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Abstract

Obesity and obesity-related metabolic disorders, such as obesity and chronic inflammation have 

been positively associated both with postmenopausal breast cancer and with resting energy 

expenditure (REE). However, there is limited epidemiological evidence on the associations 

between REE and risk of postmenopausal breast cancer. We used multivariable Cox proportional 

hazards models to examine the association between predicted REE (calculated using the Ikeda, 

Livingston and Mifflin equations) and risk of postmenopausal breast cancer overall and by 

subtypes, and by level of body fat) among 137,305 postmenopausal women in the Women’s 

Health Initiative (WHI). All predicted REEs were positively associated with risk of invasive 

breast cancer (HRq5 vs q1: 1.69; 95% CI: 1.57–1.81, HR: 1.69; 95% CI: 1.57–1.82 and HR: 1.68; 

95% CI: 1.56–1.80 for Ikeda, Livingston and Mifflin, respectively). These positive associations 

were observed irrespective of the hormone receptor subtype, grade and stage of the tumors, but 

were most pronounced for estrogen receptor positive/progesterone receptor positive tumors. After 

additional adjustment for BMI, the associations were mostly attenuated and remained statistically 

significant for most of the outcomes. We also observed an interaction between the predicted REEs 

and BMI, with the associations being somewhat stronger among normal weight and overweight 

women than among obese women (pinteractions <0.05). Our findings indicate that relatively high 

REE is associated with increased risk of invasive breast cancer among postmenopausal women 
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(particularly for the obesity-related tumor subtypes), irrespective of the equation used. Further 

studies using more objective measures of REE are, however, needed to confirm our findings.
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resting energy expenditure; BMI; waist circumference; waist to hip ratio; breast cancer

Introduction

Obesity is one of the key risk factors for postmenopausal breast cancer among women (1,2). 

This metabolic disorder is thought to result partly from energy intake exceeding energy 

expenditure (3). Total energy expenditure (TEE)) comprises three components, namely 

resting energy expenditure (REE), diet-induced thermogenesis, and activity-related energy 

expenditure (AREE) (4). In a previous Women’s Health Initiative (WHI) study, which 

investigated the association between the AREE component and postmenopausal breast 

cancer, higher AREE was inversely associated with risk (5).

REE, defined as the rate of energy production necessary for the body to perform important 

physiological functions at rest (3,6), is the primary component of total energy expenditure 

(accounting for approximately 60–70% of TEE) (7), but little is known about its association 

with risk of postmenopausal breast cancer. In a recent study conducted within The European 

Prospective Investigation into Cancer and Nutrition cohort, there was a 17% increase in the 

risk of postmenopausal breast cancer per one standard deviation increase in predicted REE 

(8), and in an earlier study from the National Health and Nutrition Examination Survey 

(9), relative to women in the second quintile, predicted REE was associated with a twofold 

increased risk of postmenopausal breast cancer among women in the highest quintile.

Higher REE is a compensatory physiologic change that typically occurs to meet the 

higher energy demand of obesity (10) and obesity-related metabolic dysfunctions including 

diabetes, impaired fasting glucose, reduced insulin sensitivity and chronic inflammation 

(11–13). Obesity and the aforementioned metabolic dysfunctions have all been shown to 

enhance carcinogenic processes including cell growth, proliferation and migration (14,15) 

that can lead to breast cancer (16,17). Given the role of energy expenditure in supporting 

cancer-associated metabolic aberrations, it is important to understand the association 

between REE and risk of postmenopausal breast cancer.

Indirect calorimetry (IC), performed using a metabolic cart, is regarded as the gold standard 

for determining REE (18). However, given the high cost of the metabolic cart, the need for 

highly trained staff, and the limited availability of equipment, its implementation in large-

scale epidemiological studies is currently impractical (19). Therefore, most epidemiological 

studies have utilized various equations to predict REE, as this approach is less expensive and 

easier to incorporate in such studies than IC (19,20). Previously, in a WHI ancillary study, 

which aimed to determine which equations that predicted REE yielded results that closely 

agreed with measured REE, the Ikeda, Livingston and Mifflin equations, were found to 

perform the best (21). Hence, in the present study, we utilized these three equations to assess 

the association of predicted REE with risk of postmenopausal invasive breast cancer overall, 
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by tumor characteristics, and by anthropometric measures which are known to influence 

REE (3,22).

Methods

Study population and design

A detailed description of the WHI design and study population have been previously 

published (23). The WHI is a prospective multicenter study comprising 161,808 

postmenopausal women from diverse racial and ethnic groups aged 50 to 79 at enrollment 

who were recruited from 40 US clinical centers throughout the United States between 

1993 and 1998. Women participated in one of four clinical trials (hormone therapy (2 

trials), low-fat diet modification, and calcium-vitamin D supplementation; n = 68,132) or 

an Observational Study (OS) group (n = 93,676) (23). The study protocol was reviewed 

by ethics committees at all 40 clinical centers, by the coordinating center, and by a 

data and safety monitoring board. The WHI project was reviewed and approved by the 

Fred Hutchinson Cancer Research Center (Fred Hutch) IRB in accordance with the U.S. 

Department of Health and Human Services regulations at 45 CFR 46 (approval number: IR# 

3467-EXT). All participants provided written informed consent.

At recruitment, a self-administered questionnaire was used to collect information 

on sociodemographic characteristics, reproductive history, family history of breast 

cancer, medical history, medication use, and diet and lifestyle factors. Anthropometric 

measurements (weight, height, waist circumference (WC), hip circumference) were taken 

by trained clinic staff using a standardized protocol. Body mass index (BMI) was calculated 

by dividing weight (kg) by the square of standing height (m2). Waist circumference was 

measured to the nearest 0.1 centimeter at the narrowest part of the waist by trained 

staff using tape measures. Waist-to-hip-ratio (WHR) was calculated by dividing waist 

circumference by the corresponding hip circumference. Among a subgroup of participants 

(n=11, 393), dual-energy x-ray absorptiometry (DXA)-derived whole body fat and lean body 

mass were measured by whole body DXA scans performed in fan-beam mode and obtained 

from Hologic QDR scanners (QDR 2000, 2000+, or 4500) (Hologic, Inc., Waltham, MA) 

(24). For these participants, fat to lean body mass was calculated by dividing whole body fat 

mass by the corresponding lean body fat mass.

Analytic cohort

From the total cohort, we excluded women with missing information on all three predicted 

REEs (n=532), those with a history of breast cancer or missing follow-up time (n=670), and 

women with implausible dietary energy intake levels (<600kcal or >5000kcal; n=4,239). We 

also excluded women with a history of thyroid disorders at baseline (n= 16,576) and those 

with follow-up time of three years or less (n= 23), to minimize the impact of preclinical 

disease and reverse causation. For each of the predicted equations, we excluded women 

with predicted REE values considered outliers (i.e., women with values less than the value 

at the first percentile or greater than the value at the 99th percentile (n= 2,988 for Ikeda 

and Livingston and 2,732 for Mifflin (there were also 842 women with missing values for 
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Mifflin)). After exclusion, the final analytical cohort comprised 136,780 women for the 

Ikeda and Livingston equations and 136,194 women for the Mifflin equation.

