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Abstract 

Calcium, Colorectal Cancer, and Other Health Outcomes 

By Baiyu Yang 

Calcium is an essential nutrient for the human body.  There is strong evidence that calcium 

may be protective against colorectal neoplasms.  However, the mechanisms for calcium’s 

chemopreventive properties are not fully understood.  In addition, despite compelling evidence for 

an inverse association of calcium intake with colorectal cancer incidence, there are limited data 

regarding the impact of calcium on colorectal cancer survival.  Furthermore, the association of 

calcium intake with other major causes of death, such as cardiovascular disease (CVD), needs to 

be investigated in order to comprehensively evaluate the benefits and harms of calcium intakes and 

better inform dietary recommendations.   

In the first study, we tested the effect of calcium supplementation on plasma biomarkers of 

inflammation, oxidative stress, and gut permeability over a 4-month treatment period, among 

colorectal adenoma patients in a randomized, double-blinded, placebo-controlled clinical trial (n = 

193); we observed no appreciable effects either overall or within strata of several major risk factors 

for colorectal carcinogenesis.  In the second study, among 2,284 persons diagnosed with invasive, 

non-metastatic colorectal cancer, we observed lower all-cause mortality among those with higher 

post-diagnosis total calcium or milk intakes, and marginally lower colorectal cancer-specific 

mortality among those with higher post-diagnosis total calcium intakes.  In the third study, among 

132,823 participants in a large cohort initially free from cancer or CVD at baseline, we found that 

calcium intake in general was not associated with risk of mortality in this cohort, but high intake 

of supplemental calcium (≥ 1,000 mg/d) in men may be associated with increased all-cause and 

CVD-specific mortality. 

Overall, this dissertation contributes to a better understanding of the role of calcium in 

colorectal cancer development and progression, and adds to the limited evidence base regarding 

whether or not increasing calcium consumption would, on balance, be of public health benefit. 
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CHAPTER 1.  INTRODUCTION AND BACKGROUND 

Introduction 

Colorectal cancer is the third most common incident cancer and the third leading cause of 

cancer death in each sex in the United States.1  Extensive evidence suggests that Western diet and 

lifestyle play an important role in the etiology of this disease.2  There is strong biological 

plausibility and animal experimental and human observational evidence for protection against 

colorectal neoplasms by calcium,3-7 and a major randomized controlled trial found statistically 

significantly reduced colorectal adenoma recurrence with calcium supplementation.8   

There are at least three major hypotheses for how calcium may reduce risk for colorectal 

neoplasms:  1) calcium binds bile and fatty acids in the colon lumen, forming insoluble soaps and 

thus preventing their colonic toxicity (which occurs via an oxidative mechanism and results in an 

inflammatory response and increased proliferation);4,9,10 2) calcium has direct effects on colonic 

cell cycle,11-17 including proliferation, differentiation, and apoptosis; and 3) calcium promotes E-

cadherin expression and suppresses β-catenin/TCF activation.18  Findings from our preliminary 

chemoprevention trial indicated that calcium may modulate multiple hypothesis-based tissue and 

circulating biomarkers of risk for colorectal neoplasms.11,12,19-23  Although these findings were 

promising, the interpretations were limited by the relatively small sample size in this pilot trial; 

thus, further investigations in a larger, full-scale clinical trial is needed.  My first objective for my 

dissertation is to test the effect of calcium supplementation on circulating biomarkers of risk for 

colorectal cancer, including biomarkers of inflammation, oxidative stress, and gut permeability, 

using data and blood samples from a previously-conducted full-scale randomized clinical trial 

among patients with previous colorectal adenoma.   

Although calcium is generally considered to be inversely associated with colorectal 

cancer incidence, whether calcium is also favorably associated with colorectal cancer survival is 
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unclear.  The overall 5-year survival rate for colorectal cancer patients is 65% in the United 

States.  There are currently 1.2 million colorectal cancer survivors in the U.S.;24 worldwide, the 

five-year prevalence (which captures patients within five years of diagnosis) is estimated to be 

3.54 million.25  Because colorectal cancer survivors will be actively seeking diet and lifestyle 

changes to improve their diagnosis, information on the role of modifiable factors in colorectal 

cancer survival is important to inform specific dietary guidelines for survivors.  To date, there 

have been only four studies that evaluated the association of calcium intake with colorectal cancer 

survival.26-29  All reported no association of pre-diagnosis calcium intake with mortality among 

colorectal cancer survivors, but none evaluated post-diagnosis calcium intake, which could be of 

stronger clinical relevance.  My second dissertation objective is to evaluate the pre- and post-

diagnosis intakes of calcium, vitamin D, and dairy products with mortality from all causes and 

specifically from colorectal cancer among patients diagnosed with invasive, non-metastatic colon 

or rectal cancer.  

Although adequate calcium intake is important for bone health and several major 

physiologic functions,30 and may prevent against colorectal cancer,31 the effects of calcium on 

other health outcomes are largely unclear.  Especially, the potential adverse effects of 

supplemental calcium on cardiovascular health have raised concerns.  Several large prospective 

cohort studies, including the EPIC and NIH-AARP cohorts, reported that supplemental calcium 

was associated with adverse cardiovascular events,32-34 although null or inverse associations were 

reported in a few others.35-38  Also, several randomized clinical trials of calcium supplementation 

on non-cardiovascular disease (CVD) outcomes (such as bone health) monitored CVD events 

during the trial, and a meta-analysis of these trials reported that calcium supplementation with or 

without vitamin D increased myocardial infarction (MI) risk by 24%, and the risk of a composite 

of MI or stroke by 15%.39  With regard to cancer, in addition to strong evidence supporting an 

inverse association of calcium intake with colorectal cancer, some evidence suggests that total or 
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dietary calcium may be associated with lower risk of breast cancer 40,41, and total calcium or dairy 

intake may be positively associated with risk of prostate cancer 42, but the World Cancer Research 

Fund considers the level of evidence “limited” for both types of cancer 43,44.  My third dissertation 

aim is to comprehensively evaluate the associations of calcium intake (total, dietary, and 

supplemental) and mortality from all causes, cancer, and CVD, in a large cohort of individuals 

with no histories of cancer or CVD at baseline.    

Overall, this dissertation will improve understanding of the role of calcium consumption 

along the continuum of colorectal cancer, including its development and progression.  This 

dissertation will also provide insights on whether calcium consumption, overall, can be of public 

health benefit, and may further inform personalized recommendations for the dietary intake of 

this important nutrient.  

 

Background 

Epidemiology of Colorectal Cancer 

The large bowel consists of the cecum, ascending colon, hepatic flexure, transverse colon, 

splenic flexure, descending colon, sigmoid colon, and the rectum.45  According to the anatomic 

distribution, the colon can be classified into proximal colon (which includes all parts up to the mid-

transverse colon) and distal colon (which includes all parts after the mid-transverse colon).46  

Colorectal cancer is the third most common incident cancer and the third leading cause of 

cancer deaths in each sex in the United States, with an estimated 132,700 incident cases and 49,700 

deaths in 2015 combining both sexes.1  Worldwide, it is estimated that 1,361,000 cases and 694,000 

deaths occurred in 2012.47  There is substantial international variation in colorectal cancer 

incidence, with the highest incidence in highly-industrialized regions such as Australia/New 
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Zealand, Europe, North America, and Eastern Asia, and the lowest in Africa.25  Also, residents 

from lower-risk countries tend to acquire higher risk for colorectal cancer with westernization and 

migration into higher-risk countries,2 suggesting that it is a disease largely related to Western diet 

and lifestyle.  

The overall 5-year relative survival rate for colorectal cancer patients is 65% in the United 

States, and differs by tumor stage (90% for localized tumors, 70% for regional tumors, and 13% 

for metastatic tumors).1  There are currently 1.2 million colorectal cancer survivors in the US;24 

worldwide, the five-year prevalence (which captures patients within five years of diagnosis) is 

estimated to be 3.54 million. 25 

Colorectal cancer has been categorized into sporadic, familial, and inherited types.48  About 

70% of colorectal cancer cases are sporadic cases, with no familial or inherited predisposition.48  

Fewer than 10% of cases are inherited cases (with inherited predisposition to colorectal cancer),48  

and there are two major types of inherited syndromes, namely, familial adenomatous polyposis 

(FAP, characterized by an inherited mutation of the APC gene) and hereditary nonpolyposis 

colorectal cancer (HNPCC, characterized by inherited mutations of mismatch repair genes).45  In 

addition, up to 25% are familial cases, which develop too frequently to be considered sporadic 

cancer, but in a pattern inconsistent with inherited syndromes.48 

Colon Carcinogenesis  

Most colorectal cancers originate from adenomatous polyps, also known as adenomas.49  

While the prevalence of adenomas is high (35% to 60% in the U.S.),50 only about 10% of adenomas 

develop into cancer.51  Based on the earliest hypothesis by Hill et al.,52 Fearon and Vogelstein 

proposed a multistep progression model from colorectal adenoma to cancer,53 involving the 

progression from normal epithelium to hyper-proliferative epithelium, early/intermediate/late 

adenoma, carcinoma, and metastasis, accompanied by mutations of oncogenes and tumor 
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suppressor genes, such as APC, KRAS, and p53.53  While this model has been widely-accepted, 

since then accumulating evidence also suggested several alternative mechanisms of colorectal 

carcinogenesis.  The major pathways are summarized by Potter, as presented below:54 

 APC-β-Catenin-Tcf-MYC Pathway (the adenoma-carcinoma sequence, primarily based on 

Fearon’s model):  this pathway is initiated by a mutation of the APC gene, which then loses 

its function of regulating β-Catenin signaling, cell-adhesion, and migration; subsequently, 

there is an increased concentration of β-Catenin and up-regulation of the downstream 

oncogene c-myc, followed by a series of genetic and epigenetic alterations, eventually 

transforming the normal epithelium into metastatic carcinomas. 54  

 Mismatch Repair Pathway:  this is commonly found in HNPCC as well as sporadic tumors 

with microsatellite instability.  This pathway involves mutations in DNA mismatch repair 

genes (MMR genes, e.g., hMLH1 and hMSH2) or methylation specifically of hMLH1, 

leading to a loss of the DNA mismatch repair function and contributing to further 

microsatellite instability, not only of the MMR genes, but also other important genes such 

as TGF-β and BAX which control cell growth and apoptosis. 54 

 Ulcerative-colitis-dysplasia-carcinoma pathway:  chronic inflammation in patients with 

ulcerative colitis results in genetic alterations and subsequent dysplasia without necessarily 

growing a polyp, and the pattern of genetic alterations are not well defined. 54  

Currently, colorectal endoscopy (sigmoidoscopy and colonoscopy) primarily targets 

adenomas, especially advanced adenomas.55 However, recent research revealed that serrated polyps 

(traditionally considered non-malignant hyperplastic polyp subtypes) may also be of malignant 

potential.56,57 Unlike the traditional adenoma-carcinoma sequence, a major role of CIMP and BRAF 

mutation has been proposed in the serrated pathway,57 and this is supported by evidence that 55% 

of serrated polyps were BRAF mutation positive, and 26% were CIMP-high, as opposed to the 
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traditional adenoma (≤ 1% for both markers).58  The risk factors for traditional adenomas and 

serrated polyps may also differ. For example, Burnett-Hartman et al. evaluated risk factors for 

colorectal adenomas and serrated polyps in a case-control study of 1,469 cases (628 with adenoma, 

594 with serrated polyp, and 247 with both) and 1,037 polyp-free controls, and identified several 

factors (sex, smoking, and estrogen-only hormone replacement therapy) which had different 

associations with adenoma vs. serrated polyp.59  The authors also reported (in a separate 

investigation) that previous endoscopy was associated with lower risk of advanced adenomas but 

not sessile serrated polyps, probably because the flat shape of the sessile serrated polyps makes it 

harder to identify these polyps, especially by general practitioners (as opposed to specialists).60 

Considering their malignant potential, more effective surveillance strategies for serrated polyps are 

needed.57     

Molecular Subtypes of Colorectal Cancer 

In order to enhance the understanding of causality and improve the clinical management 

of this disease, Jass proposed a new molecular classification system for colorectal cancer based on 

the type of genetic instability (microsatellite instability, i.e., MSI) and the level of DNA 

methylation (CpG island methylator phenotype, i.e., CIMP).61  The five types, their proportion in 

colorectal cancer cases, and major features are summarized in Table 1.1 (adapted from Jass61). 

It is important to recognize that colorectal cancer is not a single entity, but contains 

heterogeneous pathways.61  This may help in the identification of risk factors and early 

chemoprevention targets.61  For example, smoking is moderately associated with higher colorectal 

cancer incidence in general, but more strongly associated with MSI-high tumors,62-68 CIMP-high 

tumors,67,69 and BRAF-mutated tumors66,67,69 (all of which are correlated).  
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Table 1.1.  Molecular classification of colorectal cancer (Jass61) 

 Type 1 

(sporadic 

MSI-H) 

Type 2 Type 3 Type 4 Type 5 

(Lynch 

syndrome) 

Proportion  12% 8% 20% 57% 3% 

MSI status high stable/low stable/low stable high 

CIMP high high low Negative Negative 

BRAF  +++ ++ - - - 

CIN No No Yes Yes No 

Origin in serrated polyp serrated 

polyp 

serrated 

polyp/adenoma 

adenoma adenoma 

Abbreviations:  CIMP, CpG island methylator phenotype; CIN, chromosomal instability; MSI,  

microsatellite instability 

Ogino and Goel subsequently proposed a slightly updated classification system, as shown 

below:70 

Table 1.2.  Molecular classification of colorectal cancer (Ogino and Goel70) 

 

 

Type 1 

(Sporadic MSI-H) 

Type 2 Type 3 Type 4 Type 5 

 

Type 6 

Proportion  10% 5% 5-10% 5% 30-35% 40% 

MSI status High High Low/MSS Low MSS Low/MSS 

CIMP High Low/0 High Low Low 0 

BRAF  + ? + ? ? - 

CIN - - - ? - + 

Abbreviations:  CIMP, CpG island methylator phenotype; CIN, chromosomal instability; MSI,  

microsatellite instability; MSS,  microsatellite stable.  “?” means the information was not 

mentioned in the paper. 

 

 Ogino’s research group (Yamauchi et al.) further examined the frequency of major 

colorectal tumor characteristics along the bowel sub-sites and found that MSI-high, CIMP-high and 

BRAF mutations increase gradually from the rectum to the ascending colon, but dropped in the 

cecum.71 These findings directly challenge the traditional dichotomous classification of colorectal 

cancer by site (proximal vs. distal). 

Inflammation, Oxidative Stress, and Colorectal Cancer 

  Inflammation has long been linked to the etiology of cancer, particularly colon cancer.72  

That inflammatory bowel disease (IBD) is an established risk factor for colorectal cancer,73 taking 
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nonsteroidal anti-inflammatory drugs (NSAIDs) has been consistently and strongly associated with 

lower risk of colorectal neoplasms,74 and NSAIDs reduced colorectal adenoma recurrence in large 

randomized controlled trials,75 strongly indicate that chronic inflammation plays a key role in 

colorectal carcinogenesis.  In a recent review of eight prospective studies (including 1,159 

colorectal cancer cases and 37,986 controls) C-reactive protein (CRP), a nonspecific marker of 

systemic inflammation, was statistically significantly associated with higher risk for colorectal 

cancer,76 making it a potential biomarker of risk for colorectal neoplasms in chemopreventive trials.  

In addition, cytokines, broadly categorized as pro-inflammatory (e.g., interleukin [IL]-6) and anti-

inflammatory (e.g., IL-10),77 are important components that link inflammation and cancer,78 which 

may have a role in all steps of tumorigenesis, including initiation, promotion, progression, and 

metastasis.79  For sporadic colorectal cancer, epithelium cell mutations are usually initiated by 

environmental mutagens; then immune cells are recruited to the local microenvironment, and 

cytokines stimulate the production of reactive oxygen species (ROS) and reactive nitrogen 

intermediates (RNI) to induce additional mutations and epigenetic changes.79  Cytokines can also 

serve as growth and survival factors to promote the transformation of a single premalignant cell to 

a fully developed tumor.79  Serum levels of several pro-inflammatory cytokines, including vascular 

endothelial growth factor (VEGF), tumor necrosis factor (TNF)-α, IL-6, and IL-8, were found to 

be higher in colorectal cancer cases than in controls.80  Jung et al. reported that human colon 

epithelial cells express IL-8, monocyte chemotactic protein (MCP)-1, granulocyte macrophage 

colony-stimulating factor (GM-CSF) and TNF-α in response to bacteria invasion.81  Among IBD 

patients, T helper 1 (Th1)/Th17 responses (mainly involving IL-12 and IL-23) may be crucial for 

Crohn’s disease, while Th2 responses (mainly involving IL-13) may be crucial for ulcerative 

colitis; another group of cytokines, such as TNF-α, IL-1β, and IL-6, may bridge the Th1/Th17-Th2 

spectrum and exert both “upstream” and “downstream” proinflammatory effects.82  Anti-cytokine 

drugs have been used to treat patients with IBD, and together with other traditional treatments 
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(surgery, chemotherapy, radiation) they may be used to treat colorectal cancer patients as well, but 

have not been tested in clinical trials.79  

  We hypothesized that the colon is a major source of circulating cytokines, and since 

circulating levels of calcium are maintained in a very narrow range, we further hypothesized that 

if calcium reduces inflammation in the colon, it will be reflected in the circulation and unlikely be 

due to systemic actions of calcium.  A few animal studies and clinical trials have been previously 

published regarding the effect of calcium on circulating biomarkers of inflammation.  One animal 

study demonstrated that in mice with experimentally-induced inflammatory bowel disease (IBD), 

diet with calcium, active vitamin D, or both, led to lower severity of IBD and reduced secretion of 

TNF-α, the level of which is directly associated with IBD activity), thus suggesting that dietary 

calcium and vitamin D suppress IBD through inhibition of the TNF-α pathway.83  Two other animal 

studies found that calcium together with vitamin D or dairy product consumption reduced IL-1β, 

TNF-α or IL-6 in mice.84,85  In our preliminary clinical trial we found a reduction of circulating 

inflammatory biomarkers individually or combined as a z-score in response to 6 months of calcium 

supplementation.23  To our knowledge, there are no other human studies regarding the effect of 

calcium on inflammation among subjects with high risk for colorectal polyps, but several other 

studies examined this effect among healthy individuals.  Gannagé-Yared et al. reported no effect 

of 1 g/d calcium and 800 IU/d cholecalciferol on serum CRP, IL-6, and TNF-α among 47 healthy 

post-menopausal women during 12 weeks, but this may have been due to the very low levels of 

cytokines in healthy participants.86  Similarly, Grey et al. reported no effect of 1 g/d of calcium on 

CRP level among 116 healthy post-menopausal women,87 and Pittas et al. reported no effect of 

calcium plus vitamin D supplementation on CRP and IL-6 among non-diabetic adults.88  In 

addition, three studies reported that a diet high in dairy products reduced the levels of CRP or TNF-

α in overweight or obese adults.85,89,90  Although dairy products are a rich source of calcium, these 
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studies were unable to distinguish whether the effects were due to calcium or other dairy 

components.   

  For this dissertation we chose a panel of markers to represent different aspects of the 

inflammatory response/immunomodulation in order to provide a more complete summary of the 

overall effect of calcium on inflammation.  Categories of markers represented include mediators of 

natural and adaptive immunity (e.g., TNF-α and IL-4, respectively); inflammation promotion and 

inhibition (e.g., IL-6 and IL-10, respectively); cytokines originating from different cell sources, 

such as T, B, natural killer (NK), Th1, and Th2 cells, macrophages, fibroblasts, epithelial cells, and 

others; cytokines with different cell targets; and cytokines with different primary effects.  It is noted 

that there is some overlap across and interactions among these categories and the representatives 

of them.  We also considered known effects of specific markers.  For example, TNF-α can activate 

the pro-inflammatory transcription factor NF-κB and contribute to all steps of carcinogenesis,91,92 

and IL-6 leads to an increase in the expression of several oncogenes and promotes tumor 

formation.91  Finally, considering the complex functions and interactions of the different 

inflammation-related markers in colorectal carcinogenesis, as well as the weak associations 

between each individual cytokine and colorectal neoplasms, a comprehensive summary of 

cytokines, such as an inflammation z-score, or a ratio between pro-inflammatory/anti-inflammatory 

cytokines, may serve as a more appropriate biomarker of inflammation and risk for colorectal 

neoplasms.    

  Oxidative stress, primarily acting through reactive oxygen and nitrogen species (RONS), 

is likely another key factor in colorectal carcinogenesis.93  RONS can induce damage in almost all 

cellular components, including oxidizing cellular lipids (lipid peroxidation),94 which is believed to 

be one of the major determinants of oxidative stress-related colorectal carcinogenesis.95,96  F2-

isoprostanes, formed via the peroxidation of arachidonic acid, has been recognized as the most 

reliable marker of lipid peroxidation in vivo, with great potential utility in human studies due to the 
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non-invasive method of quantification and sufficiently detectable levels in a wide range of 

biological fluids such as plasma and urine.94,97  Associations of F2-isoprostanes and/or its 

metabolites have been investigated in relation to several types of cancer, including breast,98 lung,99 

and prostate100 cancers, but not yet with colorectal cancer.  One recent prospective cohort study (n 

= 425) found no overall association between F2-isoprostanes and colorectal adenoma,101 but in a 

case-control study by our research group, we found that those with serum F2-isoprostane levels 

above the median were at statistically significant higher risk for colorectal adenoma.102  The 

etiologic role of oxidative stress in colorectal cancer development warrants further study. 

  One source of RONS is their release from various immune cells that are activated during 

an inflammatory event.91  On the other hand, oxidative stress can induce cellular damage, which 

further propagates the effects of inflammatory stimuli,91 suggesting that oxidative stress and 

inflammation are two closely interrelated events.  Results from our pilot clinical trial suggested that 

calcium may reduce oxidative DNA damage as measured by 8-hydroxy-2’-deoxyguanosine (8-OH-

dG) in the normal colorectal mucosa,19 and unpublished data from two of our case-control studies 

suggest that there is an inverse association between calcium intake and plasma F2-isoprostanes.  

From other groups, one animal study reported that treating mice with calcium reduced markers of 

oxidative stress (ROS production, NADPH oxidase mRNA and plasma malondialdehyde),85 and a 

clinical trial among 20 obese or overweight adults reported that a diet high in dairy products reduced 

the levels of oxidative stress biomarkers;90 the evidence from these studies supports a full-scale 

investigation of calcium supplementation on biomarkers of inflammation and oxidative stress.  

 

Gut Permeability and Colorectal Cancer 

The gastrointestinal tract has the largest mucosal surface in the body interacting with the 

environment.  An intact gut barrier with selective permeability is key to the balance between 

absorption of nutrients and blocking harmful wastes, such as bacterial products, and the gut barrier 
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function is maintained by several key components:  at the extracellular level, mucus forms an 

unstirred layer of fluid at the surface of epithelial cells and blocks direct contact with large particles, 

such as bacteria; at the cellular level, the apical junctional complex (mainly the tight junction and 

the adherens junction) seals the paracellular pathway, and in particular, the tight junction is the 

principle determinant of the gut permeability.103    

There are several methods to measure gut permeability.  Based on the existing literature, 

especially the papers by Farhadi,104 Turner,103 and Bornholdt,105 I summarize the common 

measurements of gut permeability below:  

a) Tight junction proteins 

i) Claudins:  members of the claudin family are the most important components of the 

tight junction.  Most claudins contribute to an enhanced gut barrier by sealing the 

junctions, such as claudin-1, -4, -5, -7, -8, -11, -14, and -19.  Conversely, some 

claudins, such as claudin-2, -10 and -16, are involved in the formation of small pores 

and are associated with decreased epithelial tightness.  

ii) Other:  the roles of other proteins such as occludin and zonulin are less well studied.   

b) Probes 

i) Sugar probes, e.g., sucrose, mannitol, cellubiose, lactulose and sucralose.  Typically 

after oral use of these sugar probes, the urinary level is measured, allowing for the 

calculation of several ratios, such as lactulose: mannitol ratio or sucralose: mannitol 

ratio. 

ii) Others, e.g., polyethylene glycol, 14C mannitol, FITC-dextran, and 51CrEDTA. 

c) Bacterial antigens and immune responses against these antigens 

i) Circulating LPS (endotoxin) and LPS-binding protein 

ii) Anti-LPS and Anti-flagellin immunoglobulins 

iii) CRP and cytokines 
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iv) Bacterial translocation to mesenteric lymph node, liver and spleen 

d) Others:  transepithelial electric resistance, ruthenium red, Ussing chamber 

For this dissertation, I chose to evaluate circulating levels of flagellin- and LPS-specific 

immunoglobulins (Igs) IgA and IgG in response to calcium supplementation.  Circulating levels of 

flagellin- and LPS-specific IgA and IgG may serve as markers of long-term systemic exposure to 

flagellin and LPS and may indicate altered adaptive immune responses related to colonic 

hyperpermeability.106-111   Of note, levels of anti-LPS and anti-flagellin Igs may reflect not only 

erosion of mucosal anatomic and immune barriers, but also gut bacteria composition and their 

ability to translocate across the gut, and immune responses against bacterial antigens.  Although 

these Igs may not be the most direct measures of gut barrier functions or gut permeability, emerging 

evidence suggests a positive correlation of Igs against LPS and flagellin with serum fluorescein 

isothiocyanate–dextran, a direct measurement of intestinal barrier function,110 thus supporting their 

role as biomarkers of gut permeability.   

The direct role of gut hyperpermeability in the development of colorectal cancer has been 

investigated to a limited extent.  An in vivo investigation reported that tight junctions (as measured 

by several parameters; e.g., the transepithelial electrical resistance [TEER]) of rats or human colon 

tumors was leakier than that of normal colon.112  Several cross-sectional studies among human 

subjects reported that colon or colorectal tumor tissues, compared to normal tissues, had higher 

levels of permeability, but these studies had relatively small sample sizes.105,113,114  The role of gut 

barrier dysfunction in colorectal cancer likely initiates in the early stages of colorectal 

carcinogenesis, as evidenced by reports that human colorectal adenoma tissues had defective mucin 

expression and disorganized tight junctions,115 and individuals with higher plasma endotoxin (also 

known as lipopolysaccharides or LPS) concentrations were more likely to have prevalent colorectal 

adenomas.116  Furthermore, there is emerging but limited evidence that the erosion of gut barrier 
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function, especially the loss of tight junction barrier function, may be associated with colorectal 

cancer recurrence, metastasis, and poorer survival.117,118  To our knowledge, no reported 

epidemiologic study prospectively evaluated the association of gut permeability with colorectal 

cancer incidence or clinical outcomes. 

Although evidence on the role of gut hyperpermeability in the etiology of colorectal cancer 

is limited, there is a substantial body of evidence that gut barrier dysfunction may be associated 

with several clinical conditions that could influence the risk of developing colorectal cancer. As 

previously reviewed, gut barrier dysfunction may contribute to inflammatory bowel diseases 

(Crohn’s disease and ulcerative colitis),119-122 which are established risk factors for colorectal 

cancer.45  Gut barrier dysfunction has also been associated with several other gastrointestinal 

disorders, such as food allergy,104 Celiac disease,104 and short bowel syndrome.106  Gut barrier 

dysfunction may also play an important role in obesity, diabetes, and other metabolic disorders, all 

of which are risk factors for colorectal cancer.  In a hallmark study by Cani et al., mice with induced 

metabolic endotoxemia (through infusion of LPS) for 4 weeks had an increase in fasted glycemia, 

insulinemia, and markers of inflammation, and also experienced whole-body, liver, and adipose 

tissue weight gain, thus providing strong evidence that metabolic endotoxemia, possibly as a 

consequence of gut permeability, triggers the onset of obesity and diabetes, possibly mediated by 

inflammatory responses.123  Consistent with these results, there are several reports from population-

based cross-sectional studies that LPS-binding protein (LBP) levels or immunoglobulins against 

bacterial products were significantly higher among obese/overweight individuals relative to those 

with normal weight, and LBP was also associated with low-HDL cholesterol, type 2 diabetes, and 

metabolic syndrome.124-126     

The associations of gut permeability with demographic/diet/lifestyle factors have only been 

studied to a limited extent.  One study reported that gut permeability, as measured by LBP, 
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increases with age, and is higher among smokers;125 also, given the same amount of in vivo LPS 

exposure, male mice produce higher levels of LPS-binding protein and higher inflammation 

mediators than females, suggesting sex differences.127  Several studies have assessed whether gut 

permeability is associated with selected dietary factors, or could be modified by diet.  As reviewed 

by Ulluwishewa et al., the tight junction, an important structure to support gut barrier function, can 

be strengthened by glutamine, and by extracts from black and green peppers, linden, star anise, 

Arenga engleri, and black tea; in contrast, it may be impaired by gliadin, food surfactants, 

tryptophan, and extracts from capsianoside, galangal, marigold, Acer nikoense, and hops.128  There 

is also a large body of evidence that a high-fat diet may increase intestinal permeability, partially 

through a change in microbiota composition, and through epithelial erosion by bile acids.129,130  An 

elemental diet (a chemically-defined liquid diet containing easily digestible nutrients) may reduce 

gut permeability among patients with Crohn’s disease.131,132  Treating eight healthy subjects by 

Western-style diet for one month increased plasma LPS levels, whereas a prudent-style diet reduced 

the LPS levels.133  Vitamin D may also play a role in maintaining gut barrier integrity, as vitamin 

D-receptor (VDR) deficient mice had a loss of tight junction functions,134 1,25-dihydroxy-vitamin 

D3 enhanced tight junction in cell cultures,134 and 2,000 international units (IU)/d of vitamin D3 

supplementation for three months inhibited the increase of gut permeability in a randomized 

controlled trial among 27 Crohn’s disease patients in remission.135  In addition, a recent report 

suggested that two dietary emulsifiers increased gut permeability in mice, as measured by 

fluorescein isothiocyanate–dextran.110   

Calcium is an agent that plausibly may play a role in modulating gut barrier function since 

calcium can bind bile and fatty acids in the colon lumen by forming insoluble soaps, thus preventing 

them from oxidatively damaging the colonic mucosa and consequently producing 

inflammation,4,9,10 which, in turn, may help maintain the strength of the gut mucosal barrier.  Bovee-

Oudenhoven and colleagues conducted several controlled trials in rats, and reported that a high-
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calcium diet reduced the translocation of Salmonella, inhibited the increase in intestinal 

permeability as measured by urinary chromium EDTA (CrEDTA), and improved resistance to 

intestinal infection;136-138 they also found a similar effect of high-calcium milk relative to low-

calcium milk against enterotoxigenic Escherichia coli (ETEC) infection in rats and a small group 

of men (n = 32),139 but the potential interaction between calcium and other components in milk 

could not be excluded.  Altogether, these findings support our hypothesis that calcium may 

favorably modulate gut barrier functions, but need to be replicated in a large, full-scale clinical trial 

among humans.  

 

Factors Associated with Colorectal Cancer Incidence 

Demographic factors 

The risk of colorectal cancer increases with age, with about 90% of cancers developed after 

age 50 years.45,140  Overall, colorectal cancer incidence and mortality rates are 30% to 40% higher 

in men than in women;140 also, colorectal cancer location may differ by sex, with women more 

likely to develop colorectal cancer in the proximal colon than men.45,140  In terms of race/ethnicity, 

black men and women have the highest rates overall (about 25% higher incidence rates and 50% 

mortality rates than those in whites); rates are the lowest in Asians/Pacific Islanders.140  

Genetic predisposition 

 It is widely recognized that individuals with a family history of colorectal cancer are at 

higher risk for developing colorectal cancer.  According to a recent meta-analysis of fifty-nine 

studies, the relative risk (RR) was 2.24 (95% confidence interval [CI] 2.06 – 2.43) for those with 

at least one first degree relative with colorectal cancer.141  The RR is higher for those with two or 

more affected relatives,141 or with relatives diagnosed before age 45.142  Furthermore, individuals 
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with a family history of colorectal adenoma are also at a higher risk for colorectal cancer (RR 1.99, 

95% CI 1.55 – 2.55).142   

 There are two major genetic syndromes, namely hereditary nonpolyposis colorectal cancer 

(HNPCC, also known as Lynch Syndrome) and familial adenomatous polyposis (FAP), which are 

established causes of colorectal cancer.140  HNPCC accounts for about 5% of the cases; the age of 

onset is usually mid-forties (earlier than that for sporadic colorectal cancers), and the lifetime risk 

for developing colorectal cancer among HNPCC patients is approximately 50%.140  Most HNPCC 

tumors have microsatellite instability and genetic alterations in mismatch repair genes; the 

occurrence of adenomas in HNPCC patients is uncommon, making early detection of a colorectal 

neoplasm in them difficult.45  Notably, HNPCC is also a cause of many other types of cancer, such 

as endometrial, stomach, and ovarian cancers, although the associations with these types of cancer 

are not as strong as that for colorectal cancer.140  FAP is characterized by the occurrence of hundreds 

to thousands of colorectal adenomas; the age of onset for this syndrome is typically 20s and 30s, 

and patients will very likely develop colorectal cancer by age 40 if not treated.45,140 

 In addition to high-penetrance genes (e.g., APC and mismatch-repair genes that may 

underlie genetic syndromes), low penetrance genes that were associated with increased 

predisposition to colorectal cancer were found in genome wide association studies (GWAS).  

Theodoratou et al. did a comprehensive evaluation of published genetic association studies of 

colorectal cancer up to 2012, and identified 16 independent variants at 13 loci (MUTYH, MTHFR, 

SMAD7, and common variants tagging the loci 8q24, 8q23.3, 11q23.1, 14q22.2, 1q41, 20p12.3, 

20q13.33, 3q26.2, 16q22.1, and 19q13.1) to be most credibly associated with colorectal cancer, in 

addition to 23 variants with less credible evidence and 20 variants with limited evidence.143  Most 

colorectal cancer susceptibility loci do not seem to interact with selected major risk factors for 

colorectal cancer (such as body mass index [BMI], smoking, and dietary factors).144  
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Medical history 

 Individuals with inflammatory bowel diseases (IBD, primarily ulcerative colitis and 

Crohn’s disease) are at higher risk for colorectal cancer; the risk increases with earlier onset of IBD, 

longer duration of symptoms, and severity of the disease.73  The mechanisms involve chronic 

inflammation and oxidative stress.145  It is believed that carcinogenesis in IBD-related colorectal 

cancer follows a different sequence from that observed in sporadic colorectal cancer, although there 

is considerable overlap.79,146 

 Diabetes is another medical condition that may predispose an individual to higher 

colorectal cancer risk.  A meta-analysis of 24 observational studies including 3,659,341 participants 

reported that diabetes was associated with higher risk of colorectal cancer (RR, 1.26; 95% CI, 1.20 

– 1.31).147  Even though diabetes and colorectal cancer may share several risk factors (e.g., obesity, 

Western diet, physical inactivity, and smoking), the association persists after accounting for these 

factors.148  The associations between diabetes treatments and colorectal cancer are relatively poorly 

understood.  There is evidence that insulin use may be associated with higher colorectal cancer 

incidence, whereas metformin may be chemopreventive against colorectal cancer; however, 

epidemiological studies to address these questions have produced conflicting results, partially due 

to methodological issues (such as confounding by indication), and thus this question needs to be 

more carefully addressed in future studies.148   

 

Dietary and lifestyle factors 

There is great potential for the primary prevention of colorectal cancer through targeting 

modifiable factors (including diet and lifestyle).74  According to a comprehensive review by Chan 

and Giovannucci,74 modifiable factors positively associated with colorectal cancer risk may include 
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red/processed meat, alcohol drinking, smoking, and obesity; and factors inversely associated with 

colorectal cancer risk may include calcium and vitamin D intakes, physical activity, and use of 

aspirin, COX-2 inhibitors, and post-menopausal hormone.  In addition to single dietary components, 

dietary patterns such as the Mediterranean diet or the Paleolithic diet may be important to evaluate 

in the future.74   

The World Cancer Research Funds/American Institute for Cancer Research summarized 

the associations of diet-related factors with colorectal cancer in 2011.31  

The following factors may be associated with lower incidence of colorectal cancer:  

 Probable:  Garlic, milk, calcium 

 Limited suggestive:  Non-starchy vegetables, fruits, foods containing vitamin D 

The following factors may be associated with higher incidence of colorectal cancer:  

 Convincing:  red and processed meat; alcoholic drinks (for men); body and abdominal 

fatness; adult attained height 

 Probable:  alcoholic drinks (for women) 

 Limited suggestive:  foods containing iron; cheese; foods containing animal fats; foods 

containing sugar 

There is no conclusion regarding whether the following factors may be associated with the 

incidence of colorectal cancer:  fish, glycemic index, folate, vitamin C, vitamin E, selenium, low 

fat diet, and dietary pattern.  

Here in we review the evidence regarding the role of calcium in colorectal cancer 

prevention.   



20 
 
 

Calcium is an essential nutrient for the human body.  About 99% of calcium in the human 

body is stored for bone formation and metabolism; the remaining 1% supports other critical 

functions, including vascular contraction/dilation, muscle function, cell signaling, nerve 

transmission, and hormone secretion.149  Calcium is absorbed in the intestinal mucosa; the fractional 

calcium absorption can be approximately 60% as an infant, but decreases with age, and the average 

percentage among men and non-pregnant women is 25%.149,150  Serum calcium is tightly regulated 

primarily by PTH (Parathyroid hormone), calcitriol (a vitamin D metabolite), and calcitonin, based 

on a homeostatic feedback mechanism, to maintain a level between 8.5 and 10.5 mg/dL.149  Non-

absorbed calcium is excreted mainly in urine and feces.149   

Calcium can be found in a variety of foods.  The main food sources of calcium are dairy 

products (e.g., milk, yogurt, and cheese), which account for 72% of calcium in the United States.149  

Other food sources include vegetables, grains, legumes, and so on.149  In addition, several foods, 

including juice and cereals, can be fortified with calcium.149  There are also dietary supplements 

that contain calcium, most commonly as calcium carbonate and calcium citrate.149   

The Recommended Dietary Allowance (RDA) is defined as the level of intake that likely 

exceeds the requirement for 97.5% of the population.149  According to the Institute of Medicine 

(IOM), the RDA for men is 1,300 mg if aged 9 - 18y, 1,000 mg if aged 19 - 70y, and 1,200 mg if 

aged > 70y; for women, it is 1,300 mg if aged 9 - 18y, 1,000 mg if aged 19 - 50y, and 1,200 mg if 

> 51y.149  The choice of foods rich in calcium and vitamin D has been encouraged by the U.S. 

