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Introduction: Cardiometabolic diseases (CMD) are the leading causes of death 
for people living in the United  States. Dietary strategies, such as restricting 
carbohydrate intake, are becoming popular strategies for improving health 
status. However, there is limited and often contradictory evidence on whether 
restricting carbohydrate intake is related to all-cause, CMD, or cardiovascular 
disease (CVD) mortality.

Methods: The objective of the present study was to evaluate the association 
between restricted carbohydrate diets (<45%en) and mortality from all-causes, 
CMD, and CVD, stratified by fat amount and class. Data were acquired using 
the National Health and Nutrition Examination Survey (1999–2018) linked 
with mortality follow-up until December 31, 2019 from the Public-use Linked 
Mortality Files. Multivariable survey-weighted Cox proportional hazards models 
estimated hazard ratios for 7,958 adults (≥20 y) that consumed <45%en from 
carbohydrates and 27,930 adults that consumed 45-65%en from carbohydrates.

Results: During the study period a total of 3,780 deaths occurred, including 1,048 
from CMD and 1,007 from CVD, during a mean follow-up of 10.2 y. Compared 
to individuals that met carbohydrate recommendations (45-65%en), those that 
consumed carbohydrate restricted diets (<45%en) did not have significantly 
altered risk of mortality from all-causes (HR: 0.98; 95% CI: 0.87, 1.11), CMD (1.18; 
0.95, 1.46), or CVD (1.20; 0.96, 1.49). These findings were maintained when the 
restricted carbohydrate diet group was stratified by intake of total fat, saturated 
fat (SFA), monounsaturated fat (MUFA), and polyunsaturated fat (PUFA).

Discussion: Carbohydrate restriction (<45%en) was not associated with mortality 
from all-causes, CVD, or CMD. Greater efforts are needed to characterize the 
risk of mortality associated with varied degrees of carbohydrate restriction, e.g., 
low (<26%en) and high (>65%en) carbohydrate diets separately.
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1 Introduction

Cardiometabolic diseases (CMD), which include heart disease, 
stroke, and diabetes, are the leading causes of death for men and 
women in the United States (1). While mortality from cardiovascular 
diseases (CVD) has declined over the past 20 years, mortality from 
endocrine and metabolic diseases has increased (2, 3). Modifiable 
lifestyle factors, including a healthy diet, can help mitigate the risk of 
mortality associated with CMD by over 60% (4).

The Acceptable Macronutrient Distribution Range (AMDR) for 
carbohydrates is 45–65% of total calories (5). Despite this 
recommendation, consumers report adopting restricted carbohydrate 
diets (<45%en from carbohydrates) because of their perceived health 
benefits (6). However, research remains inconsistent on whether 
restricted carbohydrate diets impact mortality risk (7–9). Some 
studies suggest that adopting a low carbohydrate diet elevates 
mortality risk due to decreased intake of fiber, fruits, and vegetables, 
or increased consumption of animal products and saturated fats (10, 
11). Conversely, other studies suggest that a low carbohydrate diet 
reduces mortality risk by improving insulin sensitivity (potentially 
influenced by changes in hormones such as the insulin-sensitizing 
adipokine adiponectin) or by inhibiting the longevity-related protein, 
the mammalian target of rapamycin (mTOR) (12, 13).

One meta-analysis of cohort studies showed that participants that 
consumed lower carbohydrate diets had a 31% greater risk of all-cause 
mortality compared to those that consumed more carbohydrates, though 
no association with CVD-mortality was observed (14). A separate meta-
analysis of 281 observational studies demonstrated that higher carbohydrate 
intake was associated with a 19% greater risk of all-cause mortality (15). 
Furthermore, while several nationally representative studies have observed 
both positive and negative associations of varied carbohydrate intake with 
mortality from all-causes (7, 8, 16–23) and CVD (17–21, 23, 24), none have 
evaluated CMD mortality. Without a clear consensus, there is a need for 
more high-quality studies to assess whether carbohydrate restriction is 
associated with reduced risk of mortality from all-causes, CMD, and CVD.