Resting energy expenditure

For the main analyses, we utilized three predicted equations for resting energy expenditure, 

namely the Ikeda, Livingston and Mifflin equations (21). Further information regarding the 

predicted REE equations is provided in Table 1. Among a subgroup of women from the 

WHI Nutrition and Physical Activity Assessment Study (N= 450), REE was measured by a 

trained technician using a VMAX 2900 indirect calorimeter (25). 348 of these women were 

included in the current analytic cohort.

Outcome ascertainment

Incident invasive breast cancer was the primary outcome in this study. During follow-

up, outcome information was collected semi-annually in the CT group and annually 

in the OS using in-person, mailed, or telephone questionnaires. Incident breast cancer 

was confirmed via central review of medical records and pathology reports by trained 

physician adjudicators. Tumor hormone receptor status was coded using the National Cancer 

Institute’s Surveillance Epidemiology and End Results (SEER) coding system (26).

Statistical methods

Predicted REE measures were analyzed after categorization by quintiles (for subgroup 

analyses by levels of the anthropometric measures, the predicted REE measures were 

categorized as tertiles). To summarize the population characteristics, we used the median 

and interquartile ranges for continuous variables and frequencies and percentages for 

categorical variables. We also examined the distribution of the predicted REEs by the 

measured REE (n= 348).

Cox proportional hazards regression models were used to estimate hazard ratios (HRs) and 

95% confidence intervals (CI) for the associations between the predicted REE measures and 

risk of breast cancer (overall, and by hormone receptor status, stage and grade). Time to 

event was the underlying timescale. Participants were censored if they had not developed 

breast cancer by the end of the follow-up period (August 31st, 2020) or if they died or 

withdrew from the study before the end of follow-up. Cases contributed person-time to 

the study from their date of enrollment until the date of breast cancer diagnosis, and 

non-cases (participants who were censored) contributed person-time from their date of 

enrollment until the end of follow-up, date of death, or date of withdrawal from the study, 

whichever came first. The multivariable models were adjusted for age at enrollment (yrs; 

continuous), race and ethnicity (African-American, Asian, American Indian and Alaskan 

native, Native Hawaiian and other Pacific Islander, Spanish and Latina, White (not of 

Hispanic origin), missing), education (high school or less than post-secondary/some college, 

graduate school /some graduate school, missing), recreational physical activity (Met-hours/

week; continuous), smoking status (never, former, current, missing), alcohol consumption 

(continuous; serving/week), randomization group/study arm ((hormone therapy arm, low-fat 

diet modification arm, and calcium-vitamin D supplementation arm), ever use of unopposed 

estrogen therapy (yes/no), ever use of combined estrogen and progesterone therapy (yes/
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no), age at menopause (yrs; <45, 45–54, ≥55, missing), ever use of oral contraceptives 

(yes/no), age at menarche (yrs; <12, 12–13, ≥14, missing), age at first full-term pregnancy 

(nulliparous, <20, 20–29, 30+, missing), parity (never been pregnant/no term pregnancy, 

1, 2, 3, 4+, missing), ever breastfed (yes/no), family history of breast cancer in a 1st 

degree relative (yes/no), mammogram ever (yes/no), and the healthy eating index 2015 

(continuous). Further, given that fat mass and lean body mass influence REE (27,28), in 

sensitivity analyses, we further adjusted for BMI and fat to lean body mass. Tests for trend 

were performed by modeling the ordinal variables as continuous variables.

We also assessed the association between the per standard deviation (SD) increase in the 

predicted REEs and risk of invasive breast cancer by levels of the anthropometric measures. 

P-values for heterogeneity were estimated by including an interaction term in the Cox 

regression models and using the Wald test to test its coefficient.

Finally, we performed sensitivity analyses by excluding persons with a history of 

cardiometabolic diseases (i.e., cardiovascular disease (CVD)/stroke, hypertension and 

diabetes) at baseline, which can influence REE..

All analyses were conducted using Stata 17.0 (StataCorp, College Station, TX, USA). All 

P-values were two-sided.

Data availability statement

This study was conducted using data from the UK Biobank study. Information on data 

availability can be obtained at http://www.ukbiobank.ac.uk.

Results

After a median follow-up of 19 years (interquartile range: 9.0–22.8 years), a total of 9,376 

incident invasive breast cancer cases had been ascertained. Cases had lower educational 

level, but were more likely to have a family history of breast cancer in a first degree relative, 

to have an early age at menarche (<12years), to be nulliparous, to have a higher BMI, to 

have a higher WC, and to have higher predicted REEs (Table 2).

When we cross-classified the predicted REE measures by measured REE, 63.8%, 69.0% and 

60.3% of those in the highest tertile of measured REE were in the highest tertile for Ikeda, 

Livingston and Mifflin predicted REE, respectively (Supplementary Table 1).

For the 3 predicted REEs, in multivariable models, we observed that those in the highest 

quintile had increased risk of invasive breast cancer (Tables 3–5). The HRs for the highest 

versus the lowest quintile were 1.69 (95% CI: 1.57–1.81), 1.69 (95% CI: 1.57–1.82) and 

1.68 (95% CI: 1.56–1.80) for Ikeda, Livingston and Mifflin, respectively. Generally, the 

positive associations were observed irrespective of hormone receptor subtype, stage and 

grade of the tumors (Tables 3–5). The positive associations between the predicted REEs 

and risk of postmenopausal breast cancer were strongest for the hormone receptor positive 

(ER+/PR+: HR: 1.58, 95% CI: 1.36–1.84; HR: 1.48, 95% CI: 1.27–1.73; and HR: 1.46, 95% 

CI: 1.09–1.96 for Ikeda, Livingston and Mifflin-derived REE, respectively) and high grade 
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tumors (HR: 1.54, 95% CI: 1.19–1.99; HR: 1.84, 95% CI: 1.58–2.14; and HR: 1.43, 95% 

CI: 1.16–1.77 for Ikeda, Livingston and Mifflin-derived REE, respectively). In analyses with 

additional adjustment for BMI, the associations between the predicted REEs were attenuated 

but still mostly statistically significant (HR: 1.39, 95% CI: 1.23–1.57, HR: 1.37, 95% CI: 

1.21–1.55 and HR: 1.34, 95% CI: 1.21–1.48 for the associations between Ikeda, Livingston 

and Mifflin derived-REE, respectively, and overall breast cancer risk; Tables 3–5). However, 

for ER+/PR- breast cancer and advanced breast cancers, these associations became null or 

borderline significant. In sensitivity analyses among the subgroup of women with available 

DXA measures, the associations between the predicted REEs and risk of invasive breast 

cancer were similar to those observed in the entire cohort, and were virtually unchanged 

after additional adjustment for the fat to lean body mass ratio (Supplementary Table 2).