Department of Agriculture’s (USDA) Dietary Guideline for Americans.151  Calcium supplement 

use is common in the U.S. where an estimated 43% of the population uses calcium supplements; 

this proportion rises to 62% among subjects 71 years or older (56% of males and 65% of 

females).152 
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In the 1980s, Garland et al. first reported statistically significantly inverse associations of 

dietary vitamin D and calcium intakes with 19-year risk of colorectal cancer in a cohort of 1,954 

men.153  Since then, this association has been consistently found in large cohort studies, although 

the strength of association has been modest.  Of note, data from the Cancer Prevention Study II 

Nutrition Cohort (which I am using for two of my three dissertation projects) previously revealed 

inverse associations of colorectal cancer with total calcium (especially calcium from supplements) 

and total vitamin D intakes, but no association with dairy products.154  A pooled analysis from 10 

large prospective cohort studies reported 15% lower colorectal cancer risk associated with higher 

milk intake (a rich source of dietary calcium), and 22% lower risk associated with higher total 

calcium intake (both results compared the highest to lowest categories, and were statistically 

significant).6  A more recent dose-response meta-analysis of 15 large cohorts reported that every 

300 mg/day increase of total calcium intake was associated with a statistically significant 8% lower 

risk of colorectal cancer.155  Also, a meta-analysis found statistically significant inverse associations 

of colorectal cancer incidence with both total dairy and milk.156  In addition, clinical trials 

conducted among patients with a previous colorectal adenoma found that daily treatment with 

calcium (ranging from 1.2 to 2.0 g/day), relative to placebo, reduced colorectal adenoma 

recurrence.8,157,158  In contrast, the Women’s Health Initiative clinical trial reported no effect of 

calcium plus vitamin D supplementation on colorectal cancer incidence during seven years of 

intervention period and five years post-intervention,37,159,160 but there was evidence of some benefit 

among women who were not concurrently assigned to estrogen therapies161 and those who were 

not taking personal calcium or vitamin D supplements.162 

Based on knowledge that approximately 75% of calcium consumed is not absorbed and 

passes through the colon, several potential mechanisms have been proposed for the 

chemopreventive properties of calcium.  The earliest hypothesis was that because calcium can bind 

bile and fatty acids in the colon lumen by forming insoluble soaps, it prevents their colonic toxicity 
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(which occurs via an oxidative mechanism), which prevents an inflammatory response and 

compensatory hyperproliferation).4,9,10  It has also been long known from in vitro studies that 

calcium has direct effects on the cell cycle,11-17 reducing proliferation and increasing differentiation 

and apoptosis, suggesting that it may likewise affect colorectal epithelial cells.  In addition, calcium 

may promote E-cadherin expression and suppress β-catenin/TCF activation,18 or lead to alterations 

in KRAS mutation.163  Of note, one important pathway for the cell to sense extracellular change of 

calcium concentration is through the calcium sensing receptor (CaSR)164.  Kallay et al. reported 

that the proliferative responses of colon cancer cells induced by low ambient calcium can be 

reverted by activating CaSR through using its agonist.165 Lamprecht and Lipkin concluded in their 

review that CaSR may be a major molecular target for dietary calcium in inhibiting colorectal 

carcinogenesis.164   

 

Factors Associated with Colorectal Cancer Survival 

According to the College of American Pathologists Consensus Statement 1999, several 

pathological factors have been proven to be of prognostic value for colorectal cancer patients, 

including primary tumor stage, lymph node metastasis, vessel invasion, residual tumor after 

curative surgery, and pre-operative elevation of carcinoembryonic antigen elevation.166  Other 

pathological factors that have been strongly suggested to be of prognostic value include tumor 

grade, histologic type, loss of heterozygosity at 18q, and MSI status, among other tumor 

characteristics.166  Below I summarize recent novel findings regarding tumor molecular pathology 

in relation to colorectal cancer survival.  
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Tumor somatic mutations and epigenetic events 

 Microsatellite instability (MSI) refers to altered length of short repeat DNA sequences,167 

and results from a defective DNA mismatch repair (MMR) system.168  A meta-analysis in 2005 of 

32 studies with a combined total of 7,642 colorectal cancer cases reported favorable overall survival 

for patients with MSI-high tumors (hazard ratio [HR] 0.65, 95% CI 0.59-0.71), including subgroups 

of patients with a locally advanced tumor or those treated with adjuvant 5-fluorouracil (5-FU), 

although patients with MSI-high tumors did not benefit from adjuvant 5-FU (HR 1.24, 95% CI 

0.72-2.14).169  A more recent meta-analysis of 31 studies among 12,782 colorectal cancer patients 

reported a similar association of MSI with more favorable overall or disease-free survival.170  The 

CpG island methylation phenotype (CIMP) is a unique phenotype in colorectal cancer that has 

been associated with MSI, as the promoter methylation and subsequent silencing of MLH1 (a major 

mismatch repair gene) is a major cause of MSI.70  The association of CIMP with colorectal cancer 

survival has been inconsistent across previous studies, but there is evidence that CIMP-high in non-

MSI-high tumors likely is associated with poor prognosis.171,172  BRAF mutation is independently 

associated with higher mortality among colorectal cancer patients:  according to a recent review 

and meta-analysis of 26 studies involving 11,773 colorectal cancer patients, patients with a BRAF-

mutated tumor has an over two-fold higher mortality after diagnosis (HR 2.25, 95% CI 1.82-

2.83).173 KRAS mutation has been assessed in several studies in relation to colorectal cancer 

survival, but results have been inconsistent.174-177  The association between colorectal cancer 

survival and combinations of these tumor molecular characteristics has also been evaluated.  The 

Colon Cancer Family Registry (CCFR) collected colorectal tumor samples from 2,050 participants 

and created five molecular subgroups following the scheme proposed by Jass;61 compared to those 

with type 4 tumors (MSS or MSI-low, negative for CIMP, BRAF and KRAS), those with type 2 

(CIMP and BRAF positive, otherwise same as type 4) or type 3 (KRAS positive, otherwise same as 

type 4) had statistically significant higher disease-specific mortality.178 Because of the associations 
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of these tumor molecular characteristics with colorectal cancer outcome and the inter-correlation 

among these characteristics, Ogino et al. pointed out that a comprehensive understanding of the 

molecular correlates is necessary to identify confounding factors in association studies of molecular 

events and clinical cancer outcomes.70 

Tumor immunity in the microenvironment 

 As reviewed by Ogino et al., enhanced immune responses in the tumor microenvironment 

may be independently associated with favorable survival among colorectal cancer patients.179  A 

hallmark study by Galon et al. reported that the type, density, and location of immune cells in the 

colorectal tumor tissues were better predictors of survival than was tumor histological stage, and 

this finding was validated in two additional patient populations.180  In addition, in the Nurses’ 

Health Study and the Health Professional Follow-up Study, tumor-infiltrating CD45RO+-cell 

density and an overall lymphocytic reaction score were each associated with better survival 

independent of major tumor molecular characteristics (such as MSI).181,182   

In contrast to the vast amount of studies on pathological prognosis factors, the roles of 

modifiable risk factors such as diet and lifestyle in the prognosis of colorectal cancer have only 

been investigated in a very limited number of studies.183  The American Cancer Society nutrition 

and physical activity guidelines for cancer survivors suggested that colorectal cancer survivors 

should generally maintain a healthy weight, be physically active, and keep a balanced diet 

consistent with guidelines for chronic disease prevention,184 but did not make specific 

recommendations for cancer survivors, due to the dearth of empirical evidence.  Because cancer 

survivors actively seek information on diet and lifestyle changes that may influence prognosis and 

quality of life, it is important to contribute to this evidence base.  Herein I briefly review the existing 

evidence of diet and lifestyle factors with colorectal cancer survival.  
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Body Mass Index (BMI) 

According to a review published in 2010, based on 20 observational studies among 

colorectal cancer patients, BMI or body fatness either prior to or at the time of diagnosis may be 

positively associated with all-cause or colorectal cancer-specific mortality.183  However, the 

association of BMI or weight change after colorectal cancer diagnosis with survival has only been 

reported by two studies, and both studies reported null associations.185,186  In an updated review 

published in 2014,187 the authors reported that pre-diagnosis adiposity was generally associated 

with reduced colorectal cancer survival; postdiagnosis adiposity was not associated with survival 

in studies using population-based databases, but was associated with higher mortality in 

observational studies nested in adjuvant chemotherapy trials.  The authors of the review argued that 

the former type of study may be subject to confounding by weight loss.  Overall, it is still unclear 

whether weight control interventions will improve prognosis in those with colorectal cancer.   

Physical activity 

In 2003, Dray et al. reported that among 148 colorectal cancer patients in France who had 

tumor resection, pre-diagnosis physical activity was not associated with five-year survival; 

however, physical activity was not the main exposure of interest, and thus was not examined in 

sufficient detail.28  Haydon et al. examined the association of baseline physical activity with 

survival among 526 colorectal cancer cases in Australia during a 5.5-year follow-up, and found that 

exercise was associated with a statistically significantly higher disease-specific survival, primarily 

among stage II-III patients.188  Meyerhardt and colleagues used previously validated physical 

activity questionnaires and assessed physical activity in the form of metabolic equivalent task 

(MET)-hours in a series of studies:  among 832 patients with stage III colon cancer in trial CALGB 

89803, physical activity assessed six months after treatment was associated with significantly lower 

mortality (disease-free, recurrence-free, or overall);189 among 573 female patients and 668 male 
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patients with stage I to III colorectal cancer, respectively, those engaged in at least 18 (for female) 

or 27 (for male) MET-hours of physical activity after diagnosis had lower overall and colorectal 

cancer specific mortality,190,191 but the inverse associations were only observed for those with 

tumors that expressed p27 (the cyclin-dependent kinase inhibitor) (p for interaction = 0.03)192 or 

prostaglandin-endoperoxide synthase 2 (PTGS2).193  More recently, the Cancer Prevention Study 

II (CPS-II) Nutrition Cohort and the Women’s Health Initiative (WHI) both found that a higher 

amount of physical activity before and after colorectal cancer diagnosis was associated with lower 

mortality,194,195 and CPS-II additionally found, for the first time, that leisure time spent sitting was 

associated with higher mortality in colorectal cancer patients.194  

Non-steroidal anti-inflammatory drug (NSAID) use 

In 2005, Fuchs et al. first reported that among 830 patients diagnosed with stage III colon 

cancer, consistent aspirin use after diagnosis was associated with improved outcomes, including 

recurrence-free, disease-free, and overall survival.196  Chan et al. extended this investigation in 

1,279 patients diagnosed with stage I, II or III colorectal cancer within the Nurses’ Health Study 

and Health Professionals Follow-up Study, and observed an inverse association between post-

diagnosis aspirin use and mortality (all-cause or colorectal cancer-specific), especially among 

patients who did not take aspirin before diagnosis, and patients whose tumor overexpressed 

cyclooxygenase 2 (COX-2).197  In the same study population, Liao et al. recently found that aspirin 

may be beneficial for patients with mutated-PIK3CA colorectal cancer patients, regardless of 

aspirin use before diagnosis.198  Using data from the Seattle Colon Cancer Family Registry, Coghill 

et al. found that NSAID use before diagnosis was associated with statistically significantly lower 

mortality from colorectal cancer after eight years of follow-up, and this association might depend 

on the duration of use;199 the authors found similar results in a different population,200 but a later 

analysis by the same authors using data from the Women’s Health Initiative found that only women 
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who took NSAIDs at both baseline and year 3 had a lower risk of colorectal cancer mortality.201  

An inverse association of NSAID use with colorectal cancer survival was also reported in the 

California Teacher’s Cohort (n = 621 women).202  In contrast, two other research groups reported 

no association of NSAIDs with overall mortality,203,204  although one of them found a weak inverse 

association of aspirin with colorectal cancer mortality.204   

Smoking and alcohol 

A recent meta-analysis of studies conducted among colorectal cancer patients that assessed 

smoking status before, at the time of, or after cancer diagnosis found higher risk of all-cause 

mortality among current smokers (summary HR 1.26, 95% CI 1.15 – 1.37) compared with never 

smokers.205  One possible explanation might involve the role of tumor molecular phenotypes.  

Smokers may be at higher risk for colorectal cancer, especially for tumors that are MSI-high,62,64-

67 CIMP-high,67,69,206 and BRAF-mutated,66,67,69 all of which are inter-correlated.  Although MSI-

high tumors generally have a better prognosis,169,170 BRAF mutation is independently associated 

with higher risk of mortality among colorectal cancer patients173, and CIMP-high in non-MSI-high 

tumors likely predicts poor prognosis.171,172  It is likely that at the time of diagnosis, smokers may 

bear more pathologically aggressive tumors that confer a worse prognosis.  Three studies reported 

that the impact of smoking on colorectal cancer survival differs according to tumor molecular 

phenotype, although the patterns of association across tumor molecular phenotypes varied across 

studies and more research is needed to determine whether smoking specifically impacts on certain 

molecular phenotypes of colorectal carcinogenesis to influence patient prognosis.207-209  

Importantly, two studies reported changes in smoking status from pre- to post-diagnosis 

(particularly quitting after diagnosis) in relation to mortality risk, and the authors reported that 

current smokers who quit after diagnosis were at slightly lower risk of colorectal-cancer specific 

mortality or all-cause mortality than were those who continued smoking,209,210 but a limitation for 



28 
 
 

both studies was that the reasons for quitting smoking after diagnosis were unknown and could 

have been associated with prognosis.  

Only three studies investigated the association of overall alcohol drinking and survival 

among colorectal cancer patients:  in the NIH-AARP study, moderate drinking was associated with 

statistically significant lower all-cause mortality (RR 0.82, 95% CI 0.71-0.93) and marginally lower 

colorectal cancer-specific mortality (RR 0.86, 95% CI 0.73-1.01) among colon cancer patients but 

not rectal cancer patients; heavy or moderate drinking was also associated with lower mortality 

from cardiovascular disease.211  The other two studies reported null results.209,212  However, another 

study reported that wine consumption (but not beer or liquor) was inversely associated with all-

cause mortality in familial (but not sporadic) colorectal cancer cases, suggesting that this 

association may depend on the type of alcohol and the type of colorectal cancer.27  

Diet 

Dietary factors (either before or after diagnosis) in relation to mortality among colorectal 

cancer patients have only been examined in a few studies.  Factors examined include the intakes of 

total energy, fiber, fat, protein, cholesterol, carbohydrate, red meat, alcohol, fruit and vegetables, 

cod liver oil, calcium, vitamins, dietary patterns, and blood concentration of some micronutrients, 

but the very limited amount of literature precludes any meaningful conclusions.183  To our 

knowledge, there are only four published articles that investigated the association of colorectal 

cancer survival with calcium intake (only one of which has presented detailed results), five with 

vitamin D, and two with dairy products or milk, as reviewed below.  

Calcium 

Slattery et al. examined associations of various dietary factors with colorectal cancer 

survival among 411 colon cancer patients identified through the Utah Cancer Registry from two 

case-control studies between 1976 and 1981:  pre-diagnosis calcium intake, assessed by a 
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quantitative food frequency questionnaire, was not associated with survival (the point estimate was 

not provided).26   

 Zell et al. investigated wine assumption with colorectal cancer survival among 141 

familial and 358 sporadic CRC cases.  Calcium intake one year before diagnosis, derived from the 

Block food frequency questionnaire (FFQ), was evaluated as a covariate, but removed from the 

model because it was not associated with survival (the point estimate was not provided).27  

Dray et al. followed 148 colorectal cancer survivors for 10 years and evaluated a series of 

dietary factors in relation to their survival, and reported that the relative risks of death were, 

respectively, 0.73 and 0.69 for those in the 2nd and 3rd tertiles of dietary calcium intake relative to 

those in the lowest tertile, but neither estimate was statistically significant.28  

Dik et al. reported no associations of prediagnosis dietary calcium intake with all-cause 

and colorectal cancer-specific mortality among 3,859 colorectal cancer survivals in the EPIC 

cohort. The RR comparing those in the highest vs. the lowest quartiles of dietary calcium intake 

was 1.01 for both outcomes, and did not differ by whether the calcium intake was from dairy or 

non-dairy sources.29  

Vitamin D 

Ng and colleagues reported in 2008 that among 304 colorectal cancer patients identified 

from two large U.S. cohorts, higher circulating levels of 25-hydroxyvitamin D3 [25(OH)D] were 

associated with reduced all-cause mortality (RR:  0.52, 95% CI:  0.29 - 0.94, comparing those in 

the highest vs. the lowest quartiles).213  As this study was limited by its sample size and having only 

a single measurement before diagnosis, the same group of authors conducted another study and 

created a prediction model for post-diagnosis, long-term 25(OH)D based on race, region of 

residence, vitamin D intake, BMI, and physical activity among 1,017 colorectal cancer patients, 
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and reported that the predicted value was associated with lower mortality both from all-causes (RR:  

0.62, 95% CI:  0.42 - 0.93) and specifically from colorectal cancer (RR:  0.50, 95% CI:  0.26 - 

0.95).214 

Mezawa et al. directly measured serum 25(OH)D at surgery from 257 colorectal cancer 

patients in Japan, and reported that higher 25(OH)D level (as a continuous variable) was favorably 

associated with overall survival among these patients (RR:  0.91, 95% CI:  0.84 - 0.99), adjusted 

for month of blood collection, age at diagnosis, sex, cancer stage, and other factors.215  

 Fedirko et al. investigated an association of pre-diagnostic 25(OH)D with survival among 

1,202 European colorectal cancer patients based on the EPIC cohort during a six-year follow-up, 

and found inverse associations with both overall mortality (RR:  0.67, 95% CI:  0.50 - 0.88) and 

colorectal cancer-specific mortality (RR:  0.69, 95% CI:  0.50 - 0.93) comparing those in the highest 

vs. lowest quintile. A potential interaction with pre-diagnostic dietary calcium intake was also 

found (associations were stronger for patients with higher pre-diagnosis dietary calcium intake).216  

Tretil et al. examined serum 25(OH)D at the time of diagnosis in relation to disease-

specific survival in a Norwegian population.  The authors reported non-significant inverse 

associations between 25(OH)D and CRC-specific mortality, but the sample size was limited (n = 

52 colorectal cancer survivors).217 

 Zgaga et al. reported that among 1,598 colorectal cancer patients (stage I - III) in the United 

Kingdom, higher postoperative plasma 25(OH)D level was associated with lower colorectal cancer-

specific (RR:  0.68, 95% CI:  0.50 - 0.90) and all-cause (RR:  0.70, 95% CI:  0.55 - 0.89) mortality; 

furthermore, interactions were detected between vitamin D receptor genotypes and 25(OH)D 

concentration.218 
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Dairy or Milk 

Dray et al. followed 148 colorectal cancer survivors for 10 years and reported that the 

relative risks of death after being diagnosed with colorectal cancer were, respectively, 0.53 and 

0.63 for those in the 2nd and 3rd tertiles of dairy products intake, but neither of these estimates was 

statistically significant due to the relatively small sample size.28 

Dik et al. investigated associations of pre-diagnosis dietary calcium intake with all-cause 

and colorectal cancer-specific mortality among 3,859 colorectal cancer survivors in the EPIC 

cohort, and reported null results for total dairy products, as well as for milk, yogurt, and cheese 

individually.29  

Overall, evidence on associations of calcium intake with colorectal cancer survival is very 

limited, especially regarding post-diagnosis intakes of calcium or dairy products (the major food 

sources of calcium).  It would be important to add to the evidence base to better inform the 

development of specific dietary guidelines for colorectal cancer survivors who may be actively 

seeking diet and lifestyle changes to improve their diagnosis.  

 

Calcium and Other Health Outcomes 

Cardiovascular disease (CVD) 

Calcium may have a complex relationship with CVD pathogenesis:  it has been proposed 

that calcium may favorably regulate cholesterol levels, blood pressure, and insulin sensitivity; on 

the other hand, calcium may also cause vascular calcification.219  One of the earliest studies of 

calcium and risk of cardiovascular events was published in 1973, when Knox reported a lower risk 

of ischemic heart disease mortality with higher dietary calcium intake.220  Subsequent 

investigations in this area suggested that the association of calcium with CVD may depend on the 
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source of calcium (foods or supplements).  Some evidence suggests that ingesting calcium 

supplements, but not calcium-rich foods, may lead to an acute increase in serum calcium,219,221,222 

which may be positively associated with vascular calcification,223-225 a risk factor for cardiovascular 

diseases.226-230  Although not entirely consistent, dietary calcium generally appears to be weakly 

associated with lower risk of cardiovascular events (including incidence and mortality):  according 

to a meta-analysis in 2010, the relative risk summarized from prospective cohorts comparing the 

extreme categories of dietary calcium intake was 0.92 for risk of coronary artery disease and 0.86 

for stroke, but the confidence intervals for both risk estimates overlapped one;219 a more recent 

meta-analysis published in 2015 reported that the RR for CVD mortality comparing the extreme 

levels of dietary calcium intake was 0.97 (0.89 – 1.07).231  The associations of supplemental calcium 

use and CVD outcomes have been inconsistent in the current literature:  supplemental calcium use 

was associated with adverse cardiovascular events in several large cohort studies, including the 

EPIC and NIH-AARP cohorts,32-34 while null or inverse associations were reported in the Iowa 

Women’s Health Study, Harvard Health Professional Study, and others.35-38  Furthermore, 

secondary analyses from several randomized clinical trials (e.g., those with osteoporosis as the 

primary outcome, primarily among older women not concurrently taking vitamin D supplements) 

indicated that patients in the calcium arm compare to the placebo arm, either had no difference in 

cardiovascular outcomes8,232,233 or a higher risk of MI,234 coronary revascularization,235 vascular 

disease mortality,236 or a composite outcome (MI, stroke, or sudden death).234  As summarized by 

Bolland et al. using data from nine clinical trials, calcium supplements taken with or without 

vitamin D increased the risk of MI by 24%, and the risk of the composite of MI or stroke by 15%, 

and both risk estimates were statistically significant.39  Although the above trials were not primarily 

designed to assess the effect of calcium supplementation on cardiovascular events, the results from 

these secondary analyses raised concerns about the potential adverse effects of supplemental 

calcium on the cardiovascular system, and thus warrant further investigation. 
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Cancer 

There is strong observational evidence that calcium is inversely associated with risk of 

colorectal cancer, and a major clinical trial reported statistically significant reduction of colorectal 

adenoma recurrence with calcium supplementation.6-8  Other types of cancer have not been as 

extensively studied, but some evidence suggests that total or dietary calcium may be associated 

with lower risk of breast cancer,40,41 and total calcium or dairy intake may be positively associated 

with risk of prostate cancer,42 but the World Cancer Research Fund considers the level of evidence 

“limited” for both types of cancer.43,44  In observational studies, dietary calcium is generally 

associated with lower overall cancer incidence and mortality, although the associations may be 

restricted to certain sub-populations (e.g., only women) or to a specific cancer site (e.g., 

gastrointestinal tract cancers).13-15,74  For example, in the NIH-AARP cohort study, Park et al. found 

an inverse association of dietary calcium with total cancer incidence only in women, and an inverse 

association of total calcium with cancers of the digestive system in both sexes, but no association 

of calcium with total cancer mortality.237  Supplemental calcium, in contrast, does not seem to be 

associated with total cancer incidence and mortality.  Bristow et al. conducted a meta-analysis of 

randomized clinical trials, and found no association of calcium supplementation with total cancer 

risk (RR 0.95, 95% CI 0.76 - 1.18) or cancer mortality (RR 0.96, 95% CI 0.74 - 1.24).16  However, 

these trials are usually designed for other primary outcomes, and not sufficiently powered to detect 

the effect of calcium on cancer incidence or mortality; also, the relatively short durations of the 

trials did not allow for evaluating outcomes with a longer latency.16  Therefore, the associations of 

diet and supplemental calcium intakes with cancer incidence and mortality need to be further 

investigated in large, well-characterized cohorts, and specifically-designed clinical trials if feasible. 
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Hypotheses 

1.  I hypothesize that calcium supplementation (1.0 or 2.0 g/d) over a 4-month treatment period can 

favorably modulate plasma biomarkers of inflammation (C-reactive protein and a 10-plex panel of 

cytokines), oxidative stress (F2-isoprostanes), and gut permeability (antibodies against flagellin and 

LPS), among patients with previous sporadic colorectal adenoma in a randomized controlled trial. 

2. I hypothesize that intakes of calcium, vitamin D, and dairy products before and/or after diagnosis 

are associated with lower mortality among individuals diagnosed with invasive, non-metastatic 

colon or rectal cancer.  

3. I hypothesize that among individuals initially free from cancer or CVD, high intake of 

supplemental calcium is associated with increased mortality from CVD, particularly in men; also, 

total or dietary calcium intake is not associated with mortality outcomes in men or women.  

 

Objectives 

My primary objective is to explore the mechanisms underlying the chemopreventive 

properties of calcium on colorectal neoplasms, and further investigate whether any benefits of 

calcium intake on the prevention of colorectal cancer incidence extends to prognosis and survival 

outcomes among those already diagnosed with colorectal cancer.  Furthermore, I aim to investigate 

the role of calcium beyond colorectal cancer, and evaluate whether it is associated with several 

major causes of death, including CVD and cancer, which may inform future dietary 

recommendations.   

Specific Aims 

Aim 1:  Estimate the effects of calcium supplementation (1 g/d or 2 g/d) on circulating 

biomarkers of inflammation, oxidative stress, and gut permeability over four months of treatment, 
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using data and blood samples from a previously conduced randomized controlled trial, among 193 

patients with previous sporadic colorectal adenoma.  

1a:  Test the effects of calcium on circulating levels of C-reactive protein, cytokines (alone 

or in combination), and F2-isoprostanes, all of which are putative biomarkers of risk for colorectal 

cancer.  

1b:  Test the effects of calcium on antibodies against flagellin and LPS (which may be 

involved in the development of metabolic diseases, gastrointestinal disorders, and cancer), and 

evaluate baseline association of these biomarkers with selected demographic, dietary, and lifestyle 

factors.   

Aim 2:  Investigate associations of pre- and post-diagnosis intakes of calcium (total, dietary, 

and supplemental), vitamin D (total and dietary), and dairy products (total dairy and milk only) 

with mortality from all causes and specifically from colorectal cancer, among 2,284 individuals 

diagnosed with invasive, non-metastatic colorectal cancer in the Cancer Prevention Study II 

Nutrition Cohort.  

Aim 3:  Investigate associations of total, dietary, and supplemental calcium intakes with 

mortality from all causes, cancer, CVD, and other causes, among 132,823 participants in the Cancer 

Prevention Study II Nutrition Cohort who were initially free from cancer or CVD at baseline 

(1992/1993).  
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Methods and Power Calculations 

Aim 1:   

We used data and blood samples from a chemoprevention trial conducted from 1990 to 

1994 in the Minneapolis, MN metropolitan area.17  Eligible patients with previous colorectal 

adenoma who consented to participate in this study (n = 193) were randomly assigned (stratified 

by sex) to one of three groups:  a placebo control group (n = 66) and 1.0 g (n = 64) and 2.0 g (n = 

63) elemental calcium supplementation groups.  Blood samples were collected and biomarkers 

were measured at baseline and 4-month follow-up visit.  The effects of calcium on biomarkers of 

inflammation, oxidative stress, and gut permeability were estimated using a mixed linear models 

procedure for repeated measures data as implemented in SAS Institute’s Mixed Procedure (SAS 

version 9.4; SAS Institute, Cary, NC).  We had 99% power to detect effect estimates equal to those 

estimated in the preliminary studies, and 80% power to detect effect estimates that are half the size 

or less than those found in our preliminary studies.  

Aim 2: 

 Within the Cancer Prevention Study II Nutrition Cohort, we identified 2,284 persons 

diagnosed with invasive, non-metastatic colon or rectal cancer after baseline (1992 or 1993) and 

up to 2009 and following for their mortality outcomes through 2010.  Dietary information was 

collected at baseline using a Block FFQ, and updated in 1999 and 2003 using a Willett FFQ.  We 

estimated associations of pre- and post-diagnosis intakes of calcium, vitamin D, and dairy products 

with mortality from all causes, colorectal cancer, and CVD, using multivariable-adjusted Cox 

proportional hazards regression models, adjusted for age and tumor stage at diagnosis, sex, and pre- 

or post-diagnosis intakes of total energy and total folate.  For the association between each exposure 

variable and all-cause mortality, the power is > 80% for detecting an RR of 0.80.  We acknowledge 

that the analyses for the secondary outcomes (colorectal cancer and CVD) will have less power; 
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we feel these analyses are still worthwhile to explore and generate specific hypotheses concerning 

the associations, if any, between these dietary exposures and colorectal cancer survival. 

Aim 3: 

Within the Cancer Prevention Study II Nutrition Cohort, we identified 132,823 eligible 

participants initially free from cancer or CVD at baseline (1992/1993), and followed for their 

mortality outcomes through 2012.  Dietary information was collected at baseline using a Block 

FFQ, and updated in 1999 and 2003 using a Willett FFQ.  We assessed associations of total, dietary, 

and supplemental calcium intakes with mortality from all causes, cancer, CVD, and other causes, 

separately by sex, using multivariable-adjusted Cox proportional hazards regression models, with 

cumulative updating of the main exposure variables.  We have sufficient power to detect a modest 

association between each type of calcium intake and mortality:  for all-cause mortality, the power 

is ≥ 95% for detecting an RR of 0.95 or 1.05; for cancer- or CVD-specific mortality, the power is 

around 50% when the RR is 0.95 or 1.05, but rises to above 90% when the RR becomes 0.90 or 

1.10.  
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Abstract  

Gut barrier dysfunction contributes to several gastrointestinal disorders, including 

inflammatory bowel disease and colorectal cancer, but factors associated with intestinal 

hyperpermeability have been minimally studied in humans.  We evaluated factors associated with 

baseline circulating biomarkers of gut permeability, and tested the effects of two doses of calcium 

(1.0 or 2.0 g/d) on these biomarkers over a 4-month treatment period among colorectal adenoma 

patients in a randomized, double-blinded, placebo-controlled clinical trial (n = 193).  Circulating 

levels of anti-flagellin and anti-lipopolysaccharide (LPS) immunoglobulins (Igs) as markers of 

colonic hyperpermeability were measured via ELISA.  At baseline, mean levels of anti-flagellin 

IgA and anti-LPS IgA were, respectively, statistically significantly proportionately higher by 

11.8% and 14.1% among men, 31.3% and 39.8% among those with a body mass index (BMI) ≥ 

35 kg/m2, and 19.9% and 22.0% among those in the upper relative to the lowest sex-specific 

tertile of waist circumference.  A combined permeability score (the summed optical densities of 

all four permeability biomarkers) was 24.3% higher among women (ptrend < 0.01) who were in the 

upper tertile of plasma C-reactive protein, but not among men.  We found no appreciable effects 

of supplemental calcium on anti-flagellin or anti-LPS Igs.  Our results suggest that 1) men and 

those with a larger BMI or waist circumference may have greater gut permeability, 2) markers of 

gut permeability and systemic inflammation may be directly associated with one another, and 3) 

supplemental calcium may not modify circulating levels of biomarkers of gut permeability within 

four months.  
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Introduction 

 The gastrointestinal tract has the largest mucosal surface in the body interacting with the 

environment, and an intact gut barrier with selective permeability is key to balancing the 

absorption of nutrients and blocking harmful wastes, such as bacterial products.103  Abnormal gut 

barrier function contributes to several gastrointestinal disorders, such as inflammatory bowel 

disease (IBD), Celiac disease, food allergies,104 and colorectal cancer.105,112,238  Factors associated 

with gut hyperpermeability have not been well-characterized, although evidence suggests that 

diet, among other factors, may impact gut permeability, based on animal studies and very limited 

human clinical trials.104,128  

Calcium is a plausible agent that may play a role in modulating gut barrier function since 

calcium can bind bile and fatty acids in the colon lumen by forming insoluble soaps, thus 

preventing them from oxidatively damaging the colonic mucosa and consequently producing 

inflammation,4,9,10 which, in turn, may help maintain the strength of the gut mucosal barrier.  Our 

research group previously conducted a 6-month pilot randomized controlled trial among patients 

with previous colorectal adenoma, and found that among subjects treated with calcium (n = 23) 

compared to the placebo (n = 23), 8-hydroxydeoxyguanosine level (as a marker of oxidative 

DNA damage) in the normal-appearing colon tissue was reduced by 22%,19 and a comprehensive 

summary z-score of multiple plasma biomarkers of inflammation was reduced by 48%.23  Based 

on these data, we hypothesized that calcium may also favorably modulate gut permeability.  The 

effect of calcium supplementation on gut permeability was previously tested in a very limited 

number of animal studies136-138 and one pilot human clinical trial (n = 32),139 and their results all 

support this novel hypothesis.  However, to our knowledge, there are no reported full-scale 

clinical trials that directly tested the effect of calcium on gut permeability in humans. 
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 To address these gaps in the literature, we measured circulating levels of flagellin- and 

lipopolysaccharides (LPS)-specific immunoglobulins (Igs) IgA and IgG among patients with 

previous colorectal adenomas in a full-scale, randomized, double-blinded, placebo-controlled 

clinical trial (“the Calcium Trial”, n = 193).  Circulating levels of flagellin- and LPS-specific IgA 

and IgG may serve as markers of long-term systemic exposure to flagellin and LPS and may 

indicate altered adaptive immune responses related to colonic hyperpermeability.106-110  We 

evaluated factors associated with these circulating biomarkers of gut permeability at baseline 

(including major demographic, diet and lifestyle factors, and systemic inflammation levels) and 

tested whether biomarker levels were affected by calcium supplementation over four months of 

treatment.   

Patients and Methods 

This study was approved by the Committee on Use of Human Subjects in Research of the 

University of Minnesota.  Written informed consent was obtained from each study participant. 

Participant Population 

Detailed information on study recruitment protocol, eligibility and exclusion criteria was 

published previously.17  Briefly, subjects aged 30 – 74 years who were in general good health and 

had a history of pathology-confirmed adenomatous polyps within the previous five years were 

recruited from the patient population of a major private-practice gastroenterology group in 

Minneapolis-St. Paul, MN.  Exclusion criteria included contraindications to calcium 

supplementation or rectal biopsies; medical conditions, habits, or medication usage that would 

otherwise jeopardize safety, adherence, or interpretation of the study results; and failure to take > 

80% of the prescribed tablets in a 1-month placebo run-in trial. 
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Clinical Trial Protocol 

 Potential participants were first invited for an eligibility visit to complete questionnaires 

and provide blood samples, after which those who appeared eligible entered a 4-week placebo 

run-in trial.   Only participants without substantial perceived side effects and who had taken > 

80% of their tablets in the 4-week placebo run-in trial were eligible for randomized assignment.  

Eligible participants (n = 193) then underwent a baseline visit and were randomly assigned 

(stratified by sex) to one of three groups:  a placebo control group (n = 66) and 1.0 g/d (n = 64) 

and 2.0 g/d (n = 63) elemental calcium supplementation groups.  The supplement and placebo 

pills, prepared by SmithKline Beecham, Pittsburgh, PA, were identical in size, appearance, and 

taste.  The calcium tablets were in the form of calcium carbonate and taken in two equally divided 

doses twice daily with food.  The reasons for choosing calcium carbonate were described 

previously.17   

The treatment period was 6 months, and participants attended follow-up visits at 1, 2, 4, 

and 6 months after random assignment (baseline).  Pill-taking adherence was assessed at follow-

up visits by questionnaire, interview, and pill count.  Participants were instructed to remain on 

their usual diets during the study, and a Willett semi-quantitative food-frequency questionnaire 

was administered at baseline and again at the final follow-up visit.  Factors hypothesized to be 

related to gut barrier function (such as interviewer-measured body mass index [BMI] and waist-

hip ratio) were assessed at baseline, several were reassessed at each follow-up visit, and all 

factors were reassessed at the final follow-up visit. 

 Peripheral venous blood samples were collected at the baseline and 4-month follow-up 

visits, after the subject sat upright with his or her legs uncrossed for 5 minutes.  Blood was drawn 

into pre-chilled Vacutainer tubes for plasma and serum, and then immediately placed on ice and 

shielded from light.  Tubes were immediately processed, plasma and serum were aliquotted into 
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cryopreservation tubes, the air was displaced with nitrogen, and then the aliquots were 

immediately placed in a -80 ⁰C freezer until analysis.  

Laboratory Protocol 

 Levels of flagellin- and LPS-specific IgA and IgG were measured via a previously 

described custom-made ELISA at Georgia State University.106,107,111  ELISA plates (CostarTM) 

were coated overnight with laboratory-made flagellin (100 ng/well) or purified E. coli LPS (2 

μg/well; from E. coli 0128: B12, Sigma, Catalog No. 2887).  Plasma samples diluted 1:200 were 

applied to wells coated with flagellin or LPS.  After incubation and washing, the wells were 

incubated either with IgG coupled to horseradish peroxidase (GE, Catalog No.375112) or, in the 

case of IgA-specific antibodies, with peroxidase-labeled IgA (KPL, Catalog No. 14-10-01).  

Quantitation of total immunoglobulins was performed using the colorimetric peroxidase substrate 

tetramethylbenzidine (TMB), and optical density (OD) was read at 450 nm and 540 nm (the 

difference was taken to compensate for optical interference from the plate), with an ELISA plate 

reader.  Data are reported as OD corrected by subtracting background (determined by readings in 

blank samples) and are normalized to each plate’s control sample, which was prepared in bulk, 

aliquotted, frozen, and thawed daily as used.  Standardization was performed using preparations 

of known concentrations of IgA, and IgG.  The technician was blinded to treatment group and 

treated all samples identically.  Baseline and follow-up samples from each participant were 

included in the same batch.  The laboratory previously performed assays of these biomarkers in 

replicates with a very low coefficient of variation (CV < 5%); therefore, our samples were 

analyzed in singleton to minimize costs and time.  For quality control, two duplicate plasma 

samples were measured in each batch.  The within-batch coefficient of variation was < 20%, and 

most frequently < 5%.  
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 Plasma levels of the inflammation biomarkers were measured using 

electrochemiluminescence detection-based immunoassays in the Emory Multiplexed 

Immunoassay Core (EMIC).  All biomarkers were measured in duplicate, according to the 

manufacturer’s protocol, and the technicians were blinded to the treatment group assignment.  We 

selected biomarkers with an average intra-assay coefficient of variation (CV) < 15% for further 

analysis, including C-reactive protein (CRP), interleukin (IL)-10, IL-12p40, IL-1β, IL-6, IL-8, 

tumor necrosis factor (TNF)-α, and vascular endothelial growth factor (VEGF). 

Statistical Analysis 

Treatment groups were compared on baseline characteristics using analysis of covariance 

(ANCOVA) for continuous variables, and the chi-square or Fisher’s exact test for categorical 

variables; sex was included as a covariate when appropriate.  Pearson correlation coefficients 

were calculated for each pair-wise combination of the four gut permeability biomarkers.  

Associations of selected baseline demographic, diet and lifestyle factors, and circulating 

biomarkers of inflammation with gut barrier function biomarkers were assessed using ANCOVA, 

adjusted for sex and BMI as appropriate.  To better present different aspects of inflammation, we 

created a baseline cytokine summary z-score, as the sum of the z values for each cytokine [z = (x 

- µ)/δ, where x is the natural log-transformed values for each individual marker, and µ and δ are 

the sex-specific mean and standard deviation of the natural log-transformed biomarker value, 

respectively, at baseline].  The z-score for IL-10 was included with a negative sign because of its 

anti-inflammatory properties.239 

The primary analysis of the effects of calcium on gut barrier function biomarkers was 

based on random assignment of treatment group regardless of adherence (intent-to-treat).  

Because the biomarker values were normally distributed, they were not log-transformed before 

statistical testing. Treatment effects on the biomarkers from baseline to 4-month follow up across 
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the three treatment groups were compared using a mixed linear model for repeated measures data 

as implemented in SAS Institute’s Mixed Procedure (SAS version 9.4; SAS Institute, Cary, NC).  

The model included as predictors the intercept, visit (baseline and 4-month follow-up), treatment 

groups (coded as dummy variables), and a treatment-by-visit interaction term.  An absolute effect, 

obtained from the Mixed model, was defined as [(treatment group follow-up mean) - (treatment 

group baseline mean)] - [(placebo follow-up mean) - (placebo baseline mean)].  In order to 

provide a conservative estimate of the proportional change in the treatment group relative to that 

in the placebo group, we also calculated a relative effect, defined as (treatment group follow-up 

mean/treatment group baseline mean) / (placebo follow-up mean/placebo baseline mean).  Its 

interpretation is somewhat analogous to that of an odds ratio (e.g., a relative effect of 1.10 would 

mean that the proportional change in the treatment group was 10% higher than that in the placebo 

group). 

We first analyzed each gut permeability biomarker individually.  Then, we created 

several combinations to better capture different aspects of gut barrier function, including anti-

flagellin Igs (flagellin IgA + flagellin IgG), anti-LPS Igs (LPS IgA + LPS IgG), IgA (flagellin 

IgA + LPS IgA), IgG (flagellin IgG + LPS IgG), and all four biomarkers combined as a 

permeability score (flagellin IgA + flagellin IgG + LPS IgA + LPS IgG).  These biomarkers were 

directly summed up because their optical density measurements were approximately on the same 

scale.  To adjust for possible batch effects, we ran sensitivity analyses using batch-adjusted 

biomarker levels calculated as the original value divided by the mean level within the batch.  

Results 

 The mean age of the study participants was 59 years, 63% were men, 99% were White, 

and 28% had a family history of colorectal cancer in a first-degree relative.  The baseline 
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characteristics of the participants did not differ significantly across the three treatment groups 

(Table 2.1).  

Among the 193 participants, measurements of the plasma biomarkers of gut permeability 

were available for 189 at baseline, and 174 at follow-up.  The baseline gut permeability 

biomarkers were moderately to strongly correlated (Pearson correlation coefficients 0.20 – 0.67 

for men and 0.37 – 0.80 for women), and the p-values for all pair-wise Pearson correlations were 

< 0.05 (Table 2.2).  As shown in Table 2.3, the baseline levels of anti-flagellin IgA and anti-LPS 

IgA were, respectively, statistically significantly proportionately higher by 11.8% and 14.1% 

among men (p value < 0.05) relative to women, 31.3% and 39.8% among those who were very 

obese (BMI ≥35 kg/m2) relative to those who were underweight/normal weight (ptrend < 0.01), and 

19.9% and 22.0% among those in the upper relative to the lowest sex-specific tertile of waist 

circumference (ptrend < 0.01).  A combined permeability score (the summed optical density 

measurements from all biomarkers) was 24.3% higher among women who were in the upper 

relative to the lowest tertile of plasma C-reactive protein concentrations (ptrend < 0.01), but not 

among men (Table 2.4).  No associations of any of the gut barrier function biomarkers were 

found with age, waist-hip ratio, cigarette smoking, alcohol drinking, NSAID use, or adenoma 

characteristics (Table 2.3), nor with physical activity, vitamin/mineral supplement use, intakes of 

fat, red/processed meat, and fruit/vegetable, or a comprehensive oxidative balance score (OBS) 

240,241 (data not shown).  Batch-adjustment did not change the results (data not shown). 

Overall adherence to visit attendance was 95.3%, and did not differ among the treatment 

groups.  The mean percentage of pills taken in each group was 97%, and > 98% of all participants 

in each group took > 80% of their pills.  Changes in the gut barrier function biomarkers, alone or 

in combination, for each calcium treatment group relative to the placebo group, are shown in 

Table 2.5.  We found no appreciable or statistically significant treatment effects of either 
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supplemental calcium dose on any of the biomarkers, alone or in combination.  The results were 

similarly null among categories of BMI, sex, age, OBS, NSAID use, adenoma characteristics, and 

usual pre-trial calcium intake, and when the analyses were restricted to participants with good 

treatment adherence (data not shown).  

Discussion 

 Our results suggest that 1) men and participants with higher overall or abdominal 

adiposity may have higher levels of anti-flagellin and anti-LPS IgA, indicating greater gut 

permeability; 2) markers of gut permeability and systemic inflammation may be directly 

associated with one another, particularly among women; and 3) supplemental calcium at 

moderate and relatively higher doses has no substantial effect on levels of biomarkers of gut 

barrier function over four months among individuals with previously diagnosed colorectal 

adenoma.  

 We found higher levels of anti-LPS and anti-flagellin Igs in men than in women.  

Overall, levels of anti-LPS and anti-flagellin Igs may reflect erosion of mucosal anatomic and 

immune barriers, gut bacteria composition and their ability to translocate across the gut, and 

immune responses against bacterial antigens.  Because men generally have lower innate and 

adaptive immune responses than women,242 it is likely that men are systemically exposed to a 

higher level of bacterial products as a result of impaired gut barrier function and/or distinct 

microbiome profiles243 potentially due to diet, lifestyle, or hormonal factors.  Alternatively, there 

is evidence that given the same amount of in vivo LPS exposure, male mice produce higher levels 

of LPS-binding protein and higher inflammation mediators than female mice.127  While the exact 

biological mechanisms require further investigation, future observational epidemiologic studies 

for the association of gut permeability with various health outcomes may need to consider sex as 

an important confounder and/or effect modifier.  
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Our findings that BMI and waist circumference, a reliable predictor of visceral fat, are 

positively associated with colonic permeability is largely consistent with previous literature.  

