
1 
 

Dietary intake of total, heme and non-heme iron and the risk of colorectal cancer in a 1 

European prospective cohort study 2 

 3 

Elom K. Aglago1,2, Amanda J. Cross2, Elio Riboli2, Veronika Fedirko3,4, David J. Hughes5, 4 

Agnes Fournier6,7, Paula Jakszyn8,9, Heinz Freisling1, Marc J. Gunter1, Christina C Dahm10, 5 

Kim Overvad10,11, Anne Tjønneland12,13, Cecilie Kyrø12, Marie-Christine Boutron-Ruault6,7, 6 

Joseph A. Rothwell6,7, Gianluca Severi6,7,14, Verena Katzke15, Bernard Srour15, Matthias B. 7 

Schulze16,17, Clemens Wittenbecher16,18,19, Domenico Palli20, Sabina Sieri21, Fabrizio 8 

Pasanisi22, Rosario Tumino23, Fulvio Ricceri24,25, Bas Bueno-de-Mesquita26, Jeroen W.G. 9 

Derksen27, Guri Skeie28, Torill Enget Jensen28, Marko Lukic28, Maria-Jose Sánchez29,30,31,32, 10 

Pilar Amiano32,33,34, Sandra Colorado-Yohar32,35,36, Aurelio Barricarte32,37,38, Ulrika Ericson39, 11 

Bethany Van Guelpen40, Keren Papier41, Anika Knuppel41, Corinne Casagrande1, Inge 12 

Huybrechts1, Alicia K. Heath2, Konstantinos K. Tsilidis2, Mazda Jenab1 13 

 14 
1Nutrition and Metabolism Branch, International Agency for Research on Cancer, Lyon, 15 

France 16 
2Department of Epidemiology and Biostatistics, School of Public Health, Imperial College 17 

London, UK 18 
3Department of Epidemiology, University of Texas M. D. Anderson Cancer Center, Houston, 19 

TX, USA 20 
4Department of Epidemiology, Rollins School of Public Health, Emory University, Atlanta, 21 

GA, USA 22 
5Cancer Biology and Therapeutics Group (CBT), Conway Institute, School of Biomolecular 23 

and Biomedical Science (SBBS), University College Dublin, Ireland 24 
6Centre de Recherche en Epidémiologie et Santé des Populations, Université Paris-Sud, UVSQ, 25 

INSERM, Université Paris-Saclay, Villejuif, France 26 
7Institut Gustave Roussy, Villejuif, France 27 
8Unit of Nutrition and Cancer, Cancer Epidemiology Research Programme, Catalan Institute 28 

of Oncology (ICO-IDIBELL), Barcelona, Spain  29 
9Blanquerna School of Health Sciences, Ramon Llull University, Barcelona, Spain  30 
10Department of Public Health, Aarhus University, Aarhus, Denmark 31 
11Department of Cardiology, Aalborg University Hospital, Aalborg, Denmark  32 
12Danish Cancer Society Research Center, Copenhagen, Denmark  33 



2 
 

13Department of Public Health, Section of Environmental Health, Faculty of Health and 34 

Medical Sciences, University of Copenhagen, Copenhagen, Denmark  35 
14Department of Statistics, Computer Science, Applications "G. Parenti", University of 36 

Florence, Florence, Italy  37 
15Division of Cancer Epidemiology, German Cancer research Center (DKFZ), Heidelberg, 38 

Germany 39 
16Department of Molecular Epidemiology, German Institute of Human Nutrition Potsdam-40 

Rehbruecke, Nuthetal, Germany  41 
17Institute of Nutritional Science, University of Potsdam, Potsdam, Germany 42 
18Department of Nutrition, Harvard T.H. Chan School of Public Health, Boston, MA, USA 43 
19German Center for Diabetes Research (DZD), Neuherberg, Germany 44 
20Cancer Risk Factors and Life-Style Epidemiology Unit, Institute for Cancer Research, 45 

Prevention and Clinical Network, ISPRO, Florence, Italy  46 
21Epidemiology and Prevention Unit, Fondazione IRCCS Istituto Nazionale dei Tumori di 47 

Milano, Via Venezian, 120133 Milano-Italy  48 
22Internal Medicine and Clinical Nutrition Unit, Department of Clinical Medicine and Surgery, 49 

Federico II University Hospital, Naples, Italy  50 
23Hyblean Association for Epidemiological Research, AIRE-ONLUS, 97100 Ragusa, Italy 51 
24Department of Clinical and Biological Sciences, University of Turin, Italy  52 
25Unit of Epidemiology, Regional Health Service ASL TO3, Grugliasco (TO), Italy  53 
26Former senior scientist, Dept. for Determinants of Chronic Diseases (DCD), National 54 

Institute for Public Health and the Environment (RIVM), PO Box 1, 3720 BA Bilthoven, The 55 

Netherlands  56 
27Julius Center for Health Sciences and Primary Care, University Medical Center Utrecht, 57 

Utrecht University, Utrecht, The Netherlands  58 
28Faculty of Health Sciences, Department of Community Medicine, University of Tromsø, The 59 

Arctic University of Norway   60 
29Escuela Andaluza de Salud Pública (EASP), Granada, Spain  61 
30Instituto de Investigación Biosanitaria ibs.GRANADA, Granada, Spain  62 
31Department of Preventive Medicine and Public Health, University of Granada, Granada, 63 

Spain 64 
32Centro de Investigación Biomédica en Red de Epidemiología y Salud Pública (CIBERESP), 65 

Madrid, Spain 66 



3 
 

33Ministry of Health of the Basque Government, Sub-Directorate for Public Health and 67 

Addictions of Gipuzkoa, San Sebastián, Spain 68 
34Biodonostia Health Research Institute, Epidemiology and Public Health Area, San Sebastián, 69 

Spain 70 
35Department of Epidemiology, Murcia Regional Health Council, IMIB-Arrixaca, Murcia, 71 

Spain  72 
36Research Group on Demography and Health, National Faculty of Public Health, University 73 

of Antioquia, Medellín, Colombia  74 
37Navarra Public Health Institute, Pamplona, Spain 75 
38Navarra Institute for Health Research (IdiSNA) Pamplona, Spain 76 
39Department of Clinical Sciences in Malmö, Lund University, Malmö, Sweden 77 
40Department of Radiation Sciences, Oncology Docent, Wallenberg Centre for Molecular 78 

Medicine, Umeå University, Sweden 79 
41Cancer Epidemiology Unit, Nuffield Department of Population Health, University of Oxford, 80 

UK 81 

 82 

Abbreviations used: BMI, body mass index; CI, confidence interval; CRC, colorectal cancer; 83 

ENDB, EPIC nutrient database; EPIC, European Prospective Investigation into Cancer and 84 

Nutrition; FFQ, food frequency questionnaire; GCO, Global Cancer Observatory; HR, hazard 85 

ratio; ICD-O, International Classification of Diseases for Oncology; O6MeG, O6-methyl-2-86 

deoxyguanosine; USDA, United States Department of Agriculture 87 

Corresponding author: Mazda Jenab, Address: 150 Cours Albert Thomas, 69372 Lyon 88 

Cedex 08, Email: jenabm@iarc.fr, Tel: +33 472 73 80 82, ORCID: 0000-0002-0573-1852 89 

Short running title: Dietary iron and colorectal cancer risk 90 

 91 

  92 

 93 

  94 

mailto:jenabm@iarc.fr


4 
 

Abstract 95 

Background: Iron is an essential micronutrient with differing intake patterns and metabolism 96 

between men and women. Epidemiologic evidence on the association of dietary iron and its 97 

heme and non-heme components with colorectal cancer (CRC) development is inconclusive. 98 