In analyses stratified by BMI category, we observed heterogeneity in the association 

between the predicted REEs and risk of invasive breast cancer (p<0.05; Table 6). 

Specifically, all predicted REEs were positively associated with risk of invasive breast 

cancer in all BMI categories but the associations were stronger among overweight (BMI: 

25.0–29.9 kg/m2) and in particular, normal weight women (BMI: 18.5–24.9 kg/m2) than 

among obese women (BMI: ≥30 kg/m2) (Table 6). There was, however, no heterogeneity in 

the associations by WC or WHR categories (Table 6).

In sensitivity analyses, the associations between the predicted REEs and risk of invasive 

breast cancer were mostly unchanged after excluding women with a history of chronic 

diseases at baseline (Supplementary Table 3)

Discussion

In this large prospective study, regardless of which formula was used, the predicted 

REEs showed similar positive associations with risk of invasive breast cancer among 

postmenopausal women, overall, and irrespective of hormone receptor status, stage and 

grade of the tumors. Most of these associations remained after additional adjustment for 

BMI or for the ratio of fat mass to lean body mass. Further, except for heterogeneity in the 

association between the predicted REEs and risk of invasive breast cancer by BMI category, 

there was no evidence of heterogeneity by levels of central adiposity.

Physical activity is inversely associated with cancer-related metabolic disorders such 

as overweight/obesity, insulin resistance, diabetes, and chronic inflammation (16,17). 

Therefore, it is not surprising that previously in this cohort, AREE was shown to be 

inversely associated with risk of breast cancer among postmenopausal women (5). In 

contrast to the activity-related component of TEE, in the current study and in previous 

studies (8,9), predicted REE was positively associated with risk of postmenopausal invasive 

breast cancer.

In this study, the first to assess the association between REE and risk of postmenopausal 

breast cancer by hormone-receptor subtype, stage and grade, predicted REEs were positively 

associated with risk irrespective of these tumor characteristics. REE tends to be higher in 

overweight or obese individuals because a large body mass requires more kilocalories for 
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movement and to perform other basic energy utilizing functions (10). Moreover, excess 

adiposity is more strongly associated with the hormone receptor positive breast tumors 

(1,29) and higher grade breast tumors (1,30,31). In keeping with this, in the current study, 

we observed that among postmenopausal women, the positive associations between the 

predicted REEs and risk of breast cancer were most pronounced for the hormone receptor 

positive and higher grade tumors. Further, in analyses in which we adjusted for BMI, the 

associations between the predicted REEs and risk of invasive breast cancer(i.e. overall and 

by subtype) were attenuated, suggesting that body fat level partly explains the association 

between the predicted REEs and risk of invasive breast cancer.

We also showed positive associations between the predicted REEs and risk of 

postmenopausal invasive breast cancer irrespective of the categories of anthropometric 

measures. In this study, the positive associations between the predicted REEs and risk of 

breast cancer were more prominent among normal weight and overweight women than 

among obese women. Similar findings were observed in the study by Kliemann et al 

(8), which utilized the World Health Organization/The Food and Agriculture Organization 

of the United Nations (WHO/FAO) predicted REE equation (8). When we examined the 

associations between the predicted REEs and risk of postmenopausal invasive breast cancer 

by level of central adiposity (i.e., based on WC and WHR categories), we did not find any 

evidence of heterogeneity in the associations. These findings suggest that higher REE may 

be associated with higher risk of invasive breast cancer even among postmenopausal women 

with low to moderate levels of general or central adiposity.

Mechanisms underlying the association between REE and breast cancer are unclear. 

Nonetheless, our findings are consistent with the notion that various metabolic dysfunctions 

including impaired fasting glucose, reduced insulin sensitivity, and chronic inflammation 

(11–13) are energy-demanding and result in increased energy expenditure (10–13). Chronic 

inflammation, for example, increases energy expenditure by 10% (13). The aforementioned 

metabolic dysfunctions can contribute to breast carcinogenesis by triggering oxidative 

stress and DNA damage, and by enhancing tumor cell growth, proliferation, survival, and 

migration (14,15). Further experimental studies are needed to determine whether REE 

indirectly induces breast carcinogenesis by providing energy for dysregulated metabolic 

pathways and their associated carcinogenic processes (32,33).

In this large prospective study, with long-term follow-up and information on a wide range 

of potential confounding variables, we were able to investigate the associations between 

the predicted REEs and risk of postmenopausal invasive breast cancer by selected tumor 

characteristics. Due to the relatively high number of invasive breast cancer cases, we were 

also able to perform analyses stratified by various anthropometric measures. However, this 

study has several limitations. Firstly, we used equations to predict REE and therefore it is 

likely that there was some misclassification of the exposure of interest. The gold standard 

for measuring REE is indirect calorimetry (18) but there were too few women with available 

measured REE values to allow examination of the association between measured REE and 

risk. Nevertheless, in cross-classified analyses among a subgroup of women with measured 

REE, 60% or more of the participants with measured REEs in the highest tertile were also 
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in the highest tertile of the predicted REEs. As this study was restricted to postmenopausal 

women, our findings may not be generalizable to premenopausal women.

Our findings suggest that relatively high REE is positively associated with risk of invasive 

breast cancer among postmenopausal women, independent of BMI or fat to lean body mass 

and other confounders. Moreover, the association between the predicted REEs and risk 

appeared to be most pronounced for tumor subtypes which are more strongly associated with 

excess adiposity, namely hormone receptor positive subtypes and intermediate and high-

grade breast tumors. Given the role of energy expenditure in supporting cancer-associated 

metabolic processes, further studies should be conducted to improve our understanding of 

the role of REE in the pathogenesis of breast cancer among postmenopausal women. If our 

findings are confirmed in future studies, predicted REE may provide a cheap, non-invasive 

means for predicting risk of breast cancer, and in particular, risk of the obesity-related 

subtypes, among postmenopausal women within a clinical setting and may be valuable in the 

development of nutritional interventions aimed at reducing risk of breast cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

T.E. Rohan is supported by the Breast Cancer Research Foundation (BCRF-16-140).

We thank the Women’s Health Initiative investigators, staff, and the trial participants for their outstanding 
dedication and commitment.

