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Abstract
Background—Data on the long-term association between low-carbohydrate diets and mortality
are sparse.

Objective—To examine the association of low-carbohydrate diets with mortality during 26 years
of follow-up in women and 20 years in men.

Design—A prospective cohort study of women and men, followed from 1980 (women) or 1986
(men) until 2006. Low-carbohydrate diets, either animal-based (emphasizing animal sources of fat
and protein), or vegetable-based (emphasizing vegetable sources of fat and protein) were
computed from multiple validated food frequency questionnaire assessed during follow-up.

Setting—Nurses' Health Study and Health Professionals' Follow-up Study

Participants—85,168 women (aged 34-59 years at baseline) and 44,548 men (aged 40-75 years
at baseline) without heart disease, cancer, or diabetes.

Measurement—Investigator documented 12,555 deaths (2,458 cardiovascular, 5,780 cancer) in
women and 8,678 deaths (2,746 cardiovascular, 2,960 cancer) in men.

Results—The overall low-carbohydrate score was associated with a modest increase in overall
mortality in pooled analysis (Hazard Ratio, HR, comparing extreme deciles=1.12 (95%
CI=1.01-1.24, p-trend=0.14). The animal low-carbohydrate score was associated with a higher all-
cause mortality (pooled HR comparing extreme deciles=1.23, 95% CI=1.11-1.37, p-trend=0.05),
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cardiovascular mortality (corresponding HR=1.14, 95% CI=1.01-1.29, p-trend=0.029), and cancer
mortality (corresponding HR=1.28, 95% CI 1.02-1.60, p for trend = 0.09). In contrast, a higher
vegetable low-carbohydrate score was associated with lower all-cause (HR=0.80, 95%
CI=0.75-0.85, p-trend<0.001) and cardiovascular mortality (HR=0.77, 95% CI=0.68-0.87, p-
trend<0.001).

Limitations—Diet and lifestyle characteristics were assessed with some degree of error,
however, sensitivity analyses indicated that results were not unlikely to be substantially affected
by residual or confounding or an unmeasured confounder. In addition, participants were not a
representative sample of the U.S. population.

Conclusion—A low-carbohydrate diet based on animal sources was associated with higher all-
cause mortality in both men and women, whereas a vegetable-based low-carbohydrate diet was
associated with lower all-cause and cardiovascular disease mortality rates.

Primary funding source—NIH grants CA87969, HL60712, and CA95589
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Introduction
Low-carbohydrate diets have claimed to promote weight loss, improve blood cholesterol
levels, and blood pressure(1,2). Weight loss trials lasting 6 months to 2 years have found
them to be as effective(3,4) or more effective(5,6) than diets with higher carbohydrate
content. However, effects on blood lipid profiles for low-carbohydrates diets with
substantial animal products were mixed, with low-carbohydrate diets resulting in greater
improvements in high density lipoprotein but possibly less favorable change in low density
lipoprotein than higher carbohydrate diets(6-9). In addition, these diets can be high in red
meat and low in fruits, vegetables, and whole grains which has been shown to increase risk
of chronic diseases(10-12). On the other hand, the “Eco-Atkins” diet, a low-calorie, low-
carbohydrate diet with high amounts of plant protein and oils has shown to improve low
density lipoprotein levels when compared with a high carbohydrate, lacto-ovo vegetarian
diet (13). Because the leading causes of death in the U.S.–cardiovascular disease (CVD) and
cancer(14)–develop over many years, long-term studies of low-carbohydrate diets are
needed to evaluate effects on mortality. However, randomized trials of low-carbohydrate
diets on mortality are not feasible because of the difficulty in maintaining compliance and
follow-up over many years.

We previously developed three scores to characterize low-carbohydrates based on the
proportion of carbohydrate, fat, and protein in the diet, and the contribution to these
macronutrients from animal or vegetable sources(15). We found that women with higher
low-carbohydrate diet scores did not have greater risk of type 2 diabetes and coronary heart
disease and that a low-carbohydrate dietary pattern that emphasized vegetable sources of fat
and protein was associated with a lower risk of both(15,16). However, long-term data on
low-carbohydrate diets and mortality are scarce. Two European cohorts reported that a low-
carbohydrate-high protein diet was associated with a weak but statistical significant higher
mortality(17,18). These studies included only a few hundred deaths, and did not evaluate
different sources of proteins and fat.