Methods: We examined baseline dietary questionnaire-assessed intakes of total, heme, and 99 

non-heme iron and CRC risk in the EPIC cohort. Sex-specific multivariable-adjusted hazard 100 

ratios (HRs) and 95% confidence intervals (CIs) were computed using Cox regression. We 101 

modelled substitution of a 1 mg/day of heme iron intake with non-heme iron using the leave 102 

one-out method.  103 

Results: Of 450,105 participants (318,680 women) followed for 14.2±4.0 years, 6,162 (3,511 104 

women) developed CRC. In men, total iron intake was not associated with CRC risk (highest 105 

vs. lowest quintile, HRQ5vs.Q1:0.88; 95%CI:0.73, 1.06). An inverse association was observed 106 

for non-heme iron (HRQ5vs.Q1:0.80, 95%CI:0.67, 0.96) whereas heme iron showed a non-107 

significant association (HRQ5vs.Q1:1.10; 95%CI:0.96, 1.27). In women, CRC risk was not 108 

associated with intakes of total (HRQ5vs.Q1:1.11, 95%CI:0.94, 1.31), heme (HRQ5vs.Q1:0.95; 109 

95%CI:0.84, 1.07) or non-heme iron (HRQ5vs.Q1:1.03, 95%CI:0.88, 1.20). Substitution of heme 110 

with non-heme iron demonstrated lower CRC risk in men (HR:0.94; 95%CI: 0.89, 0.99).  111 

Conclusions: Our findings suggest potential sex-specific CRC risk associations for higher iron 112 

consumption that may differ by dietary sources. 113 

 114 

Keywords: iron, heme, dietary intake, colorectal malignancy  115 
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Introduction 117 

According to the Global Cancer Observatory (GCO), over 1.9 million new cases of colorectal 118 

cancer (CRC) were diagnosed worldwide in 2020 (1). CRC constitutes the third most common 119 

malignancy in men and the second in women (1). CRC etiology is multifactorial and includes 120 

established lifestyle factors such as smoking, alcohol intake, physical inactivity, or being 121 

overweight or obese, (2), but also dietary factors such as higher intake of red and processed 122 

meats (2, 3).  123 

Red meat is an important source of heme iron. Around 15 to 40 % of heme iron is 124 

absorbed in the duodenum, leaving the remainder to proceed towards the lower gastrointestinal 125 

tract and the colorectum (4, 5). Chemically, heme iron is in the ferrous form (Fe2+), a potent 126 

pro-oxidative form which catalyzes the Fenton reaction to produce hydroxyl free radicals 127 

evidenced to cause direct damage to DNA (6). Heme iron is also a nitrosating agent and could 128 

contribute indirectly to increased CRC risk by generating lipid peroxide radicals and increasing 129 

the production of carcinogenic nitrosamines in the colorectum (7, 8). In contrast to heme iron, 130 

dietary non-heme iron originates mainly from plants and dairy products in the ferric form 131 

(Fe3+).  132 

Despite experimental studies supporting heme iron as a possible mediating factor in the 133 

association between red and processed meats and CRC, there is limited evidence from cohort 134 

studies on the role of dietary iron, particularly comparing its heme and non-heme components. 135 

In particular, there is a need for additional evidence in men and women analyzed separately in 136 

consideration of sex-specific differences in iron intakes and metabolism across the life cycle 137 

(9). It is known that men and women have divergent iron needs, absorption rates, turnover, and 138 

excretion in the body (10). 139 

Eight prospective cohort studies have investigated the association between heme iron 140 

and CRC risk (11-18). These studies, with the exception of the most recent (18), have been 141 

included in four meta-analyses, which all showed a modest positive association (e.g. 11 % 142 

higher risk for each mg higher daily intake, Qiao and Feng 2011) for heme iron and CRC risk 143 

(2, 19-21). Among these eight studies, two reported positive associations with CRC in women 144 

(13, 22), while two others reported no statistically significant associations (12, 14). In men, a 145 

study found a positive cancer risk association restricted to the colon (12) whereas two others 146 

found no associations (16, 17).  147 

We addressed these questions by investigating the association between dietary total, 148 

heme, and non-heme iron intake levels and CRC risk in men and women in the European 149 

Prospective Investigation into Cancer and Nutrition (EPIC), a large multinational prospective 150 
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cohort with wide variations in intake of subtypes of iron and over 6,000 cases of CRC 151 

ascertained during 14.2 years of mean follow-up.   152 

 153 

Materials and methods  154 

Study participants  155 

From 1992 to 2000, 521,317 participants (approximately two thirds were women) aged 156 

between 35 and 75 years were recruited from 23 centers located in 10 European countries 157 

(Denmark, France, Germany, Greece, Italy, the Netherlands, Norway, Spain, Sweden, and the 158 

United Kingdom) (23). Socio-demographic information, anthropometric measures, and 159 

information on diet, and other lifestyle factors were collected at baseline for all EPIC 160 

participants. Participants diagnosed with cancer prior to recruitment (n=25,184) were excluded 161 

from data analysis as were, those lacking follow-up information (n=4,148), lacking dietary data 162 

(n=6,259) or those with energy intake versus energy requirement in the extreme highest or 163 

lowest 1% (n=9,573) (Supplementary Figure 1). We also excluded data from participants 164 

from Greece (n=26,048) due to restrictions on data use and access. Ethical approval was 165 

obtained from the IARC Ethical Committee and from local ethics committees pertaining to 166 

each EPIC center. All the participants provided written informed consent to enter the cohort. 167 

 168 

Dietary assessment 169 

Usual dietary intake was assessed at baseline for all the participants using country-specific 170 

validated dietary questionnaires. Dietary assessment instruments applied included self-171 

administered quantitative food frequency questionnaires (FFQs, in the Netherlands, Germany, 172 

Greece and Italy except the center in Naples), semi-quantitative FFQs (Denmark, Norway, 173 

Naples, Umeå and, the UK), and a combination of methods such as quantitative FFQs and 1-174 

week food records (Malmö) (24). Food items consumed in EPIC were matched to the food 175 

composition database which was developed by the United States Department of Agriculture 176 

(USDA, Release 26&27) as part of the Nutrient Database for Standard Reference publications. 177 

The matching procedure has been previously described (25). Briefly, for the estimation of 178 

dietary iron intake, the iron content of each food source, as compiled in the EPIC Nutrient 179 

Database (ENDB) matched to the USDA database, was multiplied with the individual daily 180 

intake of the food sources. To calculate heme iron intake, we applied specific coefficients based 181 

on the data from the literature: 0.65 for iron from beef, lamb and veal, 0.39 for iron from pork, 182 

0.54 for iron from processed meats, 0.26 for iron from poultry, fish and shellfish, and 0.43 (a 183 

combined coefficient) for other meat sources of iron (including prepared foods with meats) 184 
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(12, 26). To calibrate our FFQ dietary iron data, a subsample of 5-12 % of EPIC participants 185 

per center (in total, 36,000 participants) with additional baseline dietary data collected by 24-186 

hour dietary recall was used, as previously described (27). The main dietary sources of heme 187 

iron are summarized in Supplementary Table 1. Non-heme iron intake was calculated for 188 

each participant as the difference between total iron and heme iron intake.  189 

The Mediterranean dietary score was calculated for each participant based on the 190 

consumption of nine food items: vegetables, fruits and nuts, legumes, cereals, fish, 191 

monounsaturated fat: saturated fat ratio, dairy products, meat and poultry, and alcohol (28). For 192 

vegetables, legumes, fruits and nuts, cereals, and fish, participants whose consumption were 193 

above the median were assigned 0, or 1 if they have intake values below the median. The score 194 

was reversed for the other food items, with the exception of ethanol consumption for which a 195 

value of 1 was assigned to men or women with consumption between 10 and 50 g/day or 5 to 196 

