape from mouse’s tail 

and SLOWLY remove endoscope from anus. 

2. Check to make sure that mouse is still breathing (normally). 

3. Gently place mouse in the recovery area belly down.   

4. When mouse has begun to move around without stumbling, return mouse to clean 

cage with bedding. 

5. When imaging of all mice has been completed, throw away used tabletop chuck 

pads, used cotton-tip applicators and excess lubricant.   

6. Clean endoscope with ethanol and cotton pad. 

7. Return supplies to where they belong and wash any dishes. 
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APPENDIX G: IMAGE ACQUISITION PROTOCOL USING FDOCT PROGRAM 

Supplies 
None 

 

Equipment 

Computer with FDOCT program on it 

Endoscopic SDOCT system 

 

Procedures 

Preparation 

1. If not already on, turn on computer connected to SDOCT system, and SDOCT 

system equipment (i.e. SLD, rotational motor, other circuitry). 

2. Find the FDOCT icon on the desktop and double-click to open the program. 

3. Under the Settings tab, depicted below, verify that the linear stage and rotational 

motor are working correctly by translating the stage forward and backward by 30 

mm, and then rotating the endoscope by 45 and 360 degrees.  

a. When translating the linear stage by 30 mm, first translate the stage in two 

10 mm increments, then by 5, 3, and 2 mm increments. Observe the 

translation of the endoscope to ensure the optics do not get jammed in the 

front of the glass tube and scratch/break. Velocity should be set to 1 

mm/sec. 

b. When rotating the rotational motor, make sure to reverse the actions you 

perform so that the wires do not get twisted (i.e. if you rotated the 

endoscope by 360 degrees, click on the Counter-Clockwise box and then 

rotate again by 360 degrees).  

4. Now, enter the desired exposure time (250 microsec typically used), and the 

appropriate calibration file name and path (e.g. Z:\890 Fourier Domain\calibration 

9-21-11\cal_22-Sep-2011_143337.txt). The name of the calibration file that 

should be used is taped to the top of the rotational motor.  
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Display Area 

Rotational Motor Linear Stage Endoscope 
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Image Acquisition 

1. Once the appropriate settings have been entered and the material you are imaging 

is positioned on/under the endoscope, click on the Image Acquisition tab, as 

depicted below.  

2. Enter the desired number of A-scans, length of scan (in mm), number of images 

and angular range. For imaging a murine colon, 5000 A-scans, 30 mm scan 

length, 8 images, and 360 degree angular range are the typically parameters.  

3. Enter the path where the image(s) are to be saved and an appropriate file name 

(e.g. ms103_AOM). Leave the increment at 1.  

4. Now, click on Series/Image Acquire. If more than one image will be taken, the 

button will be named Series Acquire, versus Image Acquire if only one image will 

be taken. If a series of images are being taken, they will be automatically saved to 

the path specified. However, if only one image is being taken, you will need to 

click on the Save button for it to save the image to the specified path.  

5. When a scan has been completed, ‘Ready’ will appear on the bottom left-hand 

corner of the screen and the most recent image will be displayed in the display 

area.  

 

 
 

Wrap Up 

1. When finished imaging a specimen, turn off the SDOCT equipment (especially 

the SLD), and click the red X to exit the FDOCT program.  

Image 

Display Area 



87 
 

APPENDIX H: COLON EXCISION PROCEDURES 

Supplies 

Gloves 

Tabletop chucks 

Non-sterile gauze 

Medium-point forceps, serrated and non-serrated 

Fine-point scissors 

Medium-point scissors 

Scalpel and scalpel handle 

Vials with labels 

Histology fixative 

Endoscope replicator 

Lubricant 

Filter Paper, cut into 3.5 x 0.5 cm pieces 

Wash bottle with alcohol (isopropanol or ethanol) 

Plastic sealable bags 

Pencil 

Saline 

Heating pad 

Biohazard bag 

 

Equipment 

Illuminated magnifier 

 

Procedures 

Preparation 

1. Lay a tabletop pad on workspace and place non-sterile cotton gauze on diaper 

where mouse will lay. 

2. Collect all supplies and have near your workspace. 

3. IN PENCIL, place a dot on the upper left corner of two cut pieces of filter paper.  

This marks the location of the top of the first rotation. 

4. Label a vial with mouse number, treatment type, study name, your initials, date 

and any other pertinent information.  Fill vial with fixative and place within reach. 

5. Euthanize mouse following standard operating procedure for that mode of 

euthanasia. 
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Excising Tissue 

1. Place mouse dorsally on cotton gauze. 

2. Wet belly fur with 70% ethanol or isopropanol. 

3. Pick up slack skin on center of lower abdomen with serrated forceps. 

4. Make small horizontal incision with medium point scissors above forceps, 

ensuring incision only penetrates abdominal wall. 

5. Adjust illuminated magnifier over abdomen. 

6. Visualize the peritoneum overlying the abdominal contents under the incision. 

7. Pick up slack peritoneum on lower abdomen with serrated forceps. 

8. Make small incision to penetrate the peritoneum as above ensuring that abdominal 

contents are not damaged. 

9. Remove peritoneum and skin to expose abdominal contents. 

10. Locate cecum (usually on right side of lower abdomen). 

11. The small intestine lies on top of the segment of colon we are interested in.  To 

remove it, unwind the small intestine with the non-serrated forceps until the 

junction between the small intestine and stomach is visualized and move entire 

small intestine out of abdominal cavity. 

12. Lubricate endoscope replicator and insert into anus until black mark on replicator 

is just outside of the anus (repliator should be inserted about 30mm deep).  This 

allows you to visualize the segment of colon we are interested in and know how 

much colon we need to collect. 

13. Unwind the large intestine until the endoscope replicator is clearly visualized. 

14. Carefully dissect away the organs and fat stores lying on top of the colon and 

remove. 

15. Dissect away the connective tissue holding down the colon dorsally (behind the 

colon). 

16. Insert the medium point scissors into the anus above the replicator and break the 

pubis of the pelvis that lies over the ventral colon. 

17. Paint or mark line with tissue marking dye to indicate longitudinal cut in step 4 of 

fixing the tissue. 