Women’s Health Initiative Investigators

Program Office: (National Heart, Lung, and Blood Institute, Bethesda, MD) Jacques Roscoe, Shari Ludlum, Dale 
Burden, Joan McGowan, Leslie Ford, and Nancy Geller

Clinical Coordinating Center: (Fred Hutchinson Cancer Research Center, Seattle, WA) Garnet Anderson, Ross 
Prentice, Andrea LaCroix, and Charles Kopperberg)

Investigators and Academic Centers: (Brigham and Women’s Hospital, Harvard Medical School, Boston, MA) 
JoAnn E, Manson; (MedStar Health Research Institute/Howard University, Washington, DC) Barbara V Howard; 
(Stanford Prevention Research Center, Stanford, CA) Marcia L. Stefanick; (The Ohio State University, Columbus, 
OH) Rebecca Jackson; (University of Arizona, Tucson/Phoenix, AZ) Cynthia A. Thomson; (University at Buffalo, 
Buffalo, NY) Jean Wactawski-Wende; (University of Florida, Gainesville/Jacksonville, FL) Marian Limacher; 
(University of Iowa, Iowa City/Davenport, IA) Robert Wallace; (University of Pittsburgh, Pittsburgh, PA) Lewis 
Kuller; (City of Hope Comprehensive Cancer Center, Duarte, CA) Rowan T. Chlebowski; (Wake Forest University 
School of Medicine, Winston-Salem, NC) Sally Shumaker

Women’s Health Initiative Memory Study: (Wake Forest University School of Medicine, Winston Salem, NC) Sally 
Shumaker

References

(1). Neuhouser ML, Aragaki AK, Prentice RL, et al. Overweight, obesity, and postmenopausal invasive 
breast cancer risk: A secondary analysis of the Women’s Health Initiative randomized clinical 
trials. JAMA Oncol 2015;1(5):611–621. [PubMed: 26182172] 

(2). World Cancer Research Fund / American Institute for Cancer Research. Continuous Update 
Project Report. Food, nutrition, physical activity, and the prevention of breast cancer. 2017. 2017; 
Available at: wcrf.org/breast-cancer-2017. Accessed May 31st, 2017.

Arthur et al. Page 8

Cancer Prev Res (Phila). Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://wcrf.org/breast-cancer-2017


(3). Marcus JB. Chapter 10 - Weight management: Finding the healthy balance: Practical applications 
for nutrition, food science and culinary professionals. 2013 2013:431–473.

(4). Teske JA, Mavanji V. Chapter six - Energy expenditure: Role of orexin. Vitamins Hormones 2012 
2012;89:91–109.

(5). Zheng C, Beresford SA, Van Horn L, Tinker LF, Thomson CA, Neuhouser ML, et al. 
Simultaneous association of total energy consumption and activity-related energy expenditure 
with risks of cardiovascular disease, cancer, and diabetes among postmenopausal women. Am J 
Epidemiol 2014;180(5):526–535. [PubMed: 25016533] 

(6). Pethusamy K, Gupta A, Yadav R. Basal Metabolic Rate (BMR). In: Vonk J, Shackelford T, editors. 
Encyclopedia of animal cognition and behavior Cham: Springer International Publishing; 2019. 
p. 1–3.

(7). Merghani TH, Alawad AO, Ibrahim RM, Abdelmoniem AM. Prediction of basal metabolic rate 
in overweight/obese and non-obese subjects and its relation to pulmonary function tests. BMC 
research notes 2015;8:353–353. [PubMed: 26276559] 

(8). Kliemann N, Murphy N, Viallon V, Freisling H, Tsilidis KK, Rinaldi S, et al. Predicted basal 
metabolic rate and cancer risk in the European Prospective Investigation into Cancer and 
Nutrition. Int J Cancer 2019; 147(3):648–661. [PubMed: 31652358] 

(9). Freni SC, Eberhardt MS, Turturro A, Hine RJ. Anthropometric measures and metabolic rate in 
association with risk of breast cancer (United States). Cancer Causes Control 1996;7(3):358–365. 
[PubMed: 8734830] 

(10). Westerterp KR. Control of energy expenditure in humans. Eur J Clin Nutr 2017;71(3):340–344. 
[PubMed: 27901037] 

(11). Drabsch T, Holzapfel C, Stecher L, Petzold J, Skurk T, Hauner H. Associations between C-
Reactive protein, insulin sensitivity, and resting metabolic rate in adults: A mediator analysis. 
Front Endocrinol 2018;9:556.

(12). Jeejeebhoy KN. Nutrition Support for the Critically Ill Patient—A Guide to Practice. Am J Clin 
Nutr 2005;82(6):1359–1360.

(13). Lacourt TE, Vichaya EG, Chiu GS, Dantzer R, Heijnen CJ. The high costs of low-grade 
inflammation: persistent fatigue as a consequence of reduced cellular-energy availability and 
non-adaptive energy expenditure. Front Behav Neurosci 2018;12:78. [PubMed: 29755330] 

(14). Kyrgiou M, Kalliala I, Markozannes G, Gunter MJ, Paraskevaidis E, Gabra H, et al. Adiposity 
and cancer at major anatomical sites: umbrella review of the literature. BMJ 2017;356:j477. 
[PubMed: 28246088] 

(15). Orecchioni S, Reggiani F, Talarico G, Bertolini F. Mechanisms of obesity in the development of 
breast cancer. Discov Med 2015;20(109):121–128. [PubMed: 26463093] 

(16). Giovannucci E, Harlan DM, Archer MC, Bergenstal RM, Gapstur SM, Habel LA, et al. Diabetes 
and Cancer: A Consensus Report. CA Cancer J CLIN 2010;60(4):207–221. [PubMed: 20554718] 

(17). Candido J, Hagemann T. Cancer-Related Inflammation. J Clin Immunol 2013;33(1):79–84.

(18). Segura-Badilla O, Kammar-García A, Vera-López O, Aguilar-Alonso P, Lazcano-Hernández M, 
Avila-Sosa R, et al. Simplified equation for resting energy expenditure in a population of elderly 
Chileans compared to indirect calorimetry. NFS J 2018;13:23–29.

(19). Ahmad D, Joseph K, Halpin C. Nutrition and indirect calorimetry. In: Hoag J, editor. Oncology 
Critical Care; 2016.

(20). Frankenfield D, Roth-Yousey L, Compher C. Comparison of predictive equations for resting 
metabolic rate in healthy nonobese and obese adults: A systematic review J Am Diet Assoc 
2005;105(5):775–789. [PubMed: 15883556] 

(21). Porter J, Nguo K, Collins J, Kellow N, Huggins CE, Gibson S, et al. Total energy expenditure 
measured using doubly labeled water compared with estimated energy requirements in older 
adults (≥65 y): analysis of primary data. Am J Clin Nutr 2019 08/28; 8/21;110(6):1353–1361. 
[PubMed: 31504100] 

(22). Aubertin-Leheudre M, Goulet EDB, Dionne IJ. Enhanced rate of resting energy expenditure 
in women using hormone-replacement therapy: preliminary results. J Aging Phys Act 
2008;16(1):53–60. [PubMed: 18212394] 

Arthur et al. Page 9

Cancer Prev Res (Phila). Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(23). Prentice R, Rossouw J, Furberg C, Johnson S, Henderson M, Cummings S, et al. Design 
of the Women’s Health Initiative Clinical Trial and Observational Study. Control Clin Trials 
1998;19(1):61–109. [PubMed: 9492970] 