25g, respectively. The sum of the scores for all the nine food groups was calculated for each 197 

participant.  198 

 199 

Anthropometry and lifestyle 200 

Baseline weight and standing height were measured in all participants, except those recruited 201 

in Oxford, France, and Norway, where self-reported values were collected. Participants 202 

completed questionnaires on education, alcohol intake, smoking status, physical activity, 203 

reproductive health, and previous disease history.  204 

 205 

Follow-up for cancer incidence and vital status  206 

Vital status was collected by record linkage with mortality registries in all countries except for 207 

Germany, and the Italian center of Naples, where data were collected actively. Ascertainment 208 

of incident cancer cases was undertaken through record linkage with cancer registries or a 209 

combination of health data sources including health insurance records, pathology registries, or 210 

active follow-up of the participants and their relatives. We defined CRC based on the 211 

definitions by the International Classification of Diseases for Oncology (ICD-O; codes: colon 212 

cancer: C18, and rectal cancer: C19-C20). Colon cancer included proximal colon cancers 213 

(C18.0 – C18.5: cecum, appendix, ascending colon, hepatic flexure, transverse colon, and 214 

splenic flexure), distal colon cancers (C18.6 – C18.7: descending colon and sigmoid colon), 215 

overlapping and unspecified (C18.8 and C18.9). Rectal cancer included incident tumors from 216 

the rectosigmoid junction down to the rectum (C19: rectosigmoid junction, C20: rectum).  217 

 218 
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Statistical analyses 219 

Frequencies for categorical variables and means and standard deviations for continuous 220 

variables of baseline characteristics were calculated. Cox proportional hazards regression 221 

models stratified by age at recruitment (one-year categories) were used to compute hazard 222 

ratios (HRs) and 95% confidence intervals (CI) separately for the associations between total 223 

iron, heme iron, and non-heme iron and CRC risk in men and women. Additional analyses 224 

combining men and women were also conducted. For the stratification of the models, we used 225 

the strata options in the Stcox program in STATA. This option uses the “no interaction” 226 

approach as defined by Kleinbaum and Klein (29),  and computes distinct estimated hazard 227 

functions, but with similar HRs for each stratum. Time at study entry was age at recruitment, 228 

and exit time was considered as the age at whichever of the following occurred first: incident 229 

CRC diagnosis, emigration, death, or the last date at which the follow-up was considered 230 

complete (until December 2014 for the current analysis). The main analyses were run a priori 231 

separately in men and women. We ran three main models: model 1 (stratified by age at 232 

recruitment, unadjusted) and model 2 was model 1 additionally adjusted for established or 233 

putative lifestyle risk factors for CRC (excluding  dietary factors) (2): body mass index (BMI, 234 

kg/m², continuous), height (cm, continuous), physical activity (inactive, moderately inactive, 235 

moderately active, active, missing), highest education level attained (none, primary, 236 

technical/professional, secondary, higher, missing), and smoking habits and intensity (never, 237 

1-15 cigarettes/day, 16-25 cigarettes/day, 26 or more cigarettes/day, former smokers who quit 238 

<10 years, former smokers who quit 11-20 years, former smokers who quit >20 years, current 239 

pipe-cigar and occasional smokers, missing) and total energy minus energy from alcohol 240 

(kcal/day, continuous), and energy from alcohol intake (kcal/day, continuous). Model 3 was 241 

model 2 additionally adjusted for intakes of vitamin C (mg/day, continuous), calcium (g/day, 242 

continuous), tea (g/day, continuous), and coffee (g/day, continuous) as inhibitors/enhancers of 243 

iron absorption, and for menopause status (pre-, peri-, and post-menopause) and hormone use 244 

(never, ever, unknown/missing) in women. Adjustment variables in model 3 also included 245 

cereal and cereal products, legumes, and vegetables when analyzing heme iron; and red meat, 246 

processed meats, poultry, and fish and fish products when analyzing non-heme iron. We 247 

considered model 3 as our main analysis. We also ran four intermediate models: Model S1 was 248 

adjusted for all the variables in model 2 except energy intakes variables. Because several 249 

dietary factors such as red and processed meats, or dairy products, or fish which are associated 250 

with CRC are also main sources of dietary iron (2, 3), we also used a holistic approach by 251 

adjusting for the Mediterranean dietary score as a proxy of overall dietary patterns (Model S2). 252 
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In model S3, we additionally adjusted for dietary intakes of calcium, vitamin C, tea, coffee, 253 

energy from alcohol, and total energy minus energy from alcohol, and menopause status and 254 

hormone use (in women), and in model S4, we mutually adjusted for iron type i.e., heme iron 255 

analysis adjusted for non-heme iron and vice versa. We divided intakes of total iron, heme iron 256 

and non-heme iron into country-specific quintiles. This decision was based on the observation 257 

of variation across the EPIC countries in level of iron intake (Supplementary Table 2). Trend 258 

analyses were run based on median values of each quintile. We also ran the analyses for 259 

continuous iron variables, per one standard deviation (SD) increment. In the continuous 260 

analyses, Cox regression models were additionally stratified by country in all models 261 

(including country as strata in the Cox models). No deviations from the proportional hazards 262 

assumption were observed after we assessed the proportionality using Schoenfeld residuals 263 

over time (30). 264 

 Non-linear associations were evaluated using restricted cubic splines with four knots 265 

(31). To test the linearity of the associations, we performed likelihood ratio tests and compared 266 

for each outcome, the model with only the linear term to the model with both the linear and the 267 

cubic spline terms. We also assessed associations between the intake of types of iron and the 268 

risk by tumor anatomical subsite (colon vs. rectal cancers, and proximal vs. distal colon 269 

cancers). Differences in associations by tumor site were tested using competing risks analyses 270 

(32). We ran Cox proportional hazards models to compute anatomical subsite-specific HRs 271 

using the duplication method  (33) and further tested heterogeneity across sites (colon vs. rectal 272 

cancer and proximal colon vs. distal colon) using Wald tests. We conducted analyses stratified 273 

by menopause status (in women: premenopausal, postmenopausal, perimenopausal/unknown), 274 

and categories of age (<50, 50-<65, >=65 years), and BMI (<25, 25-<30, >=30 kg/m2) to 275 

investigate whether these factors which can regulate iron absorption and status may modify the 276 

risk of CRC. 277 

 278 

Substitution analyses 279 

We conducted substitution analyses to evaluate how the risk of CRC would change if replacing 280 

heme iron by non-heme iron, and vice versa (34). We applied the leave one-out approach to 281 

calculate HRs and 95%CIs for the substitution analyses (35). To evaluate CRC risk associated 282 

with 1 mg replacement of heme iron i.e., approximately 60 mg of cooked beef, with 1 mg of 283 

non-heme iron i.e., about two boiled eggs or 30 g of boiled beans, we included in multivariable-284 

adjusted models total iron and non-heme iron, but not heme iron. Substitution models were 285 

stratified by age at recruitment and country, and adjusted for BMI, height, education, physical 286 
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activity, smoking, and dietary intakes of calcium, tea, coffee, vitamin C, red meat, processed 287 

meats, poultry, and fish and fish products  but not total energy intake (36); and in women only, 288 

for menopause status and use of hormone replacement therapy. Substitution analyses assume 289 

that there is a linear association between the exposure variable and the disease risk (37), which 290 

was the case for dietary iron intake in both men and women, as observed by splines and 291 

likelihood ratio tests. Also, substitution analyses permitted us to evaluate whether the 292 

association observed could be attributed to higher/or lower intake of one specific group of iron 293 

(e.g., heme iron) while keeping tallied dietary iron from all sources unchanged (38).  294 

 295 

Sensitivity analyses 296 

To evaluate the possible impact of reverse causation, or effects of the exposure variables on 297 

tumor progression rather than initiation, all analyses were re-run excluding participants with 298 

less than 4 years of follow-up. We also conducted additional sensitivity analyses, by excluding 299 

participants from the UK (mostly vegetarians from the EPIC Oxford center), Italy and Spain 300 