18. Use the fine point scissors to dissect out the colon as close to the anus as possible.  

The distal portion of the colon should now be free. 

19. Cut the proximal portion of the colon 0.5 cm above the end of the endoscope 

replicator with the scissors.   

20. The entire segment of colon should now be free.  

21. Use wash bottle with saline to rinse the outer surface of colon. 

 

Fixing Tissue 

1. Place entire segment of colon on the piece of filter paper. 

2. Make sure filter paper is marked with PENCIL dot on upper left corner. 

3. Moisten colon with saline. 

4. Use the scalpel to cut the colon open longitudinally. 
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5. Roll the replicator so the colon is opened flat on the filter paper and rinse away 

debris from inner surface with saline. 

6. Press the colon to the paper slightly to ensure it has adhered. 

7. Place the second piece of filter paper on top of the colon to keep the tissue flat. 

8. Submerge the filter paper pieces with colon in between into fixative in the 

appropriate labeled vial and cap vial.  

9. Lay the vial on its side to ensure the entire colon is covered with fixative. 

 

Wrap Up 

1. Wash endoscope replicator by hand and dry. 

2. Wash all other instruments. 

3. Place mouse and it’s organs inside a plastic bag, close, and put in biohazard bag 

in freezer. 

4. Throw gauze, tabletop pad, wrappers, etc. in biohazard waste container. 

5. Take empty cages to animal facility. 
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APPENDIX I: HEMATOXYLIN AND EOSIN STAINING PROCEDURES 

Hematoxylin and Eosin Staining of Fixed Colon Specimens 

Supplies 
Gloves 

Xylene 

100% Ethanol (EtOH) 

De-ionized water (dH2O) 

Gill’s Hematoxylin 

Eosin 

Acid ethanol 

Ammonia water 

Slide rack 

Glass containers with lids (need to be able to hold 300 mL of liquid) 

Wax pencil 

Sectioned tissue slides 

Coverslips 

Permount 

Disposable pipette 

Tweezers 

Trays covered with paper 

Printed checklist 

 

Equipment 
Fume hood 

Microscope 

 

Procedures 

Preparation 

1. Put on a pair of gloves. 

2. Pour four 100% EtOH baths with 300 mL EtOH each and label container lids with 

wax pencil. 

3. Dilute 100% EtOH to form 300 mL 95%, 90%, 80%, and 70% solutions and label 

container lids with wax pencil. Three 95% baths are needed.  

4. Pour two 300 mL Xylene baths in fume hood and label container lids with wax 

pencil. 

5. Pour 300 mL dH2O, Hematoxylin and Eosin into individual containers and label 

lids with wax pencil.  

6. Make acid ethanol by adding 3mL of 37% HCl to 300 mL of 70% EtOH and label 

container lid with wax pencil. 



91 
 

7. Make ammonia water by adding 0.9 mL of 30% Ammonium Hydroxide to 300 

mL of dH2O and label container lid with wax pencil. 

8. Arrange baths in the following order for procedural ease: 100% EtOH, 100% 

EtOH, 95% EtOH, 90% EtOH, 80% EtOH, 70% EtOH, dH2O, Hematoxylin, acid 

ethanol, ammonia water, Eosin, 95% EtOH, 95% EtOH, 100% EtOH, and 100% 

EtOH.  

9. Lay down absorptive paper in fume hood and place tweezers, permount, 

coverslips, trays and disposable pipette on top to prepare for cover slipping at end 

of staining process. 

 

Staining Procedures 

1. Put sectioned slides into slide rack and warm in oven for 20 minutes to break 

down paraffin bonds. 

2. Let slides cool to room temperature, then place in first Xylene bath in fume hood 

for 10 minutes to remove paraffin. 

3. Transfer slides to second Xylene bath in fume hood for 10 minutes. 

4. Re-hydrate slides by transferring to the following baths for 2 minutes each: 100% 

EtOH, 100% EtOH, 95% EtOH, 90% EtOH, 80% EtOH, and 70% EtOH. Be sure 

to transfer in the specified order. 

5. Transfer slides to dH2O bath for 1 minute. 

6. Place slides in Hematoxylin bath for 10 minutes. 

7. Wash slides in running dH2O until water runs clear (approximately 2 minutes).  

8. Dip slides in acid ethanol bath then rinse in running dH2O.  

9. Dip slides in ammonia water bath 15 times. 

10. Rinse slides with dH2O for 20 minutes then leave in standing dH2O bath.  

11. Look at slides individually under microscope to verify bright blue color of nuclei 

and light background. If bright blue color not observed, steps 6-11 may need to be 

repeated.  

12. Transfer slides from dH2O to Eosin bath and let sit for 3 minutes.  

13. Rinse slides with dH2O and look at individually under microscope to verify dark 

blue-black nuclei and background tissue color of various shades of pink/purple.  

14. De-hydrate slides by transferring to the following baths for 2 minutes each: 95% 

EtOH, 95% EtOH, 100% EtOH, 100% EtOH. Be sure to transfer in the specified 

order.  

15. Place slides in first Xylene bath in fume hood for 2 minutes. 

16. Transfer slides to second Xylene bath in fume hood for 2 minutes.  

17. Mount coverslip to slides with permount and let dry on trays in fume hood 

overnight. 

 

Wrap Up 

1. On the staining checklist: Write down lot numbers of Xylene, Gill’s Hematoxylin, 

HCl, Ammonium Hydroxide and Eosin, record the time or number of dips the 

slides spent in each bath (these times differ for different tissue types and staining 
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procedures), record the block numbers of the slides processed, sign your name 

and record the date. 

2. Wrap baths to prevent evaporation if they will be reused later or dispose of them 

in the appropriate disposal bins.  