Evidence from several human cross-sectional studies supports a positive association of obesity 

(especially abdominal obesity) with several intestinal permeability measurements, such as the 

sucralose-to-mannitol ratio, IgG against bacterial antigens, and LPS-binding protein 

(LBP).125,126,244  One possible explanation is that obese individuals may have different gut 

microbiota and/or gut microbiome patterns;245 for example, obese individuals often consume a 

high-fat diet, which may favor the growth of gram-negative bacteria in the gut.246  Gram-negative 

bacteria may have a greater ability to translocate across the gut mucosa into the circulation 

compared to gram-positive microbes.108  Furthermore, LPS is a major component of the outer 

membrane of Gram-negative bacteria.  Therefore, it is biologically plausible that obese 

individuals have higher levels of anti-LPS and anti-flagellin Igs.  However, the temporal 

sequence of gut barrier dysfunction and obesity cannot be assessed in such cross-sectional 

studies.  Results from a few animal and human trials suggested that gut barrier dysfunction and 

obesity could mutually influence each other.  For example, mice with induced metabolic 

endotoxemia (through infusion of LPS) experienced weight gain in 4 weeks, suggesting that the 

LPS system may trigger the onset of obesity.123  Conversely, mice with induced-obesity had 

significantly higher IgG against bacterial extracts,126 and rats with transplanted visceral adipose 

tissue or that were injected with leptin had increased colonic epithelial permeability as measured 

by expression of trans-epithelial resistance and tight junction proteins, suggesting that obesity 

may induce gut barrier impairment.247  In humans, plasma LPS levels were higher in obese 

individuals (n = 49) than in controls (n = 17), but they were reduced after bariatric surgery; 

however, reduced LPS levels were not found with a preoperative weight-loss intervention, and 

the postoperative LPS reduction was not correlated with a BMI reduction, suggesting 

mechanisms beyond weight loss.248   
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 Our study provides some evidence that levels of systemic inflammation may be positively 

correlated with gut permeability.  We previously hypothesized that oxidative damage and 

subsequent inflammatory responses in the gut result in damage to the gut barrier and increase gut 

permeability.  Current evidence suggests that enhanced mucosal immune activities may also be a 

consequence of gut barrier dysfunction.103  For example, Hollander et al. found that compared to 

healthy controls, patients with Crohn’s disease and their clinically unaffected relatives had 

similarly increased gut permeability, suggesting that gut barrier dysfunction is not secondary to 

intestinal inflammation.249  In experimental studies, translocation of flagellin across epithelia 

mediated Salmonella-induced mucosal inflammatory activities in vitro,250 via activating 

basolaterally expressed Toll-like receptor 5 (TLR5),251 and systematic injection of flagellin in 

mice induced the expression of a panel of pro-inflammatory mediators such as cytokines.252  Gut 

permeability and inflammation are likely closely related in a complex manner, and may act 

together in the pathogenesis of metabolic disorders such as diabetes and obesity,123,124,253 both of 

which are associated with the incidence of several types of cancer, including colorectal cancer.   

 The effect of calcium on gut permeability has rarely been studied before.  Bovee-

Oudenhoven and colleagues conducted several controlled trials in rats, and reported that a high-

calcium diet reduced the translocation of Salmonella, inhibited the increase in intestinal 

permeability as measured by urinary chromium EDTA (CrEDTA), and improved resistance to 

intestinal infection;136-138 they also found a similar effect of high-calcium milk relative to low-

calcium milk against enterotoxigenic Escherichia coli (ETEC) infection in rats and a small group 

of men (n = 32),139 but the potential interaction between calcium and other components in milk 

could not be excluded.  We found no effects of calcium supplementation on immunoglobulins 

against selected bacterial products, possibly due to several reasons.  First, calcium may simply 

have no important effect on gut permeability in humans.  Second, the circulating biomarkers 

investigated in this study may not be the most direct measurement of gut permeability; however, 
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emerging evidence suggests a positive correlation of antibodies against LPS and flagellin with 

serum fluorescein isothiocyanate–dextran–dextran, a direct measurement of intestinal barrier 

function.110  Third, although the treatment period of the original trial was 6 months, blood was 

only collected at baseline and month 4, since blood biomarkers were not the pre-specified 

primary outcomes of the trial.  This treatment duration may be insufficient to observe an effect of 

calcium on these permeability markers, as antibodies against bacterial products can persist for 

several months,254,255 and the effect of calcium on gut barrier function may not be immediately 

accompanied by a decrease of antibody levels.  Fourth, the original trial was conducted in the 

1990s, so it is possible that the samples deteriorated over the years; however, we did not find 

strong evidence to support this.  The samples were immediately processed and stored with no 

additional freeze-thaw cycles since the original storage, the levels of the inflammation markers 

were comparable to those in another trial with more recently collected blood samples,23 and anti-

LPS and anti-flagellin Igs are stable over time (personal communication with A. Gewirtz) and, as 

described above, were associated with BMI as in other reported studies.  Finally, chance remains 

a possible explanation. 

 Major strengths of our study include that it is a full-scale randomized, controlled trial 

with a dose-response component.  Other strengths include the inclusion of novel gut permeability 

biomarkers and the excellent overall adherence to treatment.  We also collected detailed 

questionnaire information and were able to evaluate associations of baseline demographic, diet, 

and lifestyle factors with gut permeability levels, which may provide insights for future 

epidemiological studies.  Limitations of the study include the above-mentioned relatively short 

treatment period and long storage period of the blood samples.  In addition, the gut permeability 

biomarkers were measured in singleton; however, based on previous assays on these same 

biomarkers we expect that our biomarker measurement reliability was high.  The use of 

antibiotics may impact gut bacteria and subsequent immune responses against bacterial products.  
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We excluded patients who were on antibiotics at baseline but lacked data on the use of antibiotics 

during the trial or during the year prior to the trial (which may have a long-term effect on the gut 

microbiota); however, antibiotic use is expected to be balanced among the three groups due to 

randomization.  Also, this study is based on a population of patients with a history of colorectal 

adenoma who were participating in a chemoprevention trial, and thus our findings may have 

limited external generalizability.  

 In conclusion, taken together with previous literature, our results suggest that those with 

greater adiposity may have greater gut permeability.  Our results also suggest that men may have 

greater gut permeability and that markers of gut permeability and systemic inflammation may be 

directly associated with one another.  Finally, supplemental calcium may not modify circulating 

levels of biomarkers of gut permeability, at least in sporadic colorectal adenoma patients, within a 

4-month treatment period.  Our findings may facilitate better understanding of the factors that 

influence gut permeability biomarkers to inform development of treatable biomarkers of risk for 

colorectal cancer and other health conditions and outcomes. 
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Tables and Figures 

Table 2.1.  Selected baseline characteristics of study participants in the Calcium Trial 

 Treatment group  

Characteristics Placebo 

(n = 66) 

Calcium 1 g 

(n = 64) 

Calcium 2 g 

(n = 63) 

P-value1 

Age, yrs. 60 (9) 60 (9) 58 (10) 0.37 

Men (%) 64 63 62 0.98 

White (%) 98 100 100 > 0.99 

College graduate (%) 35 19 33 0.08 

Employed (%) 52 45 56 0.48 

Family history (%) 26 25 30 0.78 

Take aspirin2 (%) 21 27 16 0.34 

Take non-aspirin NSAID2 (%) 9 11 10 0.92 

Currently smoke (%) 20 16 24 0.53 

Alcohol intake, g/d 11 (19) 13 (20) 8 (13) 0.20 

Body mass index, kg/m2     

  Men 28.0 (3.8) 29.0 (3.1) 28.8 (4.5) 0.47 

  Women 30.1 (5.2) 28.1 (8.4) 26.3 (4.4) 0.12 

Vigorous/moderate physical activity,  

MET-hours/d 

33 (21) 30 (22) 28 (21) 0.47 

Dietary intakes     

  Total energy, kcal/d 2,097 (753) 2,000 (627) 2,102 (633) 0.63 

  Total fat, g/d 64 (27) 62 (24) 70 (24) 0.19 

  Dietary fiber, g/d 24 (10) 22 (7) 22 (9) 0.33 

  Total vitamin D, IU/d 345 (251) 294 (268) 314 (207) 0.48 

  Total calcium, mg/d 884 (339) 787 (364) 855 (416) 0.33 

  Phosphorous, mg/d 1,359 (435) 1,248 (441) 1,327 (418) 0.34 

  Omega-3 fatty acids, g/d 0.2 (0.2) 0.2 (0.2) 0.2 (0.2) 0.41 

  Take any vitamin supplement(s) (%) 38 38 33 0.82 

Abbreviations:  MET, metabolic equivalents of task; NSAID, nonsteroidal anti-inflammatory 

drug 

Note:  unless otherwise specified, values presented are mean (standard deviation) 

1 P values calculated from ANCOVA for continuous variables, and chi-square or Fisher’s exact 

test for categorical variables.  Sex was included as a covariate when appropriate. 

2 Regularly take once or more a week 
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Table 2.2.  Pearson correlation coefficients (r) for correlations between plasma concentrations of 

flagellin- and LPS-specific immunoglobulins IgA and IgG in the Calcium Trial 

 Flagellin-IgA  Flagellin-IgG  LPS-IgA  LPS-IgG 

 Men Women  Men Women  Men Women  Men Women 

Flagellin-IgA    0.45 0.41  0.67 0.80  0.20 0.37 

Flagellin-IgG       0.31 0.43  0.30 0.46 

LPS-IgA          0.28 0.55 

LPS-IgG            

Abbreviations:  Ig, immunoglobulin; LPS, lipopolysaccharide 

Note:  p value < 0.05 for all correlations 
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Table 2.3.  Mean baseline plasma levels of gut permeability biomarkers by demographic and lifestyle factors in the Calcium Trial 

   Flagellin IgA  Flagellin IgG  LPS IgA  LPS IgG  Permeability score1 

 N Mean SE Pvalue  Mean SE Pvalue  Mean SE Pvalue  Mean SE Pvalue  Mean SE Pvalue 

Age, yrs. 

 < 55 61 1.55 0.06   1.64 0.06   1.32 0.07   0.87 0.05   5.37 0.18  

 55 - 64 72 1.65 0.06   1.74 0.05   1.39 0.06   0.86 0.05   5.64 0.16  

 ≥ 65 56 1.66 0.07 0.21  1.67 0.06 0.68  1.40 0.07 0.37  0.81 0.05 0.42  5.54 0.18 0.49 

Sex 

 Male 119 1.71 0.04   1.73 0.04   1.46 0.05   0.83 0.03   5.73 0.12  

 Female 70 1.53 0.06 0.01  1.65 0.05 0.22  1.28 0.06 0.02  0.86 0.04 0.62  5.32 0.16 0.05 

BMI, kg/m2 

 < 25 49 1.47 0.07   1.63 0.06   1.18 0.07   0.76 0.05   5.04 0.19  

 25 - 27.49 34 1.58 0.09   1.72 0.07   1.36 0.09   0.84 0.07   5.49 0.24  

 27.50 - 29.99 41 1.61 0.08   1.70 0.07   1.40 0.08   0.94 0.06   5.64 0.22  

 30 - 34.99 50 1.72 0.07   1.72 0.06   1.47 0.07   0.83 0.05   5.74 0.19  

 ≥ 35 15 1.93 0.13 < .01  1.70 0.11 0.34  1.65 0.13 < .01  0.98 0.10 0.08  6.26 0.35 < .01 

Waist-hip ratio2 

 Tertile 1 63 1.59 0.06   1.69 0.05   1.32 0.07   0.81 0.05   5.41 0.17  

 Tertile 2 64 1.54 0.06   1.65 0.05   1.34 0.07   0.88 0.05   5.41 0.17  

 Tertile 3 62 1.73 0.06 0.13  1.72 0.05 0.72  1.45 0.07 0.17  0.85 0.05 0.55  5.74 0.18 0.18 

Waist circumference, cm2 

 Tertile 1 64 1.51 0.06   1.65 0.05   1.27 0.06   0.76 0.05   5.19 0.17  

 Tertile 2 63 1.55 0.06   1.70 0.05   1.29 0.06   0.90 0.05   5.44 0.17  

 Tertile 3 62 1.81 0.06 < .01  1.71 0.05 0.35  1.55 0.06 < .01  0.87 0.05 0.10  5.95 0.17 < .01 

Current cigarette smoker 

 Yes 38 1.66 0.08   1.67 0.07   1.43 0.08   0.79 0.06   5.55 0.22  

 No 148 1.61 0.04 0.59  1.68 0.04 0.86  1.36 0.04 0.48  0.87 0.03 0.24  5.52 0.12 0.93 

(Table continues on the next page) 
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   Flagellin IgA  Flagellin IgG  LPS IgA  LPS IgG  Permeability score1 

 N Mean SE Pvalue  Mean SE Pvalue  Mean SE Pvalue  Mean SE Pvalue  Mean SE Pvalue 

Regular NSAID user3 

 Yes 54 1.69 0.07   1.74 0.06   1.48 0.07   0.80 0.05   5.71 0.18  

 No 135 1.59 0.04 0.26  1.66 0.04 0.26  1.33 0.04 0.06  0.86 0.03 0.31  5.45 0.12 0.24 

Alcohol drinks per day 

 0 55 1.64 0.07   1.69 0.06   1.41 0.07   0.86 0.05   5.60 0.18  

 0.1 - 2 44 1.61 0.07   1.74 0.06   1.38 0.07   0.87 0.06   5.60 0.20  

 > 2 74 1.66 0.06 0.82  1.66 0.05 0.65  1.34 0.06 0.43  0.82 0.05 0.55  5.48 0.17 0.61 

History of high-risk adenomas4 

 Yes 95 1.57 0.05   1.64 0.04   1.36 0.05   0.78 0.04   5.36 0.14  

 No 89 1.69 0.05 0.12  1.73 0.05 0.14  1.38 0.05 0.78  0.88 0.04 0.07  5.68 0.15 0.11 

 

Abbreviations:  Ig, immunoglobulin; LPS, lipopolysaccharide; SE, standard error; BMI, body mass index; NSAID, nonsteroidal anti-inflammatory 

drug 

Note:  All means, standard errors, and p values were calculated using analysis of covariance (ANCOVA).  Models for all variables but sex were 

adjusted for sex (men/women).  Models for all variables but body mass index, waist-hip ratio, and waist circumference were also adjusted for BMI 

(continuous).  P value is for trend if the explanatory variable has > two categories.  The unit for any permeability biomarker alone or in 

combination is optical density (OD). 

1 Defined as the sum of the optical densities of all permeability biomarkers 

2 Tertiles are sex-specific 

3 Regularly take once or more a week 

4 Defined as having a history of multiple adenoma (≥ 2) or at least one large (> 1 cm) or villous or tubulovillous adenoma 
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Table 2.4.  Mean baseline plasma levels of gut permeability biomarkers by sex-specific tertiles of systemic inflammation biomarkers in the 

Calcium Trial 

   Flagellin IgA  Flagellin IgG  LPS IgA  LPS IgG  Permeability score2 

Categories1 N Mean SE P trend   Mean SE P trend   Mean SE P trend  Mean SE P trend  Mean SE P trend 

Men and women combined 

CRP 

 tertile 1 62 1.62 0.06   1.72 0.05   1.36 0.07   0.81 0.05   5.51 0.17  

 tertile 2 64 1.52 0.06   1.63 0.05   1.27 0.06   0.85 0.05   5.27 0.17  

 tertile 3 63 1.73 0.06 0.18  1.71 0.05 0.92  1.48 0.06 0.18  0.88 0.05 0.36  5.80 0.17 0.22 

Z-score3 

 tertile 1 61 1.67 0.06   1.63 0.05   1.38 0.07   0.80 0.05   5.48 0.18  

 tertile 2 64 1.57 0.06   1.68 0.05   1.30 0.06   0.84 0.05   5.38 0.17  

 tertile 3 64 1.63 0.06 0.69  1.74 0.05 0.14  1.43 0.06 0.60  0.90 0.05 0.15  5.71 0.17 0.36 

                      

Men  

CRP 

 tertile 1 39 1.76 0.07   1.86 0.07   1.49 0.08   0.88 0.06   5.99 0.21  

 tertile 2 40 1.64 0.07   1.60 0.07   1.36 0.08   0.82 0.06   5.43 0.21  

 tertile 3 40 1.75 0.07 0.95  1.73 0.07 0.18  1.53 0.08 0.70  0.80 0.06 0.34  5.80 0.21 0.55 

Z-score3 

 tertile 1 39 1.73 0.07   1.65 0.07   1.40 0.08   0.78 0.06   5.56 0.21  

 tertile 2 40 1.63 0.07   1.76 0.07   1.34 0.08   0.82 0.06   5.55 0.21  

 tertile 3 40 1.79 0.07 0.55  1.77 0.07 0.26  1.64 0.08 0.04  0.91 0.06 0.13  6.10 0.21 0.07 

Women 

CRP 

 tertile 1 23 1.43 0.11   1.50 0.08   1.20 0.11   0.68 0.07   4.81 0.29  

 tertile 2 24 1.37 0.11   1.71 0.07   1.18 0.10   0.88 0.07   5.13 0.28  

 tertile 3 23 1.78 0.11 0.03  1.72 0.08 0.06  1.47 0.11 0.08  1.01 0.07 < .01  5.98 0.29 < .01 

(Table continues on the next page) 
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   Flagellin IgA  Flagellin IgG  LPS IgA  LPS IgG  Permeability score2 

Categories1 N Mean SE P trend   Mean SE P trend   Mean SE P trend  Mean SE P trend  Mean SE P trend 

Z-score3 

 tertile 1 22 1.63 0.12   1.64 0.08   1.43 0.11   0.84 0.08   5.54 0.31  

 tertile 2 24 1.52 0.11   1.58 0.07   1.29 0.10   0.86 0.07   5.25 0.29  

 tertile 3 24 1.43 0.11 0.23  1.72 0.08 0.44  1.13 0.11 0.07  0.87 0.08 0.81  5.15 0.30 0.39 

 

Abbreviations:  Ig, immunoglobulin; LPS, lipopolysaccharide; SE, standard error; BMI, body mass index; CRP, C-reactive protein 

Note:  All means, standard errors, and p values were calculated using analysis of covariance (ANCOVA).  Models for all variables but sex were 

adjusted for sex (men/women).  Models for all variables but body mass index, waist-hip ratio, and waist circumference were also adjusted for BMI 

(continuous).  P value is for trend if the explanatory variable has > two categories.  The unit for any permeability biomarker alone or in 

combination is optical density (OD). 

1 Tertiles are sex-specific 

2 Defined as the sum of the optical densities of all permeability biomarkers 

3 Summary z-score of pro- and anti-inflammatory cytokines (IL-6, IL-1β, TNF-α, IL-8, IL-12p40, VEGF, and IL-10) calculated as the 

summation of the z-value for each cytokine [z = (x - µ)/δ, where x is the natural log-transformed values for each individual marker, and µ and δ 

are the sex-specific mean and standard deviation of the natural log-transformed biomarker value, respectively, at baseline].  The z-value for IL-10 

was included with a negative sign. 
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Table 2.5.  Effects of calcium supplementation on plasma concentrations of gut barrier function biomarkers in the Calcium Trial 

  Baseline 

 4-month  

follow-up 

 

Absolute treatment effect1 

 

Relative  

Effect2   n Mean SE  n Mean SE  Mean SE p value  

Flagellin IgA              

 Placebo 64 1.60 0.06  59 1.58 0.06        

 Calcium 1 g 62 1.71 0.06  58 1.72 0.06  0.03 0.04 0.40  1.02 

 Calcium 2 g 63 1.64 0.06  57 1.67 0.06  0.05 0.04 0.19  1.03 

Flagellin IgG              

 Placebo 64 1.69 0.05  59 1.69 0.05        

 Calcium 1 g 62 1.79 0.05  58 1.80 0.05  0.00 0.03 0.88  1.01 

 Calcium 2 g 63 1.62 0.05  57 1.64 0.05  0.02 0.03 0.61  1.01 

LPS IgA               

 Placebo 64 1.37 0.06  59 1.34 0.07        

 Calcium 1 g 62 1.40 0.07  58 1.43 0.07  0.06 0.03 0.09  1.04 

 Calcium 2 g 63 1.44 0.07  57 1.44 0.07  0.04 0.03 0.26  1.02 

LPS IgG              

 Placebo 64 0.83 0.05  59 0.87 0.05        

 Calcium 1 g 62 0.83 0.05  58 0.84 0.05  -0.02 0.04 0.54  0.97 

 Calcium 2 g 63 0.87 0.05  57 0.87 0.05  -0.03 0.04 0.43  0.95 

(Flagellin + LPS) IgA 

 Placebo 64 2.97 0.12  59 2.92 0.12        

 Calcium 1 g 62 3.11 0.12  58 3.15 0.12  0.09 0.06 0.17  1.03 

 Calcium 2 g 63 3.08 0.12  57 3.11 0.12  0.08 0.06 0.18  1.03 

(Flagellin + LPS) IgG  

 Placebo 64 2.52 0.08  59 2.56 0.08        

 Calcium 1 g 62 2.62 0.08  58 2.64 0.08  -0.02 0.06 0.72  0.99 

 Calcium 2 g 63 2.49 0.08  57 2.51 0.08  -0.01 0.06 0.81  0.99 

(Table continues on the next page) 
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  Baseline 

 4-month  

follow-up 

 

Absolute treatment effect1 

 

Relative  

Effect2   n Mean SE  n Mean SE  Mean SE p value  

Flagellin (IgA + IgG) 

 Placebo 64 3.29 0.10  59 3.27 0.10        

 Calcium 1 g 62 3.50 0.10  58 3.52 0.10  0.04 0.06 0.54  1.01 

 Calcium 2 g 63 3.26 0.10  57 3.31 0.10  0.06 0.06 0.28  1.02 

LPS (IgA + IgG) 

 Placebo 64 2.20 0.09  59 2.21 0.10        

 Calcium 1 g 62 2.23 0.10  58 2.27 0.10  0.03 0.06 0.58  1.01 

 Calcium 2 g 63 2.30 0.10  57 2.31 0.10  0.01 0.06 0.91  1.00 

Permeability score3 

 Placebo 64 5.49 0.17  59 5.48 0.17        

 Calcium 1 g 62 5.74 0.17  58 5.79 0.17  0.07 0.10 0.51  1.01 

 Calcium 2 g 63 5.56 0.17  57 5.62 0.18  0.07 0.10 0.49  1.01 

 

Abbreviations:  Ig, immunoglobulin; LPS, lipopolysaccharide; SE, standard error  

Note: The unit for any permeability biomarker alone or in combination is optical density (OD). 

1 Absolute treatment effect = ([treatment group follow-up - treatment group baseline] - [placebo group follow-up - placebo group baseline]); actual 

calculations of mean, SE and p value from the linear mixed model. Covariates included random intercept, follow-up visit, treatment group, and 

treatment group by follow-up visit interaction. 

2 Relative effect = [(treatment group follow-up/treatment group baseline) / (placebo follow-up/placebo baseline)]. 

3 Defined as the sum of the optical densities of all permeability biomarkers 
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Abstract 

 Inflammation and oxidative stress play important roles in colorectal carcinogenesis.  

There is strong evidence that calcium reduces risk for colorectal neoplasms, possibly through its 

ability to bind bile acids and prevent their colonic toxicity (which occurs via an oxidative 

mechanism and results in an inflammatory response).  In a previously reported pilot, randomized, 

controlled trial among sporadic colorectal adenoma patients we found that those on 2.0 g/d of 

calcium, relative to those on placebo, had an estimated drop in a combined cytokine z-score by 

48% (p = 0.18) over six months.  To follow-up these promising preliminary findings, we tested 

the efficacy of two doses of supplemental calcium (1.0 or 2.0 g/d) relative to placebo on 

modulating circulating biomarkers of inflammation (C-reactive protein [CRP] and 10 cytokines) 

and oxidative stress (F2-isoprostanes) over a 4-month treatment period among 193 patients with 

previous sporadic, colorectal adenoma in a randomized, double-blinded, placebo-controlled 

clinical trial.  The inflammation markers were measured in plasma using 

electrochemiluminescence detection-based immunoassays, and F2-isoprostanes were measured in 

plasma using gas chromatography-mass spectrometry.  Over a 4-month treatment period, we 

found no appreciable effects of calcium on CRP, cytokines, or F2-isoprostanes (p > 0.4), overall 

or within strata of several major risk factors for colorectal carcinogenesis, such as body mass 

index and regular use of nonsteroidal anti-inflammatory drugs.  Overall, our results provide no 

evidence that calcium supplementation favorably modulates concentrations of circulating 

biomarkers of inflammation or oxidative stress over four months among patients with a previous 

colorectal adenoma. 
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Introduction 

 Colorectal cancer, a disease highly correlated with Western lifestyles,2,74 is the second 

leading cause of cancer deaths in the US.1  Calcium is a plausible and evidently well-supported 

dietary chemopreventive agent against colorectal neoplasms.31  A recent meta-analysis of fifteen 

prospective observational studies reported that every 300 mg/day increase of total calcium intake 

was associated with a statistically significant 8% lower risk of colorectal cancer.155  In addition, a 

major randomized controlled trial found statistically significantly reduced recurrence of colorectal 

adenoma (a well-accepted precursor of colorectal cancer) with calcium supplementation.8   

Multiple mechanisms have been proposed for calcium’s chemopreventive properties 

against colorectal carcinogenesis.164  The earliest and probably the most prominent hypothesis 

was that calcium can bind bile and fatty acids in the colon lumen by forming insoluble soaps and 

thus prevent their colonic toxicity, which occurs via an oxidative mechanism and results in an 

inflammatory response and increased proliferation.4,9,10  It is well accepted that inflammation is 

causally linked to colorectal carcinogenesis, and reducing inflammation reduces risk for 

colorectal neoplasms.73,75,79,145,256  Evidence that oxidative stress (which is intimately linked with 

inflammation257) is modifiable and associated with risk for colorectal neoplasms is growing.93,258-

260  We hypothesized that calcium may reduce oxidative damage and inflammation in the colon, 

which could be reflected in the circulation and unlikely be due to systemic actions of calcium, 

because circulating levels of calcium are maintained in a very narrow range.  Our group 

previously conducted a pilot clinical trial among colorectal adenoma patients and found that 

calcium supplementation over 6 months reduced plasma levels of several pro-inflammatory 

biomarkers (individually and combined as an inflammation z-score),23 as well as colon tissue 8-

hydroxy-2′-deoxyguanosine (8-OH-dG) as a biomarker of oxidative DNA damage.19  Other than 

our pilot study, only a few clinical trials previously reported the effect of calcium or dairy (a rich 

source of calcium) on inflammation or oxidative stress markers among humans,85-90 but some of 
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these studies had relatively small sample sizes,85,86,89,90  or restricted the study population to 

generally healthy adults86-88 for whom the levels of inflammation and oxidative stress markers 

may be relatively low and perhaps not amenable to subsequent change.     

To address these gaps in the literature, we tested the effects of two doses of calcium 

supplementation on panels of circulating biomarkers of inflammation (C-reactive protein [CRP], 

tumor necrosis factor [TNF]-α, interleukin [IL]-1β, IL-4, IL-6, IL-8, IL-10, IL-12p40, IL-17, 

vascular endothelial growth factor [VEGF], and interferon [IFN]-γ) and oxidative stress (F2-

isoprostanes) in a randomized, clinical trial among 193 patients with previous sporadic colorectal 

adenomas (“the Calcium Trial”).  The biomarkers in the inflammation panel were chosen to 

represent different aspects of the inflammatory response/immunomodulation in order to provide a 

more complete summary of the overall effect of calcium on inflammation.  Categories of markers 

represented included mediators of natural and adaptive immunity (e.g., TNF-α and IL-4, 

respectively); inflammation promotion and inhibition (e.g., IL-6 and IL-10, respectively); 

cytokines originating from different cell sources, such as T, B, NK, Th1, and Th2 cells, 

macrophages, fibroblasts, epithelial cells, and others; cytokines with different cell targets; and 

cytokines with different primary effects. 

Patients and Methods 

This study was an adjunct investigation using data and blood samples from a 

chemoprevention trial conducted from 1990 – 1994 in the Minneapolis, MN metropolitan area.17  

The parent trial was approved by the Committee on Use of Human Subjects in Research of the 

University of Minnesota.  Each study participant provided written informed consent.  

Participant Population 

Details on the eligibility criteria and recruitment protocol of the parent trial were 

described previously.17  Briefly, adults aged 30 – 74 years and in general good health were 
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eligible if they had a history of pathology-confirmed adenomatous polyps within the previous 5 

years.  Subjects were recruited from the patient population of a major private-practice 

gastroenterology group in Minneapolis-St. Paul, MN.  Subjects were excluded if any of the 

following criteria were met:  having contraindications to calcium supplementation or rectal 

biopsies; having clinical conditions, dietary habits, or medication that would otherwise affect the 

safety, adherence, or interpretation of the study results; or failure to take > 80% of their pills in a 

4-week placebo run-in trial. 

Clinical Trial Protocol 

 As previously described,17 individuals who passed the initial eligibility screening were 

invited for an eligibility visit, during which they were interviewed and their medical/pathology 

records were reviewed.  Those eligible then entered a 4-week placebo run-in trial.  Only 

individuals without substantial perceived side effects and who had taken > 80% of their pills in 

the run-in trial were ultimately considered eligible (n = 193).  Eligible participants then 

underwent a baseline visit and were randomly assigned (stratified by sex) to one of three groups:  

a placebo control group (n = 66) and 1.0 g (n = 64) and 2.0 g (n = 63) elemental calcium 

supplementation groups.  Randomization was blinded to all participants and all study personnel 

and laboratory staff.  The calcium tablets (prepared by SmithKline Beecham, Pittsburgh, PA) 

contained calcium carbonate and were taken twice daily with meals.  The placebo pills contained 

no calcium, magnesium, vitamin D, and chelating agents; they were otherwise identical to 

calcium tablets in size, appearance, and taste.   

 At the baseline visit, we collected information on demographic and lifestyle factors as 

well as medical history and medication use for each participant viaa self-administered 

questionnaire, and additionally collected dietary data using a Willett semi-quantitative food-

frequency questionnaire.  The treatment period for the parent trial was 6 months, and participants 
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were instructed to maintain their usual diets during the study.  After random assignment, all 

participants attended follow-up visits at 1, 2, 4, and 6 months.  Pill-taking adherence was 

evaluated at each follow-up visit by questionnaire, interview, and pill count.  Blood samples were 

collected at the baseline and 4-month follow-up visits.  Participants sat comfortably in a chair for 

five minutes with both of their feet on the floor before venipuncture.  Blood was drawn into pre-

chilled Vacutainers, and immediately placed on ice and shielded from light.  Tubes were 

immediately processed, plasma and serum were aliquotted into separate cryopreservation tubes, 

the air was displaced with nitrogen, and the aliquots were immediately shipped to the laboratory 

for storage in a -80⁰C freezer. 

Laboratory Protocol 

 Concentrations of inflammation biomarkers were measured at the Emory Multiplexed 

Immunoassay Core (EMIC), using electrochemiluminescence detection-based immunoassays 

based on the Meso-Scale Discovery Sector 2400 instrument.  We conducted an individual assay 

for CRP, and a 10-plex assay for IFN-γ, IL-1β, IL-4, IL-6, IL-8, IL-10, IL-12p40, IL-17, TNF-α, 

and VEGF.  All biomarkers were measured in duplicate, according to the manufacturer’s 

protocol, and technicians were blinded to treatment assignment.  The average intra-assay 

coefficient of variation (CV) for CRP was 4.59%, for IFN-γ 16.71%, for IL-10 5.66%, for IL-12 

6.89%, for IL-17 21.26%, for IL-1β 13.01%, for IL-4 17.61%, for IL-6 6.99%, for IL-8 3.48%, 

for TNF-α 4.29%, and for VEGF 4.49%.  The results for biomarkers with CVs ≥ 15 (IFN-γ, IL-

17, and IL-4) were excluded from further analyses because they were considered insufficiently 

reliable.  

 F2-isoprostanes were measured at the University of Minnesota Molecular Epidemiology 

Biomarker Research Laboratory by gas chromatography-mass spectrometry (GC-MS) using an 

Agilent 6890 Series GC and an Agilent 5973N Mass Selective Detector.  For quality control, we 
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included two control samples, measured in duplicate, for each batch; the average intra-assay CV 

was 11.5% and 12.5%, respectively, for these two control samples. 

Statistical Analysis 

Treatment groups were assessed for comparability of baseline characteristics using 

analysis of covariance (ANCOVA) for continuous variables, and the chi-square or Fisher’s exact 

test for categorical variables, adjusting for sex as appropriate.  Among the 193 participants, blood 

samples were available for measuring inflammation biomarkers on 190 participants and for F2-

isoprostane on 188 participants at baseline; blood samples were available for all biomarkers at 

follow-up among 176 participants.  For one biomarker (IL-1β), the biomarker levels for 4% (n = 

13) of the samples were below the detection limit, and were assigned a value equal to half of the 

detection limit.  

Primary analysis was based on original assignment of treatment group at randomization 

regardless of adherence (intent-to-treat).  Because the biomarker values were not normally 

distributed, they were log-transformed before statistical testing.  Treatment effects on the 

biomarkers from baseline to 4-months follow-up for the 1 g/d and 2 g/d calcium groups relative to 

the placebo group were estimated using a mixed linear models procedure for repeated measures 

data as implemented in SAS Institute’s Mixed Procedure (SAS version 9.4; SAS Institute, Cary, 

NC).  Predictors in the model included visit, treatment groups, and a treatment by visit interaction 

term.  Since it was necessary to apply natural log transformation to the biomarker values, the 

main effect for each individual biomarker was estimated on a multiplicative scale based on 

geometric means.  Accordingly, a relative effect, defined as [(treatment group follow-up mean) / 

(treatment group baseline mean)] / [(placebo follow-up mean) / (placebo baseline mean)], was 

obtained from the Mixed model.  Its interpretation is somewhat analogous to that of an odds ratio 

(e.g., a relative effect of 1.10 means that the proportional change in the treatment group is 10% 
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higher than that in the placebo group).  In addition, we also manually calculated an absolute 

treatment effect defined as [(treatment group follow-up mean) - (treatment group baseline mean)] 

- [(placebo follow-up mean) - (placebo baseline mean)], directly using the geometric means for 

each group at baseline and follow-up. 

We considered that no single marker of inflammation could represent all of the complex 

aspects of inflammation / immunomodulation, and thus calculated a cytokine summary z-score.  

Briefly, an individual z-score was calculated for each cytokine as z = (x - µ)/δ, where x is the 

natural log-transformed values for each individual marker at a given visit, and µ and δ are the 

sex-specific mean and standard deviation of the log-transformed biomarker value at baseline, 

respectively.  Each individual z-score at baseline fits a standard normal distribution with a mean 

of 0 and a standard deviation of 1.  Then a combined z-score was calculated by summing the 

individual z-scores (we included the z-score for IL-10 with a negative sign considering its anti-

inflammatory properties).239  Since the z-score was normally distributed, it was not log-

transformed in the modeling process, and its main effect was estimated using the Mixed model on 

an additive scale as an absolute treatment effect (defined above), based on arithmetic means.  

We also conducted baseline analyses using analysis of covariance (ANCOVA), to 

investigate whether baseline levels of CRP, the cytokine summary z-score, or F2-isoprostanes 

were associated with sex, body measurements, smoking status, and a comprehensive Oxidative 

Balance Score (OBS, which reflects combined contributions of anti-oxidant and pro-oxidant 

exposures, with a higher score indicating lower oxidative stress),240,241 with adjustment for sex 

and BMI as appropriate.   
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Results 

 The mean age of study subjects was 59 years, 63% were men, 99% were White, and 28% 

had a family history of colorectal cancer in a first-degree relative.  The treatment groups were 

balanced on major demographic, diet, and lifestyle factors at baseline (Table 3.1).  

 Adherence to visit attendance averaged 95.3%, and did not differ among the three groups.  

In each group, the mean percentage of pills taken was 97%, and > 98% of all participants took > 

80% of their pills.  Table 3.2 shows the geometric mean concentrations of each biomarker at 

baseline and follow-up, as well as the relative and absolute treatment effects by calcium 

supplementation.  Overall, we did not observe an effect of calcium supplementation (1 g/d or 2 

g/d) on individual biomarkers of inflammation and oxidative stress.  Opposite to our hypothesis, 

we noted statistically significant increases of 12% and 8% in the concentrations of IL-12p40 and 

TNF-α, respectively for those treated with 1 g/d but not 2 g/d of calcium.  The effect of calcium 

on a cytokine summary z-score is presented in Table 3.3.  From baseline to follow-up, the z-score 

decreased by 0.39, 0.13, and 0.26 in the placebo group and the 1 g/d and 2 g/d calcium groups, 

respectively, suggesting relative increases of the cytokine levels in both treatment groups 

compared to the placebo; however, none of these estimates were statistically significant.  The 

results were also null within strata of age at enrollment, sex, smoking status, family history of 

colorectal cancer in a first degree relative, body mass index, regular use of nonsteroidal anti-

inflammatory drugs (NSAIDs), total fat intake, dietary fiber intake, and the OBS, or limiting the 

analysis to those with good adherence (data not shown). 

 To provide possible insight into whether the null results for the calcium intervention were 

valid or likely due to the age of the blood samples, we analyzed baseline associations of CRP, the 

cytokine summary z-score, and F2-isoprostanes with selected participant characteristics 

previously reported to be associated with inflammation and oxidative stress (Table 3.4).  Overall, 

mean concentrations of these biomarkers were higher among women, those with a larger BMI or 
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waist-hip ratio, current smokers, or those with higher oxidative stress as indicated by a lower 

OBS (overall, diet-specific, or lifestyle-specific).   

Discussion 

 The results from this first full-scale, dose-response trial of calcium and biomarkers of 

inflammation and oxidative stress indicate that supplementation with 1 or 2 g/d of elemental 

calcium has no effects on circulating biomarkers of inflammation and oxidative stress in sporadic 

colorectal adenoma patients over a 4-month treatment period. 

 Chronic inflammation is an important hallmark of cancer,261 including colorectal 

cancer.79  Several biomarkers of inflammation have been previously linked to colorectal cancer 

risk in population studies.  For example, in a meta-analysis of prospective studies (including 

1,159 colorectal cancer cases and 37,986 controls), CRP was statistically significantly associated 

with higher risk for colorectal cancer (RR per unit increase of log-transformed CRP 1.12, 95% CI 

1.01, 1.25).76  Also, serum levels of several pro-inflammatory cytokines, including VEGF, TNF-

α, IL-6, and IL-8, were found to be higher in colorectal cancer cases than in controls.80  Oxidative 

stress, intimately linked with inflammation,257 primarily acts through reactive oxygen and 

nitrogen species (RONS); RONS can induce damage in almost all cellular components, including 

oxidizing cellular lipids (lipid peroxidation),94 which is believed to be a major determinant of 

oxidative stress-related colorectal carcinogenesis,95,96 and F2-isoprostanes has been recognized as 

the most reliable marker of lipid peroxidation in vivo.94,97  Therefore, the selection of CRP, 

cytokines, and F2-isoprostanes as the endpoints in our calcium intervention trial is well supported, 

and modulation of these biomarkers by calcium could have implications for further modulation of 

risk for colorectal neoplasms.   

 Previous animal studies have reported that treating mice with calcium (with or without 

vitamin D) reduced inflammation (IL-1β, TNF-α, IL-6)83-85 or oxidative stress (ROS production, 
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NADPH oxidase mRNA, and plasma malondialdehyde).85  Among humans, results from our 

previous pilot clinical trial suggested that calcium may reduce plasma IL-6, IL-1β, and an 

inflammation z-score23 as well as oxidative DNA damage in the normal colorectal mucosa among 

colorectal adenoma patients.19  Apart from our pilot study, three other human clinical trials tested 

the effect of calcium on inflammation biomarkers.  Gannagé-Yared et al. reported no effect of 1.0 

g/d calcium plus 800 IU/d vitamin D3 on serum CRP, IL-6, and TNF-α among 47 healthy post-

menopausal women over 12 weeks.86  Similarly, Grey et al. reported no effect of 1 g/d of calcium 

on serum CRP level among 116 healthy post-menopausal women over 12 months,87 and Pittas et 

al. reported no effect of 500 mg/d calcium plus 700 IU/d vitamin D3 supplementation on CRP and 

IL-6 among non-diabetic adults over 3 years.88  However, the null results in the above three 

studies may be partially explained by the relatively low levels of cytokines in healthy 

participants, as opposed to those likely with higher levels of gut or systemic inflammation, such 

as colorectal adenoma patients.102  In addition, three studies reported that diets high in dairy 

reduced the levels of CRP, TNF-α, IL-6, monocyte chemoattractant protein-1, and oxidative 

stress biomarkers in overweight or obese adults 85,89,90 who may have higher levels of systemic 

inflammation than individuals with normal weight,262 but whether the effects were due to calcium 

or other dairy components could not be ascertained.   

 In the current study, we observed no effect of calcium on circulating biomarkers of 

inflammation and oxidative stress, which is inconsistent with the preliminary findings from our 

pilot trial.  This discrepancy could be due to several reasons.  The original blood samples for the 

current study were collected back in the early 1990s, which raised concerns that some analytes in 

the samples could have deteriorated over the years.  However, the blood samples were 

immediately processed and appropriately stored in a -80 ⁰C freezer since the original collection, 

and no additional freeze-thaw cycles were introduced before we aliquotted the samples for the 

current study.  Concentrations of inflammation markers were comparable to those in the pilot 
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trial, which had a much shorter gap between sample collection and laboratory measurement.23   

Most importantly, associations of these biomarkers at baseline with sex, body measurements, and 

an oxidative balance score were consistent with previous findings from our group102,263,264 and 

other groups (e.g.,242,265,266), supporting the validity of our biomarker measurements.  Another 

possibility is that although the current study was originally designed to have a 6-month treatment 

period (same as the pilot trial), blood samples were only collected at baseline and at a 4-month 

follow-up visit since the blood biomarkers were not the pre-specified primary trial outcome; thus, 

this shorter treatment period may have been insufficient to allow an effect of calcium to become 

detectable.  Finally, it is possible that calcium truly has no effect on systemic inflammation and 

oxidative stress, whether or not it has effects on inflammation in the colorectal mucosa, and our 

previously reported preliminary findings were due to chance.     