(blood donor associations members) due to possible effects of their iron intake patterns and 301 

iron metabolism.  302 

We considered two-sided P-values < 0.05 as statistically significant. We corrected the 303 

P-values obtained for multiple testing using the false discovery rate method by Benjamini-304 

Hochberg (39). All statistical analyses were carried out using Stata 15.1 (StataCorp, College 305 

Station, TX, USA). The figures were prepared using R software 3.5.1 (Foundation for 306 

Statistical Computing, Vienna, Austria).   307 

 308 

Results  309 

The final database used for statistical analyses included 450,105 participants among whom 310 

318,680 were women (Supplementary Figure 1). During a median follow-up of 15 years, 311 

6,162 incident CRC cases (3,511 women) were identified. Table 1 summarizes the baseline 312 

characteristics of the cases and non-cases in men and women. In both men and women, cases 313 

tended to have slightly higher BMI and waist circumference; cases also had a lower education 314 

and consumed more alcohol and red and processed meats. Cases were less likely to be never 315 

smokers, consumed less calcium and were less physically active, compared to non-cases. 316 

Total iron intake was not associated with CRC risk in men (Model 3: HR comparing 317 

the highest with the lowest quintile, HRQ5vs.Q1:0.88, 95%CI:0.73, 1.06) (Table 2). An inverse 318 

association was observed for non-heme iron intake (HRQ5vs.Q1:0.80, 95%CI:0.67, 0.96), 319 

whereas heme iron intake showed a statistically non-significant association with CRC risk 320 
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(HRQ5vs.Q1:1.10, 95%CI:0.96, 1.27). In women, intakes of total iron (Model 3: HRQ5vs.Q1:1.11, 321 

95%CI:0.94, 1.31), heme iron (HRQ5vs.Q1:0.95, 95%CI:0.84, 1.07) and non-heme iron 322 

(HRQ5vs.Q1:1.03, 95%CI:0.88, 1.20) were not associated with CRC risk. Illustrations by splines 323 

showed that CRC risk associated with total iron, heme iron, and non-heme iron were linear in 324 

men (Figure 1). However, in women, heme iron (P for nonlinearity=0.015), but not total iron 325 

(P for nonlinearity=0.089), or non-heme iron (P for nonlinearity=0.154) showed a non-linear 326 

association with CRC risk. After correcting for multiple testing, none of the associations 327 

remained statistically significant.  328 

We assessed potential heterogeneity of the associations between men and women to 329 

verify whether the associations (for continuous variables) differed according to our primary 330 

hypothesis. There were no statistically significant differences between men and women in the 331 

associations between dietary heme iron (P for heterogeneity by sex=0.081) or non-heme iron 332 

(P for heterogeneity by sex=0.308) (Table 2).  333 

The intermediate model (Model S1) and the model with adjustment for the 334 

Mediterranean diet (Model S2) showed similar associations to the Model 2 (Supplementary 335 

Table 3). In men, the inverse association observed for non-heme iron was stronger after 336 

adjustment for heme iron (Model S4: HRQ5vs.Q1=0.77, 95%CI:0.64 - 0.92).  337 

Analyses by tumor anatomical location (colon versus rectum) showed that the observed 338 

associations were consistent across sub-sites for all types of iron in men (P value for 339 

heterogeneity: 0.274, 0.814, 0.274 for total iron, heme iron, and non-heme iron, respectively) 340 

(Table 3).  There was a positive significant association observed between intakes of heme iron 341 

and rectal cancer (HRQ5vs.Q1=1.29, 95%CI:1.03 – 1.61). When the associations were further 342 

examined by specific anatomical sub-divisions within the colon (proximal versus distal), the 343 

results in men showed a statistically significant positive association in the proximal colon (HR 344 

per 1.2 mg:1.11, 95%CI:1.02, 1.20) and no association in the distal colon (HR per 1.2 mg:0.95, 345 

95%CI:0.88, 1.04, P for heterogeneity=0.008). In women, total iron, heme iron, and non-heme 346 

iron intakes showed no significant associations with CRC risk across tumor locations. Analyses 347 

combining men and women showed no significant associations between dietary total iron and 348 

non-heme iron and CRC risk (Supplementary Table 4). For both types of iron, no differences 349 

were observed in the associations by BMI categories for men and women, or by female 350 

menopausal status (Supplementary Table 5). However, we observed an inverse association 351 

between the intake of heme iron and the risk of CRC in women aged >=65 years (P for 352 

heterogeneity=0.046). 353 

 354 
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Substitution analyses 355 

Substitution analyses revealed that replacing 1 mg of heme iron with 1 mg of non-heme iron 356 

resulted in lower CRC risk in men (HR per 1 mg replacement:0.94, 95%CI:0.89, 0.99) (Table 357 

4). The main benefit of the replacement was indicated by a 10% lower risk of proximal colon 358 

cancer (HR per 1mg replacement:0.90, 95%CI:0.82, 0.99) whereas no benefit was shown for 359 

distal colon (HR per 1mg replacement: 1.03, 95%CI: 0.93 -1.14). Despite the non-linearity of 360 

the association with heme iron in women, we proceeded with the substitution analyses to 361 

provide comparability with results in men. Our analyses in women showed no apparent benefit 362 

of substituting heme iron with non-heme iron in women.   363 

 364 

Sensitivity analyses 365 

Analyses excluding participants with less than 4 years of follow-up did not materially change 366 

the risk associations (Supplementary Table 6). In addition, excluding participants from Italy 367 

and Spain (blood donors), or UK (health-conscious) from the regression models did not 368 

materially change the findings.  369 

 370 

Discussion 371 

In this large prospective cohort study, we found that higher intake of non-heme iron was 372 

inversely associated with CRC risk in men. Analyses by anatomical sub-site suggested a 373 

stronger positive association with heme iron in the proximal colon versus the distal colon, while 374 

no difference in the risk association was observed between the colon and rectum. In women, 375 

higher consumption of total iron, heme iron, and non-heme iron was not associated with CRC 376 

risk. Substitution of heme with non-heme iron (per 1 mg replacement) was associated with a 377 

6% lower risk in men and had no observable projected association in women.  378 

Previous prospective studies have mostly examined CRC associations with iron intake 379 

in women (11-14, 17) and only a few studies presented data for both men and women (12, 16) 380 

or in sex-adjusted analyses of men and women combined (15, 18). Similar to our results, most 381 

of these studies did not find an association between heme iron intake and CRC risk in women 382 

(12, 14, 16, 17). Two studies found higher risk of CRC associated with heme iron intake in 383 

women (11, 13). However, there are no previous prospective studies regarding the non-heme 384 

iron-CRC risk association. The only information to date derives from case-control studies, 385 

which show either an inverse (40)  or null association (41). In women, iron absorption may 386 

decrease after menopause due to natural amenorrhea (42). Hypothetically, postmenopausal 387 

women may have higher levels of iron reaching the colon conferring an increased CRC risk, 388 
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compared to pre-menopausal women. However, we did not observe a difference between pre- 389 

and post-menopausal women, although we observed that among women >=65 years, higher 390 

heme iron intake was inversely associated with CRC risk.  391 

The dissimilar associations observed between heme and non-heme iron in men could 392 

be due to multiple factors. First, the positive association between higher  heme iron intake and 393 

the risk of proximal colon cancer observed in men could be explained by higher intakes and 394 

concentration of iron reaching the colon, considering the lower rate of absorption of iron in 395 

men compared to women (43). Iron pool in the body is efficiently conserved and recycled in 396 

humans, as minor losses only occur with the death and removal of skin cells, and minor losses 397 

from the renewal of gastrointestinal tissues (44). Non-heme iron is principally different from 398 

heme iron as it originates mainly from plant foods and does not promote the synthesis of 399 

nitrosamines. Non-heme iron is easily chelated by antinutrients and participates in fewer 400 

reactions within the gastrointestinal tract, compared to heme iron. Animal studies have shown 401 

that non-heme iron is absorbed throughout the gastrointestinal tract, mostly in the duodenum, 402 

but also in the colon (45, 46). Sesink et al. (47) have reported that adding hemin, an iron-403 

containing breakdown product of hemoglobin, to the diet of rats promotes colonic epithelial 404 

proliferation whereas non-heme iron did not. Nonetheless, there is a need for future studies to 405 

investigate the potential inverse association observed with non-heme iron in men. Interestingly, 406 

our substitution analyses found that replacing 1 mg of daily heme iron intake with an equivalent 407 

daily amount of non-heme iron was associated with 6% lower risk of CRC in men. Although a 408 