The proportion of energy derived from fat increases when 
carbohydrates are restricted in the diet. Dietary fat quality is known 
to modify the risk of all-cause and CVD mortality (25–27). Saturated 
fat (SFA) intake is often associated with an increased risk of all-cause 
and CVD mortality, while polyunsaturated fat (PUFA) is associated 
with a decreased risk of both (25, 27). Yet, few studies have considered 
dietary fat quality when studying associations between restricted 
carbohydrate diets and mortality.

To address these research gaps and to further inform dietary 
recommendations, the present study used 20 y of dietary data from 
the National Health and Nutrition Examination Survey (NHANES) 
to examine associations between restricted carbohydrate diets and risk 
of mortality from all-causes, CMD, and CVD. We further stratified 
participants consuming restricted carbohydrate diets by intake of total 
fat, SFA, monounsaturated fat (MUFA), and PUFA to explore whether 

fat quality alters the associations between carbohydrate restriction 
and mortality.

2 Methods

2.1 Data acquisition

Data on individual-level nutrient intake from foods and 
supplements, food intake, medication use, health behaviors, prevalent 
health conditions, family history of health conditions, and 
sociodemographics were acquired from NHANES, 1999–2018. 
NHANES collects data from approximately 5,000 non-institutionalized 
participants per year using a multi-stage sampling design (28). Data 
are collected by trained staff using in-person surveys, physical 
examinations, and laboratory tests. Some demographic groups are 
oversampled to increase reliability and precision (28). Data are 
collected continuously but released in two-year cycles. Dietary data are 
collected from participants by trained staff using an in-person 24-h 
dietary recall, and approximately 80% of the sample completes a 
second recall 3–10 days later by telephone. The computer-assisted 
Automated Multiple Pass Method (AMPM) is used to minimize 
respondent burden and increase reliability and validity (29, 30). The 
present study is a secondary analysis of publicly available and 
de-identified data and was deemed exempt from human studies 
ethical review by the Institutional Review Board at William & Mary. 
Pre-registration for this study can be found elsewhere (31).

2.2 Diet categorization

Usual food and nutrient intake was estimated using the National 
Cancer Institute’s (NCI) usual intake methodology (32). This method 
estimates within-person variation of the entire sample using data from 
two 24-h recalls collected from most participants using the SAS 
macros MIXTRAN, DISTRIB, and INDIVINT provided by NCI (33–
35). A nonlinear mixed effects model is fit to repeated 24-h recalls 
using MIXTRAN. These parameter estimates are passed to DISTRIB 
to estimate the usual intake distribution in the population, and to 
INDIVINT to estimate predicted intakes at the individual level. 
Participants were primarily categorized into one of two groups, 
restricted carbohydrate (<45%en) (36) and those that met the AMDR 
for carbohydrate intake (45–65%en) (37), which are consistent with 
the categorizations used by the Nutrition and Lifestyle Task Force of 
the National Lipid Association (36) and the Food and Nutrient Board 
of the Institute of Medicine, National Academy of Sciences (Dietary 
Reference Intakes) (37). To investigate the effects of fat amount and 
class, restricted carbohydrate intakes were further stratified by intake 
tertiles of total fat (<35.5%en, 35.5–38.3%en, >38.3%en), SFA 
(<11.3%en, 11.3–12.4%en, >12.4%en), MUFA (<12.7%en, 12.7–
13.8%en, >13.8%en), and PUFA (<7.6%en, 7.6–8.7%en, >8.7%en).

2.3 Outcome ascertainment

Participants from NHANES were linked to the Public-use 
Linked Mortality Files (1999–2019) (38), which provide mortality 
follow-up through December 31, 2019, the latest date available. 

Abbreviations: AMDR, acceptable macronutrient distribution range; AMPM, 

automated multiple pass method; CMD, cardiometabolic disease; CVD, 

cardiovascular disease; HR, hazard ratio; MUFA, monounsaturated fat; NCI, national 

cancer institute; NCHS, national center for health statistics; NDI, national death 

index; NHANES, national health and nutrition examination survey; PUFA, 

polyunsaturated fat; SFA, saturated fat.
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Follow-up was defined as the time from NHANES data collection 
to death or December 31, 2019, whichever came first. Standardized 
procedures were used by the National Center for Health Statistics 
(NCHS) to adjudicate deaths. Staff at NCHS used probabilistic 
matching to link NHANES participants to records in the National 
Death Index (NDI) using identifying information such as social 
security number, name, date of birth, and state of residence (39). 
The NDI records all US deaths since 1979, and includes nearly all 
deaths (~97%) when social security numbers are available, such is 
the case for all eligible NHANES participants linked to the NDI 
(40, 41).