 A major strength of the study is that it is the first full-scale dose-response trial to test the 

effect of calcium on systemic indicators of inflammation and oxidative stress.  We had 99% 

power to detect effect estimates equal to those estimated in the preliminary studies (e.g., an 

absolute effect of -0.65 for the inflammation z-score), and 80% power to detect effect estimates 

that are half the size or less than those found in our preliminary studies.  For the inflammation 

biomarkers, we chose a panel of markers to represent different aspects of the inflammatory 

response/immunomodulation in order to provide a more complete summary of the overall effect 

of calcium on inflammation.  There are also several limitations of this study, including the above-

mentioned long storage period of blood samples and relatively short treatment period.  Also, 

because this study was based on a clinical trial population, the findings may not be generalizable 

to a general population; however, the population may reflect a typical clinic population with 

adenoma removal.  Although not all adenomas become cancerous, most sporadic cancers form 

from adenomas, and it is important to understand mechanisms and intervene preventively at 

earlier points in the carcinogenic process. 
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 In summary, taken together with previous literature, the results from this study do not 

support the hypothesis that calcium supplementation favorably modulates circulating biomarkers 

of inflammation and oxidative stress among patients with previous colorectal adenoma over a 4-

month treatment period.  Future full-scale studies, especially those with a longer follow-up 

period, and that include biomarkers of inflammation and oxidative stress in the normal appearing 

colorectal mucosa, are needed to provide additional insights into the effects of calcium and 

further clarify its role as a chemopreventive agent against colorectal neoplasia. 
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Tables and Figures 

Table 3.1.  Selected baseline characteristics of the study participants in the Calcium Trial 1 

 Treatment group  

Characteristics Placebo 

(n = 66) 

Calcium 1 g 

(n = 64) 

Calcium 2 g 

(n = 63) 

P-value2 

Age, yrs. 60 (9) 60 (9) 58 (10) 0.37 

Men (%) 64 63 62 0.98 

White (%) 98 100 100 > 0.99 

College graduate (%) 35 19 33 0.08 

Employed (%) 52 45 56 0.48 

Family history (%) 26 25 30 0.78 

Take aspirin3 (%) 21 27 16 0.34 

Take non-aspirin NSAID3 (%) 9 11 10 0.92 

Currently smoke (%) 20 16 24 0.53 

Alcohol intake, g/d 11 (19) 13 (20) 8 (13) 0.20 

Body mass index, kg/m2     

  Men 28.0 (3.8) 29.0 (3.1) 28.8 (4.5) 0.47 

  Women 30.1 (5.2) 28.1 (8.4) 26.3 (4.4) 0.12 

Vigorous/moderate physical activity,  

  MET-hours/d 

33 (21) 30 (22) 28 (21) 0.47 

Dietary intakes     

  Total energy, kcal/d 2,097 (753) 2,000 (627) 2,102 (633) 0.63 

  Total fat, g/d 64 (27) 62 (24) 70 (24) 0.19 

  Dietary fiber, g/d 24 (10) 22 (7) 22 (9) 0.33 

  Total vitamin D, IU/d 345 (251) 294 (268) 314 (207) 0.48 

  Total calcium, mg/d 884 (339) 787 (364) 855 (416) 0.33 

  Phosphorous, mg/d 1,359 (435) 1,248 (441) 1,327 (418) 0.34 

  Omega-3 fatty acids, g/d 0.2 (0.2) 0.2 (0.2) 0.2 (0.2) 0.41 

  Take any vitamin supplement(s) (%) 38 38 33 0.82 

Abbreviations:  MET, metabolic equivalents of task; NSAID, nonsteroidal anti-inflammatory 

drug 

1 Unless otherwise specified, values presented are mean (standard deviation). 

2 P values calculated from ANCOVA for continuous variables, and chi-square or Fisher’s exact 

test for categorical variables.  Sex was included as a covariate when appropriate.  

3 Regularly take once or more a week 

 

 

 



 
 

7
4 

Table 3.2.  Changes in plasma concentrations of biomarkers of inflammation and oxidative stress among colorectal adenoma patients in response 

to calcium supplementation in the Calcium Trial 

Biomarker 
Baseline  4-month follow-up  Relative treatment effect2 

Absolute effect3 
n Mean1 95% CI  n Mean1 95% CI  Mean 95% CI P value 

Inflammation             

CRP (µg/ml)             

  Placebo 65 1.62 1.20, 2.18  60 1.68 1.24, 2.28  — — — — 

  1 g calcium 62 2.81 2.08, 3.82  58 2.65 1.94, 3.61  0.91 0.66, 1.25 0.55 -0.22 

  2 g calcium 63 1.66 1.23, 2.26  58 1.96 1.44, 2.68  1.14 0.83, 1.56 0.43 0.24 

IL-6 (pg/ml)             

  Placebo 65 2.05 1.77, 2.38  60 2.10 1.80, 2.44  — — — — 

  1 g calcium 62 2.75 2.36, 3.20  58 2.52 2.16, 2.94  0.89 0.72, 1.10 0.30 -0.28 

  2 g calcium 63 1.95 1.67, 2.26  58 2.32 1.98, 2.71  1.16 0.94, 1.43 0.16 0.32 

IL-8 (pg/ml)             

  Placebo 65 5.59 5.03, 6.21  60 5.39 4.84, 6.00  — — — — 

  1 g calcium 62 5.72 5.14, 6.37  58 5.58 5.00, 6.22  1.01 0.91, 1.13 0.84 0.06 

  2 g calcium 63 5.70 5.12, 6.35  58 5.20 4.66, 5.81  0.95 0.85, 1.05 0.32 -0.30 

IL-10 (pg/ml)             

  Placebo 65 1.86 1.40, 2.49  60 2.07 1.55, 2.76  — — — — 

  1 g calcium 62 2.17 1.62, 2.90  58 2.29 1.71, 3.07  0.95 0.81, 1.12 0.55 -0.09 

  2 g calcium 63 2.21 1.65, 2.96  58 2.51 1.87, 3.36  1.02 0.87, 1.20 0.77 0.09 

IL-12p40 (pg/ml)             

  Placebo 65 18.73 16.05, 21.86  60 18.71 16.02, 21.86  — — — — 

  1 g calcium 62 18.75 16.05, 21.92  58 20.94 17.90, 24.50  1.12 1.01, 1.23 0.03 2.21 

  2 g calcium 63 17.42 14.89, 20.38  58 18.23 15.56, 21.35  1.05 0.95, 1.16 0.36 0.83 

TNF-α (pg/ml)             

  Placebo 65 1.41 1.28, 1.55  60 1.41 1.28, 1.55  — — — — 

  1 g calcium 62 1.32 1.20, 1.45  58 1.42 1.29, 1.56  1.08 1.01, 1.15 0.04 0.10 

(Table continues on the next page) 
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Biomarker 
Baseline  4-month follow-up  Relative treatment effect2 

Absolute effect3 
n Mean1 95% CI  n Mean1 95% CI  Mean 95% CI P value 

  2 g calcium 63 1.42 1.29, 1.56  58 1.45 1.32, 1.60  1.02 0.96, 1.10 0.48 0.03 

VEGF (pg/ml)             

  Placebo 65 76.39 63.95, 91.26  60 76.17 63.62, 91.20  — — — — 

  1 g calcium 62 85.02 71.01, 101.8  58 79.56 66.32, 95.44  0.94 0.81, 1.09 0.42 -5.24 

  2 g calcium 63 80.10 66.87, 95.96  58 73.00 60.80, 87.66  0.91 0.79, 1.06 0.25 -6.88 

IL-1β (pg/ml)             

  Placebo 65 0.16 0.13, 0.20  60 0.13 0.10, 0.16  — — — — 

  1 g calcium 62 0.17 0.14, 0.22  58 0.16 0.12, 0.20  1.12 0.72, 1.72 0.62 0.02 

  2 g calcium 63 0.16 0.13, 0.21  58 0.14 0.11, 0.17  1.03 0.67, 1.59 0.90 0.01 

             

Oxidative stress             

F2-isoprostane (pg/ml)             

  Placebo 64 86.82 77.01, 97.87  60 85.94 76.02, 97.15  — — — — 

  1 g calcium 61 80.15 70.93, 90.57  58 81.81 72.24, 92.65  1.03 0.87, 1.22 0.72 2.54 

  2 g calcium 63 84.61 74.96, 95.49  58 85.38 75.37, 96.72  1.02 0.86, 1.21 0.82 1.65 

 

Abbreviations:  CI, confidence interval; CRP, C-reactive protein; IL, interleukin; TNF, tumor necrosis factor; VEGF:  vascular endothelial growth 

factor 

1 Geometric means 

2 Calculated as (treatment group geometric mean at follow-up / treatment group geometric mean at baseline) / (placebo group geometric mean at 

follow-up) / (placebo group geometric mean at baseline); mean, 95% CI, and p-value obtained from the repeated measures mixed linear model 

3 Calculated as (treatment group geometric mean at follow-up - treatment group geometric mean at baseline) – (placebo group geometric mean at 

follow-up - placebo group geometric mean at baseline) 
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Table 3.3.  Changes in plasma cytokine summary z-score1 among colorectal adenoma patients in response to calcium supplementation in the 

Calcium Trial 

 

Baseline  4-month follow-up  Change from  

baseline to follow-up 

 Absolute treatment effect3 

n Mean2 95% CI  n Mean2 95% CI   Mean 95% CI P value 

  Placebo 65 -0.11 -0.92, 0.70  60 -0.50 -1.33, 0.32  -0.39  — — — 

  1 g calcium 62 0.40 -0.42, 1.22  58 0.27 -0.57, 1.10  -0.13  0.26 -0.64, 1.17 0.57 

  2 g calcium 63 -0.25 -1.07, 0.57  58 -0.51 -1.35, 0.33  -0.26  0.13 -0.77, 1.03 0.78 
 

Abbreviations:  CI, confidence interval 

1 Summary z-score of pro- and anti-inflammatory cytokines (IL-6, IL-1β, TNF-α, IL-8, IL-12p40, VEGF, and IL-10) calculated as the summation 

of the z-value for each cytokine [z = (x - µ)/δ, where x is the natural log-transformed values for each individual marker, and µ and δ are the sex-

specific mean and standard deviation of the natural log-transformed biomarker value, respectively, at baseline].  The z-value for IL-10 was 

included with a negative sign. 

2 Arithmetic means 

3 Calculated as (treatment group arithmetic mean at follow-up - treatment group arithmetic mean at baseline) - (placebo group arithmetic mean at 

follow-up - placebo group arithmetic mean at baseline); mean, 95% CI, and p-value obtained from the repeated measures mixed linear model 
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Table 3.4.  Mean levels of inflammation and oxidative stress biomarkers by demographic and lifestyle factors in the Calcium Trial 

   CRP (µg/ml)   Cytokine z-score   F2-isoprostanes (pg/ml) 

 N Mean1 95% CI1 P value1  N Mean1 95% CI1 P value1  N Mean1 95% CI1 P value1 

Sex               

 Male 119 1.91 1.54, 2.36   119 -0.02 -0.61, 0.57   118 74.99 68.06, 82.63  

 Female 71 2.05 1.56, 2.70 0.69  71 0.03 -0.73, 0.80 0.91  70 101.72 89.67, 115.38 < 0.01 

BMI, kg/m2               

 < 25 49 1.31 0.94, 1.82   49 -1.07 -1.99, -0.14   49 82.52 70.95, 95.98  

 25 - 27.49 34 1.24 0.83, 1.87   34 -0.68 -1.82, 0.47   32 73.97 60.95, 89.76  

 27.50 - 29.99 41 2.30 1.59, 3.33   41 0.75 -0.29, 1.78   41 92.64 78.23, 109.71  

 30 - 34.99 51 3.29 2.37, 4.56   51 0.86 -0.05, 1.78   51 90.81 78.14, 105.53  

 ≥ 35 15 2.70 1.49, 4.88 < 0.01  15 0.42 -1.25, 2.08 < 0.01  15 108.22 82.42, 142.09 0.05 

Waist-hip ratio2              

 Tertile 1 63 1.34 1.00, 1.81   63 -1.06 -1.87, -0.24   62 74.43 65.11, 85.09  

 Tertile 2 64 2.00 1.48, 2.69   64 -0.06 -0.87, 0.75   63 95.70 83.72, 109.39  

 Tertile 3 63 2.86 2.12, 3.86 < 0.01  63 1.12 0.31, 1.93 < 0.01  63 93.28 81.67, 106.53 0.02 

Current cigarette smoker           

 Yes 38 3.46 2.37, 5.05   38 1.01 -0.05, 2.07   38 97.55 81.91, 116.18  

 No 149 1.70 1.40, 2.06 < 0.01  149 -0.28 -0.82, 0.26 0.03  147 85.45 78.13, 93.46 0.19 

OBSb              

 Tertile 1 70 2.48 1.88, 3.28   70 0.09 -0.70, 0.88   69 94.13 82.71, 107.14  

 Tertile 2 57 2.29 1.69, 3.12   57 0.28 -0.59, 1.16   57 88.62 76.88, 102.16  

 tertile 3 60 1.39 1.04, 1.87 0.01  60 -0.24 -1.08, 0.60 0.59  59 80.34 69.97, 92.23 0.10 

OBS-diet2              

 Tertile 1 61 2.32 1.72, 3.13   61 0.60 -0.23, 1.43   60 103.12 90.11, 118.02  

 Tertile 2 66 1.95 1.45, 2.61   66 -0.52 -1.33, 0.29   66 84.95 74.57, 96.77  

 Tertile 3 60 1.78 1.31, 2.40 0.22  60 0.06 -0.77, 0.9 0.37  59 77.19 67.40, 88.40 < 0.01 

OBS-lifestyle2              

 Tertile 1 45 2.79 1.97, 3.94   45 0.65 -0.33, 1.64   45 95.79 81.55, 112.53  

 Tertile 2 78 2.31 1.78, 2.99   78 -0.04 -0.78, 0.69   77 84.80 75.09, 95.77  

 Tertile 3 67 1.31 0.98, 1.74 < 0.01  67 -0.37 -1.19, 0.45 0.13  66 84.91 74.24, 97.13 0.30 
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 Abbreviations:  BMI, body mass index; CI, confidence interval; CRP, C-reactive protein; OBS, oxidative balance score 

1 Mean, standard error, and p value were calculated using analysis of covariance (ANCOVA).  Models for all variables except sex were 

adjusted for sex (men/women).  Models for all variables except BMI and waist-hip ratio also adjusted for BMI (continuous).  P value is for 

trend if explanatory variable has > two categories.  Geometric means presented for CRP and F2-isoprostane because of the non-normality of 

the original observations.  

2 Tertiles are sex-specific. 
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Abstract 

Purpose: Higher calcium, vitamin D, and dairy product intakes are associated with lower 

colorectal cancer incidence, but their impacts on colorectal cancer survival are unclear.  We 

evaluated associations of calcium, vitamin D, and dairy product intakes before and after 

colorectal cancer diagnosis with all-cause and colorectal cancer-specific mortality among 

colorectal cancer patients. 

Patients and Methods: This analysis included 2,284 participants in a prospective cohort who 

were diagnosed with invasive, non-metastatic colorectal cancer after baseline (1992 or 1993) and 

up to 2009.  Mortality follow-up was through 2010. Pre-diagnosis risk factor information was 

collected on the baseline questionnaire.  Post-diagnosis information was collected 

viaquestionnaires in 1999 and 2003 and was available for 1,111 patients.     

Results: A total of 949 participants with colorectal cancer died during follow-up, including 408 

from colorectal cancer.  In multivariable-adjusted Cox proportional hazards regression models, 

post-diagnosis total calcium intake was inversely associated with all-cause mortality (relative risk 

[RR] for those in the highest relative to the lowest quartiles, 0.72; 95% confidence interval [CI], 

0.53-0.98; ptrend = 0.02)  and associated with marginally statistically significant reduced colorectal 

cancer-specific mortality (RR,0.59; 95% CI, 0.33-1.05; ptrend = 0.01).  An inverse association with 

all-cause mortality was also observed for post-diagnosis milk intake (RR, 0.72; 95% CI, 0.55-

0.94; ptrend = 0.02), but not vitamin D intake.  Pre-diagnosis calcium, vitamin D, and dairy product 

intakes were not associated with any mortality outcomes. 

Conclusion: Higher post-diagnosis intakes of total calcium and milk may be associated with 

lower risk of death among patients with non-metastatic colorectal cancer. 
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Introduction 

The overall five-year relative survival for colorectal cancer is 64% in the U.S. but 

decreases to 12% for distant metastatic disease.267  The associations of dietary factors with 

colorectal cancer incidence have been extensively reported,74 but their roles for colorectal cancer 

survival are largely unknown.183  Current dietary guidelines for cancer survivors are primarily 

based on incidence studies.184  Empirical knowledge of modifiable prognostic factors, including 

diet, for colorectal cancer patients is needed  for the over 3.5 million colorectal cancer survivors 

worldwide.25  

Higher intakes of calcium, vitamin D, and dairy products are generally associated with 

lower risk of colorectal cancer incidence in observational studies.6,268  In addition, a major 

randomized, clinical trial of 1,200 mg of supplemental calcium versus placebo among 930 

colorectal adenoma patients reported a 19% reduced risk of adenoma recurrence.8  In contrast, the 

Women’s Health Initiative clinical trial reported no effect of calcium plus vitamin D 

supplementation on colorectal cancer incidence,37,159,160 but suggestive benefits were observed 

among those not taking personal calcium or vitamin D supplements162 and those not concurrently 

randomized to estrogen therapies.161  Two studies reported null associations of pre-diagnostic 

calcium intake with colorectal cancer survival.26,27  The main circulating biomarker of vitamin D, 

25(OH) D, was associated with lower risk of mortality among colorectal cancer patients.213-216   

To our knowledge, no study has examined whether total dairy or milk are associated with survival 

among colorectal cancer patients.  We investigated associations of pre- and post-diagnosis 

calcium (total, dietary, and supplemental), vitamin D (total and dietary), and dairy product (total 

and milk only) intakes with all-cause and colorectal cancer-specific mortality in a prospective 

study of men and women diagnosed with invasive, non-metastatic colorectal cancer. 
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Patients and Methods 

Study Cohort 

 Men and women in this study were selected from among the 184,000 participants in the 

Cancer Prevention Study II (CPS-II) Nutrition Cohort, a prospective study of cancer incidence 

that began in 1992.269  A 10-page, self-administered questionnaire was used to collect information 

at baseline regarding demographics, medical history, physical activity, body size, cancer 

screening and early detection, diet and other factors. Follow-up questionnaires were sent to 

participants biennially, beginning in 1997, to update exposure information and to learn of new 

cancer diagnoses.  The CPS-II Nutrition Cohort is approved by the institutional review board of 

Emory University.   

 By the end of incidence follow-up on June 30, 2009, 3,832 of the 181,293 participants 

who had no personal history of the disease at baseline had been diagnosed with invasive colon or 

rectal cancer.  Of these 3,832 colorectal cancer patients, 2,188 were first self-reported on a 

follow-up questionnaire and then verified by review of medical records, while 865 patients had 

their diagnoses confirmed after self-report via linkage with state cancer registries.  An additional 

779 patients were initially identified as cancer deaths through linkage to the National Death Index 

(NDI);270 among those 779 patients, 531 colorectal cancer diagnoses were confirmed, either 

through linkage with state cancer registries (n = 529) or by examination of medical records (n = 

2).   

Among the 3,832 colorectal cancer patients, the following exclusions were applied:   

deaths determined through NDI that were not verified through medical records or cancer 

registries (n = 248), prevalent cancers (except for non-melanoma skin cancer) at baseline (n = 

387), implausible diagnosis date (n = 11), missing or unknown stage at diagnosis (n = 136), TNM 

summary stage IV or distant SEER stage at diagnosis (n = 421), non-adenocarcinoma histology (n 

= 50), implausible death date (n = 2), and poor-quality dietary data at baseline (n = 293).  We 
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decided, a priori, to exclude patients with distant metastatic disease, consistent with previous 

studies from this cohort,186,194,271,272 because the 5-year relative survival in this group is so poor 

that it is unlikely that diet would substantially affect long-term mortality.  

 After exclusions, 2,284 participants (1,274 men and 1,010 women) were included in this 

analysis. Among them, 1,682 were diagnosed with colon cancer (International Classification of 

Diseases for Oncology [ICD-O]:  C18.0, C18.2-C18.9) and 602 with rectal cancer (ICD-O:  

C19.9, C20.9).  By SEER summary stage, 1,154 participants were diagnosed with localized 

disease (malignant tumors limited to the colon or rectum) while 1,130 participants had regional 

disease (tumors that spread to adjacent tissue or regional lymph nodes through the bowel wall).      

Study Outcomes 

 All participants were followed through December 31, 2010 to ascertain their vital status 

and cause of death (if applicable) through linkage to the NDI. Cause of death was obtained for 

99.3% of all known deaths in the cohort.  The primary outcome in this study was all-cause 

mortality.  The secondary outcome was mortality specifically due to colorectal cancer (ICD Ninth 

Revision [ICD-9]:  153, 154; ICD Tenth Revision [ICD-10]:  C18, C19, C20), defined from the 

singular underlying cause of death from NDI records.  Other major causes of death in this cohort 

include cardiovascular diseases (CVD), neurodegenerative disease, other types of cancer 

(primarily lung and pancreas cancer), and respiratory system diseases.  

Pre- and Post-diagnosis Diet 

 Pre-diagnosis diet was assessed at baseline (1992 or 1993) using a modified brief Block 

Food Frequency Questionnaire (FFQ).269,273,274  Post-diagnosis diet, where available, was assessed 

in 1999 and 2003, using a modified Willett FFQ.269,275-277  Both FFQs used similar questions on 

usual intake of dairy foods (major sources of dietary calcium and vitamin D, calculated by 

summing up total servings of milk, yogurt, ice cream, and cheese), and on calcium supplements 
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and multivitamins (the major source of supplemental vitamin D during this time period) (Table 

4.1).  For patients diagnosed after baseline and before the date of the 1999 survey completion, the 

1999 survey was used for post-diagnosis diet.  For patients diagnosed after 1999 and before the 

date of the 2003 survey completion, the 2003 survey was used for post-diagnosis diet.  No post-

diagnosis diet data are available from participants who did not return an eligible 1999 or 2003 

post-diagnosis survey or from participants who were diagnosed after 2003.  Of the 2,284 patients 

included in the pre-diagnosis analysis, 1,111 (48.6%) reported post-diagnosis diet.  

Statistical Analysis 

Sex- and questionnaire-specific quartiles were created for total calcium (i.e., diet plus 

supplements), dietary calcium, total vitamin D (i.e., diet plus supplements), dietary vitamin D, 

dairy, and milk. Questionnaire-specific categories were created for supplemental calcium (3 

levels) among men and women combined based on visually inspecting the distribution and 

selecting interpretable cut-off points.  

We used multivariable Cox proportional hazards models to calculate relative risks (RRs) 

and 95% confidence intervals (CIs).  The underlying time axis for all Cox models was time since 

diagnosis.  For pre-diagnosis models, person-time began on the date of diagnosis. For post-

diagnosis models, we used delayed entry Cox models wherein person-time started on the date 

they returned their post-diagnosis FFQ.  In all analyses, person-time ended on the date of death or 

the end of follow-up (December 31, 2010), whichever came first.  The proportional hazards 

assumption was evaluated for the main exposures with a likelihood ratio test by comparing 

models with and without an interaction term between an exposure and time; no violations were 

detected. 

All analyses were adjusted for age at diagnosis and tumor stage at diagnosis by stratifying 

within models.  For pre-diagnosis models, we chose a priori to adjust for sex and baseline energy 
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intake, and we additionally adjusted for baseline total folate intake because it changed the RR 

estimates by approximately 10%.  Other demographic, lifestyle and clinical covariates were 

evaluated but none changed the RR estimates by more than 10%.  Covariates in the basic post-

diagnosis models also included sex and post-diagnosis energy intake, and additionally included 

post-diagnostic total folate in the multivariate model, to be consistent with the pre-diagnosis 

models.  Baseline dietary intakes were evaluated as covariates in corresponding post-diagnosis 

models but did not materially change the RRs, so they were excluded.  For each model the linear 

trend between exposure and mortality risk was assessed using the Wald test and modeling 

exposure as a continuous variable.   

In sensitivity analyses, we excluded participants with a history of diabetes, myocardial 

infarction, and stroke at baseline, and death within two years of diagnosis.  In addition, because 

treatment or serious illness may influence diet, we conducted sensitivity analyses excluding:  1) 

participants who completed FFQs within 1 year of diagnosis (one year before diagnosis for pre-

diagnostic models and one year after diagnosis for post-diagnosis models); and 2) deaths within 

two years of the post-diagnosis questionnaire for post-diagnosis models.  We tested for statistical 

interaction of each diet variable with age at diagnosis, sex, tumor stage, tumor sub-site, pre- or 

post-diagnosis BMI, physical activity, total energy and total folate intakes, using likelihood ratio 

tests.  All analyses were conducted using SAS version 9.3 (SAS Institute, Cary, NC).   

Results 

Participants were, on average, aged 64 years at baseline and 73 years at diagnosis.  Fifty-

six percent of participants were men, and most reported their race as white.  There were no 

differences across quartiles of pre-diagnostic total calcium intake in the distributions of year of 

diagnosis, sex, tumor stage, grade, sub-site, treatment, and history of hypertension, myocardial 

infarction, diabetes, and stroke (Table 4.2).  High calcium consumers were slightly older, better 
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educated, more physically active, leaner, more likely to use NSAIDs and postmenopausal 

hormones (women only), less likely to smoke, and more likely to have a healthier overall diet.   

Among the 2,284 patients included in the pre-diagnosis analyses, 949 deaths occurred 

(408 from colon or rectal cancer) during a mean follow-up of 7.5 years (standard deviation, 4.6 

years; range, 2 days to 18.1 years).  No statistically significant associations were observed for any 

of the pre-diagnosis diet variables with any of the mortality outcomes (Tables 4.3 and 4.4).  The 

results were not meaningfully different after further adjusting for other covariates or after 

additional sensitivity analyses (data not shown).  The results were also null after we included 

patients with metastatic or unknown tumor stage (Table 4.5).  In analyses restricted to the 1,111 

participants who were included in the post-diagnosis analyses, pre-diagnosis use of supplemental 

calcium ≥250 mg/d was statistically significantly associated with higher risk of all-cause 

mortality (RR, 1.65; 95% CI, 1.16 to 2.35) (Table 4.6); this risk was primarily due to an increased 

RR for CVD mortality (RR, 1.83; 95% CI, 0.82 to 4.09).  

 Among the 1,111 patients included in the post-diagnosis analyses, 429 deaths occurred 

(143 from colon or rectal cancer) during a mean follow-up of 7.6 years (standard deviation, 3.4 

years; range, 20 days to 11.3 years).  The mean time between diagnosis and completing the post-

diagnosis questionnaire was 2.6 years.  As shown in Table 4.7, comparing the highest to the 

lowest quartiles, total calcium (RR, 0.72; 95% CI, 0.53 to 0.98; ptrend = 0.02) and milk (RR, 0.72; 

95% CI, 0.55 to 0.94; ptrend = 0.02) intakes were associated with lower all-cause mortality.  

Further adjustment for pre-diagnostic total calcium and milk had no discernible effect on the 

results.  A marginally statistically significant inverse association with all-cause mortality was 

observed for total dairy (RR, 0.75; 95% CI, 0.56 to 1.01; ptrend = 0.05).  Total calcium was also 

inversely associated with colorectal cancer-specific mortality (highest vs. lowest quartile RR, 

0.59; 95% CI, 0.33 to 1.05; ptrend = 0.01) (Table 4.8).  
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 Because post-diagnosis diet and supplement use may be influenced by serious illness 

preceding death (reverse causation), we conducted a sensitivity analysis excluding deaths within 

the first two years of follow-up after completion of the post-diagnosis questionnaire.  The results 

after this exclusion appeared similar to the original results.  The RRs for the highest compared to 

the lowest quartile of total calcium and milk, respectively, were 0.69 (95% CI, 0.48 to 0.98; ptrend 

= 0.03) and 0.68 (95% CI, 0.50 to 0.93; ptrend = 0.02) for all-cause mortality; and 0.53 (95% CI, 

0.24 to 1.19; ptrend = 0.02) for total calcium and colorectal-cancer specific mortality.  

 There was no evidence that the inverse associations of post-diagnosis total calcium and 

milk intakes with all-cause mortality were modified by age at diagnosis (< 70 years vs. ≥ 70 

years), sex, tumor stage (localized vs. regional), tumor sub-site (colon vs. rectum), post-diagnosis 

BMI (obese vs. not-obese), physical activity (< median vs. ≥ median), total energy (< median vs. 

≥ median) or total folate (< median vs. ≥ median) intakes (results stratified by stage shown in 

Table 4.9, other data not shown). 

Discussion 

This study suggests that higher intakes of total calcium and milk after colorectal cancer 

diagnosis are associated with lower risk of mortality.  These associations persisted after adjusting 

for important covariates, such as sex and tumor stage, and after several sensitivity analyses.  We 

found no evidence that calcium, vitamin D, or dairy product intakes before colorectal cancer 

diagnosis were associated with mortality.  To our knowledge, this is the first study to report 

associations of dairy and milk (both pre- and post-diagnosis) with colorectal cancer survival, and 

also the first to assess the role of post-diagnosis calcium and vitamin D intakes.  

Calcium, 25(OH)D (the major circulating form of vitamin D), and dairy products are 

associated with lower risk of incident colorectal cancer based on several meta-analyses.6,156,268  

An earlier CPS-II Nutrition Cohort study reported inverse associations of colorectal cancer 
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incidence with total calcium and total vitamin D intakes.154  The World Cancer Research Fund 

and American Institute for Cancer Research Continuous Update Project in 2011 concluded that 

calcium and milk were both “probable” factors associated with lower colorectal cancer risk.31  

In contrast to the substantial evidence of a role for calcium, vitamin D, and dairy products 

in colorectal cancer primary prevention, the role of these factors in colorectal cancer survival is 

less studied.183  In two cohort studies, pre-diagnosis dietary calcium intake was not associated 

with all-cause mortality among colorectal cancer patients, consistent with our findings.26,27  

25(OH) D, either pre- or post-diagnosis, was associated with longer colorectal cancer survival in 

four previous studies;213-216 in the current study, we observed no association with dietary vitamin 

D intake, which may not optimally reflect serum vitamin D status.  In a large, pooled analysis, 

vitamin D intake was positively associated with serum 25(OH)D level, but the associations were 

relatively weak (Spearman correlation was 0.22 for dietary vitamin D and 0.29 for total vitamin 

D).278  

  In the current study, we found a statistically significant lower risk of death among 

patients with higher post-diagnostic intakes of total calcium and milk.  Though not completely 

understood, several possible biological mechanisms might underlie these associations.  Clinical 

trials conducted among patients with a previous colorectal adenoma indicated that daily treatment 

with calcium, compared to placebo, was associated with lower risk of colorectal adenoma 

recurrence,8,157,158 Potential mechanisms include: calcium’s ability to bind to bile and fatty acids 

and prevent or lower toxicity;4,9,10 direct effects on colonocyte proliferation,17,279 differentiation,11 

and apoptosis;12 and, alterations in K-ras mutations.163  Although these mechanisms were 

originally proposed in the primary prevention context, it is reasonable to hypothesize that calcium 

may also act through these mechanisms after diagnosis to reduce the risk of cancer recurrence, 

thus ultimately improving chance of survival.  Direct clinical or epidemiological evidence of 

calcium in colorectal cancer progression is limited, but in vitro evidence suggests that calcium 
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may promote E-cadherin expression and suppress β-catenin/TCF activation through the calcium 

sensing receptor (CaSR), and restrain their malignant behaviors.18  Thus, calcium may be capable 

of limiting growth and distant metastasis from cancer cells that escaped the colon at the time of 

treatment.  In our data, the strong inverse association of post-diagnosis total calcium intake with 

colorectal cancer specific mortality was consistent with these mechanisms.  

 While post-diagnosis calcium intake was associated with lower risk of all-cause and  

colorectal cancer-specific mortality, there were no such associations with pre-diagnosis diet. 

Reasons for these discrepant findings are unclear.  It is possible that calcium may have short-

term, rather than long-term, effects on colorectal cancer progression and survival, and therefore 

only post-diagnosis diet is relevant in this context.  It is also important to note that different FFQs 

were used to assess pre- and post-diagnosis diet.  The correlation coefficient (Pearson) between 

pre- and post-diagnosis total calcium intake was 0.37:  this moderate correlation might suggest 

that participants changed their calcium intake after cancer diagnosis or, alternatively, this could 

reflect differences in the dietary assessment instruments.  The FFQs used in this study included 

the major food and beverage sources of calcium and vitamin D and validation studies have shown 

good agreements between estimates from diet recall and these FFQs (e.g., Pearson correlation 

coefficients ranged from 0.57 to 0.66 for calcium and from 0.52 to 0.88 for dairy 

products).274,276,277  Therefore, we believe that the low correlations between pre- and post-

diagnosis diet are more likely due to real changes in diet after cancer diagnosis.  

  We observed a potential higher risk of all-cause mortality from pre-diagnosis 

supplemental calcium intake, especially when restricting the analysis to the 1,111 participants 

who were included in the post-diagnosis analyses.  Further research should address if this is a real 

potential harm to colorectal cancer patients.  

 Milk may be associated with improved survival among colorectal cancer patients because 

it is a rich source of dietary calcium and vitamin D.  In addition, milk is a primary dietary source 
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of conjugated linoleic acid, which was found to inhibit colorectal cancer cell growth in vitro.280,281  

Other potentially beneficial components in dairy products include butyric acid, lactoferrin, and 

fermentation products.280  

 The strengths of our study include its large sample size, prospective design, and detailed 

pre- and post-diagnosis questionnaire information.  We were also able to examine cause-specific 

mortality.  Limitations include the lack of information on adverse effects from treatment and 

tumor recurrence.  FFQs may underestimate diet-disease associations compared to more objective 

biomarker measurements due to non-differential misclassification.  For large cohort studies, 

however, FFQs offer a feasible method to detect potential associations (especially when using 

energy-adjusted nutrients) in the absence of biomarker measurements.282  As in most studies of 

this type, estimates of the effects of pre-diagnosis exposures are potentially biased due to 

selecting patients who survived until the occurrence of colorectal cancer or the first post-

diagnosis questionnaire.237,283,284   

 In conclusion, higher intakes of total calcium and milk after, but not before, colorectal 

cancer diagnosis may be associated with lower overall mortality.  Our findings, if replicated in 

future observational studies and randomized trials, will provide important guidance for cancer 

survivors who are actively seeking diet and lifestyle changes to improve their prognosis. 
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Tables and Figures 

Table 4.1. Comparison of questions on each food frequency questionnaire on usual intake of dairy foods, calcium supplements and multivitamins, 

Cancer Prevention Study II Nutrition Cohort 

 19921 19992 20032 

Milk Whole milk & beverages with whole 

milk; 

2% milk & beverages with 2% milk; 

Skim milk, 1% or buttermilk 

Whole milk; 

2% milk; 

Skim or 1% milk 

Whole milk; 

2% milk; 

Skim or 1% milk 

Other dairy 

products 

Cheeses and cheese spreads (regular and 

low-fat); 

Ice cream (regular and low-fat); 

Yogurt (regular and low-fat, including 

frozen); 

Restaurant pizza 

Cheese ( cottage or ricotta, and other); 

Ice cream (regular and non-fat/sherbet); 

Yogurt (plain or artificially sweetened, 

frozen, and other); 

Pizza 

Cheese ( cottage or ricotta, and other); 

Ice cream (regular and non-fat/sherbet); 

Yogurt (plain or artificially sweetened, 

frozen, and other); 

Pizza 

Calcium 

supplements 

Calcium or Dolomite 

1. Frequency per week or per day 

2. Amount in each tablet (250mg, 

500mg, 600mg, or 750mg) 

Calcium 

1. Regular use:  Yes/no 

2. Amount per day (≤ 900mg 

[calculated as 500mg], ≥901mg 

[calculated as 1,000mg], 

unknown) 

Calcium 

1. Regular use:  Yes/no 

2. Pills per week 

3. Amount in each pill (≤350mg 

[calculated as 250mg], ≥400mg 

[calculated as 500mg], unknown) 

Multivitamins Multivitamin 

1. Use at least once per week 

yes/no 

2. Type 

 Stress-tabs type; 

 Therapeutic, Theragran 

type; 

 One-a-day type, or Centrum 

3. Number of tablets per day or per 

week 

Multivitamin 

1. Currently yes/no 

2. Frequency per week 

3. Brand (write-in) 

Multivitamin 

1. Currently yes/no 

2. Frequency per week 

3. Brand (write-in) 
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1Dairy in 1992 calculated as: all types of milk (8 ounce glass serving) + cheese and cheese spreads (2 ounce serving) + ice cream (1 ½ cup serving) 

+ yogurt (1 cup serving) + cheese on pizza (1 ½ ounce serving) 

2Dairy in 1999 and 2003 calculated as: all types of milk (8 ounce glass serving) + ice cream (1 ½ cup serving) + yogurt (1 cup serving) + cottage 

cheese (2 cup serving) + processed cheese (2 ounce serving) + hard cheese (1½ ounce serving) + cheese on pizza (1½ ounce serving) 
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Table 4.2. Baseline Characteristics of Colorectal Cancer Patients by Quartiles of Pre-diagnostic 

Total Calcium Intake in the CPS-II Nutrition Cohort 

Characteristic 

Quartile of Total Calcium Intake (mg/day)1  

Q1 (n=570) 

No. (%) 

Q2 (n=572) 

No. (%) 

Q3 (n=570) 

No. (%) 

Q4 (n=572) 

No. (%) 

p-

value2 

Age at colorectal cancer diagnosis (yrs.) 

 < 65 93 (16.3) 69 (12.1) 61 (10.7) 47 (8.2) < 0.01 

 65 - < 70 141 (24.7) 117 (20.5) 112 (19.6) 97 (17.0)  

 70 - < 75 134 (23.5) 169 (29.5) 148 (26.0) 172 (30.1)  

 75 - < 80 131 (23.0) 141 (24.7) 151 (26.5) 147 (25.7)  

 80+ 71 (12.5) 76 (13.3) 98 (17.2) 109 (19.1)  

Year of colorectal cancer diagnosis 

 1992 - 1996 121 (21.2) 142 (24.8) 129 (22.6) 134 (23.4) 0.95 

 1997 - 2000 173 (30.4) 165 (28.8) 167 (29.3) 175 (30.6)  

 2001 - 2004 148 (26.0) 151 (26.4) 151 (26.5) 144 (25.2)  

 2005 - 2009 128 (22.5) 114 (19.9) 123 (21.6) 119 (20.8)  

Sex      

 Male 318 (55.8) 319 (55.8) 318 (55.8) 319 (55.8) 1.00 

 Female 252 (44.2) 253 (44.2) 252 (44.2) 253 (44.2)  

Race/ethnicity      

 White/White-Hispanic 551 (96.7) 563 (98.4) 561 (98.4) 562 (98.3) 0.08 

 Black/Black-Hispanic 11 (1.9) 6 (1.0) 6 (1.1) 2 (0.3)  

 Other/missing 8 (1.4) 3 (0.5) 3 (0.5) 8 (1.4)  

Education      

 Less than high school 60 (10.5) 35 (6.1) 29 (5.1) 34 (5.9) < 0.01 

 High school degree 189 (33.2) 173 (30.2) 149 (26.1) 131 (22.9)  

 Some college/trade school 153 (26.8) 168 (29.4) 176 (30.9) 176 (30.8)  

 College graduate 164 (28.8) 193 (33.7) 215 (37.7) 228 (39.9)  

SEER summary stage      

 Localized 294 (51.6) 302 (52.8) 270 (47.4) 288 (50.3) 0.29 

 Regional 276 (48.4) 270 (47.2) 300 (52.6) 284 (49.7)  

Tumor grade at diagnosis      

 Well differentiated 68 (11.9) 68 (11.9) 73 (12.8) 69 (12.1) 0.43 

 Moderately differentiated 364 (63.9) 338 (59.1) 353 (61.9) 340 (59.4)  

 Poorly differentiated 74 (13.0) 108 (18.9) 92 (16.1) 107 (18.7)  

 Undifferentiated 7 (1.2) 7 (1.2) 9 (1.6) 6 (1.0)  

(Table continues on the next page) 
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Characteristic 

Quartile of Total Calcium Intake (mg/day)1  

Q1 (n=570) 

No. (%) 

Q2 (n=572) 

No. (%) 

Q3 (n=570) 

No. (%) 

Q4 (n=572) 

No. (%) 

p-

value2 

Colorectal Cancer diagnosis site 

 Colon  407 (71.4) 431 (75.3) 421 (73.9) 423 (74.0) 0.50 

 Rectum 163 (28.6) 141 (24.7) 149 (26.1) 149 (26.0)  

First course of cancer treatment 

  Surgery      

 No 12 (2.1) 12 (2.1) 13 (2.3) 11 (1.9) 0.97 

 Yes 415 (72.8) 411 (71.9) 409 (71.8) 425 (74.3)  

  Chemotherapy      

 No 258 (45.3) 239 (41.8) 243 (42.6) 261 (45.6) 0.83 

 Yes 169 (29.6) 184 (32.2) 179 (31.4) 175 (30.6)  

  Radiation      

 No 386 (67.7) 386 (67.5) 373 (65.4) 395 (69.1) 0.79 

 Yes 41 (7.2) 37 (6.5) 49 (8.6) 41 (7.2)  

Family history of colorectal cancer in 1982 

 No 533 (93.5) 536 (93.7) 537 (94.2) 538 (94.1) 0.96 

 Yes 37 (6.5) 36 (6.3) 33 (5.8) 34 (5.9)  

History of diabetes      

 No 520 (91.2) 513 (89.7) 517 (90.7) 519 (90.7) 0.84 

 Yes 50 (8.8) 59 (10.3) 53 (9.3) 53 (9.3)  

History of stroke      

 No 558 (97.9) 557 (97.4) 561 (98.4) 557 (97.4) 0.58 

 Yes 12 (2.1) 15 (2.6) 9 (1.6) 15 (2.6)  

History of myocardial infarction 

 No 529 (92.8) 525 (91.8) 526 (92.3) 529 (92.5) 0.93 

 Yes 41 (7.2) 47 (8.2) 44 (7.7) 43 (7.5)  

History of hypertension      

 No 342 (60.0) 345 (60.3) 366 (64.2) 336 (58.7) 0.26 

 Yes 228 (40.0) 227 (39.7) 204 (35.8) 236 (41.3)  

Physical activity (MET-hrs./wk.) 

 Q1 90 (15.8) 61 (10.7) 60 (10.5) 49 (8.6) <0.01 

 Q2 204 (35.8) 192 (33.6) 180 (31.6) 180 (31.5)  

 Q3 144 (25.3) 173 (30.2) 172 (30.2) 172 (30.1)  

 Q4 123 (21.6) 138 (24.1) 148 (26.0) 166 (29.0)  

BMI (kg/m2)      

 < 18.5 6 (1.1) 5 (0.9) 3 (0.5) 9 (1.6) <0.01 

(Table continues on the next page) 
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Characteristic 

Quartile of Total Calcium Intake (mg/day)1  

Q1 (n=570) 

No. (%) 

Q2 (n=572) 

No. (%) 

Q3 (n=570) 

No. (%) 

Q4 (n=572) 

No. (%) 

p-

value2 

 18.5 - < 25  187 (32.8) 190 (33.2) 218 (38.2) 253 (44.2)  

 25 - < 30 259 (45.4) 258 (45.1) 237 (41.6) 218 (38.1)  

 30+ 112 (19.6) 108 (18.9) 103 (18.1) 84 (14.7)  

Cigarette smoking status 

 Never 228 (40) 210 (36.7) 222 (38.9) 230 (40.2) < 0.01 

 Current 74 (13) 43 (7.5) 45 (7.9) 26 (4.5)  

 Former 268 (47) 315 (55.1) 302 (53.0) 309 (54.0)  

NSAID use (No. pills/mon.) 