(24). Carty CL, Kooperberg C, Neuhouser ML, Tinker L, Howard B, Wactawski-Wende J, et al. 
Low-fat dietary pattern and change in body-composition traits in the Women’s Health Initiative 
Dietary Modification Trial. The Am J Clin Nutr 2011;93(3):516–524. [PubMed: 21177798] 

(25). Horner NK, Lampe JW, Patterson RE, Neuhouser ML, Beresford SA, Prentice RL. Indirect 
calorimetry protocol development for measuring resting metabolic rate as a component of 
total energy expenditure in free-living postmenopausal women. J Nutr 2001;131(8):2215–2218. 
[PubMed: 11481420] 

(26). Curb JD, Mctiernan A, Heckbert SR, Kooperberg C, Stanford J, Nevitt M, et al. Outcomes 
ascertainment and adjudication methods in the women’s health initiative. Ann Epidemiol 
2003;13(9):S122–S128. [PubMed: 14575944] 

(27). Carneiro IP, Elliott SA, Siervo M, Padwal R, Bertoli S, Battezzati A, et al. Is obesity associated 
with altered energy expenditure? Adv Nutr 2016;7(3):476–487. [PubMed: 27184275] 

(28). Prentice AM, Black AE, Coward WA, Davies HL, Goldberg GR, Murgatroyd PR, et al. High 
levels of energy expenditure in obese women. Br Med J 1986;292(6526):983–987. [PubMed: 
3083978] 

(29). Canchola AJ, Anton-Culver H, Bernstein L, Clarke CA, Henderson K, Ma H, et al. Body size 
and the risk of postmenopausal breast cancer subtypes in the California Teachers Study cohort. 
Cancer Causes Control 2012;23(3):473–485.

(30). Alarcón Rojas CA, Alvarez-Bañuelos MT, Morales-Romero J, Suárez-Díaz H, Hernández-
Fonseca JC, Contreras-Alarcón G. Breast Cancer: Metastasis, Molecular Subtypes, and 
Overweight and Obesity in Veracruz, Mexico. Clin Breast Cancer 2019;19(1):e166–e171. 
[PubMed: 30236925] 

(31). Mustapha A, Jenny Chang-Claude, Raza AH, Nilanjan C, Penny C, Frances D, et al. Etiology of 
hormone receptor positive breast cancer differs by levels of histologic grade and proliferation. Int 
J Cancer 2018; 143(4):746–757. [PubMed: 29492969] 

(32). DeBerardinis RJ, Chandel NS. Fundamentals of cancer metabolism. Fundamentals of cancer 
metabolism 2016;2(5):e1600200–e1600200.

(33). DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB. The biology of cancer: Metabolic 
reprogramming fuels cell growth and proliferation. Cell Metab 2008;7(1):11–20. [PubMed: 
18177721] 

Arthur et al. Page 10

Cancer Prev Res (Phila). Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Prevention relevance

This study showed that higher resting energy expenditure (REE) was associated with 

higher postmenopausal breast cancer risk. REE provides energy to support cancer-

associated disorders such as obesity and inflammation. Thus, studies on its association 

with breast cancer can help to improve our understanding of the pathophysiology of 

breast cancer.
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Table 1.

Resting energy expenditure (REE) equations

REE equation (Kcal/day)

Ikeda 10 × (body weight [kg] − 3 × age [y]) + 750

Livingston and Kohlstadt 48 × Weight0.4356 − (5.09 × Age)

Mifflin St Jeor (10 * weight) + (6.25 * height) × (5 * age) × 161
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Table 2:

Baseline characteristics of women from the Women’s Health Initiative study

Characteristic Breast cancer

Yes (N=9,396) No (N=127,887)

Age at entry (yrs.)

 Median (IQR) 62 (57–68) 63 (57–69)

Race and ethnicity: N (%)

 African-American 607 (6.3) 11,282 (8.8)

 Asian 180 (1.9) 2,721 (2.1)

 American Indian and Alaskan native 66 (0.7) 1,007 (0.8)

 Native Hawaiian and other Pacific Islander 82 (0.9) 1,400 (1.1)

 Spanish and Latina 174 (1.9) 3,953 (3.1)

 White (not of Hispanic origin) 8,156 (86.8) 104,174 (81.5)

 Missing 147 (1.6) 3,350 (2.6)

Education: N (%)

 Graduate School /Some graduate school 1,679 (17.9) 28,874 (22.6)

Age at first live birth (yrs.): N (%); <12) 1,009 (10.7) 16,383 (12.8)

Family history: N (%) 2,180 (23.2) 21,872 (17.1)

Age at menarche (yrs.): N (%); <12) 2,162 (23.0) 27,413 (21.4)

Parity: (N (%); nulliparous) 1,246 (13.3) 14,851 (11.6)

Breastfed: N (%) 4,813 (51.2) 65,226 (51.0)

Age at menopause (yrs.): (N (%); ≥55) 1,307 (17.8) 16,405 (12.8)

Ever had mammogram: N (%) 9,156 (97.5) 122,551 (95.8)

Unopposed estrogen: N (%) 3.126 (33.3) 44,966 (35.2)

Estrogen/progesterone combined therapy: N (%) 3,110 (33.1) 32,968 (25.8)

Oral contraceptive: N (%) 4,175 (44.4) 53,352 (41.7)

Alcohol serving/week)

 Median (IQR) 0.4 (0.0–3.4) 0.4 (0.0–2.7)

Health eating index

 Median (IQR) 65.8 (58.3–72.9) 65.6 (57.9–72.7)

Physical activity (Met-hours/week)

 Median (IQR) 7.5 (1.5–17.3) 7.5 (1.5–17.5)

BMI (kg/m2)

 Median (IQR) 27.0 (23.9–31.1) 26.8 (23.7–30.8)
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Characteristic Breast cancer

Yes (N=9,396) No (N=127,887)

WC (cm.)