6% reduction of CRC risk (10 % for proximal colon cancer risk) associated with replacement 409 

of 1mg of heme iron with 1mg of non-heme iron may seem large, it is plausible and corresponds 410 

to the risk observed in low-meat eaters compared to regular meat eaters (48). Thus, our findings 411 

provide additional evidence that it might be the amount of heme iron, not non-heme iron, in 412 

the diet that is associated with an increased CRC risk. 413 

There is no clear explanation of the differences in the association of disease risk by 414 

tumor anatomical subsite, particularly in the colon. One plausible explanation may be the 415 

actions of the microbiome and their interactions with iron available in the colon. The 416 

microbiome is profoundly influenced by the availability of iron, and iron is important for the 417 

growth and functions of bacteria in the colon, but higher levels of heme essentially promote 418 

the growth of pathogenic bacteria (49). Thus, heme iron-depleted conditions evaluated with a 419 

hemin-deficient culture medium limit the growth of pathogenic bacteria such as Salmonella 420 

typhimurium and Escherichia coli, while it has no effect on other bacteria such as Lactobacillus 421 

(49). The mutagenic actions of deleterious bacteria is likely to occur in the proximal colon 422 
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because its protective mucus barrier is thinner compared to the mucus barrier in the distal colon 423 

(50). Nevertheless, we cannot rule out a possible chance finding as heme iron intake was 424 

associated with higher rectal cancer risk as well. It is highly likely that the production of 425 

nitrosamines is an important factor in CRC development.  The center of the heme molecule, 426 

where the iron is located, can convert nitrite into nitric acid and higher intake of red meat has 427 

been shown to increase levels of O6-methyl-2-deoxyguanosine (O6MeG), a DNA adduct 428 

derived from nitrosamines in the distal colon (51). Importantly O6MeG has been found in 429 

human rectal biopsies (52) as an endpoint to the cumulated production of nitrosamines 430 

throughout the colon. It is therefore possible that the mutagenic actions of nitrosamines may 431 

be enhanced in the rectum. This could explain the higher risk of rectal cancer observed with 432 

heme iron in our study. Similarly, it is intriguing that we observed an inverse association 433 

between dietary heme iron intake and CRC risk in women aged beyond 65 years. This could 434 

be the combined effects of lifestyle changes with age towards healthier behaviors such as 435 

leisure physical activity practice, smoking cessation, or reduction in drinking intensity. Another 436 

conceivable hypothesis may be the well-documented significant changes in the microbiome of 437 

older subjects, with abundance of short-chain fatty acids producing genera such as Collinsella 438 

(53). There is a need to further investigate the potential effects and mechanisms of heme iron 439 

in the proximal colon vs. distal colon, and in elderly women.  440 

Strengths of our study include its prospective study design and large population. Our 441 

study is mainly limited by the single collection of dietary intakes at baseline, and the absence 442 

of data on iron supplements intake in the population, although supplement intake has been 443 

reported to be recurrent and variable between countries (54). Absence of data on 444 

gastrointestinal conditions such as inflammatory bowel diseases is another limitation in our 445 

study. Also, it is possible that some of our results may be due to residual confounding despite 446 

comprehensive adjustment for covariates and extended sensitivity analyses. Noteworthily, 447 

because our study was based on dietary iron, and did not consider iron absorption, our findings 448 

could not be interpreted in parallel with body iron status. In addition, our analyses did not adjust 449 

for family history of CRC, or for anti-nutrients such as phytic acid and oxalates which inhibit 450 

iron absorption, due to unavailability of these variables in our cohort.  Other limitations include 451 

recall and measurements errors (both for lifestyle and dietary intake), and difficulty in 452 

comparing country-specific dietary questionnaires. Finally, our findings may not be 453 

generalizable to other settings where iron intakes are low, or where varying intakes of vitamin 454 

C (promotes non-heme iron absorption), dietary iron chelators (bind and inhibit iron action and 455 

absorption) or recurrent infections affect iron transit and absorption. 456 
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In conclusion, we found that dietary non-heme iron was inversely associated with the 457 

risk of CRC in men whereas heme iron intake showed a positive association restricted to the 458 

proximal colon. No significant associations were observed between intake of total or different 459 

types of iron and CRC risk in women. Our findings suggest that any CRC risk associations for 460 

higher dietary iron are likely to be sex-specific and may vary between its heme- and non-heme 461 

components. Additional research, looking at body iron status and metabolism may shed some 462 

more light on this important question. Moreover, evidence on the link between iron and CRC 463 

is required from other non-European populations with different intake levels, and behaviors 464 

that may promote or inhibit iron absorption and utilization. 465 

 466 

 467 

 468 

  469 
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Table 1: Selected characteristics of the study population, by sex, and colorectal cancer status, 

EPIC cohort study, 1992-2014 

  Men    Women  

  

Cases 

(n=2,651) 

Non-cases 

(n=128,774)   

Cases 

(n=3,511) 

Non-cases 

(315,169) 

Age at recruitment, yrs 56.0 ± 7.4 51.5 ± 9.9  56.4 ± 8.1 50.1 ± 9.7 

      

Anthropometry, mean ± SD 
     

BMI, kg/m² 27.2 ± 3.8 26.4 ± 3.6 
 

25.6 ± 4.4 24.8 ± 4.3 

Waist circumference, cm 97.3 ± 10.2 94.3 ± 10.1 
 

82.3 ± 11.5 79.6 ± 11.1 

Waist-to-hip ratio 0.96 ± 0.06 0.94 ± 0.06 
 

0.81 ± 0.07 0.79 ± 0.07 

      
Lifestyle variables, % 

     
Smoking status and intensity 

     
 Never 23.9 31.7 

 
46.7 47.1 

 Current 18.5 20.7  19.5 18.7 
   Current, 1-15 cig/day 8.6 10.0 

 
13.0 12.4 

   Current, 16-25 cig/day 7.4 7.9 
 

5.4 5.4 

   Current, 26+ cig/day 2.45 2.8 
 

1.1 0.9 

 Former 42.1 35.2  25.4 22.5 

   Former, quit <= 10 years 13.7 12.5 
 

8.4 8.5 

   Former, quit 11-20 years 13.6 11.3 
 

7.5 7.2 

   Former, quit 20+ years 14.8 11.4 
 

9.5 6.8 

  Current, 

pipe/cigar/occasional 12.1 9.3 
 

5.67 8.7 

  Missing 3.5 3.1  2.63 3.2 

Physical activity  
     

  Inactive 22.4 17.5 
 

20.3 25.6 

  Moderately inactive 31.2 30.9 
 

34.3 33.8 

  Moderately active 21.9 24.2 
 

27.8 23.2 

  Active 22.7 25.1 
 

15.7 15.6 

  Missing 1.8 2.3  1.8 1.8 
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Highest education level 