3. Wash dishes and utensils used and wipe down work area with disinfecting wipes.  

4. Throw away used gloves and any trash. 

5. Put away supplies. 
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APPENDIX J: HISTOLOGY ANALYSIS PROTOCOL 

Supplies 
70% Ethanol or Methanol 

Razor blade 

Kim wipes 

Histology slides 

 

Equipment 

Computer with MicroSuite Analytical Suite program on it 

Olympus BX41 microscope with Olympus DP71 camera 

 

Procedures 

Preparation 

1. Gather the slides you intend to analyze.  

2. Clean the slides with 70% Ethanol or Methanol using Kim wipes. This will 

improve tissue visibility. If there is cover slip adhesive on the back of the slides 

(i.e. permount), scrape it off gently with a razor blade prior to cleaning. 

3. Turn on the microscope and do the following: 

a. Make sure the 10x objective lens is in place and the condenser lens (white 

tube beneath the stage) is flipped up into position.  

b. Place the slide in the holder on the microscope stage and adjust the knobs 

to the right of the stage to position the specimen under the objective lens. 

c. Adjust the large knob on the side of the microscope (it is on both sides) 

until the tissue is in focus.  

d. Now, adjust the lens positions and light source brightness for Kohler 

illumination at 10x magnification. If the pre-set button is lit, the 

microscope may already be set up for optimal lighting. However, if the 

pre-set lighting is not optimal, unclick the preset button and adjust 

microscope for Kohler illumination (refer to the following website for an 

in-depth tutorial on how to attain Kohler illumination: 

http://www.olympusmicro.com/primer/anatomy/reflectkohler.html).  
4. If not already on, turn on the computer that the microscope is connected to. Then, 

open the MicroSuite Analytical Suite program (there will be an icon for it on the 

desktop). 

 

Obtaining a Real-Time Image 

1. For colon specimens, measurements should be taken using either the 2x or 4x 

objective. When at these magnifications, the condenser lens should be flipped 

down. The focus will need to be adjusted using the large knob on the sides of the 

microscope. 

http://www.olympusmicro.com/primer/anatomy/reflectkohler.html
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2. To obtain a real-time image, click on the Acquire (video camera) button below the 

menus in the MicroSuite Analytical Suite program (circled in the image below in 

red). 

 

 
 

a. If an image of your tissue does not appear, check that the pull tab to the 

right of the camera is pulled out either half-way or all of the way. When it 

is pushed all the way in, all light goes to the microscope. When it is half-

way out, half of the light goes to the microscope, and half to the camera. 

When it is pulled all the way out, all light goes to the camera. 

b. When real-time images of your tissue are obtained, the display will look 

similar to the image below with the red region-of-interest (ROI) box in the 

middle.  

 

 
   

3. If the brightness, contrast, or color balance appears distorted due to the sampling 

of the camera, adjust them in Camera Control (found by clicking on the Acquire 

menu, then Camera Control).  

4. Observe all slides for a mouse using the above procedures and do the following: 
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a. Count the number of discrete adenoma and record it and the mouse 

number in your lab notebook and/or in a spreadsheet. Use the following 

criteria in determining whether or not something is an adenoma, as not all 

adenomas are polypoid in shape: 

i. Thickened regional mucosa to twice the average regional 

thickness, OR moderate to marked protrusion of mucosa to more 

than twice the average regional thickness. If you are unsure if an 

area is twice the regional thickness, measure it using the 

procedures outlined below and the Vertical Line tool. 

b. Determine which slides depict the maximal width of each adenoma and 

measure the maximal width using the procedures below.   

 

Measuring Adenoma Maximal Width 

1. In order to take a measurement, a snapshot of the tissue needs to be taken. The 

snapshot will be taken of whatever portion of the specimen is within the red 

ROI box. To take a snapshot, click the Snapshot (camera) button, circled in 

the image below in red.  

 

 
 

2. Once the Snapshot button has been pressed, the following menu will appear: 
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Click on the magnification that the microscope is currently set at, and press 

OK. The main display will re-appear and the vertical bar of icons to the left of 

the image will now be lit. 

3. Measuring the maximal width of an adenoma can be performed using either a 

horizontal or an arbitrary line. The arbitrary line is primarily used when the 

stage cannot be adjusted further to produce a horizontal orientation of the 

specimen.  

a. To measure adenoma width with a horizontal line, click on the 

Horizontal Line button, circled in red below.  

 

 
 

i. Position the red guide line at the first boundary of the adenoma 

and then click the left mouse button. Then, position the red line 

at the second boundary of the adenoma and click the left mouse 

button. A yellow line between those two points will appear (see 
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above image). If no other measurements are to be taken, click 

the right mouse button.  

ii. To view the measurement, click on the Measurements tab at 

the bottom of the display, depicted with calipers (red square on 

the image above). The display will look similar to the one in 

the above image, with the length of the line depicted in 

micrometers (red oval). 

b. To measure adenoma width with an arbitrary line, click on the 

Arbitrary Line button, circled in red below. 

 

 
 

i. Position the red guide line at the first boundary of the adenoma 

and then click the left mouse button. Then, position the red line 

at the second boundary of the adenoma and click the left mouse 

button. A yellow line between those two points will appear (see 

above image). If no other measurements are to be taken, click 

the right mouse button.  
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ii. To view the measurement, click on the Measurements tab at 

the bottom of the display, depicted with calipers (red square on 

the image above). The display will look similar to the one in 

the above image, with the length of the line depicted in 

micrometers (red oval). 

4. Record the maximal width (in mm) and the mouse number in your lab 

notebook and/or in a spreadsheet, also noting the slide number where the 

measurement was taken.  

5. Using the maximal width measured, calculate total tumor burden for each 

mouse, as follows: 

i. Assuming spherical volumes, calculate the volume of each 

discrete adenoma. 

ii. Sum together all adenoma volumes for an individual mouse. 

This is the total tumor burden.  

6.  Record the total tumor burden next to the other measurements obtained for 

each mouse. 

 

Wrap Up 

1. When all measurements for the day are completed, do the following: 

a. Put away the slides and all supplies used. 

b. Throw away used Kim wipes.  

c. Turn off and cover the microscope. 

d. Close the MicroSuite Analytical Suite program. 
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APPENDIX K: OCT IMAGE ANALYSIS PROTOCOL 

Supplies 
OCT images to be analyzed 

Paper or Digital ruler scaled to computer screen size 

Calipers 

 

Equipment 

Computer capable of opening OCT images 

 

Procedures 

Preparation 

1. Gather supplies and if not on already, turn on the computer. 

2. Open an OCT image and resize it to fit the width of the computer screen.  

3. Make a paper or digital ruler of the same width, and scale it appropriately so the 

maximum width is 30 mm.  