Therefore, we prospectively examined the relation between different types of low-
carbohydrates diets and all-cause and cause-specific mortality in two large cohorts in the U.
S.
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Methods
Study Population

The Nurses' Health Study (NHS) is a cohort study of 121,700 female nurses aged 30-55
years living in 11 U.S. states established in 1976 (figure 1a). Questionnaires are sent
biennially to collect medical, lifestyle, and other health-related information(19). In 1980,
participants completed a 61-item food frequency questionnaire (FFQ). This was expanded to
116 items in 1984 and similar FFQs were sent in 1986, 1990, 1994, 1998, and 2002.

The Health Professionals' Follow-up Study (HPFS) was established in 1986 with 51,529
male podiatrists, optometrist, pharmacists, dentists, and veterinarians, aged 40 to 75 years
(figure 1b). Questionnaire similar to the NHS are sent every two years, and an FFQ was sent
every four years(20). Each FFQ contained approximately 130 questions on food intake.
Follow-up was complete for over 90% in each 2-year cycle for both cohorts.

For this analysis, we used 1980 as baseline for NHS when the first dietary data were
collected. We included women who completed the 1980 FFQ with <10 missing items and a
plausible total energy intake (calculated from the FFQ, between 500 and 3500 kcal/day)(21).
For HPFS, we included men with total energy intake (calculated from the FFQ) of 800 to
4200 kcal/day at baseline and <70 missing items. After excluding those with a history of
cancer (women: 1579, men: 1998) (except non-melanoma skin cancer), heart disease
(women: 772, men: 2077), and diabetes mellitus at baseline (women: 1858, men: 1284), we
included 85,168 women with follow-up from 1980 through 2006, and 44,548 men with
follow-up from 1986 to 2006. This study was approved by the Institutional Review Board of
the Brigham and Women's Hospital, Boston, MA.

Dietary Assessment
Self-administered semi-quantitative FFQs were designed to assess average food intake over
the preceding year. A standard portion size and nine possible consumption frequency
categories, from “never, or <1/month” to “6+ times per day” were given for each food. Total
energy and nutrient intake was calculated by summing up from all foods. Previous
validation studies revealed reasonably good correlations between energy-adjusted nutrients
assessed by the FFQ and multiple food records completed over the preceding year in both
NHS(21) and HPFS(20).

The computation of low-carbohydrate diet scores was previously described in detail(15).
Briefly, percentages of energy from fat, protein, and carbohydrate were divided into deciles.
For fat and protein, participants in the highest decile received 10 points for that
macronutrient and participants in the ninth decile received 9 points, and so forth. For
carbohydrate, the lowest decile received 10 points and the highest zero points. The fat,
protein, and carbohydrate scores were summed to create the overall low-carbohydrate-diet
score, which ranged from 0-30. In addition, we also created a vegetable low-carbohydrate
score, based on percent of energy of carbohydrate, vegetable protein, and vegetable fat; and
an animal low-carbohydrate score based on percent energy as carbohydrate, animal protein,
and animal fat. Thus, each participant was given the overall, animal and vegetable scores.

Ascertainment of deaths
Deaths were identified from state vital statistics records, the National Death Index, reported
by the families, and the postal system. Cause of death was identified from death certificates
or review of medical records. For this analysis, we evaluated all-cause mortality, death from
CVD (International Classification of Diseases, eighth revision [ICD-8] codes 390 through
458), cancer (ICD-8 codes 140 through 207), death from colorectal (ICD-8 codes 153-154),
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lung (ICD-8 code 162), breast (ICD-8 code 174), and prostate (ICD-8 code 185) cancers.
The follow-up for death in both cohorts is at least 95% complete(22).