Mortality follow-up data for NHANES participants were collected 
for all causes, coronary heart disease (International Classification of 
Disease 10th revision codes I00–I09, I11, I13, I20–I51), stroke (I60–
I69), and diabetes (E10–E14). Deaths from coronary heart disease and 
stroke were summed to represent deaths from CVD, and deaths from 
CVD and diabetes were summed to represent deaths from 
CMD. Deaths from heart disease, stroke, and diabetes were evaluated 
as part of CVD and CMD, but were not evaluated as separate outcomes 
due to insufficient sample sizes (829, 178, 41 cases, respectively).

2.4 Covariates

Data on self-reported age, sex, education, and race/ethnicity were 
acquired from the demographic questionnaire. NHANES staff used 
self-reported information on household income and household 
composition (number of persons including children) to calculate 
income-to-poverty ratio (ratio of household income compared to the 
federal poverty guideline). Data on physical activity were acquired 
from the physical activity questionnaire, and data from 1999–2006 
and 2007–2018 were harmonized using the approach by Bailey et al. 
(42). Data on smoking status were acquired from the questionnaire on 
recent tobacco use. NHANES staff collected height and weight 
measurements and used this information to calculate Body Mass 
Index (BMI; kg/m2). NHANES staff measured systolic and diastolic 
blood pressure at the brachial artery after participants were seated and 
resting, and the average of ≥2 measurements were calculated for each 
participant, which is consistent with clinical standards (43). 
Hypertension was determined by systolic blood pressure ≥ 130 mmHg 
or diastolic blood pressure ≥ 80 mmHg or self-report of current 
prescription drug treatment (43). Lipid panels were used to collect 
information on serum triglycerides and high-density lipoprotein 
cholesterol (HDL-C). Participants with triglyceride levels ≥150 mg/dL 
(≥1.695 mmol/L) or self-report of current prescription drug treatment 
were identified as having elevated triglycerides, and those with 
HDL-C < 50 mg/dL (<1.295 mmol/L) for women or < 40 mg/dL 
(<1.036 mmol/L) for men or self-report of current prescription drug 
treatment were identified as having low HDL-C (44). Participants with 
elevated triglycerides and low HDL-C were classified as having 
dyslipidemia (44). Baseline heart disease, stroke, and diabetes were 
evaluated using standard measures from the American Heart 
Association (45), which include self-report of physician diagnosis, 
prescription drug treatment, fasting plasma glucose, and the Rose 
questionnaire (undiagnosed angina), described elsewhere (46). Data 
on daily intake of energy, protein, and alcohol were acquired from the 
24-h recall files. Data on daily intake of refined grains and added sugar 
were acquired from the Food Patterns Equivalents Database, which 

converts data on food intake from 24-h recalls into food group 
equivalents (47).

2.5 Statistical analyses

Multivariable Cox proportional hazards regression models 
assessed the association between diet patterns and mortality from all 
causes, CMD, and CVD. Base models were adjusted for demographic 
variables, health behaviors, and baseline health status including age 
(20–30 y, 31–50 y, 51–70 y, or ≥ 71 y), sex (male or female), education 
(<high school, high school or equivalent, some college, or college 
graduate), race-ethnicity (non-Hispanic white, non-Hispanic black, 
Mexican-American, or other), income-to-poverty ratio (<0.75, 0.75–
1.30, 1.31–1.99, 2.00–3.99, or ≥ 4.00), physical activity (sedentary, 
moderate, or vigorous) (42), smoking status (<100 cigarettes in 
lifetime, ≥100 cigarettes in lifetime but not current smoker, ≥100 
cigarettes in lifetime and currently smoke some days, or ≥ 100 
cigarettes in lifetime and currently smoke everyday), BMI (<18.5, 
18.5- < 25, 25- < 30, or ≥ 30), baseline hypertension (yes or no), 
baseline dyslipidemia (yes or no), family history of heart disease (yes 
or no), family history of diabetes (yes or no), and survey cycle 
(continuous). Missing values for each covariate were included as a 
dummy indicator to preserve sample size.