Image Analysis 

1. Observe all images for a mouse and use the following to determine the number of 

discrete adenomas: 

a. In OCT images, normal colon has consistent mucosal thickness, consistent 

signal attenuation and visible tissue boundaries. Adenoma, on the other 

hand, has thickened regional mucosa and/or moderate to marked 

protrusion of mucosa to more than twice the average regional thickness, 

moderate to marked signal attenuation, and faint or obscured tissue 

boundaries. The submucosal layer in an adenoma often appears shaped 

like a bowl (i.e. deflects downwards at the adenoma boundaries).  

i. If the submucosal layer does not appear bowl shaped, but straight, 

the region you are observing is a lymphoid aggregate. 

ii. To confirm the criteria that the mucosa is twice the average 

regional thickness in an adenoma, use calipers.  

b. If deep clefts on each side of the adenoma can be seen, regardless of 

whether or not another adenoma is directly adjacent to it, count it as a 

discrete adenoma. Note that the clefts may not be wide, they may simply 

appear as a difference in signal attenuation.  

c. When looking from one image to the next, count an adenoma as a new 

discrete adenoma if it does not overlap a previously counted adenoma by 

more than 0.5 mm.  

i. Remember to evaluate the last image of a series against the first 

image of that same series. The colon is circular, so adenoma may 

overlap between the first and last images, as well.  

2. Record the mouse number and the number of discrete adenomas observed in your 

lab notebook and/or in a spreadsheet.  
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3. For each discrete adenoma counted, determine which image it appears largest in 

and measure its maximal width in that image using the ruler you made. Record 

this width and the image number where it was measured in your lab notebook 

and/or in a spreadsheet next to the mouse number and discrete adenoma count.  

4. Using the maximal width measurement, calculate the total tumor burden for each 

mouse, as follows: 

i. Assuming spherical volumes, calculate the volume of each discrete 

adenoma.  

ii. Sum together all adenoma volumes for an individual mouse. This 

is the total tumor burden. 

5. Record the total tumor burden next to the other measurements obtained for each 

mouse.  

6. Make sure to also record notes on any other abnormalities observed in the images 

such as thin or thickened mucosa in general, lymphoid aggregates, and the 

presence of feces and/or blood, etc. This will help track the relevant features of 

disease progression. 

 

Wrap Up 

1. When finished analyzing the OCT images, return supplies and close any open 

windows or folders on the computer desktop. 

 

Example OCT Image Series Analysis 

Below are images from the same OCT series of an AOM-treated mouse (Series 1, 

ms115). The location of the anus is labeled in all images (AN).  

 

Image (A) depicts normal colonic structure with a lymphoid aggregate (circled in 

yellow). The sequence of images in (B), however, depict two discrete adenoma. All 

adenoma are circled in red. Notice how the large adenoma on the right side of the first 

image appears to be two discrete adenomas in the second image. Due to the amount of 

overlap between images (determined by lining up the images at the anus), these 

seemingly discrete adenoma would be counted as part of the same larger adenoma 

depicted in the first image. Furthermore, the adenoma shown in the third image clearly 

overlaps with one in the second image. As such, only two discrete adenomas are counted, 

even though five instances of adenoma can be seen in the image sequence. The maximal 

width of one adenoma would be measured in the first image, whereas the maximal width 

of the larger adenoma would be measured in the second image as the total width of the 

two seemingly discrete adenomas.  
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(A) 

 
 

 

 

(B) 

    
  

AN AN 

AN 

AN 

AN 
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APPENDIX L: EXPERIMENTAL RAW DATA 

 

AL0. Table of Mouse Information 

Experimental 

Group (1 

chemoprevention, 

2 chemotherapy) 

Animal 

# 
Treatment Group 

1,2 108 AOM - No Drug 

1,2 109 AOM - No Drug 

1,2 112 AOM - No Drug 

1,2 127 AOM - No Drug 

1,2 130 AOM - No Drug 

1,2 177L AOM - No Drug 

1,2 177LR AOM - No Drug 

1,2 177N AOM - No Drug 

1,2 177R AOM - No Drug 

1,2 178L AOM - No Drug 

1,2 178LR AOM - No Drug 

1,2 178N AOM - No Drug 

1,2 178R AOM - No Drug 

1,2 772L Saline - No Drug 

1,2 772N Saline - No Drug 

1,2 772R Saline - No Drug 

1 102 Saline - DFMO/Sulindac 

1 103 Saline - DFMO/Sulindac 

1 105 Saline – DFMO 

1 106 AOM – DFMO 

1 107 AOM – DFMO 

1 123 AOM - DFMO/Sulindac 

1 124 AOM - DFMO/Sulindac 

1 132 AOM - DFMO/Sulindac 

1 141 Saline - DFMO/Sulindac 

1 147 AOM - DFMO/Sulindac 

1 657 Saline - DFMO/Sulindac 

1 661 Saline – DFMO 

1 670 AOM – DFMO 

1 671 AOM – DFMO 

1 169L Saline – Sulindac 

1 169N Saline – Sulindac 

1 169R Saline – Sulindac 

1 171L AOM – DFMO 

1 171LR AOM – DFMO 

1 171N AOM – DFMO 

1 171R AOM – DFMO 

1 172L AOM - DFMO/Sulindac 
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AL0. Table of Mouse Information (Continued) 

Experimental 

Group (1 

chemoprevention, 

2 chemotherapy) 