Assessment of covariates
Body mass index (BMI) was calculated from weight reported on each biennial questionnaire
and height reported at the first questionnaire. Smoking status and number of cigarette use,
history of hypertension, aspirin use (number of tablets and frequency of use), regular intake
of multivitamin, menopausal status and use of postmenopausal hormone therapy, parity, and
age at first birth were assessed every 2 years. In the NHS, hours per week of vigorous
activities was collected in 1980, 1982, and 1984. Leisure-time physical activity was
measured 7 times beginning in 1986 with validated questions on 10 common activities in
NHS and biennially from baseline in HPFS. The information was then summed and
calculated as Metabolic Equivalent Hours (METs)(23). In NHS, we inquired about physical
examinations (for screening purposes or to evaluate symptoms) at baseline and in both
cohorts every two years beginning in 1988. Family history (1st degree relatives) of colorectal
cancers, breast (women only), prostate cancer (men only), and information on having
undergone colonoscopy and prostate specific antigen (PSA, men only) screening were also
collected several times during follow-up.

Statistical analysis
We used Cox proportional hazard models to assess the association between the three low-
carbohydrate diet scores and risk of all-cause mortality during follow-up. In addition, we
separately analyzed CVD mortality, overall cancer mortality, and the leading causes of
cancer deaths: lung, colorectal, breast (women only), and prostate (men only). All analyses
were conducted separately for each cohort.

For analyses of all-cause, CVD, and cancer mortality, participants were divided into 10
categories (deciles) for each of the low-carbohydrate diet scores. For specific cancer deaths,
participants were categorized into quintiles of low-carbohydrate diet scores because of
smaller numbers of cases. To reduce random within-person variation and to best represent
long-term dietary intake, we calculated cumulative averages of the 3 low-carbohydrate diet
scores from our repeated FFQs (24). For example, in NHS, the low-carbohydrate diet score
in 1980 was used to predict mortality between 1980 and 1984, the average score from 1980
and 1984 was used to predict mortality from 1984 to 1986, and so forth with cumulative
dietary information for the entire follow-up duration. The same procedure was used in
HPFS. However, dietary intake was not updated when the participants reported a diagnosis
of cancer (except non-melanoma skin cancer), diabetes, stroke, coronary heart disease, or
angina because these conditions may lead to changes in diet.

In multivariate analyses, we adjusted for age (continuous), physical activity (quintiles), BMI
(5 categories), energy intake (quintiles), alcohol intake (4 categories), history of
hypertension (yes/no), smoking (5 categories), and multivitamin use (yes/no) with updated
information at each 2 year questionnaire cycle. In women, we also adjusted for menopausal
status and post menopausal hormone use (4 categories). In secondary analysis, we also
adjusted for having gone through a physical examination (yes/no) at each 2 year
questionnaire cycle as this may be related to early disease detection and hence better
prognosis. Individuals with missing BMI were excluded from baseline (2%). Smoking status
was missing for 0.2% of the participants in NHS and 4% participants in HPFS at baseline.
These individuals were represented by a missing indicator variable for smoking.

For analyses of deaths due to specific cancers, we used multivariate models that additionally
included disease-specific risk factors. For breast cancer, we additionally adjusted for family
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history of breast cancer (yes/no), weight change since age 18 (7 categories), history of
benign breast disease (yes/no), BMI at age 18 (4 categories), and height (4 categories). For
analysis of prostate cancer, we additionally adjusted for family history of prostate cancer
(yes/no), history of diabetes (yes/no), ethnicity (4 categories), height (5categories), vigorous
(6+ METs) physical activity (quintiles), history of vasectomy (3 categories), BMI at age 21
(5categories), PSA screening (yes/no). For analysis of colorectal cancer, we additionally
adjusted for history of colorectal polyps (yes/no), family history of colorectal cancer (yes/
no), history colonoscopy (yes/no), aspirin use (yes/no). Cigarette smoking was modeled as
pack years (5 categories). In analysis of lung cancer, covariates used in each cohort were
slightly different due to availability of data. Therefore in women, we additionally adjusted
for age at smoking initiation (continuous), and smoking status was modeled using six
categories. In men, we adjusted for pack years (5 categories), parental smoking in childhood
(3 categories), and adult environmental tobacco smoke exposure (4 categories).