Median (IQR) 85.0 (76.5–95.0) 84.0 (76.0–94.2)

WHR

Median (IQR) 0.80 (0.76–0.85) 0.80 (0.76–0.86)

Smoking status: (N (%); current 594 (6.3) 8,968 (7.0)

Ikeda predicted REE

 Median (IQR) 1,278 (1,191–1,387) 1,263 (1,177–1,374)

Livingston predicted REE

Median (IQR) 1,276.5 (1,184.5–1,378.8) 1,260.3 (1,169.8–1,366.8)

Mifflin predicted REE

Median (IQR) 1,262.5 (1,160.3–1,381.6) 1,241.5(1,138.6–1,363.0)

Abbreviations: BMI = body mass index, WC= waist circumference, WHR= waist to hip; Met=metabolic equivalent, IQR= interquartile range
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Table 3:

Hazard ratios for the association of predicted REE (Ikeda) with risk of incident, invasive breast cancer in 

postmenopausal women, overall and by breast cancer subtype

Quintiles

1 2 3 4 5 P-trend

Invasive breast cancer

 Cases (N) 1,887 1,865 1,896 1,870 1,858

 Age-adjusted HR (95% CI) 1.00 1.05 (0.99–1.12) 1.13 (1.06–1.20) 1.26 (1.18–1.35) 1.44 (1.35–1.54) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.11 (1.04–1.18) 1.23 (1.15–1.31) 1.43 (1.33–1.53) 1.69 (1.57–1.81) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.06 (0.99–1.14) 1.14 (1.06–1.23) 1.28 (1.17–1.39) 1.39 (1.23–1.57) <0.001

ER+/PR+ breast cancer

 Cases (N) 1,164 1,191 1,258 1,229 1,249

 Age-adjusted HR (95% CI) 1.00 1.12 (1.03–1.22) 1.27 (1.17–1.37) 1.42 (1.31–1.54) 1.70 (1.57–1.85) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.16 (1.07–1.47) 1.58 (1.46–1.72) 1.96 (1.46–1.72) 1.96 (1.80–2.14) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.11 (1.02–1.21) 1.25 (1.14–1.37) 1.40 (1.25–1.56) 1.58 (1.36–1.84) 0.017

ER+/PR− breast cancer

 Cases (N) 269 280 226 207 197

 Age-adjusted HR (95% CI) 1.00 1.15 (0.98–1.37) 0.99 (0.83–1.19) 1.04 (0.87–1.26) 1.17 (0.97–1.41) 0.376

 Multivariable-adjusted* HR (95% CI) 1.00 1.17 (0.99–1.39) 1.03 (0.86–1.23) 1.10 (0.91–1.33) 1.24 (1.02–1.52) 0.128

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.17 (0.98–1.40) 1.03 (0.83–1.27) 1.11 (0.86–1.43) 1.24 (0.87–1.78) 0.557

ER−/PR− breast cancer

 Cases (N) 231 229 218 235 202

 Age-adjusted HR (95% CI) 1.00 1.05 (0.88–1.26) 1.05 (0.87–1.26) 1.28 (1.06–1.53) 1.24 (1.02–1.50) 0.004

 Multivariable-adjusted* HR (95% CI) 1.00 1.05 (0.88–1.27) 1.04 (0.86–1.26) 1.25 (1.04–1.52) 1.17 (0.95–1.44) 0.035

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.01 (0.83–1.23) 0.97 (0.78–1.20) 1.11 (0.86–1.43) 0.95 (0.66–1.36) 0.746

Localised

 Cases (N) 1,434 1,423 1,452 1,378 1,355

 Age-adjusted HR (95% CI) 1.00 1.09 (1.01–1.17) 1.18 (1.10–1.27) 1.29 (1.20–1.39) 1.49 (1.38–1.85) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.12 (1.04–1.21) 1.26 (1.17–1.35) 1.42 (1.32–1.54) 1.69 (1.56–1.84) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.09 (1.01–1.18) 1.19 (1.10–1.30) 1.31 (1.18–1.46) 1.47 (1.28–1.70) <0.001

Advanced

 Cases (N) 394 407 404 441 435

 Age-adjusted HR (95% CI) 1.00 1.11 (0.96–1.27) 1.16 (1.01–1.33) 1.43 (1.25–1.64) 1.61 (1.40–1.87) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.12 (0.98–1.29) 1.19 (1.03–1.37) 1.48 (1.29–1.71) 1.68 (1.44–1.71) <0.001
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Quintiles

1 2 3 4 5 P-trend

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.06 (0.91–1.22) 1.06 (0.90–1.25) 1.25 (1.03–1.50) 1.23 (0.95–1.59) 0.038

Low grade

 Cases (N) 528 500 499 468 434

 Age-adjusted HR (95% CI) 1.00 1.02 (0.90–1.16) 1.09 (0.96–1.23) 1.17 (1.03–1.32) 1.27 (1.11–1.44) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.06 (0.94–1.20) 1.17 (1.03–1.33) 1.32 (1.16–1.51) 1.52 (1.32–1.74) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.03 (0.90–1.17) 1.10 (0.95–1.28) 1.20 (1.01–1.43) 1.28 (1.00–1.64) 0.024

Intermediate grade

 Cases (N) 811 775 807 778 796

 Age-adjusted HR (95% CI) 1.00 1.04 (0.94–1.15) 1.16 (1.05–1.28) 1.28 (1.16–1.41) 1.53 (1.38–1.69) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.07 (0.97–1.19) 1.23 (1.11–1.36) 1.42 (1.28–1.57) 1.76 (1.58–1.95) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.04 (0.94–1.15) 1.16 (1.03–1.30) 1.29 (1.13–1.48) 1.49 (1.23–1.80) <0.001

High grade

 Cases (N) 375 415 398 440 448

 Age-adjusted HR (95% CI) 1.00 1.20 (1.04–1.38) 1.22 (1.06–1.40) 1.53 (1.33–1.76) 1.79 (1.56–2.06) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.21 (1.05–1.40) 1.24 (1.07–1.43) 1.57 (1.36–1.81) 1.81 (1.56–2.10) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.17 1.01–1.37) 1.16 (0.99–1.37) 1.43 (1.18–1.72) 1.54 (1.19–1.99) <0.001

Abbreviations: REE= resting energy expenditure, HR= hazard ratio; CI= confidence interval; ER = estrogen receptor, PR= progesterone receptor

*
Also adjusted for education, physical activity, smoking status, alcohol consumption, randomization group/study arm, unopposed estrogen therapy 

ever use, combined estrogen and progesterone therapy use ever, breastfed ever, age at menopause, oral contraceptive, healthy eating index 2015, 
age at menarche and age at first full‐term pregnancy, race and ethnicity

**
Also adjusted for BMI
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Table 4:

Hazard ratios for the association of predicted REE (Livingston) with risk of incident, invasive breast cancer in 

postmenopausal women, overall and by breast cancer subtype

Quintiles

1 2 3 4 5 P-trend

Invasive breast cancer

 Cases (N) 1,875 1,878 1,876 1,871 1,876

 Age-adjusted HR (95% CI) 1.00 1.06 (0.99–1.14) 1.17 (1.10–1.25) 1.31 (1.22–1.40) 1.52 (1.42–1.63) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.10 (1.03–1.17) 1.23 (1.15–1.31) 1.41 (1.32–1.51) 1.69 (1.57–1.82) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.05 (0.98–1.13) 1.14 (1.05–1.23) 1.25 (1.14–1.37) 1.37 (1.21–1.55) <0.001