Fully adjusted models were adjusted for dietary factors including 
daily intake of energy (kcal, continuous), refined grains (oz. 
equivalents, continuous), added sugar (tspn. Equivalents, continuous), 
fiber (g, continuous), protein (%en, continuous), and alcohol (%en, 
continuous). Models stratified by total fat intake were also adjusted for 
unsaturated-to-saturated fat ratio, models stratified by SFA intake 
were additionally adjusted for MUFA (%en, continuous) and PUFA 
(%en, continuous), models stratified by MUFA intake were 
additionally adjusted for SFA (%en, continuous) and PUFA (%en, 
continuous), and models stratified by PUFA intake were additionally 
adjusted for SFA (%en, continuous) and MUFA (%en, continuous). 
Supplemental models adjusted for additional dietary factors that may 
have a neutral or beneficial effect on CMD (48). Models stratified by 
SFA intake were additionally adjusted for stearic acid, models stratified 
by MUFA intake were additionally adjusted for oleic acid, and models 
stratified by PUFA intake were additionally adjusted for linoleic acid, 
α-linolenic acid, eicosapentaenoic acid, and docosahexaenoic acid.

Statistical significance was set at p < 0.05 with Bonferroni 
adjustment for multiple comparisons. Standard errors were estimated 
with the balanced repeated replication method while accounting for 
the multistage probability sampling design of NHANES. Stata 16.1 
(StataCorp; College Station, TX) (49) was used for data management 
and SAS 9.4 (SAS Institute; Cary, NC) (50) was used for all analyses.

3 Results

3.1 Participant characteristics

A total of 96,766 individuals provided dietary data from 1999–
2018 (Supplementary Figure S1). Participants were excluded if they 
were < 20 y of age (n = 44,368); pregnant or breastfeeding (n = 1,827); 
had incomplete or unreliable dietary recalls as deemed by trained 
NHANES staff (n = 3,570); were unable to be linked to the National 
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Death Index due to incomplete identifying information (n = 81); died 
during the first year of follow up (n = 468); had heart disease, stroke, 
or diabetes at baseline (n = 10,542); or consumed >65%en from 
carbohydrates (n = 22). A total of 35,888 US participants were included 
in the analytic sample. During the study period a total of 3,780 deaths 
occurred, including 1,048 from cardiometabolic disease (CMD), and 
1,007 from cardiovascular disease (CVD).

Table 1 describes participant characteristics for those consuming 
45-65%en carbohydrate (recommended carbohydrate) and those 
consuming <45%en carbohydrate (restricted carbohydrate). Mean 
carbohydrate intake was 41%en for the restricted carbohydrate group 
and 50.4%en for the recommended carbohydrate group (p < 0.001). 
Accordingly, the restricted carbohydrate group had higher mean fat 
and protein intakes (37%en fat, 16%en protein) than the recommended 
carbohydrate group (34%en fat, 15%en protein; p < 0.001 for both 
comparisons). Mean alcohol intake was also higher among the 
restricted carbohydrate group (7%en) compared to the recommended 
carbohydrate group (4%en; p < 0.001).

The restricted carbohydrate group had a higher mean age 
(+0.6 years; p = 0.036), BMI (+0.7 kg/m2; p < 0.001), and income-to-
poverty ratio (+0.4; p < 0.001) when compared to the recommended 
carbohydrate group. A greater proportion of participants in the 
restricted carbohydrate group were male (+9.1 percentage points; 
p < 0.001), non-Hispanic white (+7.8 percentage points; p < 0.001), 
college graduates (+6.7 percentage points; p < 0.001), participated in 
vigorous physical activity (+5.2 percentage points; p < 0.001), and 
smoked cigarettes every day (+2.9 percentage points; p < 0.001).

3.2 Restricted carbohydrate diet and 
mortality

In the multivariable base model, hazard ratios for participants that 
consumed restricted carbohydrate diets were 0.98 (95% CI: 0.87, 1.11) 
for all-cause mortality, 1.18 (0.95, 1.46) for CMD mortality, and 1.20 
(0.96, 1.49) for CVD mortality, compared to participants that met 
carbohydrate recommendations (Figure 1). These findings did not 
change upon further adjustment for dietary factors (energy, refined 
grains, added sugars, fiber, protein, and alcohol) in the fully adjusted 
model (p > 0.05 for all comparisons).