Animal 

# 
Treatment Group 

1 172LR AOM - DFMO/Sulindac 

1 172N AOM - DFMO/Sulindac 

1 172R AOM - DFMO/Sulindac 

1 175L AOM – Sulindac 

1 175LR AOM – Sulindac 

1 175N AOM – Sulindac 

1 175R AOM – Sulindac 

1 176L Saline – DFMO 

1 176N Saline – DFMO 

1 176R Saline – DFMO 

1 179L AOM - DFMO/Sulindac 

1 179N AOM - DFMO/Sulindac 

1 179R AOM - DFMO/Sulindac 

1 180L AOM – Sulindac 

1 180N AOM – Sulindac 

1 180R AOM – Sulindac 

1 182L AOM – DFMO 

1 182N AOM – DFMO 

1 182R AOM – DFMO 

1 183L Saline - DFMO/Sulindac 

1 183N Saline - DFMO/Sulindac 

1 183R Saline - DFMO/Sulindac 

1 773L AOM – DFMO 

1 773N AOM – DFMO 

1 776L AOM – Sulindac 

1 776N AOM – Sulindac 

1 776R AOM – Sulindac 

2 104 Saline - Late DFMO 

2 111 AOM - Late DFMO/Sulindac 

2 113 AOM - Late DFMO/Sulindac 

2 114 AOM - Late DFMO 

2 115 AOM - Late DFMO 

2 116 AOM - Late DFMO 

2 119 AOM - Late Sulindac 

2 120 AOM - Late Sulindac 

2 121 AOM - Late Sulindac 

2 122 AOM - Late Sulindac 

2 128 AOM - Late DFMO 

2 129 AOM - Late DFMO 

2 133 AOM - Late DFMO/Sulindac 
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AL0. Table of Mouse Information (Continued) 

Experimental 

Group (1 

chemoprevention, 

2 chemotherapy) 

Animal 

# 
Treatment Group 

2 135 AOM - Late DFMO 

2 136 AOM - Late Sulindac 

2 137 AOM - Late Sulindac 

2 138 Saline - Late DFMO 

2 139 AOM - Late DFMO/Sulindac 

2 140 AOM - Late DFMO/Sulindac 

2 144 AOM - Late DFMO 

2 651 Saline - Late DFMO 

2 653 Saline - Late DFMO 

2 654 Saline - Late DFMO/Sulindac 

2 655 Saline - Late DFMO/Sulindac 

2 684 AOM - Late DFMO 

2 685 AOM - Late DFMO 

2 698 AOM - Late DFMO/Sulindac 

2 699 AOM - Late DFMO/Sulindac 

2 170L AOM - Late DFMO/Sulindac 

2 170N AOM - Late DFMO/Sulindac 

2 170R AOM - Late DFMO/Sulindac 

2 173L AOM - Late Sulindac 

2 173N AOM - Late Sulindac 

2 173R AOM - Late Sulindac 

2 174L AOM - Late DFMO/Sulindac 

2 174N AOM - Late DFMO/Sulindac 

2 174R AOM - Late DFMO/Sulindac 

2 181L Saline - Late DFMO/Sulindac 

2 181N Saline - Late DFMO/Sulindac 

2 181R Saline - Late DFMO/Sulindac 

2 184L Saline - Late DFMO 

2 184N Saline - Late DFMO 

2 184R Saline - Late DFMO 

2 185L Saline - Late Sulindac 

2 185N Saline - Late Sulindac 

2 185R Saline - Late Sulindac 

2 774L AOM - Late DFMO 

2 774N AOM - Late DFMO 

2 774R AOM - Late DFMO 
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AL1. Table of Mouse Weights over Time 

Experimental 

Group (1 

chemoprevention, 2 

chemotherapy) 

Animal 

# 

5 

Weeks 

of Age 

21 

Weeks 

of Age 

25 

Weeks 

of Age 

29 

Weeks 

of Age 

33 

Weeks 

of Age 

38 

Weeks 

of Age 

1,2 108 13 15 14 16 18 18 

1,2 109 13 16 15 16 16 18 

1,2 112 15 20 20 x x x 

1,2 127 14 19 19 19 19 18 

1,2 130 14 22 22 22 20 16 

1,2 177L 16 18 17 16 x x 

1,2 177LR 17 16 17 19 19 19 

1,2 177N 16 17 17 18 18 19 

1,2 177R 17 18 18 19 17 x 

1,2 178L 15 17 18 19 19 14 

1,2 178LR 17 16 x x x x 

1,2 178N 18 17 17 18 18 x 

1,2 178R 16 19 20 21 22 20 

1,2 772L 20 17 19 20 20 19 

1,2 772N 17 23 23 25 24 25 

1,2 772R 14 21 21 23 23 25 

1 102 18 15 15 14 x x 

1 103 14 13 x x x x 

1 105 17 22 22 23 23 21 

1 106 16 15 16 17 16 17 

1 107 16 19 19 19 19 19 

1 123 17 17 16 14 14 16 

1 124 16 16 14 14 14 15 

1 132 15 16 15 15 14 x 

1 141 12 13 x x x x 

1 147 16 16 16 15 15 16 

1 657 14 12 11 12 12 x 

1 661 17 21 21 21 22 21 

1 670 14 18 18 18 18 19 

1 671 16 18 18 18 18 19 

1 169L 17 17 16 14 x x 

1 169N 17 19 19 20 19 19 

1 169R 16 19 18 19 18 19 

1 171L 17 18 19 20 20 20 

1 171LR 17 20 x x x x 

1 171N 15 18 19 19 18 20 

1 171R 19 20 x x x x 

1 172L 17 15 x x x x 
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AL1. Table of Mouse Weights over Time (Continued) 

Experimental 

Group (1 

chemoprevention, 2 

chemotherapy) 