 0 279 (48.9) 258 (45.1) 241 (42.3) 246 (43.0) <0.01 

 1 - < 15 96 (16.8) 92 (16.1) 79 (13.9) 61 (10.7)  

 15 - < 30 32 (5.6) 47 (8.2) 67 (11.8) 69 (12.1)  

 30 - < 60 96 (16.8) 99 (17.3) 112 (19.6) 127 (22.2)  

 ≥ 60 46 (8.1) 54 (9.4) 50 (8.8) 51 (8.9)  

HRT use among post-menopausal women 

 None 119 (49.0) 124 (50.4) 110 (44.5) 94 (38.5) 0.03 

 Current 50 (20.6) 64 (26.0) 78 (31.6) 78 (32.0)  

 Former 65 (26.8) 52 (21.1) 50 (20.2) 58 (23.8)  

Dietary characteristics      

  Alcohol intake, drinks/day 

     Non-Drinker 207 (36.3) 229 (40.0) 227 (39.8) 255 (44.6) < 0.01 

     < 1 178 (31.2) 212 (37.1) 234 (41.1) 209 (36.5)  

     ≥ 1 173 (30.4) 124 (21.7) 98 (17.2) 99 (17.3)  

  Mean (SD) Mean (SD) Mean (SD) Mean (SD)  

  Energy intake (kcal/day) 1,543.2 

(605.6) 

1,617.8 

(606.5) 

1,611.1 

(583.0) 

1,577.6 

(594.3) 

0.01 

  Dietary folate intake (µg/day)  214.8 (81.3) 254.5 (90.4) 268.0 (88.1) 288.0 (95.4) < 0.01 

  Total folate intake (µg/day) 257.2 

(161.2) 

361.1 

(210.4) 

424.7 

(238.9) 

563.7 

(389.3) 

< 0.01 

  Fruit/vegetable intake 

(servings/day) 

2.8 (1.5) 3.2 (1.6) 3.5 (1.8) 3.5 (1.7) < 0.01 

  Red/processed meat intake 

(servings/week) 

6.4 (4.1) 5.7 (3.6) 5.2 (3.9) 4.4 (3.4) < 0.01 

  Whole grain intake (g/day) 44.7 (52.6) 59.8 (63.2) 65.7 (63.8) 69.4 (60.5) < 0.01 
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Note: some percentages do not add up to 100% due to missing data or rounding 

Abbreviations: CPS, Cancer Prevention Study; Q, quartile; No., number; SD, standard deviation; 

SEER, Surveillance Epidemiology and End Results; MET, metabolic equivalent; BMI, body mass 

index; NSAID, non-steroidal anti-inflammatory drug; HRT, hormone replacement therapy  

1Quartiles in men: < 578, 578 - <776, 776 - <1,044, ≥ 1,044; quartiles in women: < 553, 553 - 

<776, 776 - <1,156, ≥ 1,156 

2P values derived from Chi-square test for differences in frequencies across total calcium strata 

for categorical predictors, and t test for continuous predictors with continuous total calcium intake  
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Table 4.3.  Associations of 1992 Pre-diagnostic Calcium, Vitamin D, and Dairy Intakes with All-Cause Mortality among Non-Metastatic 

Colorectal Cancer Patients in the CPS-II Nutrition Cohort  

Exposure 
Range1 

(men; women) 

Total No. 

Deaths 

Person- 

Years 

Base model2  MV model3 

RR 95% CI  RR 95% CI 

Total calcium, mg/day        

  Q14 < 578; < 553 227 4,288 1.00 —  1.00 — 

  Q2 578 - < 776; 553 - < 776 227 4,460 0.91  0.75, 1.10  0.93  0.77, 1.13 

  Q3 776 - < 1,044; 776 - < 1,156 234 4,255 0.85  0.70, 1.03  0.88  0.72, 1.08 

  Q4 ≥ 1,044; ≥ 1,156 261 4,235 0.96  0.80, 1.15  0.99  0.81, 1.21 

  Ptrend
5    0.99  0.68 

Dietary calcium, mg/day        

  Q14 < 548; < 486 243 4,146 1.00 —  1.00 — 

  Q2 548 - < 729; 486 - < 629 222 4,496 0.84  0.70, 1.02  0.86 0.71, 1.04 

  Q3 729 - < 949; 629 - < 849 237 4,272 0.84 0.69, 1.01  0.86  0.71, 1.04 

  Q4 ≥ 949; ≥ 849 247 4,325 0.85 0.70, 1.02  0.86 0.71, 1.04 

  Ptrend
5    0.13  0.21 

Supplemental calcium, mg/day        

  C14,6 0 575 10,733 1.00 —  1.00 — 

  C2 0.1 - < 250 229 3,891 1.01 0.86, 1.19  1.13  0.90, 1.42 

  C3 ≥ 250 145 2,615 1.12  0.92, 1.36  1.22  0.96, 1.54 

  Ptrend
5    0.34  0.10 

Total vitamin D, IU/day        

  Q14 < 122; < 111 229 4,284 1.00 —  1.00 — 

  Q2 122 - < 191; 111 - < 201 218 4,370 0.87 0.71, 1.05  0.90 0.74, 1.10 

  Q3 191 - < 425; 201 - < 467 244 4,278 0.92 0.76, 1.11  0.97 0.78, 1.19 

  Q4 ≥ 425; ≥ 467 258 4,306 0.95  0.79, 1.14  1.09 0.82, 1.47 

  Ptrend
5    0.92  0.32 

Dietary vitamin D, IU/day        

  Q14 < 105; < 90 232 4,283 1.00 —  1.00 — 

(Table continues on the next page) 
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Exposure 
Range1 

(men; women) 

Total No. 

Deaths 

Person- 

Years 

Base model2  MV model3 

RR 95% CI  RR 95% CI 

  Q2 105 - < 157; 90 - < 136 238 4,347 0.97 0.81, 1.18  1.00 0.82, 1.21 

  Q3 157 - < 226; 136 - < 202 225 4,295 0.89 0.73, 1.07  0.91 0.75, 1.11 

  Q4 ≥ 226; ≥ 202 254 4,313 0.94 0.78, 1.13  0.97 0.80, 1.17 

  Ptrend
5    0.43  0.63 

Total dairy, servings/week        

  Q14 < 5.5; < 5.0 243 4,044 1.00 —  1.00 — 

  Q2 5.5 - < 9.6; 5.0 - < 8.9 213 4,610 0.78  0.64, 0.95  0.79  0.65, 0.96 

  Q3 9.6 - < 14.5; 8.9 - < 13.4 244 4,351 0.85  0.70, 1.03  0.87  0.72, 1.05 

  Q4 ≥ 14.5; ≥ 13.4 249 4,233 0.86  0.71, 1.06  0.88  0.72, 1.09 

  Ptrend
5    0.47  0.62 

Milk, servings/week        

  Q14 0; 0 262 4,895 1.00 —  1.00 — 

  Q2 0.1 - < 5.7; 0.1 - < 5.1 204 3,771 1.01 0.84, 1.23  1.01 0.84, 1.23 

  Q3 5.7 - < 10.5; 5.1 - < 10.1 237 4,293 0.97 0.81, 1.17  0.99 0.82, 1.19 

  Q4 ≥ 10.5; ≥ 10.1 246 4,280 0.94 0.78, 1.13  0.95 0.79, 1.15 

  Ptrend
5    0.36  0.46 

 

 

 

 

 

 

 



 
 

9
9 

Abbreviations:  Q, quartile; C, category; RR, relative risk; CI, confidence interval; MV, multivariable 

1Range obtained from each sex-specific quartile of all exposures, except for supplemental calcium, which was obtained from each 

category for both sexes combined  

2Base model adjusted for age at diagnosis, sex, tumor stage, and 1992 total energy intake 

3Multivariable model adjusted for age at diagnosis, sex, tumor stage, and 1992 total energy and total folate intakes  

4Reference group  

5Ptrend calculated by using the median exposure in each quartile, specific to sex, for all exposures except for supplement calcium, which 

was calculated using the actual categories, i.e. 1, 2, and 3, for both sexes  

6Supplemental calcium was categorized based on visually inspecting the distribution of the variable 
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Table 4.4.  Associations of 1992 Prediagnostic Calcium, Vitamin D, and Dairy Intakes with Colorectal Cancer Mortality among Non-Metastatic 

Colorectal Cancer Patients in the CPS-II Nutrition Cohort  

Exposure 
Range1 

(men; women) 

Total No.  

Deaths 

Person- 

Years 

Base model2  MV model3 

RR 95% CI  RR 95% CI 

Total calcium, mg/day        

  Q14 < 578; < 553 101 4,288 1.00 —  1.00 — 

  Q2 578 - < 776; 553 - < 776 103 4,460 0.99 0.75, 1.32  1.04 0.77, 1.39 

  Q3 776 - < 1,044; 776 - < 1,156 102 4,255 0.88 0.66, 1.17  0.94 0.69, 1.26 

  Q4 ≥ 1,044; ≥ 1,156 102 4,235 0.95 0.72, 1.26  1.01 0.74, 1.38 

  Ptrend
5    0.78  0.91 

Dietary calcium, mg/day        

  Q14 < 548; < 486 106 4,146 1.00 —  1.00 — 

  Q2 548 - < 729; 486 - < 629 99 4,496 0.93 0.70, 1.24  0.96 0.72, 1.28 

  Q3 729 - < 949; 629 - < 849 107 4,272 0.95 0.72, 1.25  0.99 0.74, 1.31 

  Q4 ≥ 949; ≥ 849 96 4,325 0.82 0.62, 1.10  0.86 0.64, 1.16 

  Ptrend
5    0.18  0.30 

Supplemental calcium, mg/day        

  C14,6 0 250 10,733 1.00 —  1.00 — 

  C2 0.1 - < 250 95 3,891 0.98 0.77, 1.25  1.11 0.79, 1.57 

  C3 ≥ 250 63 2,615 1.07 0.79, 1.43  1.18 0.83, 1.66 

  Ptrend
5    0.76  0.36 

Total vitamin D, IU/day        

  Q14 < 122; < 111 96 4,284 1.00 —  1.00 — 

  Q2 122 - < 191; 111 - < 201 108 4,370 1.06 0.80, 1.40  1.12 0.83, 1.49 

  Q3 191 - < 425; 201 - < 467 99 4,278 0.90 0.67, 1.21  1.00 0.72, 1.38 

  Q4 ≥ 425; ≥ 467 105 4,306 0.98 0.73, 1.30  1.14  0.73, 1.78 

  Ptrend
5    0.77  0.61 

Dietary vitamin D, IU/day        

  Q14 < 105; < 90 103 4,283 1.00 —  1.00 — 

(Table continues on the next page) 
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Exposure 
Range1 

(men; women) 

Total No.  

Deaths 

Person- 

Years 

Base model2  MV model3 

RR 95% CI  RR 95% CI 

  Q2 105 - < 157; 90 - < 136 109 4,347 1.01 0.76, 1.33  1.03 0.78, 1.36 

  Q3 157 - < 226; 136 - < 202 93 4,295 0.87 0.65, 1.16  0.90 0.67, 1.22 

  Q4 ≥ 226; ≥ 202 103 4,313 0.91 0.69, 1.21  0.96 0.72, 1.28 

  Ptrend
5    0.39  0.61 

Total dairy, servings/week        

  Q14 < 5.5; < 5.0 110 4,044 1.00 —  1.00 — 

  Q2 5.5 - < 9.6; 5.0 - < 8.9 91 4,610 0.83 0.62, 1.10  0.84  0.63, 1.13 

  Q3 9.6 - < 14.5; 8.9 - < 13.4 107 4,351 0.89 0.67, 1.18  0.92  0.69, 1.23 

  Q4 ≥ 14.5; ≥ 13.4 100 4,233 0.86 0.63, 1.17  0.89  0.65, 1.22 

  Ptrend
5    0.55  0.73 

Milk, servings/week        

  Q14 0; 0 110 4,895 1.00 —  1.00 — 

  Q2 0.1 - < 5.7; 0.1 - < 5.1 88 3,771 1.07 0.80, 1.43  1.06 0.79, 1.42 

  Q3 5.7 - < 10.5; 5.1 - < 10.1 114 4,293 1.07 0.81, 1.40  1.08 0.82, 1.42 

  Q4 ≥ 10.5; ≥ 10.1 96 4,280 0.95 0.71, 1.28  0.98  0.73, 1.32 

  Ptrend
5    0.62  0.80 

Abbreviations:  Q, quartile; C, category; RR, relative risk; CI, confidence interval; MV, multivariable 

1Range obtained from each sex-specific quartile of all exposures, except for supplemental calcium, which was obtained from each 

category for both sexes combined 

2Base model adjusted for age at diagnosis, sex, tumor stage, and 1992 total energy intake 

3Multivariable model adjusted for age at diagnosis, sex, tumor stage, and 1992 total energy and total folate intakes 

4Reference group 

5Ptrend calculated by using the median exposure in each quartile, specific to sex, for all exposures except for supplement calcium, which 

was calculated using the actual categories, i.e. 1, 2, and 3, for both sexes 

6Supplemental calcium was categorized based on visually inspecting the distribution of the variable 
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Table 4.5.  Associations of 1992 Pre-diagnostic Calcium, Vitamin D, and Dairy Intakes with All-Cause Mortality among Colorectal Cancer 

Patients of All Stages in the CPS-II Nutrition Cohort  

Exposure 
Range1 

(men; women) 

Total No. 

Deaths 

Person- 

Years 

Base model2  MV model3 

RR 95% CI  RR 95% CI 

Total calcium, mg/day        

  Q14 < 579; < 545 337 4,562 1.00 —  1.00 — 

  Q2 579 - < 775; 545 - < 773 335 4,874 0.93  0.79, 1.09  0.96  0.81, 1.13 

  Q3 775 - < 1,033; 773 - < 1,152 344 4,563 0.89  0.76, 1.05  0.94  0.79, 1.11 

  Q4 ≥ 1,033; ≥ 1,152 366 4,628 0.96  0.82, 1.12  1.00  0.84, 1.19 

  Ptrend
5    0.85  0.75 

Dietary calcium, mg/day        

  Q14 < 548; < 481 350 4,427 1.00 —  1.00 — 

  Q2 548 - < 724; 481 - < 620 337 4,859 0.86  0.73, 1.01  0.88  0.75, 1.04 

  Q3 724 - < 944; 620 - < 848 342 4,640 0.92  0.78, 1.07  0.95  0.81, 1.12 

  Q4 ≥ 944; ≥ 848 353 4,701 0.87  0.75, 1.03  0.91  0.77, 1.07 

  Ptrend
5    0.22  0.45 

Supplemental calcium, mg/day        

  C14,6 0 851 11,618 1.00 —  1.00 — 

  C2 0.1 - < 250 321 4,219 1.01  0.88, 1.16  1.11  0.91, 1.35 

  C3 ≥ 250 210 2,790 1.06  0.90, 1.26  1.14  0.94, 1.40 

  Ptrend
5    0.52  0.19 

Total vitamin D, IU/day        

  Q14 < 123; < 108 343 4,534 1.00 —  1.00 — 

  Q2 123 - < 191; 108 - < 193 324 4,728 0.87 0.74, 1.03  0.92  0.78, 1.09 

  Q3 191 - < 420; 193 - < 461 350 4,660 0.94  0.80, 1.11  1.02  0.85, 1.22 

  Q4 ≥ 420; ≥ 461 365 4,704 0.95  0.81, 1.11  1.08  0.84, 1.40 

  Ptrend
5    0.99  0.33 

Dietary vitamin D, IU/day        

  Q14 < 106; < 90 345 4,562 1.00 —  1.00 — 

  Q2 106 - < 158; 90 - < 135 338 4,758 0.88  0.75, 1.03  0.90  0.77, 1.06 

  Q3 158 - < 227; 135 - < 203 331 4,737 0.88  0.75, 1.03  0.92  0.78, 1.09 

(Table continues on the next page) 
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Exposure 
Range1 

(men; women) 

Total No. 

Deaths 

Person- 

Years 

Base model2  MV model3 

RR 95% CI  RR 95% CI 

  Q4 ≥ 227; ≥ 203 368 4,571 0.97  0.83, 1.14  1.02  0.86, 1.20 

  Ptrend
5    0.98  0.52 

Total dairy, servings/week        

  Q14 < 5.5; < 4.9 350 4,394 1.00 —  1.00 — 

  Q2 5.5 - < 9.6; 4.9 - < 8.8 321 4,886 0.81  0.68, 0.95  0.82  0.70, 0.97 

  Q3 9.6 - < 14.6; 8.8 - < 13.3 352 4,761 0.89  0.76, 1.05  0.92  0.78, 1.09 

  Q4 ≥ 14.6; ≥ 13.3 359 4,585 0.92  0.77, 1.09  0.95  0.80, 1.14 

  Ptrend
5    0.88  0.79 

Milk, servings/week        

  Q14 0 ; 0  440 5,365 1.00 —  1.00 — 

  Q2 0.1 - < 5.5; 0.1 - < 4.8  286 3,847 0.97  0.82, 1.14  0.96  0.82, 1.14 

  Q3 5.5 - < 10.4 ; 4.8 - < 10.0 344 4,859 0.92  0.78, 1.08  0.93  0.80, 1.09 

  Q4 ≥ 10.4; ≥ 10.0 368 4,677 0.95  0.81, 1.12  0.98  0.83, 1.15 

  Ptrend
5    0.48  0.72 

 

Abbreviations:  Q, quartile; C, category; RR, relative risk; CI, confidence interval; MV, multivariable 

1Range obtained from each sex-specific quartile of all exposures, except for supplemental calcium, which was obtained from each 

category for both sexes combined  

2Base model adjusted for age at diagnosis, sex, tumor stage, and 1992 total energy intake 

3Multivariable model adjusted for age at diagnosis, sex, tumor stage, and 1992 total energy and total folate intakes  

4Reference group  

5Ptrend calculated by using the median exposure in each quartile, specific to sex, for all exposures except for supplement calcium, which 

was calculated using the actual categories, i.e. 1, 2, and 3, for both sexes  

6Supplemental calcium was categorized based on visually inspecting the distribution of the variable 
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Table 4.6.  Associations of 1992 Pre-diagnostic Calcium, Vitamin D, and Dairy Intakes with All-Cause Mortality among Colorectal Cancer 

Patients with Postdiagnosis Data (n = 1,111) in the CPS-II Nutrition Cohort 

Exposure 
Range1 

(men; women) 

Total No. 

Deaths 

Person- 

Years 

Base model2  MV model3 

RR 95% CI  RR 95% CI 

Total calcium, mg/day        

  Q14 < 578; < 553 100 2,733 1.00 —  1.00 — 

  Q2 578 - < 776; 553 - < 776 101 2,909 0.84 0.63, 1.12  0.87 0.64, 1.17 

  Q3 776 - < 1,044; 776 - < 1,156 107 2,765 0.88 0.65, 1.17  0.91 0.67, 1.23 

  Q4 ≥ 1,044; ≥ 1,156 121 2,913 0.91 0.68, 1.20  0.96 0.70, 1.30 

  Ptrend
5    0.87  0.79 

Dietary calcium, mg/day        

  Q14 < 548; < 486 109 2,556 1.00 —  1.00 — 

  Q2 548 - < 729; 486 - < 629 98 3,031 0.69 0.52, 0.92  0.69 0.51, 0.92 

  Q3 729 - < 949; 629 - < 849 106 2,676 0.81 0.61, 1.08  0.82 0.61, 1.10 

  Q4 ≥ 949; ≥ 849 116 3,058 0.74 0.56, 0.97  0.75 0.56, 1.00 

  Ptrend
5    0.13  0.19 

Supplemental calcium, mg/day        

  C14,6 0 251 6,987 1.00 —  1.00 — 

  C2 0.1 - < 250 110 2,682 1.00  0.79, 1.27  1.31  0.94, 1.83 

  C3 ≥ 250 68 1,652 1.34  0.99, 1.80  1.65  1.16, 2.35 

  Ptrend
5    0.12   0.01 

Total vitamin D, IU/day        

  Q14 < 122; < 111 109 2,718 1.00 —  1.00 — 

  Q2 122 - < 191; 111 - < 201 88 2,843 0.69  0.51, 0.93  0.70 0.52, 0.95 

  Q3 191 - < 425; 201 - < 467 114 2,792 0.84  0.64, 1.12  0.85  0.63, 1.16 

  Q4 ≥ 425; ≥ 467 118 2,968 0.79  0.60, 1.05  0.91 0.58, 1.43 

  Ptrend
5    0.49  0.85 

Dietary vitamin D, IU/day        

  Q14 < 105; < 90 105 2,679 1.00 —  1.00 — 

  Q2 105 - < 157; 90 - < 136 102 2,826 0.88  0.66, 1.18  0.89  0.66, 1.19 

  Q3 157 - < 226; 136 - < 202 107 2,901 0.85 0.64, 1.12  0.86 0.65, 1.15 

(Table continues on the next page) 
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Exposure 
Range1 

(men; women) 

Total No. 

Deaths 

Person- 

Years 

Base model2  MV model3 

RR 95% CI  RR 95% CI 

  Q4 ≥ 226; ≥ 202 115 2,915 0.84  0.63, 1.11  0.85 0.63, 1.13 

  Ptrend
5    0.22  0.27 

Total dairy, servings/week        

  Q14 < 5.5; < 5.0 105 2,490 1.00 —  1.00 — 

  Q2 5.5 - < 9.6; 5.0 - < 8.9 92 3,028 0.72  0.54, 0.98  0.73  0.54, 0.99 

  Q3 9.6 - < 14.5; 8.9 - < 13.4 116 2,941 0.83  0.63, 1.10  0.84  0.63, 1.12 

  Q4 ≥ 14.5; ≥ 13.4 116 2,862 0.80  0.59, 1.09  0.82  0.60, 1.13 

  Ptrend
5    0.42  0.52 

Milk, servings/week        

  Q14 0; 0 118 3,259 1.00 —  1.00 — 

  Q2 0.1 - < 5.7; 0.1 - < 5.1 99 2,304 1.23  0.93, 1.64  1.23  0.93, 1.64 

  Q3 5.7 - < 10.5; 5.1 - < 10.1 100 2,883 0.89  0.67, 1.19  0.91  0.69, 1.21 

  Q4 ≥ 10.5; ≥ 10.1 112 2,874 0.89  0.67, 1.19  0.90  0.68, 1.20 

  Ptrend
5    0.14  0.17 

 

Abbreviations:  Q, quartile; C, category; RR, relative risk; CI, confidence interval; MV, multivariable 

1Range obtained from each sex-specific quartile of all exposures, except for supplemental calcium, which was obtained from each 

category for both sexes combined  

2Base model adjusted for age at diagnosis, sex, tumor stage, and 1992 total energy intake 

3Multivariable model adjusted for age at diagnosis, sex, tumor stage, and 1992 total energy and total folate intakes  

4Reference group  

5Ptrend calculated by using the median exposure in each quartile, specific to sex, for all exposures except for supplement calcium, which 

was calculated using the actual categories, i.e., 1, 2, and 3, for both sexes  

6Supplemental calcium was categorized based on visually inspecting the distribution of the variable 
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Table 4.7.  Associations of Post-diagnosis Calcium, Vitamin D, and Dairy Intakes with All-Cause Mortality among Non-Metastatic Colorectal 

Cancer Patients in the CPS-II Nutrition Cohort  

Exposure 
1999 Range1 

(men; women) 

2003 Range1 

(men; women) 
Total No. 

Deaths 

Person- 

Years 

Base model2  MV model3 

RR 95% CI  RR 95% CI 

Total calcium, mg/day         

  Q14 < 581; < 713 < 683; < 773 112 1,903 1.00 —  1.00 — 

  Q2    581 - < 775; 713 - < 1,170     683 - < 882; 773- < 1,131 118 2,098 0.89 0.67, 1.18  0.89 0.67, 1.18 

  Q3     775 - <1,105; 1,170 - < 1,598     882 - < 1,162; 1,131 - < 1,591 100 2,078 0.72 0.54, 0.96  0.72 0.53, 0.98 

  Q4 ≥ 1,105; ≥ 1,598 ≥ 1,162; ≥ 1,591 99 2,325 0.72 0.54, 0.97  0.72 0.53, 0.98 

  Ptrend
5     0.01  0.02 

Dietary calcium, mg/day         

  Q14 < 532; < 525 < 613; < 609 105 1,804 1.00 —  1.00 — 

  Q2     532 - < 683; 525 - < 671     613 - < 765; 609 - < 766 118 2,277 0.84 0.63, 1.12  0.84 0.63, 1.11 

  Q3     683 - < 885; 671 - < 892     765 - < 968; 766 - < 990 90 2,100 0.69 0.51, 0.92  0.69 0.51, 0.93 

  Q4 ≥ 885; ≥ 892 ≥ 968; ≥ 990 116 2,223 0.85 0.64, 1.12  0.86 0.65, 1.14 

  Ptrend
5     0.17  0.21 

Supplemental calcium, mg/day         

  C14,6 0 0 221 3,966 1.00 —  1.00 — 

  C2 0.1 - < 500 0.1 - < 500 108 2,001 0.90 0.70, 1.16  0.95 0.72, 1.27 

  C3 ≥ 500 ≥ 500 100 2,437 0.94 0.72, 1.23  0.98 0.73, 1.31 

  Ptrend
5     0.55  0.88 

Total vitamin D, IU/day         

  Q14 < 164; < 151 < 194; < 219 105 1,894 1.00 —  1.00 — 

  Q2     164 - < 302; 151 - < 379     194 - < 389; 219 - < 509 101 2,087 0.79 0.59, 1.07  0.81 0.59, 1.10 

  Q3     302 - < 559; 379 - < 588     389 - < 603; 509 - < 685 108 2,167 0.90 0.67, 1.21  0.97 0.67, 1.40 

  Q4 ≥ 559; ≥ 588 ≥ 603; ≥ 685 115 2,256 0.80 0.60, 1.07  0.88 0.57, 1.35 

  Ptrend
5     0.16  0.35 

Dietary vitamin D, IU/day         

  Q14 < 122; < 100 < 132; < 103 103 2,065 1.00 —  1.00 — 

(Table continues on the next page) 
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Exposure 
1999 Range1 

(men; women) 

2003 Range1 

(men; women) 
Total No. 

Deaths 

Person- 

Years 

Base model2  MV model3 

RR 95% CI  RR 95% CI 

  Q2     122 - < 178; 100 - < 155     132 - < 188; 103 - < 178 115 2,144 0.99 0.75, 1.31  0.99 0.75, 1.31 

  Q3     178 - < 245; 155 - < 229     188 - < 267; 178 - < 257 105 2,109 0.94 0.70, 1.25  0.95 0.71, 1.27 

  Q4 ≥ 245; ≥ 229 ≥ 267; ≥ 257 106 2,085 0.89 0.67, 1.19  0.90 0.67, 1.21 

  Ptrend
5     0.29  0.33 

Total dairy, servings/week         

  Q14 < 4.7; < 3.9 < 5.1; < 4.8 115 1,931 1.00 —  1.00 — 

  Q2     4.7 - < 8.2; 3.9 - < 7.7     5.1 - < 8.8; 4.8 - < 8.1 109 2,106 0.91  0.69, 1.20  0.91  0.69, 1.21 

  Q3     8.2 - < 11.7; 7.7 - < 11.6     8.8 - < 12.3; 8.1 - < 12.4 98 2,068 0.73  0.54, 0.98  0.73  0.54, 0.98 

  Q4 ≥ 11.7; ≥ 11.6 ≥ 12.3; ≥ 12.4 107 2,299 0.75  0.55, 1.00  0.75  0.56, 1.01 

  Ptrend
5     0.05  0.05 

Milk, servings/week         

  Q14 < 1.1; < 1.0 < 1.0; < 1.0 106 1,844 1.00 —  1.00 — 

  Q2     1.1 - < 5.6; 1.0 - < 3.5     1.0 - < 5.6; 1.0 - < 3.3 109 2,135 0.84 0.64, 1.12  0.85 0.64, 1.13 

  Q3    5.6 - < 7.0; 3.5 - < 7.0     5.6 - < 7; 3.3 - < 7.0 41 881 0.76 0.52, 1.11  0.76 0.52, 1.12 

  Q4 ≥ 7.0; ≥ 7.0 ≥ 7.0; ≥ 7.0 173 3,543 0.71 0.55, 0.93  0.72 0.55, 0.94 

  Ptrend
5     0.01  0.02 

Abbreviations:  Q, quartile; C, category; RR, relative risk; CI, confidence interval; MV, multivariable 

1Range obtained from each questionnaire- and sex-specific quartile of all exposures, except for supplemental calcium, which was obtained 

from each category for both sexes combined 

2Base model adjusted for age at diagnosis, sex, tumor stage, and post-diagnosis total energy intake 

3Multivariable model adjusted for age at diagnosis, sex, tumor stage, and post-diagnosis total energy and total folate intakes  

4Reference group  

5Ptrend calculated by using the median exposure in each quartile, specific to sex, for all exposures except for supplement calcium, which 

was calculated using the actual categories, i.e., 1, 2, and 3, for both sexes  

6Supplemental calcium was categorized based on visually inspecting the distribution of the variable 
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Table 4.8.  Associations of Postdiagnosis Calcium, Vitamin D, and Dairy Intakes with Colorectal Cancer Mortality among Non-Metastatic 

Colorectal Cancer Patients in the CPS-II Nutrition Cohort  

Exposure 
1999 Range1 

(men; women) 

2003 Range1 

(men; women) 
Total No.  

Deaths 

Person- 

Years 

Base model2  MV model3 

RR 95% CI  RR 95% CI 

Total calcium, mg/day         

  Q14 < 581; < 713 < 683; < 773 37 1,903 1.00  —  1.00 — 

  Q2    581 - < 775; 713 - < 1,170     683 - < 882; 773 - < 1,131 49 2,098 1.11 0.69, 1.78  1.15 0.71, 1.86 

  Q3     775 - <1,105; 1,170 - < 1,598     882 - < 1,162; 1,131 - < 1,591 33 2,078 0.75 0.46, 1.24  0.81 0.48, 1.38 

  Q4 ≥ 1,105; ≥ 1,598 ≥ 1,162; ≥ 1,591 24 2,325 0.54 0.31, 0.94  0.59 0.33, 1.05 

  Ptrend
5     <0.01  0.01 

Dietary calcium, mg/day         

  Q14 < 532; < 525 < 613; < 609 35 1,804 1.00 —  1.00 — 

  Q2     532 - < 683; 525 - < 671     613 - < 765; 609 - < 766 36 2,277 0.86 0.52, 1.42  0.85 0.51, 1.41 

  Q3     683 - < 885; 671 - < 892     765 - < 968; 766 - < 990 35 2,100 0.90 0.55, 1.48  0.98 0.59, 1.62 

  Q4 ≥ 885; ≥ 892 ≥ 968; ≥ 990 37 2,223 0.91 0.56, 1.47  1.00 0.61, 1.63 

 Ptrend
5     0.53  0.83 

Supplemental calcium, mg/day         

  C14,6 0 0 74 3,966 1.00 —  1.00 — 

  C2 0.1 - < 500 0.1 - < 500 42 2,001 0.92 0.61, 1.38  1.04 0.65, 1.69 

  C3 ≥ 500 ≥ 500 27 2,437 0.58 0.35, 0.95  0.65 0.38, 1.11 

  Ptrend
5     0.04  0.13 

Total vitamin D, IU/day         

  Q14 < 164; < 151 < 194; < 219 33 1,894 1.00 —  1.00 — 

  Q2     164 - < 302; 151 - < 379     194 - < 389; 219 - < 509 38 2,087 0.84 0.51, 1.38  0.99 0.59, 1.66 

  Q3     302 - < 559; 379 - < 588     389 - < 603; 509 - < 685 34 2,167 0.85 0.51, 1.42  1.31 0.66, 2.58 

  Q4 ≥ 559; ≥ 588 ≥ 603; ≥ 685 38 2,256 0.90 0.54, 1.49  1.74 0.80, 3.77 

  Ptrend
5     0.45  0.52 

Dietary vitamin D, IU/day       

  Q14 < 122; < 100 < 132; < 103 32 2,065 1.00 —  1.00 — 

(Table continues on the next page) 
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Exposure 
1999 Range1 

(men; women) 

2003 Range1 

(men; women) 
Total No.  

Deaths 

Person- 

Years 

Base model2  MV model3 

RR 95% CI  RR 95% CI 

  Q2     122 - < 178; 100 - < 155     132 - < 188; 103 - < 178 34 2,144 0.76 0.45, 1.28  0.78 0.46, 1.32 

  Q3     178 - < 245; 155 - < 229     188 - < 267; 178 - < 257 37 2,109 1.01 0.61, 1.68  1.11 0.67, 1.85 

  Q4 ≥ 245; ≥ 229 ≥ 267; ≥ 257 40 2,085 1.18 0.72, 1.93  1.28 0.77, 2.10 

  Ptrend
5     0.31  0.19 

Total dairy, servings/week         

  Q14 < 4.7; < 3.9 < 5.1; < 4.8 37 1,931 1.00 —  1.00 — 

  Q2     4.7 - < 8.2; 3.9 - < 7.7     5.1 - < 8.8; 4.8 - < 8.1 31 2,106 0.73  0.44, 1.22  0.73  0.44, 1.23 

  Q3     8.2 - < 11.7; 7.7 - < 11.6     8.8 - < 12.3; 8.1 - < 12.4 41 2,068 0.87  0.53, 1.44  0.92  0.56, 1.52 

  Q4 ≥ 11.7; ≥ 11.6 ≥ 12.3; ≥ 12.4 34 2,299 0.71  0.42, 1.19  0.73  0.44, 1.23 

  Ptrend
5     0.26  0.32 

Milk, servings/week         

  Q14 < 1.1; < 1.0 < 1.0; < 1.0 33 1,844 1.00 —  1.00 — 

  Q2     1.1 - < 5.6; 1.0 - < 3.5     1.0 - < 5.6; 1.0 - < 3.3 33 2,135 0.88 0.53, 1.45  0.90 0.54, 1.49 

  Q3    5.6 - < 7.0; 3.5 - < 7.0     5.6 - < 7; 3.3 - < 7.0 14 881 0.85 0.43, 1.65  0.85 0.44, 1.67 

  Q4 ≥ 7.0; ≥ 7.0 ≥ 7.0; ≥ 7.0 63 3,543 0.87 0.55, 1.38  0.93 0.59, 1.49 

  Ptrend
5     0.61  0.81 
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Abbreviations:  Q, quartile; C, category; RR, relative risk; CI, confidence interval; MV, multivariable 

1Range obtained from each questionnaire- and sex-specific quartile of all exposures, except for supplemental calcium, which was obtained 

from each category for both sexes combined 

2Base model adjusted for age at diagnosis, sex, tumor stage, and post-diagnosis total energy intake 

3Multivariable model adjusted for age at diagnosis, sex, tumor stage, and post-diagnosis total energy and total folate intakes 

4Reference group 

5Ptrend calculated by using the median exposure in each quartile, specific to sex, for all exposures except for supplement calcium, which 

was calculated using the actual categories, i.e. 1, 2, and 3, for both sexes 

6Supplemental calcium was categorized based on visually inspecting the distribution of the variable 
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Table 4.9.  Associations of Post-diagnosis Calcium, Vitamin D, and Dairy Intakes with All-Cause Mortality among Colorectal Cancer Patients in 

the CPS-II Nutrition Cohort Stratified by Tumor Stage at Diagnosis1 

Exposure 

Localized Stage  Regional Stage pinteraction 

Total No. 

Deaths 

Person- 

Years 
RR 95% CI 

 Total No. 

Deaths 

Person- 

Years 
RR 95% CI 

 

Total calcium, mg/day           

  Q12 55 1,150 1.00 —  57 753 1.00 —  

  Q2 60 1,237 1.00  0.67, 1.49  58 861 0.79  0.52, 1.20  

  Q3 60 1,190 0.97  0.64, 1.46  40 888 0.52  0.33, 0.82  

  Q4 46 1,332 0.69  0.45, 1.07  53 993 0.74  0.47, 1.16  

  Ptrend
3    0.12     0.09 0.08 

Dietary calcium, mg/day           

  Q12 50 1,031 1.00 —  55 773 1.00 —  

  Q2 65 1,351 0.91  0.61, 1.35  53 926 0.75  0.50, 1.14  

  Q3 47 1,211 0.72 0.47, 1.11  43 889 0.67  0.43, 1.04  

  Q4 59 1,316 0.83  0.55, 1.25  57 907 0.90  0.60, 1.34  

  Ptrend
3    0.30     0.49 0.75 

Supplemental calcium, mg/day           

  C12,4 122 2,404 1.00 —  99 1,562 1.00 —  

  C2 48 1,179 0.87  0.59, 1.29  60 822 1.05  0.69, 1.61  

  C3 51 1,326 1.00  0.67, 1.48  49 1,111 0.99  0.64, 1.54  

  Ptrend
3    0.92     0.96 0.68 

Total vitamin D, IU/day           

  Q12 57 1,186 1.00 —  48 708 1.00 —  

  Q2 52 1,096 0.88  0.57, 1.34  49 991 0.76  0.48, 1.19  

  Q3 60 1,270 0.98  0.60, 1.60  48 897 0.99  0.55, 1.77  

  Q4 52 1,358 0.64  0.36, 1.13  63 897 1.33  0.68, 2.59  

  Ptrend
3    0.13     0.79 0.23 

Dietary vitamin D, IU/day           

  Q12 61 1,254 1.00 —  42 811 1.00 —  

(Table continues on the next page) 
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Exposure 

Localized Stage  Regional Stage pinteraction 

Total No. 

Deaths 

Person- 

Years 
RR 95% CI 

 Total No. 

Deaths 

Person- 

Years 
RR 95% CI 

 

  Q2 58 1,241 0.93  0.64, 1.36  57 903 1.13  0.73, 1.74  

  Q3 53 1,149 0.86  0.58, 1.27  52 960 1.07  0.69, 1.67  

  Q4 49 1,266 0.71  0.47, 1.08  57 820 1.18  0.77, 1.82  

  Ptrend
3    0.07     0.57 0.53 

Total dairy, servings/week           

  Q12 62 1,196 1.00 —  53 735 1.00 —  

  Q2 54 1,208 0.93  0.63, 1.38  55 898 0.91  0.61, 1.38  

  Q3 49 1,096 0.85  0.57, 1.28  49 971 0.63  0.40, 0.98  

  Q4 56 1,409 0.69 0.46, 1.05  51 889 0.82  0.53, 1.27  

  Ptrend
3    0.06     0.37 0.42 

Milk, servings/week           

  Q12 58 1,100 1.00 —  48 744 1.00 —  

  Q2 55 1,282 0.76  0.51, 1.13  54 853 1.00  0.66, 1.52  

  Q3 21 464 0.75  0.43, 1.28  20 417 0.75  0.43, 1.31  

  Q4 87 2,063 0.67 0.46, 0.98  86 1,480 0.80  0.54, 1.18  

  Ptrend
3    0.05     0.17 0.84 

 

Abbreviations:  Q, quartile; C, category; RR, relative risk; CI, confidence interval; MV, multivariable 

1Only showing multivariate model results adjusted for age at diagnosis, sex, tumor stage, and post-diagnosis total energy and total folate 

intakes  

2Reference group  

3Ptrend calculated by using the median exposure in each quartile, specific to sex, for all exposures except for supplement calcium, which 

was calculated using the actual categories, i.e., 1, 2, and 3, for both sexes  

4Supplemental calcium was categorized based on visually inspecting the distribution of the variable 
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Abstract 

 Calcium has an established role in promoting bone health, but its effects on other 

outcomes remain unclear.  Especially, the potential adverse influence of supplemental calcium on 

cardiovascular diseases (CVD) has raised concerns.  We investigated associations of total, 

dietary, and supplemental calcium with all-cause, CVD-, and cancer-specific mortality among 

132,823 participants in the Cancer Prevention Study II Nutrition Cohort, using multivariable-

adjusted Cox proportional hazards regression models with cumulative updating of exposures.  

During a mean follow-up of 17.5 years, 43,186 deaths occurred.  For men, supplemental calcium 

intake ≥1,000 mg/d was associated with higher all-cause mortality (relative risk [RR]: 1.17; 95% 

confidence interval [CI]:  1.03, 1.33) and marginally statistically significantly higher CVD-

specific mortality (RR:  1.22; 95% CI: 0.99, 1.51), but was not associated with cancer-specific 

mortality (RR:  1.03; 95% CI:  0.79, 1.33). For women, supplemental calcium was inversely 

associated with mortality from all causes and CVD, but not cancer. Dietary and total calcium 

intakes were not associated with all-cause mortality in men and were inversely associated with 

mortality in women. In conclusion, calcium intake is generally not associated with higher 

mortality in this cohort, but for men, supplemental calcium intake ≥ 1,000 mg/d may be 

associated with increased all-cause and CVD-specific mortality. 

Introduction 

 In the United States, recommendations to consume foods rich in calcium and vitamin D 

are included in dietary guidelines.151  In addition, dietary supplements containing calcium are 

used by 43% of the overall population and 62% of individuals 71 years of age or older.285  

Adequate calcium intake is important for bone health and several major physiologic functions.30  

However, beyond its benefits for bone health, the effects of calcium on other health outcomes are 

largely unclear.  
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 The relationship between calcium and cardiovascular disease (CVD) is complex and may 

depend on the source of calcium.219  Dietary calcium is generally weakly associated with lower 

risk of incident or fatal CVD.219  In contrast, studies on supplemental calcium have reported 

conflicting results:  while positive associations with CVD risk and mortality were reported in 

several epidemiological studies,32-34 especially in men, null or inverse associations were reported 

in others.35-38,286,287  A meta-analysis of several randomized clinical trials, primarily among older 

women, reported that calcium supplementation increased myocardial infarction (MI) risk by 24%, 

and the risk of a composite of MI or stroke by 15%.39  Although the trials included in the meta-

analysis were not primarily designed to assess the effect of calcium supplementation on 

cardiovascular events, these results raised concerns about the potential harms of supplemental 

calcium on the cardiovascular system. 