attained 
     

  None 4.5 3.2 
 

3.9 3.5 

  Primary school completed 34.1 28.6 
 

29.4 23.0 

  Technical/professional 

school 25.1 24.9 
 

25.5 22.3 

  Secondary school 11.4 13.3 
 

18.8 24.1 

  Higher education  21.7 27.1 
 

16.6 23.1 

  Missing 3.3 2.9 
 

5.8 4.1 

Menopause      

  Pre-menopause    13.4 35.0 

  Perimenopause    15.5 19.8 

  Post-menopause    67.1 42.5 

Use of HRT      

   Never    62.9 68.1 

   Ever    28.9 25.2 

   Missing/unknown    8.3 6.8 

Dietary intake, mean ± SD 
     

Total energy, kcal/day 2378 ± 631 2418 ± 662 
 

1903 ± 514 1937 ± 541 

Alcohol, g/day 24.2 ± 25.1 20.9 ± 23.1 
 

8.7 ± 12.3 8.4 ± 12 

Red and processed meats, 

g/day 105.0 ± 59 99.0 ± 62.2 
 

67.6 ± 40.8 66.0 ± 43.0 

Poultry, g/day 22.1 ±22.3 20.9 ± 22.0  18.0 ±18.8 18.1 ±18.8 

Fish and shellfish, g/day 41.5 ± 36.0 37.2 ± 35.2  37.8±35.1 38.2±36.8 

Fiber, g/day 23.5 ± 8.1 24.3 ± 8.5 
 

22.0 ± 7.3 22.2 ± 7.4 

Fat, g/day 90.4 ± 30.9 92.5 ± 32.0 
 

73.2 ± 25.7 75.3 ± 26.6 

Protein, g/day 97.5 ± 29.1 97.6 ± 30.1 
 

81.4 ± 23.4 82.9 ± 25.1 

Calcium, g/day 1.00 ± 0.4 1.04 ± 0.4 
 

0.97 ± 0.4 0.98 ± 0.4 

Tea, g/day  213 ± 201 208 ± 195  233 ± 185 221 ± 172 

Coffee, g/day 485 ± 444 464 ± 429  416 ± 369 367 ± 343 

Vitamin C, mg/day 110 ± 60 114 ± 63  123 ± 63 125 ± 64 

Iron  
     

   Total iron, mg/day 14.5 ± 4.7 14.6 ± 4.7 
 

11.8 ± 3.5 12.2 ± 3.8 
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   Heme iron, mg/day 1.9 ± 1.2 1.8 ± 1.2 
 

1.22 ± 0.8 1.22 ± 0.8 

   Non heme iron, mg/day 12.6 ± 4.1 12.8 ± 4.1 
 

10.6 ± 3.2 11.0 ± 3.4 

Abbreviations: BMI, body mass index; HRT, hormone replacement therapy; SD, standard 

deviation 

 

 

 

 



 

Table 2: Hazard ratios and 95% confidence intervals for the risk of colorectal cancer associated with iron intakes, EPIC cohort study, 1992-2014 

  

Quintiles of intake1 

Ptrend  

Continuous, per 

SD increment2,3  Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 

Men 
       

Total iron        

  Median intake 

(IQR), mg/day 9.3 (8.1; 10.2) 12.0 (11.5; 12.6) 14.1 (13.6; 14.6) 16.4 (15.8; 17.2) 20.5 (19.1; 23.0)  Per 4.7 mg 

  n cases 551 563 495 537 505  2,651 

  Model 1 1.00 (Ref.) 0.96 (0.85, 1.08) 0.88 (0.78, 0.99) 0.95 (0.85, 1.07) 0.85 (0.75, 0.96) 0.017 0.96 (0.92, 1.00) 

  Model 2 1.00 (Ref.) 0.96 (0.85, 1.09) 0.87 (0.77, 1.00) 0.95 (0.82, 1.10) 0.82 (0.69, 0.98) 0.066 0.96 (0.90, 1.02) 

  Model 3 1.00 (Ref.) 0.98 (0.87, 1.11) 0.90 (0.79, 1.03) 0.99 (0.86, 1.15) 0.88 (0.73, 1.06) 0.317 0.96 (0.90, 1.02) 

Heme iron        

Median intake 

(IQR), mg/day 0.51 (0.2; 0.7) 1.2 (1.0; 1.3) 1.7 (1.6; 1.8) 2.2 (2.1; 2.4) 3.2 (2.9; 3.9)  Per 1.2 mg 

  n cases 435 488 575 582 571  2,651 

  Model 1 1.00 (Ref.) 1.09 (0.96, 1.23) 1.12 (0.99, 1.26) 1.09 (0.96, 1.24) 1.16 (1.02, 1.31) 0.040 1.05 (1.01, 1.09) 

  Model 2 1.00 (Ref.) 1.07 (0.95, 1.22) 1.10 (0.97, 1.25) 1.07 (0.94, 1.22) 1.13 (0.99, 1.29) 0.135 1.04 (1.00, 1.09) 

  Model 3 1.00 (Ref.) 1.07 (0.94, 1.21) 1.09 (0.96, 1.23) 1.05 (0.92, 1.20) 1.10 (0.96, 1.27) 0.270 1.03 (0.99, 1.08) 

Non-heme iron        

  Median intake 

(IQR), mg/day 8.1 (7.0; 8.8) 10.5 (10.0; 11.0) 12.4 (11.9; 12.8) 14.4 (13.9; 15.1) 18.1 (16.8; 20.2)  Per 4.1 mg 



 

  n cases 583 561 503 518 486  2,651 

  Model 1 1.00 (Ref.) 0.93 (0.82, 1.04) 0.87 (0.78, 0.98) 0.87 (0.78, 0.98) 0.82 (0.72, 0.92) 0.001 0.94 (0.91, 0.98) 

  Model 2 1.00 (Ref.) 0.92 (0.82, 1.04) 0.86 (0.76, 0.99) 0.86 (0.74, 0.99) 0.78 (0.65, 0.92) 0.005 0.93 (0.88, 0.99) 

  Model 3 1.00 (Ref.) 0.93 (0.82, 1.05) 0.88 (0.77, 1.00) 0.88 (0.76, 1.01) 0.80 (0.67, 0.96) 0.019 0.94 (0.89, 1.00) 

        
Women        

Total iron        

  Median intake 

(IQR), mg/day 7.8 (6.9; 8.5) 10.1 (9.6; 10.5) 11.8 (11.4; 12.2) 13.7 (13.2; 14.3) 17.1 (15.9; 19.0) 
 

Per 3.8 mg 

  n cases 758 726 762 704 561 
 

3,511 

  Model 1 1.00 (Ref.) 1.00 (0.90, 1.11) 1.03 (0.93, 1.14) 1.10 (0.99, 1.22) 0.95 (0.85, 1.06) 0.919 0.99 (0.96, 1.03) 

  Model 2 1.00 (Ref.) 1.02 (0.92, 1.14) 1.07 (0.96, 1.20) 1.17 (1.03, 1.32) 1.03 (0.89, 1.20) 0.156 1.02 (0.97, 1.07) 

  Model 3 1.00 (Ref.) 1.04 (0.93, 1.16) 1.11 (0.98, 1.25) 1.22 (1.07, 1.40) 1.11 (0.94, 1.31) 0.025 1.02 (0.97, 1.07) 

Heme iron  
       

  Median intake 

(IQR), mg/day 

0.3 (0.1; 0.4) 0.75 (0.7; 0.8) 1.1 (1.0; 1.2) 1.5 (1.4; 1.6) 2.2 (2.0; 2.7) 

 
Per 0.8 mg 

  n cases 608 719 789 771 624 
 

3,511 

  Model 1 1.00 (Ref.) 1.03 (0.92, 1.14) 1.02 (0.92, 1.14) 1.07 (0.97, 1.19) 1.02 (0.92, 1.14) 0.457 1.01 (0.97, 1.04) 

  Model 2 1.00 (Ref.) 1.02 (0.92, 1.14) 1.01 (0.90, 1.12) 1.06 (0.95, 1.18) 1.00 (0.89, 1.12) 0.743 1.00 (0.96, 1.04) 