Animal 

# 

5 

Weeks 

of Age 

21 

Weeks 

of Age 

25 

Weeks 

of Age 

29 

Weeks 

of Age 

33 

Weeks 

of Age 

38 

Weeks 

of Age 

1 172LR 16 x x x x x 

1 172N 17 13 13 12 12 x 

1 172R 17 13 13 14 12 x 

1 175L 16 16 17 18 18 13 

1 175LR 17 x x x x x 

1 175N 16 14 15 16 17 17 

1 175R 17 18 20 20 20 21 

1 176L 16 17 x x x x 

1 176N 17 22 20 20 19 20 

1 176R 17 22 20 20 19 20 

1 179L 18 13 x x x x 

1 179N 17 13 14 13 12 X 

1 179R 17 x x x x x 

1 180L 17 x x x x x 

1 180N 17 18 17 18 19 17 

1 180R 17 x x x x x 

1 182L 19 15 16 17 17 18 

1 182N 16 19 19 20 22 22 

1 182R 17 19 21 21 20 20 

1 183L 19 x x x x x 

1 183N 17 14 x x x x 

1 183R 17 15 14 14 x x 

1 773L 17 17 20 21 21 22 

1 773N 18 17 17 17 19 19 

1 776L 16 15 16 17 17 x 

1 776N 17 16 13 17 18 17 

1 776R 15 16 14 18 18 17 

2 104 12 19 20 19 20 19 

2 111 15 21 18 17 16 16 

2 113 13 17 19 17 15 15 

2 114 16 21 20 20 22 21 

2 115 14 17 17 18 18 18 

2 116 15 18 19 19 19 18 

2 119 13 17 18 17 18 x 

2 120 16 18 17 18 18 x 

2 121 12 15 15 14 16 16 

2 122 13 17 17 15 17 16 

2 128 16 20 21 20 19 17 

2 129 14 19 19 19 19 17 
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AL1. Table of Mouse Weights over Time (Continued) 
Experimental 

Group (1 

chemoprevention, 2 

chemotherapy) 

Animal 

# 

5 

Weeks 

of Age 

21 

Weeks 

of Age 

25 

Weeks 

of Age 

29 

Weeks 

of Age 

33 

Weeks 

of Age 

38 

Weeks 

of Age 

2 133 13 16 17 17 17 15 

2 135 15 18 19 19 x x 

2 136 15 17 17 17 17 16 

2 137 15 17 17 17 17 19 

2 138 14 19 18 19 20 19 

2 139 15 20 20 18 16 x 

2 140 16 20 20 18 17 18 

2 144 15 17 17 18 18 18 

2 651 16 25 25 25 25 24 

2 653 15 21 21 23 23 22 

2 654 16 21 21 19 17 17 

2 655 15 19 17 17 x x 

2 684 15 18 19 18 19 x 

2 685 16 17 19 19 20 18 

2 698 16 20 16 x x x 

2 699 14 19 18 17 14 13 

2 170L 17 20 21 24 22 20 

2 170N 18 15 x x x x 

2 170R 16 17 x x x x 

2 173L 18 20 20 20 21 20 

2 173N 18 17 17 18 x x 

2 173R 16 19 18 20 18.33 20 

2 174L 15 20 21 21 20 19 

2 174N 17 15 16 16 14 x 

2 174R 17 x x x x x 

2 181L 17 22 23 22 22 20 

2 181N 16 x X x x x 

2 181R 18 20 18 17 17 17 

2 184L 17 21 x x x x 

2 184N 19 18 x x x x 

2 184R 16 19 x x x x 

2 185L 17 22 20 20 20 20 

2 185N 17 22 21 20 20 22 

2 185R 17 22 22 20 20 21 

2 774L 17 19 20 22 22 22 

2 774N 19 19 17 20 19 17 

2 774R 17 19 18 20 20 19 
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AL2. Table of Discrete Adenoma Counts per Mouse over Time 

Experimental 

Group (1 

chemoprevention, 

2 chemotherapy) 

Animal 

# 

21 

weeks 

of age 

25 

weeks 

of age 

29 

weeks 

of age 

33 

weeks 

of age 

38 

weeks 

of age 

Histology 

1,2 108 0 0 2 1 1 2 

1,2 109 5 3 2 4 7 7 

1,2 112 5 4 x x x 4 

1,2 127 3 3 2 3 3 3 

1,2 130 3 3 2 4 3 5 

1,2 177L 0 3 2 x x 1 

1,2 177LR 2 4 5 6 8 6 

1,2 177N 2 4 5 7 9 7 

1,2 177R 4 6 5 6 x 3 

1,2 178L 1 5 8 5 9 8 

1,2 178LR 0 x x x x x 

1,2 178N 2 5 5 7 4 5 

1,2 178R 2 4 7 9 6 7 

1,2 772L 0 0 0 0 0 0 

1,2 772N 0 0 0 0 0 0 

1,2 772R 0 0 0 0 0 0 

1 102 0 0 1 x x 0 

1 103 0 x x x x 0 

1 105 0 0 0 0 0 0 

1 106 0 0 0 1 1 1 

1 107 0 0 0 0 1 0 

1 123 0 0 0 0 0 0 

1 124 0 0 0 0 0 0 

1 132 0 0 0 2 x 
Too 

Necrotic 

1 141 0 x x x x x 

1 147 0 0 0 0 0 0 

1 657 0 0 0 0 x 0 

1 661 0 0 0 0 0 0 

1 670 0 0 0 1 1 1 

1 671 0 0 0 0 0 0 

1 169L 0 0 0 x x 0 

1 169N 0 0 0 0 0 0 

1 169R 0 0 0 0 0 0 

1 171L 0 1 0 0 0 1 

1 171LR 1 x x x x x 

1 171N 0 0 0 2 3 3 
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AL2. Table of Discrete Adenoma Counts per Mouse over Time (Continued) 

Experimental 

Group (1 

chemoprevention, 

2 chemotherapy) 

Animal 

# 

21 

weeks 

of age 

25 

weeks 

of age 

29 

weeks 

of age 

33 

weeks 

of age 

38 

weeks 

of age 

Histology 

1 171R 0 x x x x 0 

1 172L 0 1 x x x 0 

1 172LR x x x x x x 

1 172N 0 0 0 0 x 0 

1 172R 0 0 0 0 0 0 

1 175L 0 0 0 1 1 2 

1 175LR x x x x x x 

1 175N 0 2 2 2 2 2 

1 175R 0 0 0 0 1 1 

1 176L 0 x x x x x 

1 176N 0 0 0 0 0 0 

1 176R 0 0 0 0 1 0 

1 179L 0 x x x x 0 

1 179N 0 0 0 0 x 1 

1 179R x x x x x 0 

1 180L x x x x x x 

1 180N 0 0 3 1 2 1 

1 180R x x x x X 0 

1 182L 1 1 1 1 1 2 

1 182N 0 0 0 0 0 0 

1 182R 0 1 2 1 2 2 

1 183L x x x x x x 

1 183N 0 x x x x 0 

1 183R 0 0 0 x x x 

1 773L 1 1 2 3 6 4 

1 773N 0 0 0 0 2 1 

1 776L 0 0 0 0 1 0 

1 776N 0 0 0 0 0 0 

1 776R 1 1 5 5 4 3 

2 104 0 0 0 0 0 0 

2 111 0 0 0 0 0 0 

2 113 1 1 0 0 0 0 

2 114 1 1 1 1 1 2 

2 115 3 5 4 5 2 7 

2 116 0 1 0 0 0 0 

2 119 1 2 5 4 x 3 

2 120 1 2 3 2 x x 

2 121 3 4 3 0 0 0 

2 122 0 0 2 2 3 4 
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AL 2. Table of Discrete Adenoma Counts per Mouse over Time (Continued) 