 With regard to cancer, there is generally consistent observational evidence that calcium 

intake is inversely associated with colorectal cancer,6,7,155 and a major clinical trial found 

statistically significantly reduced colorectal adenoma recurrence with calcium supplementation.8   

In addition, some evidence suggests that total or dietary calcium may be associated with lower 

risk of breast cancer,40,41 and total calcium or dairy intake may be positively associated with risk 

of prostate cancer,42 but the World Cancer Research Fund considers the level of evidence 

“limited” for both types of cancer.43,44  

As reported herein, we comprehensively examined the associations of supplemental 

calcium intake with mortality from all causes and specifically due to CVD and cancer, and 

secondarily examined the associations of total and dietary calcium intake with mortality 

outcomes, in a large US prospective cohort study of men and women.  
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Methods 

Study Population 

The analytic cohort for this analysis consisted of men and women participating in the 

Cancer Prevention Study (CPS)-II Nutrition Cohort, a prospective study of cancer incidence and 

mortality among US adults,269 which is a subset of the original CPS-II mortality cohort.288  At 

baseline enrollment (1992 – 1993), approximately 184,000 participants completed a mailed 10-

page self-administered questionnaire regarding demographics, body size, medical history, diet, 

and other major lifestyle factors.  Follow-up questionnaires were sent to participants in 1997 and 

biennially thereafter to update exposure information and to learn of new cancer diagnoses 

(response rate ≥ 89% for each follow-up questionnaire).  The CPS-II Nutrition Cohort is 

approved by the institutional review board of Emory University.   

For this analysis, we excluded participants with history of cancer at baseline (n = 21,785), 

previous history of MI (n = 11,559), and stroke (n = 2,513) because these individuals may have 

changed their diets as a result of their diagnosis.  We also excluded those with poorly completed 

dietary assessment instruments at baseline (n = 14,136) or uninterpretable calcium supplement 

use (n = 1,369).  After exclusions, 132,823 subjects remained eligible for this analysis, including 

59,744 men and 73,079 women. 

Dietary Assessment 

We first assessed calcium intake of participants at baseline (1992 – 1993) using a 68-item 

modified Block Food Frequency Questionnaire (FFQ),269,273,274 and updated this information in 

1999 and 2003 using a 152-item modified Willett FFQ.269,275-277  Both FFQs included similar 

questions on the major food and beverage sources of calcium (Table 5.1).289  FFQ estimates for 

calcium as well as dairy products (major source of dietary calcium) were in good agreement with 

estimates from dietary recalls or food records in validation studies (Pearson correlation 
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coefficients ranged from 0.57 to 0.66 for calcium and from 0.52 to 0.88 for dairy 

products).274,276,277  Dietary calcium was adjusted for energy intake using the residual method,152  

and total calcium was calculated as energy-adjusted dietary calcium plus raw supplemental 

calcium intake. 

Outcome Ascertainment 

Vital status and cause of death were ascertained through linkage to the National Death 

Index up to December 31, 2012.  The primary outcomes of this study were death from all causes, 

all cancers (International Classification of Diseases [ICD]-9 140-208, ICD-10 C00-C97), and all 

CVD (ICD-9 390-459, ICD-10 I00-I99).  Secondary outcomes included mortality specifically 

from colorectal cancer (ICD-9 153-154, ICD-10 C18-C20), lung cancer (ICD-9 162, ICD-10 

C33-C34), female breast cancer (ICD-9 174-175, ICD-10 C50), prostate cancer ( ICD-9 185, 

ICD-10 C61), coronary heart disease (ICD-9 410-414, ICD-10 I20-I25), and stroke (ICD-9 430-

438, ICD-10 I60-I69).   

Statistical Analysis 

Supplemental calcium intake was categorized into four levels based on interpretable cut-

points for both sexes (0, 0.1- < 500, 500 - < 1,000, and ≥ 1,000 mg/d).  Total calcium and dietary 

calcium were categorized according to sex- and questionnaire-specific quintiles.  To best estimate 

long-term calcium intake, we cumulatively updated calcium intake at 1999 and 2003 by taking 

the mean of all reported intakes up to that year, to predict outcomes that occurred during the 

subsequent period.  Values for missing data were carried forward from the previous 

questionnaire.  

We used Cox proportional hazards models to estimate relative risks (RRs) and 95% 

confidence intervals (CIs).  The underlying time axis for all models was time since baseline 

enrollment.  Person-time began on the date of baseline enrollment, and ended on the date of death 
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or the end of mortality follow-up (December 31, 2012), whichever came first.  We assessed the 

proportional hazards assumption using a likelihood ratio test by comparing models with and 

without an interaction term between a main exposure (in categories) and time.   

We chose a priori to conduct all analyses separately for men and women because of 

previously reported heterogeneity by sex,34 and to adjust for total energy intake (quintiles) and 

age at enrollment (year) in all models.  We also adjusted for quintile intakes of whole grain, red 

and processed meat, and total folate, and for cigarette smoking (never smokers; former smokers 

who quit ≥ 30 years ago, 20 - < 30 years ago, or < 20 years ago; and current smokers who smoke 

< 15 cigarettes/d, or ≥ 15 cigarettes/d), alcohol consumption (0, 0.1 - <1 and ≥1 drinks/d), body 

mass index(BMI; <18.5, 18.5 – 24.9, 25 – 29.9, and ≥30 kg/m2), education (less than high school, 

high school graduate, some college/trade school, and at least college graduate), and hormone 

replacement therapy (HRT) for women (none, former, or current use), because these variables 

either changed the RR by over 10% or were established predictors of the outcome.  Other 

covariates considered included race, marital status, physical activity, use of aspirin/other 

nonsteroidal anti-inflammatory drugs (NSAIDs), multivitamin use, history of diabetes, high 

cholesterol, hypertension, and osteoporosis, and intakes of vegetables, fruit, vitamin D, and (for 

supplemental calcium models only) dairy products.  Dietary calcium was included in 

supplemental calcium models, and vice versa.  We additionally adjusted for recent colonoscopy 

or sigmoidoscopy in models for colorectal cancer mortality, and for recent mammography in 

models for female breast cancer mortality.  The Wald test was used to assess linear trends for the 

association between calcium and mortality by assigning the sex-specific median value for the 

quintile (for total and dietary calcium) or an ordinal variable for supplemental calcium category, 

and modeling it as a continuous variable. 

Several sensitivity analyses were conducted to assess the robustness of our findings.  We 

excluded the first two years of follow-up, and used age as the alternative time scale to account for 
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the increased failure potential for an older participant over a younger participant at study entry.  

Because development of comorbidities may affect participants’ subsequent calcium intake, we 

stopped cumulative updating of calcium if incident cancer was diagnosed or a diagnosis of CVD 

was reported by that time point.  We excluded participants with a history of diabetes or chronic 

obstructive pulmonary disease at baseline.  We also repeated the analyses using baseline calcium 

data with no updating.  

We tested for effect modification of supplemental calcium use and all-cause mortality by 

age at enrollment (< 65y vs. ≥ 65y), BMI (< 30 vs. ≥ 30 kg/m2), physical activity (< median 

metabolic equivalent-hours per week vs. ≥ median), smoking status (never vs. former vs. current), 

aspirin use (non-user vs. user), other NSAID use (non-user vs. user), and HRT use (non- or 

former-user vs. current user) using likelihood ratio tests.  All analyses were performed using SAS 

version 9.3 (SAS Institute, Cary, NC). 

Results 

 The mean age of participants at baseline was 62.6 years (standard deviation, 6.3 years), 

and 45% of participants were men.  Most self-reported their race as white.  Baseline 

characteristics of men and women by supplemental calcium intake are shown in Table 5.2.  

Participants with higher supplemental calcium use were generally older, better educated, more 

physically active, leaner, less likely to smoke, more likely to use NSAIDs and currently use HRT 

(women), and to have an overall healthier diet. Participants with 0.1 - <500 mg/d of supplemental 

calcium intake were more likely to take multivitamins, whereas those with ≥500 mg/d of intake 

were more likely to take individual calcium supplements; this is because multivitamins were 

counted as a source of low levels of calcium, while individual calcium supplements are necessary 

to reach higher intake levels.  
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 Among the 132,823 participants, 43,186 deaths (24,413 in men; 18,773 in women) 

occurred during a mean follow-up of 17.5 years (standard deviation, 4.5 years; range, 1 day to 

20.2 years), including 13,157 from cancer and 13,916 from CVD.  As shown in Table 5.3, among 

men, supplemental calcium intake was directly associated with higher all-cause mortality when 

daily consumption was 1,000 mg or more, compared to none (RR:  1.17; 95% CI:  1.03, 1.33) but 

not when daily consumption was < 1,000 mg (Ptrend = 0.18).  A similar pattern in men was 

observed between supplemental calcium and CVD-specific mortality (RR:  1.22; 95% CI:  0.99, 

1.51 for supplemental calcium use ≥ 1,000 mg/d), whereas no association was observed with 

cancer-specific mortality.  Men with ≥1,000 mg/d of supplemental calcium intake were also at 

higher risk of death from all other causes (RR:  1.22; 95% CI:  0.99, 1.51), particularly death 

from respiratory system diseases (data not shown).  Among women, there were inverse 

associations between supplemental calcium use and mortality from all causes and CVD, but not 

cancer (Table 5.3).  When we repeated the above analyses using baseline supplemental calcium 

intake with no cumulative updating, the results were largely unchanged in men, whereas in 

women, intakes ≥ 1,000 mg/d was no longer associated with lower all-cause mortality (Table 

5.4), opposite to our main results.  None of the other sensitivity analyses, such as excluding the 

first two years of follow-up, changed the results materially. 

The associations of supplemental calcium with the four leading types of cancer (lung 

cancer, colorectal cancer, female breast cancer and prostate cancer) and two major types of CVD 

(coronary heart disease [CHD] and stroke) are shown in Table 5.5.  Supplemental calcium was 

associated with marginally statistically significantly higher CHD mortality in men when daily 

consumption exceeded 1,000 mg/d.  In women, supplemental calcium was inversely associated 

with mortality from colorectal cancer, breast cancer and CHD, and had a U-shaped association 

with stroke mortality.  
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We observed effect modification by the use of aspirin and HRT in the association 

between supplemental calcium use and all-cause mortality (Figure 1).  For men, taking ≥ 1,000 

mg/d of supplemental calcium was more strongly associated with higher all-cause mortality 

among aspirin non-users compared to regular users (Pinteraction < 0.01).  For women, taking ≥ 1,000 

mg/d of supplemental calcium was only associated with lower all-cause mortality among regular 

aspirin users or HRT never/former users (Pinteraction = 0.01). 

Total or dietary calcium intakes were not associated with all-cause mortality in men but 

were inversely associated with all-cause mortality in women, in cumulatively updated models; in 

addition, total calcium was inversely associated with mortality specifically due to total cancer or 

CVD in women, but not men; dietary calcium was generally not associated with cancer or CVD 

in either men or women (Tables 5.6 and 5.7). 

Discussion 

 The results from this large prospective cohort study suggest that supplemental calcium 

intake ≥ 1,000 mg/d may be associated with higher mortality (especially from CVD) in men, but 

not in women.  Total and dietary calcium intakes were generally not associated with all-cause 

mortality in men, but were inversely associated with all-cause mortality in women.  Our results 

add to the previous evidence of a potential adverse effect of higher levels of supplemental 

calcium on cardiovascular health in men. 

 We are not aware of any randomized clinical trials that were specifically designed to test 

the effect of calcium supplements on CVD events as the primary outcome; however, meta-

analyses of several trials that included CVD as a secondary outcome reported higher risks of MI 

and a composite outcome (MI or stroke) among subjects randomized to calcium (typically 0.6 - 2 

g/d elemental calcium) compared to placebo.39,290  Several large observational studies also 

reported positive associations of supplemental calcium use and CVD risk or mortality:  The 
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EPIC-Heidelberg cohort found that regular use of supplemental calcium was associated with 

higher risk of incident MI in both sexes,33 a study in Finland observed a 24% statistically 

significant higher risk of incident CHD among women who took any calcium/calcium + vitamin 

D supplements,32 and the NIH-AARP study reported higher risk of CVD death among men who 

consumed > 1,000 mg/d of supplemental calcium, but not among women.34  Conversely, several 

other large observational studies reported null or inverse associations between supplemental 

calcium use and CVD risk or mortality.35-37,286,287  Reasons for the conflicting results in the 

observational studies are unclear, but may relate to the different doses examined:  our study and 

the NIH-AARP study found direct associations of supplemental calcium with cardiovascular 

events in men only at very high doses, whereas several previous studies with null results 

compared lower doses of supplemental calcium intake with none, in men or women.36,286,287  

 In our cohort, we observed marginally statistically significantly higher risk of CVD 

mortality in men only.  One of the mechanisms underlying the potential adverse cardiovascular 

effect of supplemental calcium may be vascular calcification.  There is evidence that ingesting 

calcium supplements, but not calcium-rich foods, may lead to an acute increase in serum 

calcium.219,221,222  This increase may be sustained long-term, as evidenced by a persistently lower 

level of serum parathyroid hormone (which acts to increase the level of calcium when the 

concentration is low) during two years of calcium supplementation among 323 healthy men.235   

High serum calcium may contribute to vascular calcification, a complex process that resembles 

osteogenesis,291 as shown in several studies among dialysis patients that consistently reported 

positive associations between arterial calcification and calcium supplement use or higher serum 

calcium level.223-225  Vascular calcification has been linked to higher CVD risk or mortality across 

several ethnic groups.226-230  This adverse effect may counteract several protective effects of 

calcium on the cardiovascular system (e.g., favorable regulation of cholesterol levels, blood 

pressure, and insulin sensitivity).219  
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The observed heterogeneity by sex in our cohort was consistent with results from the 

NIH-AARP cohort, which also primarily consists of older white participants and was initiated in 

the 1990s.34  Reasons for observing no excess mortality associated with calcium supplementation 

in women are unclear, especially considering that in previous calcium trials that reported elevated 

CVD risks, the participants were primarily older women not concurrently taking vitamin D 

supplements (i.e., in many, the primary trial outcome was bone health).  Notably, the Women’s 

Health Initiative Calcium/Vitamin D trial found higher risk of cardiovascular events with calcium 

and vitamin D treatment only if the participant was not taking personal calcium supplements, thus 

raising an interesting hypothesis that an abrupt change in serum calcium may account for the 

adverse effects.39  Based on this hypothesis, Xiao et al. proposed that in the NIH-AARP cohort, 

women on average started taking supplemental calcium at younger ages than men, and the serum 

calcium level had acutely increased and was sustained thereafter long before the study baseline, 

precluding the observation of adverse effects during the study.34  If this hypothesis is true, then 

the results from our study and the NIH-AARP study may not necessarily contradict the two 

European studies (EPIC-Heidelberg and the Finland study), which reported an elevated CVD risk 

with regular supplemental calcium intake for women or both sexes combined, because 

supplemental calcium consumption is relatively uncommon in Europe even among women.32,33  

Our study did not collect information on the duration of supplemental calcium use; however, 

when we did a sensitivity analysis using 1999 as the baseline and restricted the analysis to non-

users inf 1992, we still observed lower mortality in women taking ≥ 1,000 mg/d of supplemental 

calcium (data not shown), providing no support for this hypothesis.  Future studies with detailed 

duration data may provide more insights to evaluate this hypothesis.   

An alternative explanation for the observed heterogeneity by sex is different patterns of 

bias for men and women.  It is possible that for women, calcium supplement use may be 

associated with better health care or health-seeking behaviors (which in turn may be associated 
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with lower mortality), because of the known benefit of calcium in preventing or treating 

osteoporosis primarily for women.  In contrast, for men, using high doses of supplemental 

calcium (especially ≥ 1,000 mg/d) may be associated with medical conditions that may be 

associated with higher mortality, thus possibly resulting in confounding by indication.  However, 

our study did not comprehensively collect information on the above-mentioned potential 

confounding factors throughout all questionnaires; therefore, whether the heterogeneity by sex is 

due to potential biases warrants investigation in future studies. 

That calcium supplement doses greater than 1,000 mg were associated with higher 

mortality risk in men, and yet the highest quintile consumption level of total calcium (diet plus 

supplements) was not associated with increased risk could be partially explained by the fact that 

dietary intakes drive total intakes in men:  the mean supplemental calcium intake among men in 

the top quintile of total calcium intake was 242, 318, and 337 mg/day in 1992, 1999, and 2003, 

respectively.  

We observed effect modification by aspirin in the association between supplemental 

calcium and all-cause mortality:  despite the differences in the overall RR in men and women, 

both RR estimates were statistically significantly lower among aspirin users, compared to among 

non-users.  The interaction between calcium and aspirin was previously reported in the context of 

colorectal adenoma prevention, with calcium and NSAIDs/aspirin acting synergistically to reduce 

risk of advanced colorectal adenoma.292  We are not aware of previous reports on such 

interactions in relation to overall mortality, but it was previously reported that calcium enhanced 

anti-inflammatory properties of aspirin in rats,293 and inflammation plays a key role in the 

development of major causes of death such as cancer and CVD.294,295  Therefore, an interaction 

between calcium and aspirin in lowering all-cause mortality is plausible.  We also observed an 

interaction with HRT in women, such that the inverse association between supplemental calcium 

and all-cause mortality was only observed among HRT never or former users, but not current 
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users.  An interaction between calcium and estrogen use was also reported in the Women’s Health 

Initiative, in which calcium and vitamin D treatment marginally reduced colorectal cancer risk 

only among subjects not concurrently randomized to estrogen therapy.161  The authors proposed 

several mechanisms, some of which may be relevant to CVD or other causes of death, including 

the ability of estrogen therapy to increase calcium binding protein levels and induce bone 

mineralization, both leading to reduced systemic bioavailability of calcium.161  This may mask an 

inverse association between supplemental calcium and mortality in women.  These potential 

interactions deserve further investigation.  It is also possible that the observed interactions were 

due to chance. 

The strengths of this study include its prospective design, large sample size, and detailed 

information on covariates.  The large sample size enabled us to study very high levels of 

supplemental calcium intake (e.g., ≥ 1000 mg/d, which is uncommon in men) at which adverse 

effects on CVD risk may occur.  Repeated assessments captured long-term calcium intake, which 

was not always available in other studies.  There are also several limitations.  We used different 

FFQs at the baseline and follow-up dietary assessments; however, both FFQs were well-validated 

and asked similar questions, especially concerning the major sources of calcium intake in the 

United States.  Although we adjusted for a variety of covariates, there may still be confounding 

by unmeasured confounders (e.g., access to health care).  

In conclusion, we found that calcium intake generally was not associated with higher risk 

of mortality, however a high intake of supplemental calcium (≥ 1000 mg/d) was associated with 

increased all-cause and CVD mortality in men only.  The potential adverse effect of high 

supplemental calcium consumption on the cardiovascular system warrants further study. 
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Tables and Figures 

Table 5.1. Comparison of Questions on Each Food Frequency Questionnaire on Usual Intake of Dairy Foods, Calcium Supplements and 

Multivitamins, Cancer Prevention Study II Nutrition Cohort (1992 – 2012) 

 1992 1 1999 2 2003 2 

Milk Whole milk & beverages with whole 

milk; 

2% milk & beverages with 2% milk; 

Skim milk, 1% or buttermilk 

Whole milk; 

2% milk; 

Skim or 1% milk 

Whole milk; 

2% milk; 

Skim or 1% milk 

Other dairy 

products 

Cheeses and cheese spreads (regular and 

low-fat); 

Ice cream (regular and low-fat); 

Yogurt (regular and low-fat, including 

frozen); 

Restaurant pizza 

Cheese (cottage or ricotta, and other 

[e.g. American, cheddar, etc.]); 

Ice cream (regular and non-fat/sherbet); 

Yogurt (plain or artificially sweetened, 

frozen, and other); 

Pizza 

Cheese (cottage or ricotta, and other [e.g. 

American, cheddar, etc.]); 

Ice cream (regular and non-fat/sherbet); 

Yogurt (plain or artificially sweetened, 

frozen, and other); 

Pizza 

Calcium 

supplements 

Calcium or Dolomite 

3. Frequency per week or per day 

4. Amount in each tablet (250mg, 

500mg, 600mg, or 750mg) 

Calcium 

3. Regular use:  Yes/no 

4. Amount per day (≤ 900mg 

[calculated as 500mg], ≥901mg 

[calculated as 1,000mg], 

unknown) 

Calcium 

4. Regular use:  Yes/no 

5. Pills per week 

6. Amount in each pill (≤350mg 

[calculated as 250mg], ≥400mg 

[calculated as 500mg], unknown) 

Multivitamins Multivitamin 

4. Use at least once per week 

yes/no 

5. Type 

 Stress-tabs type; 

 Therapeutic, Theragran 

type; 

 One-a-day type, or Centrum 

6. Number of tablets per day or per 

week 

Multivitamin 

4. Currently yes/no 

5. Frequency per week 

6. Brand (write-in) 

Multivitamin 

4. Currently yes/no 

5. Frequency per week 

6. Brand (write-in) 
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1 Dairy in 1992 calculated as: all types of milk (8 ounce glass serving) + cheese and cheese spreads (2 ounce serving) + ice cream (1 ½ cup 

serving) + yogurt (1 cup serving) + cheese on pizza (1 ½ ounce serving). 

2 Dairy in 1999 and 2003 calculated as: all types of milk (8 ounce glass serving) + ice cream (1 ½ cup serving) + yogurt (1 cup serving) + cottage 

cheese (2 cup serving) + processed cheese (2 ounce serving) + hard cheese (1½ ounce serving) + cheese on pizza (1½ ounce serving). 
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Table 5.2. Baseline Characteristics of Participants by Categories of Supplemental Calcium, Cancer Prevention Study II Nutrition Cohort (1992-

2012) 1 

   Supplemental calcium intake (mg/d) 

   Men Women 

   0 0.1 –  

<500  

500 –  

< 1,000 

≥ 1,000 0 0.1 –  

<500  

500 –  

< 1,000 

≥ 1,000 

   N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) 

Age at enrollment (years)          

 <60  11,450 

(28.7) 

4,364 

(25.7) 

450 

(20.1) 

162 

(23.5) 

13,918 

(39.5) 

7,797 

(37.3) 

3,663 

(35.3) 

2,273 

(35.0) 

 60 - <65  12,041 

(30.2) 

5,008 

(29.5) 

648 

(28.9) 

188 

(27.2) 

9,690 

(27.5) 

5,670 

(27.1) 

2,881 

(27.7) 

1,780 

(27.4) 

 65 - <70  11,047 

(27.7) 

4,789 

(28.3) 

638 

(28.4) 

193 

(28.0) 

7,230 

(20.5) 

4,461 

(21.3) 

2,383 

(22.9) 

1,422 

(21.9) 

 70+  5,323 

(13.4) 

2,788 

(16.4) 

508 

(22.6) 

147 

(21.3) 

4,439 

(12.6) 

2,990 

(14.3) 

1,460 

(14.1) 

1,022 

(15.7) 

Race          

 White/White-Hispanic  38,858 

(97.5) 

16,539 

(97.6) 

2,192 

(97.7) 

678 

(98.3) 

34,349 

(97.4) 

20,336 

(97.2) 

10,162 

(97.8) 

6,402 

(98.5) 

 Black/Black-Hispanic  463 

(1.2) 

169 

(1.0) 

17 

(0.8) 

3 

(0.4) 

538 

(1.5) 

323 

(1.5) 

75 

(0.7) 

24 

(0.4) 

 Other/Missing  540 

(1.4) 

241 

(1.4) 

35 

(1.6) 

9 

(1.3) 

390 

(1.1) 

259 

(1.2) 

150 

(1.4) 

71 

(1.1) 

Education          

 Less than high school  3,151 

(7.9) 

1,020 

(6.0) 

131 

(5.8) 

33 

(4.8) 

1,765 

(5.0) 

923 

(4.4) 

345 

(3.3) 

151 

(2.3) 

           

 High school degree  7,905 

(19.8) 

2,703 

(15.9) 

337 

(15.0) 

115 

(16.7) 

12,087 

(34.3) 

6,361 

(30.4) 

2,850 

(27.4) 

1,634 

(25.2) 

(Table continues on the next page) 
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   Supplemental calcium intake (mg/d) 

   Men Women 

   0 0.1 –  

<500  

500 –  

< 1,000 

≥ 1,000 0 0.1 –  

<500  

500 –  

< 1,000 

≥ 1,000 

   N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) 

 Some college/trade school  9,995 

(25.1) 

4,299 

(25.4) 

553 

(24.6) 

163 

(23.6) 

10,688 

(30.3) 

6,779 

(32.4) 

3,315 

(31.9) 

2,210 

(34.0) 

 College graduate  18,563 

(46.6) 

8,831 

(52.1) 
1,210 

(53.9) 

378 

(54.8) 

10,503 

(29.8) 
6,717 

(32.1) 

3,812 

(36.7) 

2,472 

(38.0) 

Physical activity (MET-hrs./wk.) 2 

 Q1  5,323 

(13.4) 

1,701 

(10.0) 

207 

(9.2) 

70 

(10.1) 

3,809 

(10.8) 

1,733 

(8.3) 

667 

(6.4) 

425 

(6.5) 

 Q2  11,153 

(28.0) 

4,378 

(25.8) 

536 

(23.9) 

184 

(26.7) 

11,676 

(33.1) 

6,101 

(29.2) 

2,877 

(27.7) 

1,709 

(26.3) 

 Q3  5,873 

(14.7) 

2,830 

(16.7) 

391 

(17.4) 

116 

(16.8) 

6,264 

(17.8) 

4,380 

(20.9) 

2,275 

(21.9) 

1,371 

(21.1) 

 Q4  8,854 

(22.2) 

4,057 

(23.9) 

532 

(23.7) 

159 

(23.0) 

6,797 

(19.3) 

4,267 

(20.4) 

2,178 

(21.0) 

1,441 

(22.2) 

 Q5  8,232 

(20.7) 

3,827 

(22.6) 

560 

(25.0) 

156 

(22.6) 

6,350 

(18.0) 

4,236 

(20.3) 

2,304 

(22.2) 

1,509 

(23.2) 

BMI (kg/m2)          

 < 18.5  124 

(0.3) 

82 

(0.5) 

12 

(0.5) 

8 

(1.2) 

509 

(1.4) 
336 

(1.6) 

219 

(2.1) 

209 

(3.2) 

 18.5 - < 25   13,174 

(33.0) 

6,638 

(39.2) 

996 

(44.4) 

278 

(40.3) 

16,372 

(46.4) 
10,599 

(50.7) 

5,967 

(57.4) 

3,942 

(60.7) 

 25 - < 30  19,952 

(50.1) 

7,980 

(47.1) 

975 

(43.4) 

308 

(44.6) 

11,475 

(32.5) 

6,598 

(31.5) 

2,934 

(28.2) 

1,670 

(25.7) 

 ≥ 30  6,017 

(15.1) 

1,992 

(11.8) 

229 

(10.2) 

81 

(11.7) 

6,266 

(17.8) 

3,041 

(14.5) 

1,145 

(11.0) 

595 

(9.2) 

(Table continues on the next page) 
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   Supplemental calcium intake (mg/d) 

   Men Women 

   0 0.1 –  

<500  

500 –  

< 1,000 

≥ 1,000 0 0.1 –  

<500  

500 –  

< 1,000 

≥ 1,000 

   N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) 

History of diabetes          

 No  36,926 

(92.6) 

15,763 

(93.0) 

2,115 

(94.3) 

645 

(93.5) 

33,352 

(94.5) 

19,941 

(95.3) 

9,990 

(96.2) 

6,279 

(96.6) 

 Yes  2,935 

(7.4) 

1,186 

(7.0) 

129 

(5.7) 

45 

(6.5) 

1,925 

(5.5) 

977 

(4.7) 

397 

(3.8) 

218 

(3.4) 

History of hypertension          

 No  25,487 

(63.9) 

10,888 

(64.2) 

1,490 

(66.4) 

460 

(66.7) 

23,610 

(66.9) 

14,402 

(68.8) 

7,361 

(70.9) 

4,705 

(72.4) 

 Yes  14,374 

(36.1) 

6,061 

(35.8) 

754 

(33.6) 

230 

(33.3) 

11,667 

(33.1) 

6,516 

(31.2) 

3,026 

(29.1) 

1,792 

(27.6) 

History of high cholesterol          

 No  15,744 

(39.5) 

7,089 

(41.8) 

921 

(41.0) 

276 

(40.0) 

15,900 

(45.1) 

9,801 

(46.9) 

4,900 

(47.2) 

3,014 

(46.4) 

 Yes  24,117 

(60.5) 

9,860 

(58.2) 

1,323 

(59.0) 

414 

(60.0) 

19,377 

(54.9) 

11,117 

(53.1) 

5,487 

(52.8) 

3,483 

(53.6) 

NSAID use          

 None  18,402 

(46.2) 

6,135 

(36.2) 

788 

(35.1) 

258 

(37.4) 

16,748 

(47.5) 

8,414 

(40.2) 

4,109 

(39.6) 

2,535 

(39.0) 

 1 - <15 Pills/Mo  5,840 

(14.7) 

2,422 

(14.3) 

289 

(12.9) 

98 

(14.2) 

5,858 

(16.6) 

3,409 

(16.3) 

1,543 

(14.9) 

869 

(13.4) 

 15 - <30 Pills/Mo  3,875 

(9.7) 

2,077 

(12.3) 

243 

(10.8) 

82 

(11.9) 

3,014 

(8.5) 

2,157 

(10.3) 

1,055 

(10.2) 

593 

(9.1) 

 30 - <60 Pills/Mo  7,052 

(17.7) 

3,863 

(22.8) 

550 

(24.5) 

128 

(18.6) 

4,341 

(12.3) 

3,210 

(15.3) 

1,760 

(16.9) 

1,039 

(16.0) 

(Table continues on the next page) 
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   Supplemental calcium intake (mg/d) 

   Men Women 

   0 0.1 –  

<500  

500 –  

< 1,000 

≥ 1,000 0 0.1 –  

<500  

500 –  

< 1,000 

≥ 1,000 

   N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) 

 ≥60 Pills/Mo  3,471 

(8.7) 

1,894 

(11.2) 

297 

(13.2) 

107 

(15.5) 

3,996 

(11.3) 

2,847 

(13.6) 

1,497 

(14.4) 

1,165 

(17.9) 

Smoking status          

 Never Smoker  13,471 

(33.8) 

5,666 

(33.4) 

857 

(38.2) 

242 

(35.1) 

19,383 

(54.9) 

11,374 

(54.4) 

5,721 

(55.1) 

3,517 

(54.1) 

 Current Smoker  3,849 

(9.7) 

1,407 

(8.3) 

109 

(4.9) 

34 

(4.9) 

3,469 

(9.8) 

1,772 

(8.5) 

641 

(6.2) 

369 

(5.7) 

 Former Smoker  22,273 

(55.9) 

9,764 

(57.6) 

1,262 

(56.2) 

413 

(59.9) 

12,003 

(34.0) 

7,513 

(35.9) 

3,909 

(37.6) 

2,557 

(39.4) 

Alcohol consumption          

 Non-Drinker  12,964 

(32.5) 

5,536 

(32.7) 

810 

(36.1) 

283 

(41.0) 

16,899 

(47.9) 

9,582 

(45.8) 

4,466 

(43.0) 

2,889 

(44.5) 

 < 1 Drink/Day  15,786 

(39.6) 

6,773 

(40.0) 

865 

(38.5) 

224 

(32.5) 

13,320 

(37.8) 

8,339 

(39.9) 

4,343 

(41.8) 

2,668 

(41.1) 

 ≥ 1 Drink/Day  10,366 

(26.0) 

4,393 

(25.9) 

542 

(24.2) 

176 

(25.5) 

4,356 

(12.3) 

2,733 

(13.1) 

1,461 

(14.1) 

883 

(13.6) 

Hormone replacement 

therapy 

 
  

      

 None  

 

17,282 

(49.0) 

8,612 

(41.2) 

3,508 

(33.8) 

1,851 

(28.5) 

 Current user  9,607 

(27.2) 

7,028 

(33.6) 

4,439 

(42.7) 

3,102 

(47.7) 

 Former user  6,585 

(18.7) 

4,156 

(19.9) 

1,877 

(18.1) 

1,206 

(18.6) 

(Table continues on the next page) 
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   Supplemental calcium intake (mg/d) 

   Men Women 

   0 0.1 –  

<500  

500 –  

< 1,000 

≥ 1,000 0 0.1 –  

<500  

500 –  

< 1,000 

≥ 1,000 

   N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) 

Multivitamin use          

 No Current Use  37,924 

(95.1) 

754 

(4.4) 

619 

(27.6) 

242 

(35.1) 

33,008 

(93.6) 

2,541 

(12.1) 

3,494 

(33.6) 

2,504 

(38.5) 

 Current Use  1,218 

(3.1) 

16,177 

(95.4) 

1,609 

(71.7) 

442 

(64.1) 

1,311 

(3.7) 

18,290 

(87.4) 

6,778 

(65.3) 

3,919 

(60.3) 

Use of individual calcium 

supplements 

         

 No  39,061 

(98.0) 

14,143 

(83.4) 

57  

(2.5) 

0  

(0) 

34,265 

(97.1) 

12,973 

(62.0) 

67  

(0.6) 

0  

(0) 

 Yes  0  

(0) 

2,245 

(13.2) 

2,183 

(97.3) 

690 

(100.0) 

0  

(0) 

7,396 

(35.4) 

10,319 

(99.3) 

6,497 

(100.0) 

           

Dietary composition  Mean (SD) Mean (SD) 

Total energy intake 

(kcal/day) 

 1,828.1 

(628.5) 
1,803.0 

(603.3) 

1,769.6 

(599.5) 

1,759.2 

(581.5) 

1,366.7 

(490.1) 
1,371.8 

(479.0) 

1,354.2 

(450.8) 

1,338.0 

(446.8) 

Red/processed meat intake 

(servings/wk) 

 6.1 

(4.0) 

5.5 

(3.8) 

5.0 

(3.9) 

4.8 

(3.9) 

4.6 

(3.2) 
4.1 

(3.0) 

3.8 

(3.0) 

3.6 

(2.9) 

Total folate intake (µg/d)  283.3 

(118.9) 
663.8 

(219.8) 

685.9 

(429.5) 

774.8 

(684.6) 

251.3 

(132.3) 
584.4 

(249.1) 

555.2 

(323.0) 

573.8 

(420.7) 

Fruit/vegetable intake 

(servings /d) 

 3.0 

(1.6) 
3.3 

(1.6) 

3.7 

(1.7) 

3.6 

(1.7) 

3.4 

(1.6) 
3.6 

(1.7) 

3.9 

(1.7) 

4.0 

(1.8) 

Whole grain intake (g/d)  60.4 

(63.7) 
71.2 

(71.2) 

85.4 

(81.9) 

88.8 

(90.8) 

52.3 

(47.5) 
60.1 

(50.5) 

63.9 

(51.4) 

66.1 

(55.0) 

Total vitamin D intake 

(IU/d) 

 179.3 

(104.5) 

552.2 

(213.4) 

523.3 

(425.1) 

565.9 

(556.0) 
155.0 

(95.0) 

480.1 

(239.4) 

421.8 

(304.3) 

431.3 

(382.5) 

(Table continues on the next page) 
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   Supplemental calcium intake (mg/d) 

   Men Women 

   0 0.1 –  

<500  

500 –  

< 1,000 

≥ 1,000 0 0.1 –  

<500  

500 –  

< 1,000 

≥ 1,000 

   N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) 

Dairy intake (servings/d)  1.7 

(1.3) 

1.8 

(1.3) 

1.7 

(1.3) 

1.6 

(1.3) 

1.5 

(1.2) 
1.7 

(1.2) 

1.6 

(1.2) 

1.6 

(1.2) 

 

 

Abbreviations: BMI, body mass index; MET, metabolic equivalent; NSAID, non-steroidal anti-inflammatory drug; Q, quintile; SD, standard 

deviation. 

1 Some percentages do not add up to 100% because of missing data or rounding. 

2 Quintiles in men: < 3.5, 3.5 – < 6, 6 – < 14, 14 – < 24.5, and ≥ 24.5; quintiles in women: < 3.5, 3.5 – < 4, 4 – <14, 14 – < 18.5, and ≥ 18.5.  
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Table 5.3. Associations of Supplemental Calcium with Mortality from All Causes, Cancer, and Cardiovascular Disease, Cancer Prevention Study 

II Nutrition Cohort (1992 - 2012) 1 

Supplemental  

calcium (mg/d) 2 

Men    

Women 

    # of deaths Person-years RR 95% CI P trend      # of deaths Person-years RR  95% CI P trend 

 All-cause mortality 
    0 12,103 544,192 Ref  0.18  5,639 427,737 Ref  <0.01 

    0.1 - < 500 10,736 401,700 1.01 0.97, 1.04  8,032 510,804 0.90 0.87, 0.94  

    500 - < 1,000 1,328 49,750 1.01 0.95, 1.08  3,857 285,534 0.84 0.80, 0.88  

    ≥ 1,000 246 9,461 1.17 1.03, 1.33  1,245 99,439 0.93 0.87, 0.99  

  Cancer mortality 
    0 3,723 544,192 Ref  0.19  1,783 427,737 Ref  < 0.01 

    0.1 - < 500 3,175 401,700 1.05 0.99, 1.11  2,497 510,804 0.99 0.92, 1.06  

    500 - < 1,000 380 49,750 1.05 0.94, 1.18  1,159 285,534 0.86 0.79, 0.94  

    ≥ 1,000 60 9,461 1.03 0.79, 1.33  380 99,439 0.94 0.83, 1.06  

  Cardiovascular disease mortality 
    0 4,129 544,192 Ref  0.39  1,760 427,737 Ref  <0.01 

    0.1 - < 500 3,564 401,700 0.96 0.91, 1.02  2,413 510,804 0.83 0.78, 0.90  

    500 - < 1,000 418 49,750 0.91 0.82, 1.01  1,184 285,534 0.81 0.74, 0.88  

    ≥ 1,000 93 9,461 1.22 0.99, 1.51  355 99,439 0.84 0.74, 0.94  

Mortality from all other causes 

    0 4,251 544,192 Ref  0.06  2,096 427,737 Ref  0.02 

    0.1 - < 500 3,997 401,700 1.01 0.96, 1.07   3,122 510,804 0.89 0.84, 0.95  

    500 - < 1,000 530 49,750 1.09 0.99, 1.20   1,514 285,534 0.84 0.78, 0.91  

    ≥ 1,000 93 9,461 1.22 0.99, 1.51   510 99,439 0.99 0.89, 1.10  
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Abbreviations: CI, confidence interval; RR, relative risk. 

1 Supplemental calcium models adjusted for age at enrollment, intakes of total energy, whole grain, red/processed meat, and total folate, smoking 

and alcohol drinking doses, education level, body mass index, dietary calcium intake, and hormone replacement therapy (for women). 

2 Supplemental calcium intake was cumulatively updated in 1999 and 2003. 

 

 

 

 

 

 

 

 

 

 



 
 

1
36

 

Table 5.4. Associations of Baseline Supplemental Calcium Use with Mortality from All-Causes, Cancer, and Cardiovascular Disease, Cancer 

Prevention Study II Nutrition Cohort (1992 – 2012) 1  

Supplemental  

calcium (mg/d) 2 

Men  Women 

    # of deaths Person-years RR 95% CI P trend      # of deaths Person-years RR 95% CI P trend 

All-cause mortality 
    0 15,937 674,226 Ref  0.04  9,080 639,012 Ref  0.27 

    0.1- < 500 7,159 282,580 1.02 0.97, 1.06  5,379 377,999 0.97 0.93, 1.01  

    500 -< 1,000 996 37,156 1.04 0.97, 1.11  2,590 189,117 0.97 0.92, 1.02  

    ≥ 1,000 321 11,140 1.14 1.02, 1.28  1,724 117,385 1.05 0.99, 1.11  

Cancer mortality 
    0 4,875 674,226 Ref  0.79  2,875 639,012 Ref  0.58 

    0.1- < 500 2,091 282,580 0.97 0.90, 1.05  1,682 377,999 1.00 0.92, 1.08  

    500 -< 1,000 293 37,156 1.06 0.93, 1.21  760 189,117 0.93 0.85, 1.02  

    ≥ 1,000 79 11,140 0.98 0.78, 1.23  502 117,385 1.01 0.91, 1.12  

Cardiovascular disease mortality 
    0 5,350 674,226 Ref  0.40  2,757 639,012 Ref  0.60 

    0.1- < 500 2,426 282,580 1.05 0.97, 1.13  1,656 377,999 0.95 0.87, 1.03  

    500 -< 1,000 315 37,156 0.96 0.85, 1.09  811 189,117 0.98 0.90, 1.07  

    ≥ 1,000 113 11,140 1.17 0.96, 1.41  488 117,385 0.96 0.86, 1.07  

Mortality from all other causes 

    0 5,712 674,226 Ref  0.02  3,448 639,012 Ref  0.01 

    0.1- < 500 2,642 282,580 1.03 0.96, 1.11   2,041 377,999 0.96 0.89, 1.03  

    500 -< 1,000 388 37,156 1.08 0.97, 1.21   1,019 189,117 0.99 0.91, 1.07  

    ≥ 1,000 129 11,140 1.24 1.03, 1.48   734 117,385 1.16 1.06, 1.26  
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Abbreviations: CI, confidence interval; RR, relative risk. 

1 Supplemental calcium models adjusted for age at enrollment, intakes of total energy, whole grain, red/processed meat, dietary calcium, and total 

folate, smoking and alcohol drinking doses, education level, body mass index, and hormone replacement therapy (for women). 