Hazard ratios from each cohort were also pooled to obtain a summary risk estimate using a
random effects model that allows for between-study heterogeneity(25). P-values for
heterogeneity of study results were calculated using the Cochran Q test. Proportional hazard
assumption for total mortality was tested with a time dependent variable by including an
interaction term between the low carbohydrate diet score and the “month to death” variable.
Statistical analysis was conducted with SAS version 9.1 (Cary, NC).

As a sensitivity analysis, we repeated our analysis using only baseline dietary information,
and corrected for measurement error (26) in the assessment of the overall low-carbohydrate
diet score using data from validation studies conducted in NHS (21) and HPFS (20). To
explore residual confounding, we adjusted for major confounders with finer categories or as
continuous variables in separate regression models, as well as computing and adjusting for a
propensity score (27). We also conducted sensitivity analysis to examine the robustness of
our results from influence of unmeasured confounding (28). We did not observe any
material difference in results from these precautionary measures and therefore presented
results with covariates adjusted in their original categories. We used a multiple imputation
procedure, with 20 rounds of imputation and including all covariates to account for missing
dietary and covariate data. We then repeated the analysis using non-cumulative updating of
dietary information in which we use the most recent diet data to predict mortality (29).

Role of funding source
This study was supported by the National Institutes of Health. It had no role in the design
and conduct of the study, analysis or interpretation of the data, or preparation or final
approval of the manuscript before publication.

Results
In NHS with up to 26 years of follow-up, we documented 12,555 deaths, of which, 2,458
were cardiovascular deaths, and 5,780 were cancer deaths. Among the cancer deaths, 1,605
were from breast cancer, 547 from colorectal cancer, and 1,280 from lung cancer. In the
HPFS with up to 20 years of follow-up, there were 8,678 deaths, of which 2,746 were CVD
deaths, and 2,960 were cancer deaths. Among cancer deaths, 335 cases were from colorectal
cancer, 563 from lung cancer, and 416 from prostate cancer.

Both men and women who had higher overall and animal low-carbohydrate scores had
higher BMI and more likely to be current smokers, but lower intakes of fruits and vegetables
(table 1). Conversely, those with higher vegetable low-carbohydrate score tended to have
higher alcohol and whole grain intake. 1986 was chosen for consistency of data for men and
women.
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After adjusting for potential confounders, we observed a modest but statistically higher risk
for all-cause mortality with the animal low-carbohydrate score (HR comparing extreme
deciles of animal score for HPFS=1.31, 95% CI=1.19-1.44, p trend<0.001; for NHS:
HR=1.17, 95% CI=1.08-1.26, p trend<0.001) (table 2). The pooled HR was 1.23 (95%
CI=1.11-1.37, p trend=0.051). In both cohorts, similar inverse associations were observed
between the vegetable score and all-cause mortality, with the pooled HR comparing extreme
deciles=0.80 (95% CI=0.75-0.85, p trend<0.001).

For CVD mortality, a modest but statistically significant direct association was observed
with the overall low-carbohydrate score in men only (table 3). However, the animal-based
score showed a direct association in the pooled analysis (HR=1.14, 95% CI=1.01-1.29, p
trend=0.029 for animal score). Results for the vegetable-based score were similar for men
and women, and the pooled HR for CVD mortality was 0.77 (95% CI=0.68-0.87, p
trend<0.001) for extreme deciles.

For total cancer deaths, a statistically significant direct association was observed with the
overall low-carbohydrate score in men (HR comparing extreme deciles1.32, 95%
CI=1.11-1.57, p trend<0.001) (table 4). A slightly stronger association was observed with
the animal low-carbohydrate score in men (HR=1.45, 95% CI=1.23-1.72, p trend<0.001).
However, the same association was weaker in women and did not reach statistical
significance in the sensitivity analysis when smoking and physical activity was modeled in
finer categories. In addition, no association was observed with the vegetable low-
carbohydrate score in either men or women.