  Model 3 1.00 (Ref.) 1.00 (0.90, 1.12) 0.98 (0.88, 1.09) 1.01 (0.91, 1.13) 0.95 (0.84, 1.07) 0.504 0.98 (0.95, 1.02) 

Non heme iron 
       



 

  Median intake 

(IQR), mg/day 7.0 (6.1; 7.6) 9.0 (8.6; 9.4) 10.6 (10.2; 11.0) 12.4 (11.9; 12.9) 15.4 (14.4; 17.1) 
 

Per 3.4 mg 

  n cases 775 757 706 713 560 
 

3,511 

  Model 1 1.00 (Ref.) 0.98 (0.89, 1.09) 1.04 (0.94, 1.15) 1.06 (0.96, 1.18) 0.93 (0.84, 1.04) 0.710 0.99 (0.96, 1.02) 

  Model 2 1.00 (Ref.) 1.01 (0.90, 1.12) 1.08 (0.96, 1.21) 1.12 (0.99, 1.27) 1.00 (0.86, 1.17) 0.344 1.02 (0.97, 1.07) 

  Model 3 1.00 (Ref.) 1.01 (0.91, 1.13) 1.09 (0.97, 1.23) 1.14 (1.01, 1.30) 1.03 (0.88, 1.20) 0.209 1.03 (0.98, 1.09) 

Abbreviations: IQR, interquartile range 
1The analyses were run using country-specific quintiles.  
2For the continuous analysis, all the models were adjusted for the same variables as the in quintiles analysis, but with additional stratification by 

country.  
3P values for heterogeneity by sex (using continuous values) for total iron, heme iron, and non-heme iron, respectively, were for Model 1, 0.124, 

0.260 and 0.031; and Model 2, 0.528, 0.091, and 0.176; and Model 3, 0.802, 0.081, 0.308 

Model 1 was stratified by age at recruitment.  

Model 2 was model 1 additionally adjusted for BMI, height, education, physical activity, smoking, energy intakes from alcohol, and total energy 

minus energy from alcohol.  

Model 3 was model 2 additionally adjusted for intakes of vitamin C, calcium, tea, coffee, and in women specifically menopause status and hormone 

use. Model 3 for heme iron additionally included intakes of cereal, and cereal products, legumes, and vegetables whereas model 3 for non-heme 

iron included intakes of red meat, processed meats, poultry, and fish and fish products. 

 

  



 

Table 3: Hazard ratios and 95% confidence intervals for iron intake and the risk of colorectal cancer by anatomical subsites, EPIC cohort study, 

1992-2014 

  Quintiles of intake1   

  Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 Ptrend 
Continuous, per 
SD increment2,3,4 

Men        
Total iron        
  Median intake (IQR), mg/day 9.3 (8.1; 10.2) 12.0 (11.5; 12.6) 14.1 (13.6; 14.6) 16.4 (15.8; 17.2) 20.5 (19.1; 23.0)  Per 4.7 mg 
Colon cancer        
   n cases 351 321 304 336 282  1594 
   HR (95%CI) 1.00 (Ref.) 0.91 (0.78, 1.06) 0.83 (0.70, 0.99) 0.92 (0.76, 1.11) 0.75 (0.60, 0.95) 0.059 0.95 (0.88, 1.03) 
Proximal colon cancer         
   n cases 137 128 125 147 122  659 
   HR (95%CI) 1.00 (Ref.) 0.94 (0.73, 1.20) 0.91 (0.69, 1.19) 1.08 (0.81, 1.45) 0.92 (0.65, 1.31) 0.922 1.04 (0.92, 1.17) 
Distal colon cancer        
   n cases 175 149 150 159 124  757 
   HR (95%CI) 1.00 (Ref.) 0.85 (0.68, 1.07) 0.82 (0.64, 1.05) 0.86 (0.66, 1.12) 0.63 (0.45, 0.88) 0.036 0.91 (0.81, 1.02) 
Rectal cancer         
   n cases 215 224 206 214 198  1057 
   HR (95%CI) 1.00 (Ref.) 1.06 (0.87, 1.28) 0.95 (0.77, 1.18) 1.01 (0.80, 1.27) 0.94 (0.71, 1.25) 0.634 0.97 (0.88, 1.07) 
Heme iron        
Median intake (IQR), mg/day 0.51 (0.2; 0.7) 1.2 (1.0; 1.3) 1.7 (1.6; 1.8) 2.2 (2.1; 2.4) 3.2 (2.9; 3.9)  Per 1.2 mg 
Colon cancer        
   n cases 286 323 346 319 320  1594 
   HR (95%CI) 1.00 (Ref.) 1.03 (0.87, 1.21) 1.03 (0.87, 1.21) 0.98 (0.83, 1.16) 1.00 (0.83, 1.19) 0.783 1.03 (0.97, 1.09) 
Proximal colon cancer         
   n cases 111 120 146 156 126   
   HR (95%CI) 1.00 (Ref.) 0.97 (0.74, 1.25) 1.09 (0.84, 1.40) 1.22 (0.94, 1.57) 1.00 (0.75, 1.33) 0.414 1.11 (1.02, 1.20) 
Distal colon cancer        



 

   n cases 139 158 166 140 154  757 
   HR (95%CI) 1.00 (Ref.) 1.05 (0.83, 1.33) 1.04 (0.82, 1.31) 0.89 (0.70, 1.14) 0.99 (0.77, 1.29) 0.525 0.95 (0.88, 1.04) 
Rectal cancer         
   n cases 169 209 231 218 230  1057 
   HR (95%CI) 1.00 (Ref.) 1.13 (0.92, 1.39) 1.20 (0.97, 1.47) 1.18 (0.95, 1.45) 1.29 (1.03, 1.61) 0.036 1.05 (0.98, 1.12) 
Non-heme iron        
  Median intake (IQR), mg/day 8.1 (7.0; 8.8) 10.5 (10.0; 11.0) 12.4 (11.9; 12.8) 14.4 (13.9; 15.1) 18.1 (16.8; 20.2) 

 
Per 4.1 mg 

Colon cancer        
   n cases 366 316 309 319 284  1594 
   HR (95%CI) 1.00 (Ref.) 0.86 (0.74, 1.01) 0.82 (0.69, 0.97) 0.84 (0.69, 1.01) 0.73 (0.58, 0.92) 0.018 0.94 (0.86, 1.01) 
Proximal colon cancer         
   n cases 142 135 122 132 128  659 
   HR (95%CI) 1.00 (Ref.) 0.96 (0.75, 1.23) 0.86 (0.65, 1.12) 0.94 (0.70, 1.26) 0.94 (0.66, 1.33) 0.680 0.98 (0.87, 1.12) 
Distal colon cancer        
   n cases 182 145 153 151 126  757 
   HR (95%CI) 1.00 (Ref.) 0.80 (0.64, 1.01) 0.81 (0.64, 1.04) 0.79 (0.60, 1.03) 0.62 (0.45, 0.87) 0.021 0.92 (0.82, 1.04) 
Rectal cancer         
   n cases 218 226 214 203 196  1057 
   HR (95%CI) 1.00 (Ref.) 1.05 (0.86, 1.28) 0.98 (0.80, 1.22) 0.95 (0.75, 1.19) 0.93 (0.70, 1.23) 0.419 0.96 (0.87, 1.06) 