ER+/PR+ breast cancer

 Cases (N) 1,173 1,186 1,237 1,250 1,247

 Age-adjusted HR (95% CI) 1.00 1.08 (0.99–1.18) 1.25 (1.15–1.36) 1.42 (1.31–1.55) 1.66 (1.53–1.81) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.13 (1.04–1.22) 1.34 (1.23–1.45) 1.58 (1.46–1.73) 1.93 (1.77–2.12) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.07 (0.98–1.16) 1.21 (1.10–1.33) 1.36 (1.21–1.52) 1.48 (1.27–1.73) <0.001

ER+/PR− breast cancer

 Cases (N) 268 274 233 200 201

 Age-adjusted HR (95% CI) 1.00 1.11 (0.93–1.31) 1.04 (0.87–1.25) 1.01 (0.83–1.11) 1.18 (0.97–1.43) 0.325

 Multivariable-adjusted* HR (95% CI) 1.00 1.14 (0.95–1.35) 1.08 (0.90–1.29) 1.06 (0.88–1.29) 1.27 (1.03–1.56) 0.101

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.16 (0.97–1.40) 1.12 (0.90–1.39) 1.13 (0.86–1.47) 1.40 (0.97–2.02) 0.277

ER−/PR− breast cancer

 Cases (N) 219 240 218 223 216

 Age-adjusted HR (95% CI) 1.00 1.12 (0.93–1.35) 1.09 (0.90–1.32) 1.23 (1.01–1.49) 1.33 (1.10–1.63) 0.003

 Multivariable-adjusted* HR (95% CI) 1.00 1.12 (0.93–1.35) 1.09 (0.89–1.32) 1.21 (0.99–1.47) 1.26 (1.02–1.56) 0.027

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.09 (0.90–1.33) 1.03 (0.82–1.29) 1.11 (0.85–1.44) 1.09 (0.75–1.57) 0.629

Localised

 Cases (N) 1,435 1,427 1,428 1,388 1,366

 Age-adjusted HR (95% CI) 1.00 1.06 (0.99–1.14) 1.17 (1.09–1.26) 1.28 (1.19–1.38) 1.48 (1.36–1.60) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.10 (1.02–1.19) 1.25 (1.15–1.34) 1.41 (1.31–1.53) 1.69 (1.55–1.83) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.07 (0.99–1.15) 1.18 (1.08–1.28) 1.29 (1.16–1.43) 1.45 (1.25–1.67) <0.001

Advanced

 Cases (N) 384 411 405 434 446

 Age-adjusted HR (95% CI) 1.00 1.11 (0.96–1.28) 1.19 (1.02–1.37) 1.40 (1.22–1.62) 1.64 (1.42–1.90) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.13 (0.98–1.30) 1.21 (1.05–1.40) 1.46 (1.26–1.69) 1.71 (1.47–1.99) <0.001
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Quintiles

1 2 3 4 5 P-trend

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.06 (0.91–1.23) 1.08 (0.92–1.27) 1.22 (1.01–1.47) 1.25 (0.96–1.62) 0.049

Low grade

 Cases (N) 510 507 488 484 438

 Age-adjusted HR (95% CI) 1.00 1.04 (0.92–1.18) 1.10 (0.97–1.25) 1.22 (1.07–1.39) 1.28 (1.12–1.47) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.08 (0.96–1.23) 1.19 (1.04–1.35) 1.39 (1.22–1.59) 1.55 (1.35–1.79) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.05 (0.92–1.20) 1.13 (0.97–1.31) 1.28 (1.07–1.53) 1.35 (1.05–1.74) 0.005

Intermediate grade

 Cases (N) 819 765 801 791 792

 Age-adjusted HR (95% CI) 1.00 0.99 (0.90–1.09) 1.14 (1.03–1.26) 1.27 (1.14–1.40) 1.48 (1.33–1.64) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.03 (0.93–1.14) 1.22 (1.10–1.35) 1.40 (1.26–1.55) 1.70 (1.52–1.90) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 0.98 (0.88–1.09) 1.12 (0.99–1.25) 1.23 (1.07–1.41) 1.35 (1.12–1.64) <0.001

High grade

 Cases (N) 370 427 393 429 457

 Age-adjusted HR (95% CI) 1.00 1.22 (1.06–1.40) 1.22 (1.06–1.41) 1.49 (1.29–1.71) 1.82 (1.57–2.10) <0.001

 Multivariable-adjusted* HR (95% CI) 1.00 1.23 (1.07–1.42) 1.23 (1.06–1.43) 1.50 (1.29–1.75) 1.81 (1.54–2.11) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.24 (1.07–1.43) 1.24 (1.07–1.44) 1.52 (1.31–1.76) 1.84 (1.58–2.14) <0.001

Abbreviations: REE= resting energy expenditure, HR= hazard ratio; CI= confidence interval; ER = estrogen receptor, PR= progesterone receptor

*
Also adjusted for education, physical activity, smoking status, alcohol consumption, randomization group/study arm, unopposed estrogen therapy 

ever use, combined estrogen and progesterone therapy use ever, breastfed ever, age at menopause, oral contraceptive, healthy eating index 2015, 
age at menarche and age at first full‐term pregnancy, race and ethnicity

**
Also adjusted for BMI
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Table 5:

Hazard ratios for the association of predicted REE (Mifflin) with risk of incident, invasive breast cancer in 

postmenopausal women, overall and by breast cancer subtype

Quintiles

1 2 3 4 5 P-trend

Invasive breast cancer

 Cases (N) 1,497 1,753 1,940 2,043 2,093

 Age-adjusted HR (95% CI) 1.00 1.08 (1.00–
1.15)

1.21 (1.13–
1.29)

1.34 (1.25–
1.43)

1.54 (1.43–1.65) <0.001

 Multivariable-adjusted* HR (95% 
CI)

1.00 1.11 (1.03–
1.19)

1.26 (1.17–
1.35)

1.42 (1.32–
1.53)

1.68 (1.56–1.80) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.16 (0.99–
1.14)

1.16 (1.08–
1.25)

1.26 (1.16–
1.36)

1.34 (1.21–1.48) <0.001

ER+/PR+ breast cancer

 Cases (N) 930 1,127 1,257 1,354 1,384

 Age-adjusted HR (95% CI) 1.00 1.12 (1.03–
1.22)

1.28 (1.17–
1.39)

1.45 (1.33–
1.58)

1.69 (1.55–1.84) <0.001

 Multivariable-adjusted* HR (95% 
CI)

1.00 1.16 (1.06–
1.27)

1.35 (1.24–
1.47)

1.58 (1.44–
1.72)

1.90 (1.73–2.08) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.10 (1.01–
1.21)

1.22 (1.11–
1.34)

1.34 (1.21–
1.48)

1.41 (1.24–1.60) <0.001

ER+/PR- breast cancer

 Cases (N) 195 269 255 225 226

 Age-adjusted HR (95% CI) 1.00 1.30 (1.08–
1.56)

1.26 (1.04–
1.52)

1.17 (0.96–
1.43)

1.34 (1.09–1.63) 0.053

 Multivariable-adjusted* HR (95% 
CI)