Experimental 

Group (1 

chemoprevention, 

2 chemotherapy) 

Animal 

# 

21 

weeks 

of age 

25 

weeks 

of age 

29 

weeks 

of age 

33 

weeks 

of age 

38 

weeks 

of age 

Histology 

2 128 2 3 2 3 2 3 

2 129 3 4 5 5 6 7 

2 133 1 1 1 0 1 0 

2 135 5 7 7 x x 7 

2 136 3 5 5 4 4 4 

2 137 4 4 4 3 4 4 

2 138 0 0 0 0 0 0 

2 139 1 3 2 2 x 
Too 

Necrotic 

2 140 2 3 4 3 5 5 

2 144 0 0 0 0 3 2 

2 651 0 0 0 0 0 0 

2 653 0 0 0 0 0 0 

2 654 0 0 0 0 0 0 

2 655 0 0 0 x x 0 

2 684 3 6 7 5 x 5 

2 685 0 4 7 6 7 7 

2 698 5 3 x x x x 

2 699 1 1 3 4 4 4 

2 170L 4 3 3 2 5 4 

2 170N 2 x x x x x 

2 170R 5 x x x x x 

2 173L 0 0 2 2 2 2 

2 173N 3 3 5 x x X 

2 173R 5 3 5 4 6 6 

2 174L 1 1 2 3 1 1 

2 174N 3 5 4 4 x x 

2 174R x x x x x x 

2 181L 0 0 0 0 0 0 

2 181N x x x x x x 

2 181R 0 0 0 0 0 0 

2 184L 0 x x x x x 

2 184N 0 x x x x x 

2 184R 0 x x x x x 

2 185L 0 0 0 0 0 0 

2 185N 0 0 0 0 0 0 

2 185R 0 0 0 0 0 0 

2 774L 2 3 4 4 4 4 

2 774N 0 6 6 8 6 5 

2 774R 0 1 3 3 4 3 
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AL3. Table of Tumor Burden (in mm
3
) per Mouse over Time 

Experimental 

Group (1 

chemoprevention, 

2 chemotherapy) 

Animal 

# 

21 

Weeks 

of Age 

25 

Weeks 

of Age 

29 

Weeks 

of Age 

33 

Weeks 

of Age 

38 

Weeks 

of Age 

Histology 

1,2 108 0.00 0.00 4.41 4.19 8.18 22.72 

1,2 109 19.98 23.26 27.30 25.23 127.38 42.69 

1,2 112 29.91 65.41 x x x 19.45 

1,2 127 7.63 48.81 54.33 46.39 44.77 29.45 

1,2 130 18.27 36.30 33.34 364.27 56.02 73.20 

1,2 177L 0.00 13.39 89.92 x x 40.54 

1,2 177LR 24.34 60.15 76.86 66.85 124.20 39.10 

1,2 177N 44.40 35.87 71.77 120.41 100.80 64.76 

1,2 177R 34.75 42.60 92.04 97.20 x 10.66 

1,2 178L 8.18 15.61 61.55 136.22 64.75 35.32 

1,2 178LR 0.00 x x x x x 

1,2 178N 16.94 71.45 92.78 99.90 128.37 99.72 

1,2 178R 5.96 28.27 76.20 142.73 262.10 200.86 

1,2 772L 0.00 0.00 0.00 0.00 0.00 0.00 

1,2 772N 0.00 0.00 0.00 0.00 0.00 0.00 

1,2 772R 0.00 0.00 0.00 0.00 0.00 0.00 

1 102 0.00 0.00 14.14 x x 0.00 

1 103 0.00 x x x x 0.00 

1 105 0.00 0.00 0.00 0.00 0.00 0.00 

1 106 0.00 0.00 0.00 4.19 8.18 3.09 

1 107 0.00 0.00 0.00 0.00 8.18 0.00 

1 123 0.00 0.00 0.00 0.00 0.00 0.00 

1 124 0.00 0.00 0.00 0.00 0.00 0.00 

1 132 0.00 0.00 0.00 23.94 x Too 

Necrotic 

1 141 0.00 x x x x x 

1 147 0.00 0.00 0.00 0.00 0.00 0.00 

1 657 0.00 0.00 0.00 0.00 x 0.00 

1 661 0.00 0.00 0.00 0.00 0.00 0.00 

1 670 0.00 0.00 0.00 1.77 10.31 11.22 

1 671 0.00 0.00 0.00 0.00 0.00 0.00 

1 169L 0.00 0.00 0.00 x x 0.00 

1 169N 0.00 0.00 0.00 0.00 0.00 0.00 

1 169R 0.00 0.00 0.00 0.00 0.00 0.00 

1 171L 0.00 4.85 0.00 0.00 0.00 1.47 

1 171LR 14.14 x x x x x 

1 171N 0.00 0.00 0.00 9.01 40.11 28.06 

1 171R 0.00 x x x x 0.00 
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AL 3. Table of Tumor Burden (in mm
3
) per Mouse over Time (Continued) 

Experimental 

Group (1 

chemoprevention, 

2 chemotherapy) 