A direct association was observed between the animal low-carbohydrate score and colorectal
cancer death when data were combined (HR comparing extreme quintiles=1.31, 95%
CI=1.06-1.62, p trend=0.048) (table 5, online appendix). In both cohorts, the overall and
animal low-carbohydrate scores were positively associated with lung cancer mortality, with
the pooled hazard ratio for the overall low-carbohydrate score of 1.22 (95% CI=1.05-1.42, p
trend=0.003) comparing top to bottom quintiles (table 5). The vegetable low-carbohydrate
score was not associated with lung cancer deaths. After adjusting for risk factors relevant to
specific cancers, none of the low-carbohydrate scores was associated with breast cancer or
prostate cancer death.

Additional adjustment for physical examinations to reduce the possibility of confounding by
late detection and hence more fatal diseases showed similar results. We also repeated our
analysis with continuous updating dietary information even after diagnosis of chronic
diseases, but adjusted for the self-reported diagnosis in the regression models. In both
cohorts, neither the relative risks nor the p-values were changed. Bonferroni correction for
multiple comparison for gender-specific analysis did not change the conclusion of the results
for all-cause, CVD, or cancer mortality, and statistically significant associations remained
significant.

Less than 25% of either NHS or HPFS participants missed more than 2 FFQs during the
follow-up period. However, results for the animal and vegetable low carbohydrate scores
remained statistically significant when the multiple imputation procedure was used to
account for missing data. In NHS, the HR for a 10 point increase in the animal score was
1.09 (p<0.0001) for total mortality and the corresponding HR in HPFS was 1.06 (p=0.0003).
Using baseline dietary data and after adjusting for measurement error in diet, conclusions for
the overall low-carbohydrate diet score and total mortality were not materially changed. For
example, HR for 10 points increase in baseline overall score was 1.04 (p=0.38) for corrected
data and 1.01 (p=0.65) for uncorrected data in NHS. In HPFS, HR for 10 points increase in
the baseline overall score was 1.20 (p<0.0001) for corrected data and 1.10 (p=0.0004) for
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uncorrected data. The test for proportional hazard assumption for total mortality analysis
was not significant (p= 0.42 for NHS and p = 0.45 for HPFS).

Discussion
In our two cohorts of U.S. men and women with up to 20-26 years of follow-up, we
observed that the overall low-carbohydrate diet score was only weakly associated with all-
cause mortality. However, a higher animal low-carbohydrate diet score was associated with
higher all-cause and cancer mortality, while a higher vegetable low-carbohydrate score was
associated with lower mortality, particularly CVD mortality.

A search in the English medical literature of the past 10 years found only two long term
observational studies of low carbohydrate diet and mortality. A Swedish study in women
used an overall score with a scoring algorithm similar to ours, but only considered protein
and carbohydrate intakes(17). After up to 12 years of follow-up, the high-protein-low-
carbohydrate score was associated with CVD death only among women aged 40-49 years at
baseline but not among younger women (HR=1.21 for each 10% increment in score). There
was no association with all-cause or cancer mortality. Using the same calculation as the
Swedish study, the high protein-low-carbohydrate score was associated with a weak but
statistically significant increased risk in all-cause mortality (HR=1.08 for each 10%
increment) among Greek participants of the European Prospective Investigation Cancer and
Nutrition (EPIC) study during 10 years of follow-up(18). Similar associations were observed
for cardiovascular and cancer mortality. Dietary protein and fat can come from foods with
widely different nutrient profiles. Our animal and vegetable low-carbohydrate scores
allowed us to better discern whether any association between low-carbohydrate scores and
mortality is due mainly to different sources of macronutrients especially fat and protein. We
observed stronger direct associations with mortality with the animal but not with the
vegetable low-carbohydrate score, suggesting that animal- and plant-based foods have a
differential impact on mortality.