        
Women        
Total iron        
  Median intake (IQR), mg/day 7.8 (6.9; 8.5) 10.1 (9.6; 10.5) 11.8 (11.4; 12.2) 13.7 (13.2; 14.3) 17.1 (15.9; 19.0)  Per 3.8 mg 
Colon cancer        
   n cases 495 465 491 527 425  2403 
   HR (95%CI) 1.00 (Ref.) 0.97 (0.85, 1.11) 1.06 (0.92, 1.22) 1.19 (1.02, 1.39) 1.03 (0.85, 1.24) 0.138 1.02 (0.96, 1.09) 
Proximal colon cancer         
   n cases 244 251 237 258 207  1197 
   HR (95%CI) 1.00 (Ref.) 1.05 (0.87, 1.26) 1.01 (0.83, 1.23) 1.13 (0.91, 1.41) 0.95 (0.73, 1.25) 0.878 1.01 (0.92, 1.10) 
Distal colon cancer        



 

   n cases 209 169 210 214 167  969 
   HR (95%CI) 1.00 (Ref.) 0.85 (0.69, 1.05) 1.11 (0.90, 1.38) 1.20 (0.94, 1.52) 1.02 (0.76, 1.37) 0.166 1.05 (0.95, 1.16) 
Rectal cancer         
   n cases 192 226 211 214 203  1046 
   HR (95%CI) 1.00 (Ref.) 1.14 (0.93, 1.38) 1.10 (0.89, 1.36) 1.13 (0.90, 1.42) 1.06 (0.80, 1.39) 0.710 1.02 (0.93, 1.12) 
Heme iron        
Median intake (IQR), mg/day 0.3 (0.1; 0.4) 0.75 (0.7; 0.8) 1.1 (1.0; 1.2) 1.5 (1.4; 1.6) 2.2 (2.0; 2.7)  Per 0.8 mg 
Colon cancer        
   n cases 446 479 506 498 474  2403 
   HR (95%CI) 1.00 (Ref.) 1.05 (0.93, 1.20) 1.02 (0.90, 1.17) 1.03 (0.90, 1.17) 0.99 (0.86, 1.14) 0.774 0.99 (0.94, 1.03) 
Proximal colon cancer         
   n cases 232 242 249 245 229  1197 
   HR (95%CI) 1.00 (Ref.) 1.02 (0.85, 1.22) 0.94 (0.78, 1.13) 0.95 (0.78, 1.15) 0.89 (0.73, 1.09) 0.208 0.95 (0.89, 1.01) 
Distal colon cancer        
   n cases 174 196 210 197 192  969 
   HR (95%CI) 1.00 (Ref.) 1.13 (0.92, 1.38) 1.14 (0.93, 1.40) 1.10 (0.89, 1.36) 1.10 (0.88, 1.39) 0.515 1.02 (0.95, 1.09) 
Rectal cancer         
   n cases 202 194 209 233 208  1046 
   HR (95%CI) 1.00 (Ref.) 0.90 (0.74, 1.10) 0.89 (0.73, 1.08) 0.99 (0.81, 1.20) 0.87 (0.71, 1.07) 0.475 0.97 (0.91, 1.04) 
Non-heme iron        
  Median intake (IQR), mg/day 7.0 (6.1; 7.6) 9.0 (8.6; 9.4) 10.6 (10.2; 11.0) 12.4 (11.9; 12.9) 15.4 (14.4; 17.1)  Per 3.4 mg 
Colon cancer        
   n cases 503 455 512 510 423  2403 
   HR (95%CI) 1.00 (Ref.) 0.95 (0.83, 1.08) 1.10 (0.96, 1.26) 1.14 (0.98, 1.33) 1.01 (0.83, 1.22) 0.226 1.03 (0.96, 1.10) 
Proximal colon cancer         
   n cases 241 245 257 243 211  1197 
   HR (95%CI) 1.00 (Ref.) 1.06 (0.88, 1.28) 1.15 (0.94, 1.40) 1.12 (0.90, 1.40) 1.04 (0.79, 1.36) 0.591 1.03 (0.94, 1.13) 
Distal colon cancer        
   n cases 213 170 207 214 165  969 
   HR (95%CI) 1.00 (Ref.) 0.84 (0.68, 1.04) 1.06 (0.86, 1.32) 1.16 (0.91, 1.47) 0.97 (0.72, 1.31) 0.308 1.05 (0.94, 1.16) 



 

Rectal cancer         
   n cases 208 239 220 231 210  1108 
   HR (95%CI) 1.00 (Ref.) 1.17 (0.96, 1.42) 1.09 (0.88, 1.35) 1.16 (0.93, 1.46) 1.08 (0.82, 1.43) 0.627 1.04 (0.94, 1.14) 

Abbreviations: IQR, interquartile range 
1The analyses were run using country-specific quintiles.  
2For the continuous analysis, all the models were adjusted for the same variables as the in quintiles analysis, but with additional stratification by 

country. 
3P values for heterogeneity by sex (using continuous values) for total iron, heme iron, and non-heme iron, respectively, were for all colon cancer, 

0.994, 0.181, 0.573; proximal colon cancer 0.453, 0.004, 0.779; distal colon cancer, 0.505, 0.384, 0.665; rectal cancer, 0.691, 0.275, 0.352.  
4In men, P for heterogeneity colon vs. rectal cancer were 0.274, 0.814, 0.274 for total iron, heme iron, and non-heme iron, respectively; and P for 

heterogeneity proximal colon cancer vs. distal colon cancer were 0.129, 0.008, 0.448 for total iron, heme iron, and non-heme iron, respectively. In 

women, P for heterogeneity colon vs. rectal cancer were 0.999, 0.579, 0.999 for total iron, heme iron, and non-heme iron, respectively; and P for 

heterogeneity proximal colon cancer vs. distal colon cancer were 0.671, 0.162, 0.999 for total iron, heme iron, and non-heme iron, respectively 

There were 178 and 239 overlapping and non-specified colon or rectal cancer cases in men and women, respectively.  

Models were adjusted for BMI, height, education, physical activity, smoking, energy intakes from alcohol, and total energy minus energy from 

alcohol, intakes of vitamin C, calcium, tea, coffee, and stratified by age at recruitment. In women specifically menopause status and hormone use 

were included in the model. For heme iron, additional confounders included intakes of cereal, and cereal products, legumes, and vegetables whereas 

for non-heme iron it included intakes of red meat, processed meats, poultry, and fish and fish products for non-heme iron 

 

 

  



 

Table 4: Hazard ratios and 95% confidence intervals for substituting dietary heme iron (1 mg) with non-heme iron.  

  Men Women 

Colorectal cancer 0.94 (0.89, 0.99) 1.01 (0.96, 1.07) 

 Colon cancer 0.95 (0.89, 1.02) 1.01 (0.94, 1.08) 

   Proximal colon cancer  0.90 (0.82, 0.99) 1.08 (0.98, 1.19) 

   Distal colon cancer 1.03 (0.93, 1.14) 0.98 (0.88, 1.09) 

 Rectal cancer 0.92 (0.85, 1.00) 1.01 (0.92, 1.12) 

Models were adjusted for BMI, height, education, physical activity, smoking, and dietary intakes of calcium, tea, coffee, vitamin C, red meat, 

processed meats, poultry, and fish and fish product and particularly in women for menopause status and use of hormone replacement therapy



 

Legends for figures 

 

Figure 1: Splines of the associations between dietary iron intake and colorectal risk in men 

and women 

Splines models were adjusted for body mass index, height, education, physical activity, 

smoking, and for energy intakes from alcohol, and total energy minus energy from alcohol, 

intakes of vitamin C, calcium, tea, coffee, and stratified by age at recruitment and country. In 

women specifically menopause status and hormone use were included in the model. For heme 

iron, additional confounders included intakes of cereal, and cereal products, legumes, and 

vegetables whereas for non-heme iron it included intakes of red meat, processed meats, poultry, 

and fish and fish products for non-heme iron. The median intake values of the lowest quintiles 

were used as the reference. Deviations from linearity were tested using likelihood ratio tests 

comparing the model with only the linear term to the model with both the linear and the cubic 

spline terms. The grayish area represents the 95% confidence intervals. 

 

 

 

 