2 Supplemental calcium intake was obtained from the baseline questionnaire with no cumulative updating. 
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Table 5.5. Associations of Supplemental Calcium with Mortality from Specific Types of Cancer and Cardiovascular Disease, Cancer Prevention 

Study II Nutrition Cohort (1992 - 2012) 1 

Men  Women 

Supplemental  

calcium mg/d 2 

# of 

deaths 

Person- 

years 

RR 95% CI Ptrend  Supplemental  

calcium mg/d 2 

# of 

deaths 

Person- 

years 

RR  95% CI Ptrend 

 Colorectal cancer        Colorectal cancer      

    0 346 544,192 Ref  0.80      0 199 427,737 Ref  0.05 

    0.1 - < 500 222 401,700 0.89 0.72, 1.11       0.1 - < 500 240 510,804 1.00 0.80, 1.24  

    ≥ 500 3 41 59,211 1.15 0.81, 1.63       500 - < 1,000 94 285,534 0.76 0.58, 1.00  

           ≥ 1,000 30 99,439 0.81 0.54, 1.22  

  Prostate cancer         Breast cancer      

    0 369 544,192 Ref  0.23      0 173 427,737 Ref  0.02 

    0.1 - < 500 381 401,700 1.16 0.97, 1.38       0.1 - < 500 283 510,804 0.96 0.77, 1.20  

    ≥ 500 3 52 59,211 1.12 0.82, 1.53       500 - < 1,000 114 285,534 0.73 0.56, 0.95  

           ≥ 1,000 35 99,439 0.78 0.53, 1.14  

  Lung cancer         Lung cancer      

    0 1016 544,192 Ref  0.20      0 416 427,737 Ref  0.62 

    0.1 - < 500 801 401,700 1.18 1.04, 1.33       0.1 - < 500 520 510,804 1.07 0.92, 1.24  

    ≥ 500 3 88 59,211 1.03 0.81, 1.30       500 - < 1,000 260 285,534 1.06 0.89, 1.26  

           ≥ 1,000 77 99,439 1.05 0.81, 1.36  

             

  Coronary heart 

disease 

        Coronary heart 

disease 

     

    0 2184 544,192 Ref  0.50      0 742 427,737 Ref  <0.01 

    0.1 - < 500 1869 401,700 0.96 0.89, 1.04       0.1 - < 500 988 510,804 0.86 0.77, 0.96  

    500 - < 1,000 216 49,750 0.89 0.77, 1.03       500 - < 1,000 460 285,534 0.80 0.70, 0.91  

    ≥ 1,000 52 9,461 1.28 0.97, 1.70       ≥ 1,000 129 99,439 0.76 0.63, 0.93  

(Table continues on the next page) 
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Men  Women 

Supplemental  

calcium mg/d 2 

# of 

deaths 

Person- 

years 

RR 95% CI Ptrend  Supplemental  

calcium mg/d 2 

# of 

deaths 

Person- 

years 

RR  95% CI Ptrend 

             

  Stroke         Stroke      

    0 674 544,192 Ref  0.12      0 397 427,737 Ref  0.14 

    0.1 - < 500 600 401,700 0.92 0.80, 1.05       0.1 - < 500 606 510,804 0.86 0.74, 0.99  

    ≥ 500 3 82 59,211 0.84 0.66, 1.08       500 - < 1,000 298 285,534 0.80 0.67, 0.94  

           ≥ 1,000 105 99,439 0.96 0.76, 1.21  

 

Abbreviations: CI, confidence interval; RR, relative risk. 

1 Models adjusted for age at enrollment, intakes of total energy, whole grain, red/processed meat, and total folate, smoking and alcohol drinking 

doses, education level, body mass index, dietary calcium intake, and hormone replacement therapy (for women). We additionally adjusted for 

colonoscopy/sigmoidoscopy in colorectal cancer models, and mammography in female breast cancer models. 

2 Supplemental calcium intake was cumulatively updated in 1999 and 2003. 

3 Results combined for 500 - <1,000 and ≥ 1,000 categories because of the small numbers of deaths. 
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Table 5.6. Associations of Total Calcium with Mortality from All Causes, Cancer, and Cardiovascular Disease, Cancer Prevention Study II 

Nutrition Cohort (1992 – 2012) 1 

Men  Women 

Quintile 2 # of 

deaths 

Person- 

years 

RR 95% CI Ptrend  Quintile 2 # of 

deaths 

Person- 

years 

RR  95% CI Ptrend 

Primary mortality outcomes        

All-cause       All-cause      

   Q1 4,984 200,063 Ref  0.58     Q1 4,429 260,673 Ref  < 0.01 

   Q2 4,829 201,393 0.97 0.93, 1.01      Q2 3,866 264,523 0.92 0.88, 0.96  

   Q3  4,750 201,850 0.96 0.92, 1.00      Q3  3,582 265,962 0.87 0.83, 0.91  

   Q4   4,797 201,724 0.98 0.94, 1.02      Q4   3,470 266,414 0.86 0.82, 0.90  

   Q5  5,053 200,072 1.00 0.95, 1.04      Q5  3,426 265,940 0.85 0.81, 0.90  

Cancer       Cancer      

   Q1 1,552 200,063 Ref  0.69     Q1 1,336 260,673 Ref  < 0.01 

   Q2 1,530 201,393 1.03 0.96, 1.11      Q2 1,241 264,523 0.98 0.90, 1.06  

   Q3  1,429 201,850 0.99 0.92, 1.06      Q3  1,139 265,962 0.92 0.85, 1.00  

   Q4   1,434 201,724 1.02 0.94, 1.10      Q4   1,089 266,414 0.90 0.82, 0.98  

   Q5  1,393 200,072 0.99 0.92, 1.07      Q5  1,014 265,940 0.85 0.78, 0.93  

CVD       CVD      

   Q1 1,634 200,063 Ref  0.77     Q1 1,341 260,673 Ref  < 0.01 

   Q2 1,598 201,393 0.96 0.89, 1.03      Q2 1,207 264,523 0.93 0.86, 1.00  

   Q3  1,638 201,850 0.97 0.90, 1.04      Q3  1,076 265,962 0.85 0.78, 0.92  

   Q4   1,609 201,724 0.95 0.88, 1.02      Q4   1,064 266,414 0.85 0.78, 0.93  

   Q5  1,725 200,072 0.97 0.91, 1.05      Q5  1,024 265,940 0.81 0.74, 0.89  

(Table continues on the next page) 
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Men  Women 

Quintile 2 # of 

deaths 

Person- 

years 

RR 95% CI Ptrend  Quintile 2 # of 

deaths 

Person- 

years 

RR  95% CI Ptrend 

Secondary mortality outcomes        

Colorectal cancer    Colorectal cancer   

   Q1 142 200,063 Ref  0.10     Q1 170 260,673 Ref  < 0.01 

   Q2 137 201,393 1.04 0.82, 1.32      Q2 112 264,523 0.70 0.55, 0.90  

   Q3  113 201,850 0.88 0.68, 1.14      Q3  102 265,962 0.67 0.52, 0.87  

   Q4   120 201,724 0.96 0.74, 1.24      Q4   103 266,414 0.71 0.54, 0.92  

   Q5  97 200,072 0.81 0.61, 1.07      Q5  76 265,940 0.56 0.41, 0.75  

Prostate cancer       Breast cancer      

   Q1 147 200,063 Ref  0.74     Q1 125 260,673 Ref  0.03 

   Q2 163 201,393 1.08 0.86, 1.35      Q2 145 264,523 1.11 0.87, 1.42  

   Q3  167 201,850 1.09 0.87, 1.37      Q3  126 265,962 0.95 0.73, 1.23  

   Q4   169 201,724 1.11 0.88, 1.40      Q4   100 266,414 0.77 0.58, 1.01  

   Q5  156 200,072 0.99 0.77, 1.26      Q5  109 265,940 0.83 0.63, 1.11  

Lung cancer       Lung cancer      

   Q1 460 200,063 Ref  0.43     Q1 335 260,673 Ref  0.89 

   Q2 428 201,393 1.09 0.95, 1.25      Q2 278 264,523 1.06 0.90, 1.25  

   Q3  364 201,850 1.01 0.88, 1.16      Q3  226 265,962 0.95 0.79, 1.13  

   Q4   354 201,724 1.06 0.92, 1.23      Q4   236 266,414 1.09 0.91, 1.30  

   Q5  299 200,072 0.95 0.81, 1.12      Q5  198 265,940 1.01 0.83, 1.22  

Coronary heart disease    Coronary heart disease   

   Q1 886 200,063 Ref  0.34     Q1 581 260,673 Ref  < 0.01 

   Q2 851 201,393 0.94 0.85, 1.03      Q2 508 264,523 0.90 0.80, 1.02  

   Q3  864 201,850 0.93 0.84, 1.03      Q3  444 265,962 0.82 0.72, 0.93  

(Table continues on the next page) 
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Men  Women 

Quintile 2 # of 

deaths 

Person- 

years 

RR 95% CI Ptrend  Quintile 2 # of 

deaths 

Person- 

years 

RR  95% CI Ptrend 

   Q4   806 201,724 0.87 0.78, 0.96      Q4   396 266,414 0.74 0.65, 0.85  

   Q5  914 200,072 0.95 0.86, 1.05      Q5  390 265,940 0.73 0.64, 0.84  

Stroke       Stroke      

   Q1 264 200,063 Ref  0.96     Q1 322 260,673 Ref  0.02 

   Q2 240 201,393 0.88 0.73, 1.05      Q2 277 264,523 0.85 0.72, 1.00  

   Q3  278 201,850 0.99 0.83, 1.18      Q3  260 265,962 0.79 0.66, 0.93  

   Q4   284 201,724 1.00 0.84, 1.19      Q4   279 266,414 0.84 0.71, 1.00  

   Q5  290 200,072 0.95 0.79, 1.14      Q5  268 265,940 0.77 0.65, 0.92  

 

Abbreviations: CI, confidence interval; RR, relative risk. 

1 Total calcium models adjusted for age at enrollment, intakes of total energy, whole grain, red/processed meat, and total folate, smoking and 

alcohol drinking doses, education level, body mass index, and hormone replacement therapy (for women). 

2 Total calcium intake was cumulatively updated in 1999 and 2003. The quintile cut-off points for total calcium intake (mg/d) in 1992 were 571, 

720, 884, and 1,136 for men; and 542, 729, 962, and 1,341 for women. The quintile cut-off points for cumulatively updated total calcium intake 

(mg/d) in 1999 were 601, 745, 906, and 1,148 for men; and 652, 890, 1,140, and 1,454 for women. The quintile cut-off points for cumulatively 

updated total calcium intake (mg/d) in 2003 were 630, 774, 931, and 1,162 for men; and 706, 948, 1,190, and 1,492 for women. 
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Table 5.7. Associations of Dietary Calcium with Mortality from All Causes, Cancer, and Cardiovascular Disease, Cancer Prevention Study II 

Nutrition Cohort (1992 – 2012) 1 

 Men  Women 

Quintile 2 # of 

deaths 

Person- 

years 

RR 95% CI Ptrend  Quintile 2 # of 

deaths 

Person- 

years 

RR 95% CI Ptrend 

Primary mortality outcomes        

All-cause       All-cause      

   Q1 5,010 200,054 Ref  0.89     Q1 4,115 262,221 Ref  0.06 

   Q2 4,750 201,737 0.94 0.90, 0.98      Q2 3,742 264,971 0.94 0.90, 0.98  

   Q3  4,750 201,829 0.95 0.91, 0.98      Q3  3,557 265,968 0.92 0.88, 0.96  

   Q4   4,862 201,333 0.97 0.93, 1.01      Q4   3,559 265,901 0.91 0.87, 0.96  

   Q5  5,041 200,150 0.98 0.94, 1.02      Q5  3,800 264,452 0.95 0.90, 0.99  

Cancer       Cancer      

   Q1 1,544 200,054 Ref  0.19     Q1 1,256 262,221 Ref  0.21 

   Q2 1,532 201,737 1.02 0.95, 1.10      Q2 1,239 264,971 1.04 0.96, 1.12  

   Q3  1,488 201,829 1.03 0.95, 1.11      Q3  1,085 265,968 0.93 0.86, 1.01  

   Q4   1,392 201,333 0.98 0.91, 1.06      Q4   1,129 265,901 0.97 0.90, 1.06  

   Q5  1,382 200,150 0.97 0.90, 1.05      Q5  1,110 264,452 0.96 0.88, 1.05  

CVD       CVD      

   Q1 1,630 200,054 Ref  0.27     Q1 1,201 262,221 Ref  0.42 

   Q2 1,548 201,737 0.92 0.86, 0.98      Q2 1,122 264,971 0.94 0.87, 1.02  

   Q3  1,550 201,829 0.92 0.85, 0.98      Q3  1,119 265,968 0.96 0.88, 1.05  

   Q4   1,724 201,333 1.00 0.94, 1.08      Q4   1,067 265,901 0.90 0.83, 0.98  

   Q5  1,752 200,150 0.99 0.92, 1.06      Q5  1,203 264,452 0.96 0.88, 1.05  

(Table continues on the next page) 
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 Men  Women 

Quintile 2 # of 

deaths 

Person- 

years 

RR 95% CI Ptrend  Quintile 2 # of 

deaths 

Person- 

years 

RR 95% CI Ptrend 

Secondary mortality outcomes        

Colorectal cancer       Colorectal cancer      

   Q1 137 200,054 Ref  0.06     Q1 129 262,221 Ref  0.16 

   Q2 133 201,737 1.02 0.80, 1.29      Q2 130 264,971 1.08 0.84, 1.38  

   Q3  110 201,829 0.87 0.67, 1.13      Q3  103 265,968 0.88 0.67, 1.15  

   Q4   136 201,333 1.09 0.85, 1.40      Q4   99 265,901 0.85 0.65, 1.11  

   Q5  93 200,150 0.75 0.57, 0.99      Q5  102 264,452 0.88 0.67, 1.16  

Prostate cancer       Breast cancer      

   Q1 155 200,054 Ref  0.13     Q1 107 262,221 Ref  0.79 

   Q2 172 201,737 1.04 0.83, 1.29      Q2 138 264,971 1.29 1.00, 1.66  

   Q3  170 201,829 1.02 0.82, 1.28      Q3  107 265,968 1.00 0.76, 1.31  

   Q4   153 201,333 0.91 0.72, 1.14      Q4   134 265,901 1.23 0.94, 1.60  

   Q5  152 200,150 0.88 0.70, 1.12      Q5  119 264,452 1.09 0.83, 1.44  

Lung cancer       Lung cancer      

   Q1 459 200,054 Ref  0.59     Q1 349 262,221 Ref  0.72 

   Q2 416 201,737 1.04 0.91, 1.19      Q2 273 264,971 0.96 0.82, 1.13  

   Q3  364 201,829 1.01 0.88, 1.16      Q3  221 265,968 0.87 0.73, 1.04  

   Q4   343 201,333 1.01 0.88, 1.17      Q4   215 265,901 0.89 0.75, 1.07  

   Q5  323 200,150 0.98 0.84, 1.13      Q5  215 264,452 0.98 0.82, 1.17  

Coronary heart disease    Coronary heart disease    

   Q1 883 200,054 Ref  0.93     Q1 522 262,221 Ref  0.04 

   Q2 810 201,737 0.89 0.81, 0.98      Q2 452 264,971 0.88 0.77, 1.00  

   Q3  819 201,829 0.89 0.81, 0.98      Q3  459 265,968 0.91 0.80, 1.03  

(Table continues on the next page) 
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 Men  Women 

Quintile 2 # of 

deaths 

Person- 

years 

RR 95% CI Ptrend  Quintile 2 # of 

deaths 

Person- 

years 

RR 95% CI Ptrend 

   Q4   896 201,333 0.97 0.88, 1.06      Q4   416 265,901 0.82 0.71, 0.93  

   Q5  913 200,150 0.95 0.86, 1.05      Q5  470 264,452 0.87 0.76, 1.00  

Stroke       Stroke      

   Q1 263 200,054 Ref  0.15     Q1 283 262,221 Ref  0.62 

   Q2 235 201,737 0.84 0.70, 1.00      Q2 273 264,971 0.94 0.79, 1.11  

   Q3  246 201,829 0.88 0.73, 1.05      Q3  281 265,968 0.98 0.83, 1.16  

   Q4   304 201,333 1.05 0.89, 1.25      Q4   269 265,901 0.90 0.76, 1.08  

   Q5  308 200,150 1.03 0.87, 1.23      Q5  300 264,452 0.95 0.80, 1.13  

 

Abbreviations: CI, confidence interval; RR, relative risk. 

1 Dietary calcium models adjusted for age at enrollment, intakes of total energy, whole grain, red/processed meat, supplemental calcium, and total 

folate, smoking and alcohol drinking doses,  education level, body mass index, and hormone replacement therapy (for women). 

2 Dietary calcium intake was cumulatively updated in 1999 and 2003. The quintile cut-off points for dietary calcium intake (mg/d) in 1992 were 

538, 672, 816, and 1,028 for men; and 465, 592, 730, and 930 for women. The quintile cut-off points for cumulatively updated dietary calcium 

intake (mg/d) in 1999 were 552, 672, 795, and 981 for men; and 506, 626, 751, and 932 for women. The quintile cut-off points for cumulatively 

updated dietary calcium intake (mg/d) in 2003 were 572, 688, 806, and 983 for men; and 538, 657, 778, and 952 for women. 
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Figure 1.  Supplemental calcium and all-cause mortality in the Cancer Prevention Study II Nutrition Cohort (1992-2012), stratified by use of 

aspirin and hormone replacement therapy (for women only).  

 

Abbreviations for Figure 1:  CI, confidence interval; HRT, hormone replacement therapy; RR, relative risk.
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CONCLUSIONS AND PUBLIC HEALTH RELEVANCE 

For this dissertation I investigated the role of calcium consumption in relation to 

biomarkers of risk for colorectal cancer and other chronic diseases, survival from colorectal 

cancer, and risk for all-cause and cause-specific mortality.  My investigations entailed a full-scale 

randomized clinical trial and a prospective cohort study.  

In the first study, using data from a large, randomized clinical trial, we tested the effect of 

calcium supplementation over a 4-month treatment period on plasma biomarkers of inflammation, 

oxidative stress, and gut permeability among patients with previous colorectal adenoma, but did 

not observe appreciable effects of either dose of calcium (1 g/d or 2 g/d) on these biomarkers, 

overall or stratified by major colorectal cancer risk factors.  As a secondary analysis, we found 

that men or those with greater adiposity may have greater gut permeability, and that markers of 

gut permeability and systemic inflammation may be directly associated with one another.  These 

findings from the secondary analysis may provide important information for future 

epidemiological studies for evaluating the role of gut permeability biomarkers in the etiology of 

cancer and other diseases, including which participant characteristics and risk factors should be 

considered as potential confounders or effect modifiers.  

In the second study, we evaluated the associations of pre- and post-diagnosis intakes of 

calcium, vitamin D, and dairy products with colorectal cancer-specific and overall survival 

among colorectal cancer survivors.  We found that post-diagnosis higher intakes of total calcium 

or milk may be associated with lower overall survival, and higher intakes of total calcium may 

also be associated with lower colorectal cancer-specific survival, but pre-diagnosis intakes of 

calcium, vitamin D, or dairy products were not associated survival.  Our findings, if confirmed in 

future studies (especially in randomized clinical trials), may inform the development of dietary 

guidelines specifically for colorectal cancer patients, and benefit the more than 3.5 million 
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colorectal cancer survivors worldwide who may be actively seeking diet and lifestyle changes to 

improve their prognosis.   

In the third study, among a large cohort of participants without a history of cancer or 

CVD at baseline, over 17.5 years of follow-up, we observed that men taking ≥ 1,000 mg/d of 

supplemental calcium were at higher risk of all-cause mortality whereas women were at lower 

risk. The results were also suggestive of higher risk of mortality from CVD among men.  These 

findings in men are consistent with the previously reported potential direct associations of 

supplemental calcium with CVD events in several large prospective cohorts and found in 

secondary analyses from clinical trials (the latter predominantly among women), and warrants 

further investigation.  In contrast to the findings for supplemental calcium, total or dietary 

calcium was not associated with higher mortality among men and women.  Overall, our findings 

contribute to building a better understanding of whether calcium consumption, on average, would 

be of public health benefit.  Furthermore, our findings may contribute to the eventual 

development of personalized recommendations for calcium intake in clinical and public health 

practice.  

 

FUTURE DIRECTIONS 

 In my first dissertation project, we found no effect of calcium on circulating biomarkers 

of inflammation, oxidative stress, and gut permeability.  Since the blood samples were originally 

collected in the 1990s, we cannot rule out the possibility that the blood samples may have 

deteriorated over the years, although we found no evidence to support this possibility.  I propose 

to investigate these effects again in another large, full-scale, randomized clinical trial, with more 

recently collected blood samples.  I also propose to evaluate colon tissue biomarkers of 

inflammation, oxidative stress, and gut permeability that could more directly reflect the potential 
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role of calcium in preventing the colonic toxicity of bile and fatty acids to the gut mucosa.  Also, 

because the parent trial for the first dissertation study has available data on colon tissue 

proliferation at baseline and follow-up, I also propose to evaluate whether there are correlations 

of tissue proliferation with circulating biomarkers of inflammation, oxidative stress, and gut 

permeability.  If data on colorectal adenoma recurrence become available in this or future studies, 

it would also be of interest to evaluate whether these circulating or tissue biomarkers of risk for 

colorectal carcinogenesis are associated with colorectal adenoma recurrence.  

 In my second dissertation project, we observed that higher post-diagnosis intakes of total 

calcium and milk were associated with lower mortality among colorectal cancer survivors.  I 

propose three additional analyses, if the data become available.  The first analysis is to evaluate 

whether post-diagnosis intakes of total calcium and milk are also associated with less colorectal 

cancer recurrence (i.e., more favorable recurrence-free survival), which has not been evaluated 

previously.  The second analysis is to evaluate adverse treatment effects as potential confounders 

in the diet-colorectal cancer survival association, because it is possible that those with stronger 

treatment side effects (such as nausea) consume lower levels of calcium or dairy products, and 

they may also be at higher risk of mortality after diagnosis.  The third analysis is to evaluate the 

diet-colorectal cancer survival associations according to molecular phenotypes of cancer, such as 

microsatellite instability (MSI) status or KRAS mutation, because colorectal cancer is not a single 

disease entity, and the impact of diet on survival outcomes could be different according to the 

molecular characteristics of the tumor. 

 In my third dissertation project, we reported that a high level of supplemental calcium use 

was associated with higher mortality in men, but lower mortality in women.  I propose to evaluate 

in a future study whether the heterogeneity by sex may be partially due to different confounding 

patterns among men and women.  Men taking a high level of supplemental calcium may have 

indications such as certain medical histories, and thus may be at a higher risk of mortality; for 
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women, because the benefits of calcium in both health outcomes are well-recognized, those with 

sufficient supplemental calcium use may be more health conscious or have better health care, and 

could be at lower risk of mortality.  A future study with detailed information on these potential 

confounders is warranted to clarify whether confounding contributes to the heterogeneity by sex.  

Also, it has been hypothesized that the adverse effect of supplemental calcium on CVD could be 

due to a sudden change of serum calcium levels, and an adverse effect was observed only in men 

because women generally had been taking calcium supplements long before the study began, and 

the serum calcium level was sustained from before the study baseline.  I propose to evaluate the 

association of supplemental calcium with mortality stratified by the duration of supplemental 

calcium use, if the data on duration of use are available in a future study. In addition, in my third 

there may have been time-varying confounding by the incidence of chronic diseases, if calcium 

intake at an earlier time point is associated with risk of certain chronic diseases, which could 

subsequently affect one’s calcium intake at a later time point, and those chronic diseases could 

also be associated with mortality outcomes.  I propose to explore this issue using G-computation 

to account for potential time-varying confounding from the development of chronic diseases 

during the follow-up period.  

 

 

 

 

 

 

 



151 
 

REFERENCES 

1. American Cancer Society: Cancer Facts & Figures 2015. Atlanta: American Cancer 

Society, 2015 

2. Potter JD, Slattery ML, Bostick RM, et al: Colon Cancer: A Review of the Epidemiology. 

Epidemiol Rev 15:499-545, 1993 

3. Wargovich MJ, Eng VWS, Newmark HL, et al: Calcium ameliorates the toxic effect of 

deoxycholic acid on colonic epithelium. Carcinogenesis 4:1205-1207, 1983 

4. Wargovich MJ, Eng VWS, Newmark HL: Calcium inhibits the damaging and 

compensatory proliferative effects of fatty acids on mouse colon epithelium. Cancer Lett 23:253-

258, 1984 

5. Lupton JR, Steinbach G, Chang WC, et al: Calcium supplementation modified the 

relative amounts of bile acids in bile and affects key aspects of human colon physiology. J Nutr 

126:1421-1428, 1996 

6. Cho E, Smith-Warner SA, Spiegelman D, et al: Dairy Foods, Calcium, and Colorectal 

Cancer: A Pooled Analysis of 10 Cohort Studies. J Natl Cancer Inst 96:1015-1022, 2004 

7. Huncharek M, Muscat J, Kupelnick B: Colorectal Cancer Risk and Dietary Intake of 

Calcium, Vitamin D, and Dairy Products: A Meta-Analysis of 26,335 Cases From 60 

Observational Studies. Nutr Cancer 61:47-69, 2008 

8. Baron JA, Beach M, Mandel JS, et al: Calcium Supplements for the Prevention of 

Colorectal Adenomas. N Engl J Med 340:101-107, 1999 

9. Newmark HL, Wargovich MJ, Bruce WR: Colon Cancer and Dietary Fat, Phosphate, and 

Calcium: A Hypothesis. J Natl Cancer Inst 72:1323-1325, 1984 

10. Govers MJ, Termont DS, Lapré JA, et al: Calcium in milk products precipitates intestinal 

fatty acids and secondary bile acids and thus inhibits colonic cytotoxicity in humans. Cancer Res 

56:3270-3275, 1996 

11. Fedirko V, Bostick RM, Flanders WD, et al: Effects of vitamin D and calcium on 

proliferation and differentiation in normal colon mucosa: a randomized clinical trial. Cancer 

Epidemiol Biomarkers Prev 18:2933-2941, 2009 

12. Fedirko V, Bostick RM, Flanders WD, et al: Effects of vitamin D and calcium 

supplementation on markers of apoptosis in normal colon mucosa: a randomized, double-blind, 

placebo-controlled clinical trial. Cancer Prev Res (Phila) 2:213-223, 2009 



152 
 

13. Lipkin M, Newmark H: Effect of added dietary calcium on colonic epithelial-cell 

proliferation in subjects at high risk for familial colonic cancer. N Engl J Med 313:1381-4, 1985 

14. Lipkin M, Newmark H: Calcium and the prevention of colon cancer. J Cell Biochem 

22:65-73, 1995 

15. Lipkin M: Preclinical and early human studies of calcium and colon cancer prevention. 

Ann N Y Acad Sci 889:120-7, 1999 

16. Buras RR, Shabahang M, Davoodi F, et al: The effect of extracellular calcium on 

colonocytes: evidence for differential responsiveness based upon degree of cell differentiation. 

Cell prolif 28:245-62, 1995 

17. Bostick RM, Fosdick L, Grambsch P, et al: Calcium and colorectal epithelial cell 

proliferation in sporadic adenoma patients: a randomized, double-blinded, placebo-controlled 

clinical trial. J Natl Cancer Inst 87:1307-15, 1995 

18. Chakrabarty S, Radjendirane V, Appelman H, et al: Extracellular Calcium and Calcium 

Sensing Receptor Function in Human Colon Carcinomas: Promotion of E-Cadherin Expression 

and Suppression of β-Catenin/TCF Activation. Cancer Res 63:67-71, 2003 

19. Fedirko V, Bostick RM, Long Q, et al: Effects of supplemental vitamin D and calcium on 

oxidative DNA damage marker in normal colorectal mucosa: a randomized clinical trial. Cancer 

Epidemiol Biomarkers Prev 19:280-291, 2010 

20. Sidelnikov E, Bostick RM, Flanders WD, et al: Effects of calcium and vitamin D on 

MLH1 and MSH2 expression in rectal mucosa of sporadic colorectal adenoma patients. Cancer 

Epidemiol Biomarkers Prev 19:1022-1032, 2010 

21. Ahearn TU, McCullough ML, Flanders WD, et al: A Randomized Clinical Trial of the 

Effects of Supplemental Calcium and Vitamin D3 on Markers of Their Metabolism in Normal 

Mucosa of Colorectal Adenoma Patients. Cancer Res 71:413-423, 2011 

22. Ahearn TU, Shaukat A, Flanders WD, et al: A randomized clinical trial of the effects of 

supplemental calcium and vitamin D3 on the APC/β-catenin pathway in the normal mucosa of 

colorectal adenoma patients. Cancer Prev Res (Phila), 2012 

23. Hopkins MH, Owen J, Ahearn T, et al: Effects of Supplemental Vitamin D and Calcium 

on Biomarkers of Inflammation in Colorectal Adenoma Patients: A Randomized, Controlled 

Clinical Trial. Cancer Prev Res (Phila) 4:1645-1654, 2011 

24. Howlader N, Noone AM, Krapcho M, et al: SEER Cancer Statistics Review, 1975-2011, 

National Cancer Institute. Bethesda, MD, http://seer.cancer.gov/csr/1975_2011/, 2014 

25. Bray F, Ren JS, Masuyer E, et al: Estimates of global cancer prevalence for 27 sites in the 

adult population in 2008. Int J Cancer 132:1133-1145, 2013 

http://seer.cancer.gov/csr/1975_2011/


153 
 

26. Slattery ML, French TK, Egger MJ, et al: Diet and survival of patients with colon cancer 

in Utah: is there an association? Int J Epidemiol 18:792-7, 1989 

27. Zell JA, McEligot AJ, Ziogas A, et al: Differential effects of wine consumption on 

colorectal cancer outcomes based on family history of the disease. Nutr Cancer 59:36-45, 2007 

28. Dray X, Boutron-Ruault MC, Bertrais S, et al: Influence of dietary factors on colorectal 

cancer survival. Gut 52:868-73, 2003 

29. Dik VK, Murphy N, Siersema PD, et al: Prediagnostic Intake of Dairy Products and 

Dietary Calcium and Colorectal Cancer Survival—Results from the EPIC Cohort Study. Cancer 

Epidemiol Biomarkers Prev 23:1813-1823, 2014 

30. Dietary Reference Intakes for Calcium and Vitamin D, The National Academies Press, 

2011  

31. World Cancer Research Fund / American Institute for Cancer Research: Continuous 

Update Project Report.  Food, Nutrition, Physical Activity, and the Prevention of Colorectal 

Cancer. http://www.aicr.org/continuous-update-project/reports/Colorectal-Cancer-2011-

Report.pdf, 2011 

32. Pentti K, Tuppurainen MT, Honkanen R, et al: Use of calcium supplements and the risk 

of coronary heart disease in 52-62-year-old women: The Kuopio Osteoporosis Risk Factor and 

Prevention Study. Maturitas 63:73-8, 2009 

33. Li K, Kaaks R, Linseisen J, et al: Associations of dietary calcium intake and calcium 

supplementation with myocardial infarction and stroke risk and overall cardiovascular mortality 

in the Heidelberg cohort of the European Prospective Investigation into Cancer and Nutrition 

study (EPIC-Heidelberg). Heart 98:920-5, 2012 

34. Xiao Q, Murphy RA, Houston DK, et al: Dietary and supplemental calcium intake and 

cardiovascular disease mortality: the National Institutes of Health-AARP diet and health study. 

JAMA Intern Med 173:639-46, 2013 

35. Al-Delaimy WK, Rimm E, Willett WC, et al: A prospective study of calcium intake from 

diet and supplements and risk of ischemic heart disease among men. The American Journal of 

Clinical Nutrition 77:814-8, 2003 

36. Bostick RM, Kushi LH, Wu Y, et al: Relation of calcium, vitamin D, and dairy food 

intake to ischemic heart disease mortality among postmenopausal women. Am J Epidemiol 

149:151-61, 1999 

37. Prentice RL, Pettinger MB, Jackson RD, et al: Health risks and benefits from calcium and 

vitamin D supplementation: Women's Health Initiative clinical trial and cohort study. Osteoporos 

Int 24:567-80, 2013 

http://www.aicr.org/continuous-update-project/reports/Colorectal-Cancer-2011-Report.pdf
http://www.aicr.org/continuous-update-project/reports/Colorectal-Cancer-2011-Report.pdf


154 
 

38. Van Hemelrijck M, Michaelsson K, Linseisen J, et al: Calcium intake and serum 

concentration in relation to risk of cardiovascular death in NHANES III. PLoS One 8:e61037, 

2013 

39. Bolland MJ, Grey A, Avenell A, et al: Calcium supplements with or without vitamin D 

and risk of cardiovascular events: reanalysis of the Women's Health Initiative limited access 

dataset and meta-analysis. BMJ 342:d2040, 2011 

40. Cui Y, Rohan TE: Vitamin D, calcium, and breast cancer risk: a review. Cancer 

Epidemiol Biomarkers Prev 15:1427-37, 2006 

41. Chen P, Hu P, Xie D, et al: Meta-analysis of vitamin D, calcium and the prevention of 

breast cancer. Breast Cancer Res Treat 121:469-477, 2010 

42. Aune D, Navarro Rosenblatt DA, Chan DS, et al: Dairy products, calcium, and prostate 

cancer risk: a systematic review and meta-analysis of cohort studies. Am J Clin Nutr, 2015 

43. World Cancer Research Fund International / American Institute for Cancer Research 

Continuous Update Project Report: Diet, Nutrition, Physical Activity, and Prostate Cancer. 2014. 

Available at: www.wcrf.org/sites/default/files/Prostate-Cancer-2014-Report.pdf,  

44. World Cancer Research Fund / American Institute for Cancer Research. Continuous 

Update Project Report. Food, Nutrition, Physical Activity, and the Prevention of Breast Cancer. 

2010. Available at: http://www.aicr.org/continuous-update-project/reports/Breast-Cancer-2010-

Report.pdf,  

45. Giovannucci E, Wu K: Cancers of the colon and rectum, in Schottenfeld D, Fraumeni Jr.  

J (eds): Cancer Epidemiology and Prevention, Third Edition. New York, Oxford University Press 

2006 

46. Haubrich W: Anatomy of the colon, in Haubrich W, Schaffner F, Berk J (eds): Bockus 

Gastroenterology. 5th edition. Philadelphia, Saunders, 1995, pp 1744-1772 

47. Ferlay J, Shin HR, Bray F, et al: GLOBOCAN 2008 v2.0, Cancer Incidence and 

Mortality Worldwide: IARC CancerBase No. 10 [Internet]. , Lyon, France: International Agency 

for Research on Cancer. Available from: http://globocan.iarc.fr, accessed on 10/31/2013, 2010 

48. Calvert PM, Frucht H: The genetics of colorectal cancer. Ann Intern Med 137:603-12, 

2002 

49. Levin B, Raijman I: Malignant tumors of the colon and rectum. Bockus Gastroenterology 

2:1744-1772, 1995 

50. Peipins LA, Sandler RS: Epidemiology of colorectal adenomas. Epidemio Rev 16:273-

97, 1994 

http://www.wcrf.org/sites/default/files/Prostate-Cancer-2014-Report.pdf
http://www.aicr.org/continuous-update-project/reports/Breast-Cancer-2010-Report.pdf
http://www.aicr.org/continuous-update-project/reports/Breast-Cancer-2010-Report.pdf
http://globocan.iarc.fr/


155 
 

51. Lev R, Lance MP: Adenomatous polyps of the colon: pathobiological and clinical 

features, Springer-Verlag New York, 1990  

52. Hill M, Morson B, Bussey H: Aetiology of adenoma—carcinoma sequence in large 

bowel. The Lancet 311:245-247, 1978 

53. Fearon ER, Vogelstein B: A genetic model for colorectal tumorigenesis. Cell 61:759-67, 

1990 

54. Potter JD: Colorectal cancer: molecules and populations. J Natl Cancer Inst 91:916-32, 

1999 

55. Winawer SJ, Zauber AG: The advanced adenoma as the primary target of screening. 

Gastrointest Endosc Clin N Am 12:1-9, 2002 

56. Noffsinger AE: Serrated Polyps and Colorectal Cancer: New Pathway to Malignancy. 

Annu Rev Pathol 4:343-364, 2009 

57. Leggett B, Whitehall V: Role of the serrated pathway in colorectal cancer pathogenesis. 

Gastroenterology 138:2088-100, 2010 

58. Burnett-Hartman AN, Newcomb PA, Potter JD, et al: Genomic aberrations occurring in 

subsets of serrated colorectal lesions but not conventional adenomas. Cancer Res 73:2863-72, 

2013 

59. Burnett-Hartman AN, Passarelli MN, Adams SV, et al: Differences in epidemiologic risk 

factors for colorectal adenomas and serrated polyps by lesion severity and anatomical site. Am J 

Epidemiol 177:625-37, 2013 

60. Burnett-Hartman AN, Newcomb PA, Phipps AI, et al: Colorectal endoscopy, advanced 

adenomas, and sessile serrated polyps: implications for proximal colon cancer. Am J 

Gastroenterol 107:1213-9, 2012 

61. Jass JR: Classification of colorectal cancer based on correlation of clinical, 

morphological and molecular features. Histopathology 50:113-30, 2007 

62. Slattery ML, Curtin K, Anderson K, et al: Associations Between Cigarette Smoking, 

Lifestyle Factors, and Microsatellite Instability in Colon Tumors. J Natl Cancer Inst 92:1831-

1836, 2000 

63. Yang P, Cunningham JM, Halling KC, et al: Higher Risk of Mismatch Repair-Deficient 

Colorectal Cancer in α1-Antitrypsin Deficiency Carriers and Cigarette Smokers. Mol Genet 

Metab 71:639-645, 2000 



156 
 

64. Chia VM, Newcomb PA, Bigler J, et al: Risk of Microsatellite-Unstable Colorectal 

Cancer Is Associated Jointly with Smoking and Nonsteroidal Anti-inflammatory Drug Use. 

Cancer Res 66:6877-6883, 2006 

65. Poynter JN, Haile RW, Siegmund KD, et al: Associations between Smoking, Alcohol 

Consumption, and Colorectal Cancer, Overall and by Tumor Microsatellite Instability Status. 

Cancer Epidemiol Biomarkers Prev 18:2745-2750, 2009 

66. Curtin K, Samowitz WS, Wolff RK, et al: Somatic alterations, metabolizing genes and 

smoking in rectal cancer. Int J Cancer 125:158-164, 2009 

67. Limsui D, Vierkant RA, Tillmans LS, et al: Cigarette Smoking and Colorectal Cancer 

Risk by Molecularly Defined Subtypes. J Natl Cancer Inst 102:1012-1022, 2010 

68. Lindor NM, Yang P, Evans I, et al: Alpha-1-antitrypsin deficiency and smoking as risk 

factors for mismatch repair deficient colorectal cancer: A study from the colon cancer family 

registry. Mol Genet Metab 99:157-159, 2010 

69. Samowitz WS, Albertsen H, Sweeney C, et al: Association of Smoking, CpG Island 

Methylator Phenotype, and V600E BRAF Mutations in Colon Cancer. J Natl Cancer Inst 

98:1731-1738, 2006 

70. Ogino S, Goel A: Molecular classification and correlates in colorectal cancer. J Mol 

Diagn 10:13-27, 2008 

71. Yamauchi M, Morikawa T, Kuchiba A, et al: Assessment of colorectal cancer molecular 

features along bowel subsites challenges the conception of distinct dichotomy of proximal versus 

distal colorectum. Gut 61:847-854, 2012 

72. Balkwill F, Mantovani A: Inflammation and cancer: back to Virchow? The lancet 

357:539-545, 2001 

73. Munkholm P: Review article: the incidence and prevalence of colorectal cancer in 

inflammatory bowel disease. Alimentary Pharmacology & Therapeutics 18:1-5, 2003 

74. Chan AT, Giovannucci EL: Primary prevention of colorectal cancer. Gastroenterology 

138:2029-2043, 2010 

75. Baron JA: Aspirin and NSAIDs for the Prevention of Colorectal Cancer Cancer 

Prevention II, in Senn H-J, Kapp U, Otto F (eds). Recent Results in Cancer Research, Springer 

Berlin Heidelberg, 2009, pp 223-229 

76. Tsilidis KK, Branchini C, Guallar E, et al: C-reactive protein and colorectal cancer risk: a 

systematic review of prospective studies. Int J Cancer 123:1133-40, 2008 



157 
 

77. Kundu JK, Surh YJ: Inflammation: gearing the journey to cancer. Mutat Res 659:15-30, 

2008 

78. Lin W-W, Karin M: A cytokine-mediated link between innate immunity, inflammation, 

and cancer. J Clin Invest 117:1175-1183, 2007 

79. Terzić J, Grivennikov S, Karin E, et al: Inflammation and colon cancer. Gastroenterology 

138:2101-2114. e5, 2010 

80. Klampfer L: Cytokines, inflammation and colon cancer. Curr Cancer Drug Targets 

11:451-64, 2011 

81. Jung HC, Eckmann L, Yang SK, et al: A distinct array of proinflammatory cytokines is 

expressed in human colon epithelial cells in response to bacterial invasion. J Clin Invest 95:55-65, 

1995 

82. Strober W, Fuss IJ: Proinflammatory cytokines in the pathogenesis of inflammatory 

bowel diseases. Gastroenterology 140:1756-67, 2011 

83. Zhu Y, Mahon BD, Froicu M, et al: Calcium and 1 alpha,25-dihydroxyvitamin D3 target 

the TNF-alpha pathway to suppress experimental inflammatory bowel disease. Eur J Immunol 

35:217-24, 2005 

84. Bastie CC, Gaffney-Stomberg E, Lee TW, et al: Dietary cholecalciferol and calcium 

levels in a Western-style defined rodent diet alter energy metabolism and inflammatory responses 

in mice. J Nutr 142:859-65, 2012 

85. Zemel MB, Sun X: Dietary calcium and dairy products modulate oxidative and 

inflammatory stress in mice and humans. J Nutr 138:1047-52, 2008 

86. Gannage-Yared MH, Azoury M, Mansour I, et al: Effects of a short-term calcium and 

vitamin D treatment on serum cytokines, bone markers, insulin and lipid concentrations in 

healthy post-menopausal women. J Endocrinol Invest 26:748-53, 2003 

87. Grey A, Gamble G, Ames R, et al: Calcium supplementation does not affect CRP levels 

in postmenopausal women--a randomized controlled trial. Osteoporos Int 17:1141-5, 2006 

88. Pittas AG, Harris SS, Stark PC, et al: The effects of calcium and vitamin D 

supplementation on blood glucose and markers of inflammation in nondiabetic adults. Diabetes 

care 30:980-6, 2007 

89. van Meijl LE, Mensink RP: Effects of low-fat dairy consumption on markers of low-

grade systemic inflammation and endothelial function in overweight and obese subjects: an 

intervention study. Br J Nutr 104:1523-7, 2010 



158 
 

90. Zemel MB, Sun X, Sobhani T, et al: Effects of dairy compared with soy on oxidative and 

inflammatory stress in overweight and obese subjects. Am J Clin Nutr 91:16-22, 2010 

91. Schetter AJ, Heegaard NH, Harris CC: Inflammation and cancer: interweaving 

microRNA, free radical, cytokine and p53 pathways. Carcinogenesis 31:37-49, 2010 

92. Sethi G, Sung B, Aggarwal BB: TNF: a master switch for inflammation to cancer. Front 

Biosci 13:5094-107, 2008 

93. Babbs CF: Free radicals and the etiology of colon cancer. Free Radic Biol Med 8:191-

200, 1990 

94. Milne GL, Musiek ES, Morrow JD: F2-isoprostanes as markers of oxidative stress in 

vivo: an overview. Biomarkers 10 Suppl 1:S10-23, 2005 

95. Keshavarzian A, Zapeda D, List T, et al: High levels of reactive oxygen metabolites in 

colon cancer tissue: analysis by chemiluminescence probe. Nutr Cancer 17:243-9, 1992 

96. Otamiri T, Sjodahl R: Increased lipid peroxidation in malignant tissues of patients with 

colorectal cancer. Cancer 64:422-5, 1989 

97. Milne GL, Sanchez SC, Musiek ES, et al: Quantification of F2-isoprostanes as a 

biomarker of oxidative stress. Nat Protoc 2:221-6, 2007 

98. Dai Q, Gao YT, Shu XO, et al: Oxidative stress, obesity, and breast cancer risk: results 

from the Shanghai Women's Health Study. J Clin Oncol 27:2482-8, 2009 

99. Epplein M, Franke AA, Cooney RV, et al: Association of plasma micronutrient levels 

and urinary isoprostane with risk of lung cancer: the multiethnic cohort study. Cancer Epidemiol 

Biomarkers Prev 18:1962-70, 2009 

100. Barocas DA, Motley S, Cookson MS, et al: Oxidative stress measured by urine F2-

isoprostane level is associated with prostate cancer. J Urol 185:2102-7, 2011 

101. Siamakpour-Reihani S, Scarbrough PM, Wang F, et al: Systemic markers of oxidative 

status and colorectal adenomatous polyps. Ann Epidemiol 22:587-91, 2012 

102. Kong SYJ, Bostick RM, Flanders WD, et al: Oxidative Balance Score, Colorectal 

Adenoma, and Markers of Oxidative Stress and Inflammation. Cancer Epidemiol Biomarkers 

Prev 23:545-554, 2014 

103. Turner JR: Intestinal mucosal barrier function in health and disease. Nat Rev Immunol 

9:799-809, 2009 



159 
 

104. Farhadi A, Banan A, Fields J, et al: Intestinal barrier: an interface between health and 

disease. J Gastroenterol Hepatol 18:479-497, 2003 

105. Bornholdt J, Friis S, Godiksen S, et al: The level of claudin-7 is reduced as an early event 

in colorectal carcinogenesis. BMC Cancer 11:65, 2011 

106. Ziegler TR, Luo M, Estívariz CF, et al: Detectable serum flagellin and lipopolysaccharide 

and upregulated anti-flagellin and lipopolysaccharide immunoglobulins in human short bowel 

syndrome. Am J Physiol Regul Integr Comp Physiol 294:R402-R410, 2008 

107. Sitaraman SV, Klapproth J-M, Moore III DA, et al: Elevated flagellin-specific 

immunoglobulins in Crohn's disease. Am J Physiol Gastrointest Liver Physiol 288:G403-G406, 

2005 

108. Galloway DP, Troutt ML, Kocoshis SA, et al: Increased Anti-Flagellin and Anti-

Lipopolysaccharide Immunoglobulins in Pediatric Intestinal Failure: Associations With Fever and 

Central Line–Associated Bloodstream Infections. JPEN J Parenter Enteral Nutr, 2014 (In Press) 

109. Cani PD, Possemiers S, Van de Wiele T, et al: Changes in gut microbiota control 

inflammation in obese mice through a mechanism involving GLP-2-driven improvement of gut 

permeability. Gut 58:1091-1103, 2009 

110. Chassaing B, Koren O, Goodrich JK, et al: Dietary emulsifiers impact the mouse gut 

microbiota promoting colitis and metabolic syndrome. Nature, 2015 (In Press) 

111. Gewirtz AT, Vijay-Kumar M, Brant SR, et al: Dominant-negative TLR5 polymorphism 

reduces adaptive immune response to flagellin and negatively associates with Crohn's disease. 