1.00 1.32 (1.10–
1.60)

1.28 (1.06–
1.56)

1.22 (0.99–
1.49)

1.40 (1.14–1.73) 0.023

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.34 (1.10–
1.62)

1.30 (1.06–
1.60)

1.25 (0.99–
1.57)

1.46 (1.09–1.96) <0.001

ER−/PR− breast cancer

 Cases (N) 193 197 241 236 246

 Age-adjusted HR (95% CI) 1.00 0.90 (0.74–
1.10)

1.09 (0.89–
1.32)

1.09 (0.90–
1.33)

1.24 (1.02–1.52) 0.004

 Multivariable-adjusted* HR (95% 
CI)

1.00 0.91 (0.74–
1.11)

1.08 (0.89–
1.32)

1.09 (0.89–
1.33)

1.19 (0.96–1.46) 0.025

 Multivariable-adjusted** HR (95% 
CI)

1.00 0.89 (0.72–
1.09)

1.04 (0.84–
1.28)

1.02 (0.81–
1.28)

1.05 (0.78–1.40) 0.476

Localised

 Cases (N) 1,127 1,349 1,451 1,563 1,520

 Age-adjusted HR (95% CI) 1.00 1.10 (1.02–
1.20)

1.21 (1.12–
1.31)

1.38 (1.27–
1.49)

1.52 (1.40–1.65) <0.001

 Multivariable-adjusted* HR (95% 
CI)

1.00 1.14 (1.06–
1.24)

1.27 (1.17–
1.38)

1.48 (1.37–
1.61)

1.69 (1.55–1.84) <0.001
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Quintiles

1 2 3 4 5 P-trend

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.11 (1.02–
1.20)

1.19 (1.10–
1.30)

1.34 (1.22–
1.47)

1.40 (1.24–1.57) <0.001

Advanced

 Cases (N) 322 363 436 439 504

 Age-adjusted HR (95% CI) 1.00 1.01 (0.90–
1.18)

1.21 (1.04–
1.40)

1.26 (1.09–
1.46)

1.60 (1.38–1.85) <0.001

 Multivariable-adjusted* HR (95% 
CI)

1.00 1.03 (0.88–
1.19)

1.23 (1.06–
1.43)

1.30 (1.12–
1.51)

1.64 (1.41–1.92) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 0.97 (0.84–
1.14)

1.12 (0.96–
1.31)

1.11 (0.94–
1.32)

1.24 (1.001–
1.53)

0.027

Low grade

 Cases (N) 405 477 505 532 493

 Age-adjusted HR (95% CI) 1.00 1.07 (0.93–
1.22)

1.14 (0.99–
1.30)

1.26 (1.10–
1.44)

1.32 (1.15–1.52) <0.001

 Multivariable-adjusted* HR (95% 
CI)

1.00 1.11 (0.97–
1.27)

1.21 (1.06–
1.39)

1.39 (1.21–
1.60)

1.54 (1.33–1.78) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.08 (0.94–
1.24)

1.14 (0.99–
1.32)

1.27 (1.08–
1.48)

1.30 (1.06–1.59) 0.002

Intermediate grade

 Cases (N) 647 732 813 867 884

 Age-adjusted HR (95% CI) 1.00 1.04 (0.93–
1.15)

1.17 (1.05–
1.30)

1.31 (1.18–
1.46)

1.51 (1.36–1.68) <0.001

 Multivariable-adjusted* HR (95% 
CI)

1.00 1.07 (0.96–
1.19)

1.23 (1.11–
1.37)

1.42 (1.27–
1.58)

1.69 (1.51–1.89) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.03 (0.92–
1.15)

1.14 (1.02–
1.27)

1.25 (1.11–
1.41)

1.35 (1.15–1.57) <0.001

High grade

 Cases (N) 305 366 427 460 510

 Age-adjusted HR (95% CI) 1.00 1.09 (0.94–
1.28)

1.28 (1.11–
1.49)

1.44 (1.24–
1.68)

1.78 (1.53–2.07) <0.001

 Multivariable-adjusted* HR (95% 
CI)

1.00 1.11 (0.95–
1.30)

1.30 (1.12–
1.51)

1.47 (1.26–
1.71)

1.78 (1.53–2.09) <0.001

 Multivariable-adjusted** HR (95% 
CI)

1.00 1.07 (0.91–1.25 1.21 (1.03–
1.32)

1.30 (1.10–
1.55)

1.43 (1.16–1.77) <0.001

Abbreviations: REE= resting energy expenditure, HR= hazard ratio; CI= confidence interval; ER = estrogen receptor, PR= progesterone receptor

*
Also adjusted for education, physical activity, smoking status, alcohol consumption, randomization group/study arm, unopposed estrogen therapy 

ever use, combined estrogen and progesterone therapy use ever, breastfed ever, age at menopause, oral contraceptive, healthy eating index 2015, 
age at menarche and age at first full‐term pregnancy, race and ethnicity

**
Also adjusted for BMI
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Table 6:

Hazard ratios for the association of predicted REE with risk of incident, invasive breast cancer in 

postmenopausal women stratified by anthropometric measures

Ikeda Livingston Mifflin

Per SD increase

BMI

 18.5–24.9kg/m2 1.28 (1.17–1.40) 1.24 (1.14–1.35) 1.22 (1.14–1.30)

 25.0–29.9kg/m2 1.26 (1.16–1.36) 1.26 (1.16–1.37) 1.18 (1.11–1.26)

 ≥30kg/m2 1.16 (1.10–1.22) 1.18 (1.11–1.25) 1.13 (1.08–1.19)

P-interaction 0.001 0.012 0.002

WC

 <80cm. 1.15 (1.06–1.24) 1.14 (1.06–1.22) 1.15 (1.08–1.23)

 80–<88cm. 1.25 (1.14–1.37) 1.25 (1.14–1.37) 1.22 (1.13–1.32)

 ≥88cm. 1.18 (1.13–1.22) 1.20 (1.15–1.25) 1.16 (1.12–1.21)

P-interaction 0.735 0.893 0.269

WHR: <0.80

 <0.80 1.22 (1.18–1.27) 1.22 (1.18–1.27) 1.23 (1.18–1.27)

 0.80–0.85 1.17 (1.11–1.22) 1.17 (1.12–1.23) 1.15 (1.09–1.20)

 >0.85 1.20 (1.15–1.25) 1.22 (1.16–1.28) 1.20 (1.15–1.25)

P-interaction 0.975 0.766 0.469

Abbreviations: REE= resting energy expenditure, SD= standard deviation; BMI = body mass index, WC= waist circumference, WHR= waist to hip

Adjusted for education, physical activity, smoking status, alcohol consumption, randomization group/study arm, unopposed estrogen therapy ever 
use, combined estrogen and progesterone therapy use ever, breastfed ever, age at menopause, oral contraceptive, healthy eating index 2015, age at 
menarche and age
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