Animal 

# 

21 

Weeks 

of Age 

25 

Weeks 

of Age 

29 

Weeks 

of Age 

33 

Weeks 

of Age 

38 

Weeks 

of Age 

Histology 

1 172L 0.00 10.89 x x x 0.00 

1 172LR x x x x x x 

1 172N 0.00 0.00 0.00 0.00 x 0.00 

1 172R 0.00 0.00 0.00 0.00 0.00 0.00 

1 175L 0.00 0.00 0.00 22.45 2.81 6.09 

1 175LR x x x x x x 

1 175N 0.00 12.01 9.70 26.16 51.69 76.68 

1 175R 0.00 0.00 0.00 0.00 1.44 3.63 

1 176L 0.00 x x x x x 

1 176N 0.00 0.00 0.00 0.00 0.00 0.00 

1 176R 0.00 0.00 0.00 0.00 0.52 0.00 

1 179L 0.00 X x x x 0.00 

1 179N 0.00 0.00 0.00 0.00 x 1.69 

1 179R x X x x x 0.00 

1 180L x X x x x x 

1 180N 0.00 0.00 2.75 22.45 21.56 27.63 

1 180R x X x x x 0.00 

1 182L 2.81 2.81 5.96 9.20 8.18 15.45 

1 182N 0.00 0.00 0.00 0.00 0.00 0.00 

1 182R 0.00 14.14 46.57 14.14 10.97 6.73 

1 183L x X x x x x 

1 183N 0.00 X x x x 0.00 

1 183R 0.00 0.00 0.00 x x x 

1 773L 3.05 8.18 25.43 23.93 92.24 44.99 

1 773N 0.00 0.00 0.00 0.00 1.96 3.06 

1 776L 0.00 0.00 0.00 0.00 1.02 0.00 

1 776N 0.00 0.00 0.00 0.00 0.00 0.00 

1 776R 0.27 0.90 24.29 17.08 45.24 26.13 

2 104 0.00 0.00 0.00 0.00 0.00 0.00 

2 111 0.00 0.00 0.00 0.00 0.00 0.00 

2 113 8.18 1.44 0.00 0.00 0.00 0.00 

2 114 2.81 8.18 10.89 4.19 9.20 13.06 

2 115 54.88 87.99 103.96 137.17 624.11 227.69 

2 116 0.00 0.00 0.00 0.00 0.00 0.00 

2 119 10.89 5.96 20.28 31.69 x 11.70 

2 120 9.20 21.10 10.47 22.32 x x 

2 121 24.29 21.76 33.88 0.00 0.00 0.00 

2 122 0.00 0.00 23.94 22.32 37.70 36.54 

2 128 40.42 28.94 57.94 76.58 121.28 109.35 
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AL 3. Table of Tumor Burden (in mm
3
) per Mouse over Time (Continued) 

Experimental 

Group (1 

chemoprevention, 

2 chemotherapy) 

Animal 

# 

21 

Weeks 

of Age 

25 

Weeks 

of Age 

29 

Weeks 

of Age 

33 

Weeks 

of Age 

38 

Weeks 

of Age 

Histology 

2 129 33.21 166.63 123.53 169.37 177.26 115.80 

2 133 1.77 2.14 5.96 0.00 4.19 0.00 

2 135 74.67 83.31 86.31 x x 168.06 

2 136 9.68 40.44 46.24 32.02 51.66 85.69 

2 137 15.36 20.44 42.37 35.99 78.81 40.69 

2 138 0.00 0.00 0.00 0.00 0.00 0.00 

2 139 5.96 29.44 57.88 41.96 x Too 

Necrotic 

2 140 16.28 11.51 17.12 66.27 70.55 40.89 

2 144 0.00 0.00 0.00 0.00 20.09 9.52 

2 651 0.00 0.00 0.00 0.00 0.00 0.00 

2 653 0.00 0.00 0.00 0.00 0.00 0.00 

2 654 0.00 0.00 0.00 0.00 0.00 0.00 

2 655 0.00 0.00 0.00 x x 0.00 

2 684 20.17 63.40 72.49 35.28 x 58.50 

2 685 0.00 11.57 32.36 53.33 121.58 63.19 

2 698 70.78 94.85 x x x x 

2 699 17.97 22.45 19.69 38.12 56.61 43.82 

2 170L 50.28 21.00 13.36 30.39 54.64 37.27 

2 170N 32.11 X x x x x 

2 170R 19.29 X x x x x 

2 173L 0.00 0.00 6.40 8.77 32.46 38.58 

2 173N 18.33 46.90 68.94 x x x 

2 173R 17.66 35.83 33.04 43.08 62.08 64.88 

2 174L 1.02 17.16 12.37 39.84 47.71 97.89 

2 174N 29.56 41.33 56.68 87.52 x x 

2 174R x X x x x x 

2 181L 0.00 0.00 0.00 0.00 0.00 0.00 

2 181N x X x x x x 

2 181R 0.00 0.00 0.00 0.00 0.00 0.00 

2 184L 0.00 X x x x x 

2 184N 0.00 X x x x x 

2 184R 0.00 X x x x x 

2 185L 0.00 0.00 0.00 0.00 0.00 0.00 

2 185N 0.00 0.00 0.00 0.00 0.00 0.00 

2 185R 0.00 0.00 0.00 0.00 0.00 0.00 

2 774L 10.99 46.20 46.56 49.61 72.41 25.14 

2 774N 0.00 49.65 125.64 176.37 130.84 139.12 

2 774R 0.00 1.44 83.85 40.32 53.70 28.83 
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AL 4. Table of Number of Mice in Each Treatment Group over Time 

 
Experimental 

Group 

21 

Weeks 

of Age 

25 

Weeks 

of Age 

29 

Weeks 

of Age 

33 

Weeks 

of Age 

38 

Weeks 

of Age 

Saline 
CP 13 13 13 10 9 

CT 14 14 14 13 13 

AOM No Drug 
CP 11 11 11 10 9 

CT 11 11 11 10 9 

AOM DFMO 
CP 11 11 11 11 11 

CT 12 12 12 11 10 

AOM Sulindac 
CP 7 7 7 7 7 

CT 9 9 9 8 6 

AOM 

DFMO/Sulindac 

CP 7 7 7 7 4 

CT 9 9 9 9 7 
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