Am J Physiol Gastrointest Liver Physiol 290:G1157-G1163, 2006 

112. Soler AP, Miller RD, Laughlin KV, et al: Increased tight junctional permeability is 

associated with the development of colon cancer. Carcinogenesis 20:1425-1432, 1999 

113. de Oliveira SS, de Oliveira IM, De Souza W, et al: Claudins upregulation in human 

colorectal cancer. FEBS Letters 579:6179-6185, 2005 

114. Dhawan P, Ahmad R, Chaturvedi R, et al: Claudin-2 expression increases tumorigenicity 

of colon cancer cells: role of epidermal growth factor receptor activation. Oncogene 30:3234-

3247, 2011 

115. Grivennikov SI, Wang K, Mucida D, et al: Adenoma-linked barrier defects and microbial 

products drive IL-23/IL-17-mediated tumour growth. Nature 491:254-258, 2012 

116. Kang M, Edmundson P, Araujo-Perez F, et al: Association of plasma endotoxin, 

inflammatory cytokines and risk of colorectal adenomas. BMC Cancer 13:91, 2013 



160 
 

117. Resnick MB, Konkin T, Routhier J, et al: Claudin-1 is a strong prognostic indicator in 

stage II colonic cancer: a tissue microarray study. Mod Pathol 18:511-518, 2004 

118. Martin TA, Jiang WG: Loss of tight junction barrier function and its role in cancer 

metastasis. Biochim Biophys Acta 1788:872-891, 2009 

119. Laukoetter MG, Nava P, Nusrat A: Role of the intestinal barrier in inflammatory bowel 

disease. World J Gastroenterol 14:401-407, 2008 

120. McGuckin MA, Eri R, Simms LA, et al: Intestinal barrier dysfunction in inflammatory 

bowel diseases. Inflamm Bowel Dis 15:100-113, 2009 

121. Baumgart DC, Carding SR: Inflammatory bowel disease: cause and immunobiology. 

Lancet 369:1627-1640, 2007 

122. Xavier RJ, Podolsky DK: Unravelling the pathogenesis of inflammatory bowel disease. 

Nature 448:427-434, 2007 

123. Cani PD, Amar J, Iglesias MA, et al: Metabolic Endotoxemia Initiates Obesity and 

Insulin Resistance. Diabetes 56:1761-1772, 2007 

124. Sun L, Yu Z, Ye X, et al: A marker of endotoxemia is associated with obesity and related 

metabolic disorders in apparently healthy Chinese. Diabetes care 33:1925-1932, 2010 

125. Gonzalez-Quintela A, Alonso M, Campos J, et al: Determinants of serum concentrations 

of lipopolysaccharide-binding protein (LBP) in the adult population: the role of obesity. PLoS 

One 8:e54600, 2013 

126. Mohammed N, Tang L, Jahangiri A, et al: Elevated IgG levels against specific bacterial 

antigens in obese patients with diabetes and in mice with diet-induced obesity and glucose 

intolerance. Metabolism 61:1211-1214, 2012 

127. Marriott I, Bost KL, Huet-Hudson YM: Sexual dimorphism in expression of receptors for 

bacterial lipopolysaccharides in murine macrophages: a possible mechanism for gender-based 

differences in endotoxic shock susceptibility. J Reprod Immunol 71:12-27, 2006 

128. Ulluwishewa D, Anderson RC, McNabb WC, et al: Regulation of Tight Junction 

Permeability by Intestinal Bacteria and Dietary Components. J Nutr 141:769-776, 2011 

129. Moreira APB, Texeira TFS, Ferreira AB, et al: Influence of a high-fat diet on gut 

microbiota, intestinal permeability and metabolic endotoxaemia. Br J Nutr 108:801-809, 2012 

130. Stenman LK, Holma R, Eggert A, et al: A novel mechanism for gut barrier dysfunction 

by dietary fat: epithelial disruption by hydrophobic bile acids. Am J Physiol Gastrointest Liver 

Physiol 304:G227-G234, 2013 



161 
 

131. Sanderson IR, Boulton P, Menzies I, et al: Improvement of abnormal lactulose/rhamnose 

permeability in active Crohn's disease of the small bowel by an elemental diet. Gut 28:1073-

1076, 1987 

132. Teahon K, Smethurst P, Pearson M, et al: The Effect of Elemental Diet on Intestinal 

Permeability and Inflammation in Crohn’s. Gastroenterology 101:94-89, 1991 

133. Pendyala S, Walker JM, Holt PR: A High-Fat Diet Is Associated With Endotoxemia That 

Originates From the Gut. Gastroenterology 142:1100-1101.e2, 2012 

134. Kong J, Zhang Z, Musch MW, et al: Novel role of the vitamin D receptor in maintaining 

the integrity of the intestinal mucosal barrier. Am J Physiol Gastrointest Liver Physiol 294:G208-

G216, 2008 

135. Raftery T, Martineau A, Greiller C, et al: Does vitamin D supplementation impact plasma 

cathelicidin, human beta defensin 2 and intestinal permeability in stable Crohn's disease? – 

Results from a randomised, double blind placebo controlled study. Proc Nutr Soc 72:E176, 2013 

136. Schepens MA, Schonewille AJ, Vink C, et al: Supplemental calcium attenuates the 

colitis-related increase in diarrhea, intestinal permeability, and extracellular matrix breakdown in 

HLA-B27 transgenic rats. J Nutr 139:1525-1533, 2009 

137. Ten Bruggencate SJM, Bovee-Oudenhoven IMJ, Lettink-Wissink MLG, et al: Dietary 

fructo-oligosaccharides and inulin decrease resistance of rats to salmonella: protective role of 

calcium. Gut 53:530-535, 2004 

138. Bovee-Oudenhoven IM, Termont DS, Weerkamp AH, et al: Dietary calcium inhibits the 

intestinal colonization and translocation of Salmonella in rats. Gastroenterology 113:550-557, 

1997 

139. Bovee-Oudenhoven IMJ, Lettink-Wissink MLG, Van Doesburg W, et al: Diarrhea 

caused by enterotoxigenic Escherichia coli infection of humans is inhibited by dietary calcium. 

Gastroenterology 125:469-476, 2003 

140. American Cancer Society. Colorectal Cancer Facts & Figures 2014-2016. Atlanta: 

American Cancer Society. 2014 

141. Butterworth AS, Higgins JPT, Pharoah P: Relative and absolute risk of colorectal cancer 

for individuals with a family history: A meta-analysis. Eur J Cancer 42:216-227, 2006 

142. Johns LE, Houlston RS: A systematic review and meta-analysis of familial colorectal 

cancer risk. Am J Gastroenterol 96:2992-3003, 2001 

143. Theodoratou E, Montazeri Z, Hawken S, et al: Systematic Meta-Analyses and Field 

Synopsis of Genetic Association Studies in Colorectal Cancer. J Natl Cancer Inst 104:1433-1457, 

2012 



162 
 

144. Hutter CM, Chang-Claude J, Slattery ML, et al: Characterization of Gene–Environment 

Interactions for Colorectal Cancer Susceptibility Loci. Cancer Res 72:2036-2044, 2012 

145. Itzkowitz SH, Yio X: Inflammation and cancer IV. Colorectal cancer in inflammatory 

bowel disease: the role of inflammation. Am J Physiol Gastrointest Liver Physiol 287:G7-17, 

2004 

146. Feagins LA, Souza RF, Spechler SJ: Carcinogenesis in IBD: potential targets for the 

prevention of colorectal cancer. Nat Rev Gastroenterol Hepatol 6:297-305, 2009 

147. Deng L, Gui Z, Zhao L, et al: Diabetes Mellitus and the Incidence of Colorectal Cancer: 

An Updated Systematic Review and Meta-Analysis. Dig Dis Sci 57:1576-1585, 2012 

148. Campbell PT: The Role of Diabetes and Diabetes Treatments in Colorectal Cancer 

Mortality, Incidence, and Survival. Curr Nutr Rep 2:37-47, 2013 

149. Huang YC, Lin JK, Chen WS, et al: Diabetes mellitus negatively impacts survival of 

patients with colon cancer, particularly in stage II disease. J Cancer Res Clin Oncol 137:211-20, 

2011 

150. Hunt CD, Johnson LK: Calcium requirements: new estimations for men and women by 

cross-sectional statistical analyses of calcium balance data from metabolic studies. Am J Clin 

Nutr 86:1054-1063, 2007 

151. Dietary Guidelines Advisory Committee: Report of the Dietary Guidelines Advisory 

Committee on the Dietary Guidelines for Americans, 2010, to the Secretary of Agriculture and 

the Secretary of Health and Human Services. Agricultural Research Service, 2010 

152. Willett W, Stampfer MJ: Total energy intake: implications for epidemiologic analyses. 

Am J Epidemiol 124:17-27, 1986 

153. Garland C, Shekelle RB, Barrett-Connor E, et al: Dietary vitamin D and calcium and risk 

of colorectal cancer: a 19-year prospective study in men. Lancet 325:307-9, 1985 

154. McCullough M, Robertson A, Rodriguez C, et al: Calcium, vitamin D, dairy products, 

and risk of colorectal cancer in the Cancer Prevention Study II Nutrition Cohort (United States). 

Cancer Causes Control 14:1-12, 2003 

155. Keum N, Aune D, Greenwood DC, et al: Calcium intake and colorectal cancer risk: 

Dose-response meta-analysis of prospective observational studies. Int J Cancer, 2014 (In Press) 

156. Aune D, Lau R, Chan DS, et al: Dairy products and colorectal cancer risk: a systematic 

review and meta-analysis of cohort studies. Ann Oncol 23:37-45, 2012 



163 
 

157. Bonithon-Kopp C, Kronborg O, Giacosa A, et al: Calcium and fibre supplementation in 

prevention of colorectal adenoma recurrence: a randomised intervention trial. Lancet 356:1300-

1306, 2000 

158. Hofstad B, Almendingen K, Vatn M, et al: Growth and recurrence of colorectal polyps: a 

double-blind 3-year intervention with calcium and antioxidants. Digestion 59:148-156, 1998 

159. Wactawski-Wende J, Kotchen JM, Anderson GL, et al: Calcium plus Vitamin D 

Supplementation and the Risk of Colorectal Cancer. N Engl J Med 354:684-696, 2006 

160. Cauley JA, Chlebowski RT, Wactawski-Wende J, et al: Calcium plus vitamin D 

supplementation and health outcomes five years after active intervention ended: the Women's 

Health Initiative. J Womens Health 22:915-29, 2013 

161. Ding EL, Mehta S, Fawzi WW, et al: Interaction of estrogen therapy with calcium and 

vitamin D supplementation on colorectal cancer risk: Reanalysis of Women's Health Initiative 

randomized trial. Int J Cancer 122:1690-1694, 2008 

162. Bolland MJ, Grey A, Gamble GD, et al: Calcium and vitamin D supplements and health 

outcomes: a reanalysis of the Women's Health Initiative (WHI) limited-access data set. Am J Clin 

Nutr 94:1144-1149, 2011 

163. Llor X, Jacoby RF, Teng B-B, et al: K-ras Mutations in 1,2-Dimethylhydrazine-induced 

Colonic Tumors: Effects of Supplemental Dietary Calcium and Vitamin D Deficiency. Cancer 

Res 51:4305-4309, 1991 

164. Lamprecht SA, Lipkin M: Chemoprevention of colon cancer by calcium, vitamin D and 

folate: molecular mechanisms. Nat Rev Cancer 3:601-614, 2003 

165. Kallay E, Bajna E, Wrba F, et al: Dietary calcium and growth modulation of human colon 

cancer cells: role of the extracellular calcium-sensing receptor. Cancer Detection Prev 24:127-36, 

2000 

166. Compton CC, Fielding LP, Burgart LJ, et al: Prognostic factors in colorectal cancer. 

College of American Pathologists Consensus Statement 1999. Arch Pathol Lab Med 124:979-94, 

2000 

167. Thibodeau S, Bren G, Schaid D: Microsatellite instability in cancer of the proximal 

colon. Science 260:816-819, 1993 

168. Parsons R, Li G-M, Longley MJ, et al: Hypermutability and mismatch repair deficiency 

in RER+ tumor cells. Cell 75:1227-1236, 1993 

169. Popat S, Hubner R, Houlston RS: Systematic review of microsatellite instability and 

colorectal cancer prognosis. J Clin Oncol 23:609-18, 2005 



164 
 

170. Guastadisegni C, Colafranceschi M, Ottini L, et al: Microsatellite instability as a marker 

of prognosis and response to therapy: a meta-analysis of colorectal cancer survival data. Eur J 

Cancer 46:2788-98, 2010 

171. Ogino S, Meyerhardt JA, Kawasaki T, et al: CpG island methylation, response to 

combination chemotherapy, and patient survival in advanced microsatellite stable colorectal 

carcinoma. Virchows Arch 450:529-37, 2007 

172. Ward RL, Cheong K, Ku SL, et al: Adverse prognostic effect of methylation in colorectal 

cancer is reversed by microsatellite instability. J Clin Oncol 21:3729-36, 2003 

173. Safaee Ardekani G, Jafarnejad SM, Tan L, et al: The prognostic value of BRAF mutation 

in colorectal cancer and melanoma: a systematic review and meta-analysis. PLoS ONE 7:e47054, 

2012 

174. Ogino S, Meyerhardt JA, Irahara N, et al: KRAS mutation in stage III colon cancer and 

clinical outcome following intergroup trial CALGB 89803. Clin Cancer Res 15:7322-9, 2009 

175. Richman SD, Seymour MT, Chambers P, et al: KRAS and BRAF mutations in advanced 

colorectal cancer are associated with poor prognosis but do not preclude benefit from oxaliplatin 

or irinotecan: results from the MRC FOCUS trial. J Clin Oncol 27:5931-7, 2009 

176. Roth AD, Tejpar S, Delorenzi M, et al: Prognostic role of KRAS and BRAF in stage II 

and III resected colon cancer: results of the translational study on the PETACC-3, EORTC 40993, 

SAKK 60-00 trial. J Clin Oncol 28:466-74, 2010 

177. Phipps AI, Buchanan DD, Makar KW, et al: KRAS-mutation status in relation to 

colorectal cancer survival: the joint impact of correlated tumour markers. Br J Cancer 108:1757-

64, 2013 

178. Phipps AI, Limburg PJ, Baron JA, et al: Association Between Molecular Subtypes of 

Colorectal Cancer and Patient Survival. Gastroenterology 30:01192-5, 2014 

179. Ogino S, Galon J, Fuchs CS, et al: Cancer immunology—analysis of host and tumor 

factors for personalized medicine. Nat Rev Clin Oncol 8:711-719, 2011 

180. Galon J, Costes A, Sanchez-Cabo F, et al: Type, density, and location of immune cells 

within human colorectal tumors predict clinical outcome. Science 313:1960-1964, 2006 

181. Ogino S, Nosho K, Irahara N, et al: Lymphocytic reaction to colorectal cancer is 

associated with longer survival, independent of lymph node count, microsatellite instability, and 

CpG island methylator phenotype. Clin Cancer Res 15:6412-6420, 2009 

182. Nosho K, Baba Y, Tanaka N, et al: Tumour‐infiltrating T‐cell subsets, molecular 

changes in colorectal cancer, and prognosis: cohort study and literature review. J Pathol 222:350-

366, 2010 



165 
 

183. Vrieling A, Kampman E: The role of body mass index, physical activity, and diet in 

colorectal cancer recurrence and survival: a review of the literature. Am J Clin Nutr 92:471-90, 

2010 

184. Rock CL, Doyle C, Demark-Wahnefried W, et al: Nutrition and physical activity 

guidelines for cancer survivors. CA Cancer J Clin 62:243-74, 2012 

185. Meyerhardt JA, Niedzwiecki D, Hollis D, et al: Impact of body mass index and weight 

change after treatment on cancer recurrence and survival in patients with stage III colon cancer: 

findings from Cancer and Leukemia Group B 89803. J Clin Oncol 26:4109-15, 2008 

186. Campbell PT, Newton CC, Dehal AN, et al: Impact of body mass index on survival after 

colorectal cancer diagnosis: the Cancer Prevention Study-II Nutrition Cohort. J Clin Oncol 30:42-

52, 2012 

187. Parkin E, O'Reilly DA, Sherlock DJ, et al: Excess adiposity and survival in patients with 

colorectal cancer: a systematic review. Obes Rev 15:434-51, 2014 

188. Haydon AM, Macinnis RJ, English DR, et al: Effect of physical activity and body size on 

survival after diagnosis with colorectal cancer. Gut 55:62-7, 2006 

189. Meyerhardt JA, Heseltine D, Niedzwiecki D, et al: Impact of physical activity on cancer 

recurrence and survival in patients with stage III colon cancer: findings from CALGB 89803. J 

Clin Oncol 24:3535-41, 2006 

190. Meyerhardt JA, Giovannucci EL, Ogino S, et al: Physical activity and male colorectal 

cancer survival. Arch Intern Med 169:2102-8, 2009 

191. Meyerhardt JA, Giovannucci EL, Holmes MD, et al: Physical activity and survival after 

colorectal cancer diagnosis. J Clin Oncol 24:3527-34, 2006 

192. Meyerhardt JA, Ogino S, Kirkner GJ, et al: Interaction of molecular markers and physical 

activity on mortality in patients with colon cancer. Clin Cancer Res 15:5931-6, 2009 

193. Yamauchi M, Nishihara R, Chan A, et al: Physical Activity, Tumor PTGS2 Expression, 

and Colorectal Cancer Survival: A Molecular Pathological Epidemiology (MPE) Approach. 

Cancer Epidemiol Biomarkers Prev 22:474, 2013 

194. Campbell PT, Patel AV, Newton CC, et al: Associations of recreational physical activity 

and leisure time spent sitting with colorectal cancer survival. J Clin Oncol 31:876-85, 2013 

195. Kuiper JG, Phipps AI, Neuhouser ML, et al: Recreational physical activity, body mass 

index, and survival in women with colorectal cancer. Cancer causes & control : CCC 23:1939-48, 

2012 



166 
 

196. Fuchs C, Meyerhardt J, Heseltine D, et al: Influence of regular aspirin use on survival for 

patients with stage III colon cancer: findings from intergroup trial CALGB 89803. J Clin Oncol 

23:3530, 2005 

197. Chan AT, Ogino S, Fuchs CS: Aspirin use and survival after diagnosis of colorectal 

cancer. JAMA 302:649-58, 2009 

198. Liao X, Lochhead P, Nishihara R, et al: Aspirin use, tumor PIK3CA mutation, and 

colorectal-cancer survival. N Engl J Med 367:1596-606, 2012 

199. Coghill AE, Newcomb PA, Campbell PT, et al: Prediagnostic non-steroidal anti-

inflammatory drug use and survival after diagnosis of colorectal cancer. Gut 60:491-8, 2011 

200. Coghill AE, Newcomb PA, Chia VM, et al: Pre-diagnostic NSAID use but not hormone 

therapy is associated with improved colorectal cancer survival in women. Br J Cancer 104:763-8, 

2011 

201. Coghill AE, Phipps AI, Bavry AA, et al: The association between NSAID use and 

colorectal cancer mortality: results from the women's health initiative. Cancer Epidemiol 

Biomarkers Prev 21:1966-73, 2012 

202. Zell JA, Ziogas A, Bernstein L, et al: Nonsteroidal anti-inflammatory drugs: effects on 

mortality after colorectal cancer diagnosis. Cancer 115:5662-71, 2009 

203. Din FV, Theodoratou E, Farrington SM, et al: Effect of aspirin and NSAIDs on risk and 

survival from colorectal cancer. Gut 59:1670-9, 2010 

204. Walker AJ, Grainge MJ, Card TR: Aspirin and other non-steroidal anti-inflammatory 

drug use and colorectal cancer survival: a cohort study. Br J Cancer 107:1602-7, 2012 

205. Schlesinger S, Siegert S, Koch M, et al: Postdiagnosis body mass index and risk of 

mortality in colorectal cancer survivors: a prospective study and meta-analysis. Cancer Causes 

Control 19:19, 2014 

206. Nishihara R, Morikawa T, Kuchiba A, et al: A prospective study of duration of smoking 

cessation and colorectal cancer risk by epigenetics-related tumor classification. Am J Epidemiol 

178:84-100, 2013 

207. Zhu Y, Yang S, Wang P, et al: Influence of pre-diagnostic cigarette smoking on 

colorectal cancer survival: overall and by tumour molecular phenotype. Br J Cancer, 2014 

208. Phipps AI, Shi Q, Newcomb PA, et al: Associations Between Cigarette Smoking Status 

and Colon Cancer Prognosis Among Participants in North Central Cancer Treatment Group Phase 

III Trial N0147. J Clin Oncol 31:2016-2023, 2013 



167 
 

209. Phipps AI, Baron J, Newcomb PA: Prediagnostic smoking history, alcohol consumption, 

and colorectal cancer survival. Cancer 117:4948-4957, 2011 

210. Yang B, Jacobs EJ, Gapstur SM, et al: Active Smoking and Mortality Among Colorectal 

Cancer Survivors: The Cancer Prevention Study II Nutrition Cohort. J Clin Oncol, 2015 

211. Pelser C, Arem H, Pfeiffer RM, et al: Prediagnostic lifestyle factors and survival after 

colon and rectal cancer diagnosis in the National Institutes of Health (NIH)-AARP Diet and 

Health Study. Cancer 120:1540-7, 2014 

212. Park SM, Lim MK, Shin SA, et al: Impact of prediagnosis smoking, alcohol, obesity, and 

insulin resistance on survival in male cancer patients: National Health Insurance Corporation 

Study. J Clin Oncol 24:5017-24, 2006 

213. Ng K, Meyerhardt JA, Wu K, et al: Circulating 25-Hydroxyvitamin D Levels and 

Survival in Patients With Colorectal Cancer. J Clin Oncol 26:2984-2991, 2008 

214. Ng K, Wolpin BM, Meyerhardt JA, et al: Prospective study of predictors of vitamin D 

status and survival in patients with colorectal cancer. Br J Cancer 101:916-923, 2009 

215. Mezawa H, Sugiura T, Watanabe M, et al: Serum vitamin D levels and survival of 

patients with colorectal cancer: post-hoc analysis of a prospective cohort study. BMC cancer 

10:347, 2010 

216. Fedirko V, Riboli E, Tjønneland A, et al: Prediagnostic 25-Hydroxyvitamin D, VDR and 

CASR Polymorphisms, and Survival in Patients with Colorectal Cancer in Western European 

Populations. Cancer Epidemiol Biomarkers Prev 21:582-593, 2012 

217. Tretli S, Schwartz GG, Torjesen PA, et al: Serum levels of 25-hydroxyvitamin D and 

survival in Norwegian patients with cancer of breast, colon, lung, and lymphoma: a population-

based study. Cancer Causes Control 23:363-70, 2012 

218. Zgaga L, Theodoratou E, Farrington SM, et al: Plasma vitamin d concentration influences 

survival outcome after a diagnosis of colorectal cancer. J Clin Oncol 32:2430-9, 2014 

219. Wang L, Manson JE, Sesso HD: Calcium intake and risk of cardiovascular disease: a 

review of prospective studies and randomized clinical trials. Am J Cardiovasc Drugs 12:105-16, 

2012 

220. Knox EG: Ischaemic-heart-disease mortality and dietary intake of calcium. Lancet 

301:1465-7, 1973 

221. Reid IR, Schooler BA, Hannan SF, et al: The acute biochemical effects of four 

proprietary calcium preparations. Aust N Z J Med 16:193-197, 1986 



168 
 

222. Green JH, Booth C, Bunning R: Postprandial metabolic responses to milk enriched with 

milk calcium are different from responses to milk enriched with calcium carbonate. Asia Pac J 

Clin Nutr 12:109-119, 2003 

223. Goodman WG, Goldin J, Kuizon BD, et al: Coronary-Artery Calcification in Young 

Adults with End-Stage Renal Disease Who Are Undergoing Dialysis. N Engl J Med 342:1478-

1483, 2000 

224. Asmus H-G, Braun J, Krause R, et al: Two year comparison of sevelamer and calcium 

carbonate effects on cardiovascular calcification and bone density. Nephrol Dial Transplant 

20:1653-1661, 2005 

225. Block GA, Spiegel DM, Ehrlich J, et al: Effects of sevelamer and calcium on coronary 

artery calcification in patients new to hemodialysis. Kidney Int 68:1815-1824, 2005 

226. Pletcher MJ, Tice JA, Pignone M, et al: Using the coronary artery calcium score to 

predict coronary heart disease events: A systematic review and meta-analysis. Arch Intern Med 

164:1285-1292, 2004 

227. Detrano R, Guerci AD, Carr JJ, et al: Coronary Calcium as a Predictor of Coronary 

Events in Four Racial or Ethnic Groups. N Engl J Med 358:1336-1345, 2008 

228. Iribarren C, Sidney S, Sternfeld B, et al: Calcification of the aortic arch: Risk factors and 

association with coronary heart disease, stroke, and peripheral vascular disease. JAMA 283:2810-

2815, 2000 

229. Polonsky TS, McClelland RL, Jorgensen NW, et al: Coronary artery calcium score and 

risk classification for coronary heart disease prediction. JAMA 303:1610-1616, 2010 

230. Vliegenthart R, Hollander M, Breteler MMB, et al: Stroke Is Associated With Coronary 

Calcification as Detected by Electron-Beam CT: The Rotterdam Coronary Calcification Study. 

Stroke 33:462-465, 2002 

231. Wang X, Chen H, Ouyang Y, et al: Dietary calcium intake and mortality risk from 

cardiovascular disease and all causes: a meta-analysis of prospective cohort studies. BMC Med 

12:158, 2014 

232. Prince RL, Devine A, Dhaliwal SS, et al: Effects of calcium supplementation on clinical 

fracture and bone structure: results of a 5-year, double-blind, placebo-controlled trial in elderly 

women. Arch Intern Med 166:869-75, 2006 

233. Lappe JM, Heaney RP: Calcium supplementation: Results may not be generalisable. BMJ 

336:403, 2008 

234. Bolland MJ, Barber PA, Doughty RN, et al: Vascular events in healthy older women 

receiving calcium supplementation: randomised controlled trial. BMJ 336:262-6, 2008 



169 
 

235. Reid IR, Ames R, Mason B, et al: Randomized controlled trial of calcium 

supplementation in healthy, nonosteoporotic, older men. Arch Intern Med 168:2276-82, 2008 

236. Avenell A, MacLennan GS, Jenkinson DJ, et al: Long-term follow-up for mortality and 

cancer in a randomized placebo-controlled trial of vitamin D(3) and/or calcium (RECORD trial). 

J Clin Endocrinol Metab 97:614-22, 2012 

237. Flanders WD, Klein M: Properties of 2 counterfactual effect definitions of a point 

exposure. Epidemiology 18:453-60, 2007 

238. Puppa MJ, White JP, Sato S, et al: Gut barrier dysfunction in the ApcMin/+ mouse model 

of colon cancer cachexia. Biochim Biophys Acta 1812:1601-1606, 2011 

239. Couper KN, Blount DG, Riley EM: IL-10: The Master Regulator of Immunity to 

Infection. J Immunol 180:5771-5777, 2008 

240. Dash C, Goodman M, Flanders WD, et al: Using Pathway-Specific Comprehensive 

Exposure Scores in Epidemiology: Application to Oxidative Balance in a Pooled Case-Control 

Study of Incident, Sporadic Colorectal Adenomas. Am J Epidemiol 178:610-624, 2013 

241. Goodman M, Bostick R, Dash C, et al: A summary measure of pro- and anti-oxidant 

exposures and risk of incident, sporadic, colorectal adenomas. Cancer Causes & Control 19:1051-

1064, 2008 

242. Klein SL: Immune Cells Have Sex and So Should Journal Articles. Endocrinology 

153:2544-2550, 2012 

243. Markle JGM, Frank DN, Mortin-Toth S, et al: Sex Differences in the Gut Microbiome 

Drive Hormone-Dependent Regulation of Autoimmunity. Science 339:1084-1088, 2013 

244. Gummesson A, Carlsson LMS, Storlien LH, et al: Intestinal Permeability Is Associated 

With Visceral Adiposity in Healthy Women. Obesity 19:2280-2282, 2011 

245. Ley RE: Obesity and the human microbiome. Curr Opin Gastroenterol 26:5-11, 2010 

246. Nicholson JK, Holmes E, Kinross J, et al: Host-Gut Microbiota Metabolic Interactions. 

Science 336:1262-1267, 2012 

247. Le Dréan G, Haure-Mirande V, Ferrier L, et al: Visceral adipose tissue and leptin 

increase colonic epithelial tight junction permeability via a RhoA-ROCK-dependent pathway. 

FASEB J 28:1059-1070, 2014 

248. Trøseid M, Nestvold TK, Rudi K, et al: Plasma Lipopolysaccharide Is Closely Associated 

With Glycemic Control and Abdominal Obesity: Evidence from bariatric surgery. Diabetes Care 

36:3627-3632, 2013 



170 
 

249. Hollander D, Vadheim CM, Brettholz E, et al: Increased Intestinal Permeability in 

Patients with Crohn's Disease and Their RelativesA Possible Etiologic Factor. Ann Intern Med 

105:883-885, 1986 

250. Gewirtz AT, Simon PO, Jr., Schmitt CK, et al: Salmonella typhimurium translocates 

flagellin across intestinal epithelia, inducing a proinflammatory response. J Clin Invest 107:99-

109, 2001 

251. Gewirtz AT, Navas TA, Lyons S, et al: Cutting edge: bacterial flagellin activates 

basolaterally expressed TLR5 to induce epithelial proinflammatory gene expression. J Immunol 

167:1882-1885, 2001 

252. Eaves-Pyles T, Murthy K, Liaudet L, et al: Flagellin, a novel mediator of Salmonella-

induced epithelial activation and systemic inflammation: IkBa degradation, induction of nitric 

oxide synthase, induction of proinflammatory mediators, and cardiovascular dysfunction. J  

Immunol 166:1248-1260, 2001 

253. Cani PD, Bibiloni R, Knauf C, et al: Changes in Gut Microbiota Control Metabolic 

Endotoxemia-Induced Inflammation in High-Fat Diet–Induced Obesity and Diabetes in Mice. 

Diabetes 57:1470-1481, 2008 

254. Foote JB, Kearney JF: Generation of B Cell Memory to the Bacterial Polysaccharide α-

1,3 Dextran. J Immunol 183:6359-6368, 2009 

255. Cole LE, Yang Y, Elkins KL, et al: Antigen-specific B-1a antibodies induced by 

Francisella tularensis LPS provide long-term protection against F. tularensis LVS challenge. Proc 

Natl Acad Sci U S A 106:4343-4348, 2009 

256. Gupta RA, DuBois RN: Colorectal cancer prevention and treatment by inhibition of 

cyclooxygenase-2. Nat Rev Cancer 1:11-21, 2001 

257. Federico A, Morgillo F, Tuccillo C, et al: Chronic inflammation and oxidative stress in 

human carcinogenesis. Int J Cancer 121:2381-6, 2007 

258. Campbell PT, Gross MD, Potter JD, et al: Effect of Exercise on Oxidative Stress: A 12-

Month Randomized, Controlled Trial. Med Sci Sports Exerc 42:1448-1453, 2010 

259. Campbell PT: Impact of life style factors on oxidative stress, in Agarwal A, Aziz N, Rizk 

B (eds): Studies on Women's Health. Oxidative Stress in Applied Basic Research and Clinical 

Practice, Humana Press, 2013, pp 335-358 

260. Fang YZ, Yang S, Wu G: Free radicals, antioxidants, and nutrition. Nutrition 18:872-9, 

2002 

261. Hanahan D, Weinberg Robert A: Hallmarks of Cancer: The Next Generation. Cell 

144:646-674, 2011 



171 
 

262. Visser M, Bouter LM, McQuillan GM, et al: Elevated c-reactive protein levels in 

overweight and obese adults. JAMA 282:2131-2135, 1999 

263. Hopkins MH, Flanders WD, Bostick RM: Associations of Circulating Inflammatory 

Biomarkers with Risk Factors for Colorectal Cancer in Colorectal Adenoma Patients. Biomark 

Insights 7:143-150, 2012 

264. Lakkur S, Bostick RM, Roblin D, et al: Oxidative balance score and oxidative stress 

biomarkers in a study of Whites, African Americans, and African immigrants. Biomarkers 

19:471-480, 2014 

265. Pou KM, Massaro JM, Hoffmann U, et al: Visceral and Subcutaneous Adipose Tissue 

Volumes Are Cross-Sectionally Related to Markers of Inflammation and Oxidative Stress: The 

Framingham Heart Study. Circulation 116:1234-1241, 2007 

266. Block G, Dietrich M, Norkus EP, et al: Factors Associated with Oxidative Stress in 

Human Populations. Am J Epidemiol 156:274-285, 2002 

267. American Cancer Society: Cancer Facts & Figures 2014. Atlanta: American Cancer 

Society, 2014 

268. Touvier M, Chan DSM, Lau R, et al: Meta-Analyses of Vitamin D Intake, 25-

Hydroxyvitamin D Status, Vitamin D Receptor Polymorphisms, and Colorectal Cancer Risk. 

Cancer Epidemiol Biomarkers Prev 20:1003-1016, 2011 

269. Calle EE, Rodriguez C, Jacobs EJ, et al: The American cancer society cancer prevention 

study II nutrition cohort. Cancer 94:2490-2501, 2002 

270. Calle EE, Terrell DD: Utility of the National Death Index for ascertainment of mortality 

among Cancer Prevention Study II participants. Am J Epidemiol 137:235-241, 1993 

271. McCullough ML, Gapstur SM, Shah R, et al: Association between red and processed 

meat intake and mortality among colorectal cancer survivors. J Clin Oncol 31:2773-82, 2013 

272. Dehal AN, Newton CC, Jacobs EJ, et al: Impact of diabetes mellitus and insulin use on 

survival after colorectal cancer diagnosis: the Cancer Prevention Study-II Nutrition Cohort. J Clin 

Oncol 30:53-9, 2012 

273. Block G, Hartman AM, Naughton D: A reduced dietary questionnaire: development and 

validation. Epidemiology 1:58-64, 1990 

274. Flagg EW, Coates RJ, Calle EE, et al: Validation of the american cancer society cancer 

prevention study II nutrition survey cohort food frequency questionnaire. Epidemiology 11:462-

468, 2000 



172 
 

275. Willett WC, Sampson L, Stampfer MJ, et al: Reproducibility and validity of a 

semiquantitative food frequency questionnaire. Am J Epidemiol 122:51-65, 1985 

276. Rimm EB, Giovannucci EL, Stampfer MJ, et al: Reproducibility and validity of an 

expanded self-administered semiquantitative food frequency questionnaire among male health 

professionals. Am J Epidemiol 135:1114-1126, 1992 

277. Feskanich D, Rimm EB, Giovannucci EL, et al: Reproducibility and validity of food 

intake measurements from a semiquantitative food frequency questionnaire. J Am Diet Assoc 

93:790-796, 1993 

278. McCullough ML, Weinstein SJ, Freedman DM, et al: Correlates of Circulating 25-

Hydroxyvitamin D Cohort Consortium Vitamin D Pooling Project of Rarer Cancers. Am J 

Epidemiol 172:21-35, 2010 

279. Buset M, Lipkin M, Winawer S, et al: Inhibition of Human Colonic Epithelial Cell 

Proliferation in Vivo and in Vitro by Calcium. Cancer Res 46:5426-5430, 1986 

280. Norat T, Riboli E: Dairy products and colorectal cancer. A review of possible 

mechanisms and epidemiological evidence. Eur J Clin Nutr 57:1-17, 2003 

281. Shultz TD, Chew BP, Seaman WR, et al: Inhibitory effect of conjugated dienoic 

derivatives of linoleic acid and β-carotene on the in vitro growth of human cancer cells. Cancer 

Lett 63:125-133, 1992 

282. Kipnis V, Subar AF, Midthune D, et al: Structure of dietary measurement error: results of 

the OPEN biomarker study. Am J Epidemiol 158:14-21, 2003 

283. Dahabreh IJ, Kent DM: Index event bias as an explanation for the paradoxes of 

recurrence risk research. Jama 305:822-3, 2011 

284. Flanders WD, Eldridge RC, McClellan W: A Nearly Unavoidable Mechanism for 

Collider Bias with Index-Event Studies. Epidemiology 25:762-764, 2014 

285. Bailey RL, Dodd KW, Goldman JA, et al: Estimation of total usual calcium and vitamin 

D intakes in the United States. J Nutr 140:817-22, 2010 

286. Iso H, Stampfer MJ, Manson JE, et al: Prospective Study of Calcium, Potassium, and 

Magnesium Intake and Risk of Stroke in Women. Stroke 30:1772-1779, 1999 

287. Ascherio A, Rimm EB, Hernán MA, et al: Intake of Potassium, Magnesium, Calcium, 

and Fiber and Risk of Stroke Among US Men. Circulation 98:1198-1204, 1998 

288. Garfinkel L: Selection, follow-up, and analysis in the American Cancer Society 

prospective studies. Natl Cancer Inst Monogr 67:49-52, 1985 



173 
 

289. Yang B, McCullough ML, Gapstur SM, et al: Calcium, vitamin D, dairy products, and 

mortality among colorectal cancer survivors: the Cancer Prevention Study-II Nutrition Cohort. J 

Clin Oncol 32:2335-43, 2014 

290. Bolland MJ, Avenell A, Baron JA, et al: Effect of calcium supplements on risk of 

myocardial infarction and cardiovascular events: meta-analysis. BMJ 341:c3691, 2010 

291. Abedin M, Tintut Y, Demer LL: Vascular Calcification: Mechanisms and Clinical 

Ramifications. Arterioscler Thromb Vasc Biol 24:1161-1170, 2004 

292. Grau MV, Baron JA, Barry EL, et al: Interaction of calcium supplementation and 

nonsteroidal anti-inflammatory drugs and the risk of colorectal adenomas. Cancer Epidemiol 

Biomarkers Prev 14:2353-8, 2005 

293. Karnad A, Patil P, Majagi S: Calcium enhances antiinflammatory activity of aspirin in 

albino rats. Indian J Pharmacol 38:397, 2006 

294. Coussens LM, Werb Z: Inflammation and cancer. Nature 420:860-867, 2002 

295. Willerson JT, Ridker PM: Inflammation as a Cardiovascular Risk Factor. Circulation 

109:II-2-II-10, 2004 

 