Consistent with our results, higher intake of vegetable protein, but not animal protein, was
associated with a lower risk of coronary heart disease mortality in the Iowa Women's Health
Study(30). The lower CVD mortality observed with higher vegetable low-carbohydrate
score in our study is likely in part due to the established benefit of unsaturated fats, dietary
fiber, and micronutrients such as magnesium and potassium, as well as other bioactive
compounds including vitamins, minerals, and phytochemical (31). Because low-
carbohydrate diets may have variable amounts of plant or animal fat, this may explain why
low-carbohydrate diets showed mixed results on lipid profile(9).

We found a positive association between animal and low-carbohydrate score and cancer
mortality. Diets high in red and processed meats have been associated with higher risk of
lung cancer in case-control(32,33) and prospective studies(34). Therefore, the direct
association with the animal based low-carbohydrate score in our study may be partly due to
higher red and processed meat intake. Dietary fat, however, does not appear to be associated
with lung cancer risk(35). The association between red and processed meats intake and risk
of colorectal cancer is well established(36), and may explain the higher risk of colorectal
cancer deaths among participants with higher animal low-carbohydrate score.

Low-carbohydrate diets from animal and vegetable sources may have similar major
macronutrient content, but the source of the macronutrients can result in large differences in
dietary components that may affect mortality, such as specific fatty acids, protein, fiber,
vitamins and minerals, and phytochemicals. Therefore, the associations that we observed are
more likely to be mediated by these bioactive components rather the carbohydrate content.
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The large number of cases in our cohort allowed us to conduct meaningful statistical
analysis for specific causes of death. The availability of detailed and updated data on
covariates allowed us to better control for confounding. But as with other observational
studies, some degree of measurement error in reporting dietary and other lifestyle
characteristics is inevitable. Therefore, we used multiple strategies in an attempt to reduce
some of those biases. We used a validated FFQ, and our participants' training in clinical
sciences would allow them to report health data accurately. In sensitivity analyses, we
modeled major confounders in finer categories, included a propensity score, explored the
influence of residual confounding. We compared our main results with those corrected for
measurement error in baseline diet with data from validation studies. Most of the risk
estimates were not changed substantially and the conclusions remained unchanged. We also
considered the influence of unmeasured confounding using a sensitivity analysis (28). We
found that for HPFS, the unmeasured confounder would have to have a prevalence of 40%
among those at the highest decile of the animal score and a hazard ratio of 2.0 with total
morality to attenuate the association to non-statistical significance. In NHS, the
corresponding parameters for the unmeasured confounder would have to be 20% prevalence
and HR of 2.0 to attenuate the association to non-significance. Since important confounders
for the analyses of total and disease-specific mortality were controlled for, it is unlikely that
such strong confounding would remain to explain the observed associations.

Because of the long follow-up, participants could have changed their diet after developed
non-fatal CVD or cancer. We reduced the impact of this by not updating dietary information
after such diagnosis in our main analysis. In a different approach, we updated dietary
information regardless of a diagnosis of chronic disease but adjust for the diagnosis in the
regression model. Missing data were imputed using a sophisticated procedure. None of these
additional analyses materially changed the results.

The low-carbohydrate diet scores used in this study was not designed to mimic any
particular versions of low-carbohydrate diets available in the popular literature. Therefore
the risk estimates do not directly translate to the assessment of benefit or risk associated with
the popular versions of the diet. In addition, the participants of our cohorts have higher
educational status and better availability of health care coverage. Therefore, results may not
be directly generalizable to the general population.

In conclusion, consumption of a vegetable-based low-carbohydrate diet were associated with
a lower risk of all-cause and CVD mortality whereas a high scores for the animal-based low-
carbohydrate diet were associated with a higher risk of overall mortality. These results
suggest that the health effects of a low-carbohydrate diet may depend on the type of protein
and fat, and that a diet including mostly vegetable sources of protein and fat is preferable to
a diet with mostly animal sources of protein and fat.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1a.
Timeline for Nurses' Health Study
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Figure 1b.
Timeline for Health Professionals' Follow-up Study
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