Figure 2 presents the association between carbohydrate restriction 
and mortality stratified by total fat intake. The hazard ratios for 
all-cause mortality, from the highest to the lowest tertile of fat intake, 
were 0.91 (95% CI: 0.73, 1.15), 0.94 (0.75, 1.18), and 1.09 (0.90, 1.33; 
p > 0.05 for all comparisons). The hazard ratios for CMD mortality, 
from the highest to lowest tertile of fat intake, were 1.16 (0.76, 1.77), 
1.42 (0.97, 2.07), and 0.93 (0.56, 1.55; p > 0.05 for all comparisons), 
which were similar to the hazard ratios for CVD mortality. Additional 
adjustments for energy intake, refined grains, added sugars, fiber, 
protein, alcohol, and unsaturated to saturated fat ratio in the fully 
adjusted models did not modify these findings.

3.3 Restricted carbohydrate diet and 
mortality, stratified by fat class

Figure 3 presents the association between carbohydrate restriction 
and mortality stratified by SFA intake. Hazard ratios for all-cause 

mortality, from highest to lowest tertile of SFA intake, were 1.02 (95% 
CI: 0.82, 1.27), 0.91 (0.71, 1.15), and 1.02 (0.78, 1.33; p > 0.05 for all 
comparisons). The hazard ratios for CMD mortality, from the highest 
to lowest tertile of SFA intake, were 1.38 (0.93, 2.05), 1.27 (0.82, 1.99), 
and 0.87 (0.50, 1.52; p > 0.05 for all comparisons), which mirrored the 
hazard ratios for CVD mortality. The additional adjustments in the 
fully adjusted models (energy, refined grains, added sugars, fiber, 
protein, and alcohol), along with the adjustment for steric acid intake 
(Supplementary Figure S2), did not meaningfully alter the results.

Figure 4 shows the associations between carbohydrate restricted 
diets and mortality, stratified by MUFA intake. Hazard ratios for 
all-cause mortality, from highest to lowest tertile of MUFA intake, 
were 0.88 (95% CI: 0.69, 1.12), 0.99 (0.82, 1.20), and 1.09 (0.88, 1.35; 
p > 0.05 for all comparisons). The hazard ratios for CMD mortality, 
from the highest to lowest tertile of MUFA intake, were 1.11 (0.72, 
1.73), 1.42 (0.97, 2.08), and 0.96 (0.59, 1.57; p > 0.05 for all 
comparisons). For CVD mortality, participants with moderate intakes 
had elevated mortality risk (1.47, 1.00–2.15; p = 0.049) but this became 
non-statistically significant in the fully adjusted model (energy, refined 
grains, added sugars, fiber, protein, and alcohol; p > 0.05) and the 
supplemental model additionally adjusted for oleic acid intake 
(p > 0.05; Supplementary Figure S3). For participants in the highest 
and lowest tertiles, hazard ratios for CVD mortality were similar to 
mortality from CMD and all causes, and neither the adjustments 
made in the fully adjusted models (energy, refined grains, added 
sugars, fiber, protein, and alcohol) nor the additional adjustment for 
oleic acid intake (Supplementary Figure S3) changed the results.

Figure 5 presents the association between carbohydrate restriction 
and mortality stratified by PUFA intake. The multivariate base model 
hazard ratios, from the highest to lowest tertile of PUFA intake, were 
0.93 (95% CI: 0.72, 1.21), 1.03 (0.83, 1.27), and 0.99 (0.79, 1.24; p > 0.05 
for all comparisons). The hazard ratios for CMD mortality, from the 
highest to lowest tertile of PUFA intake, were 1.30 (0.84, 2.03), 1.15 
(0.76, 1.73), and 1.08 (0.70, 1.67; p > 0.05 for all comparisons), which 
were similar to that hazard ratios for CVD mortality. Further 
adjustment for energy, refined grains, added sugars, fiber, protein, and 
alcohol in the fully adjusted model, as well as additional adjustment 
for intake of eicosapentaenoic acid and docosahexaenoic acid 
(Supplementary Figure S4), did not modify the main findings.

4 Discussion

In this nationally representative study of over 35,000 participants 
with a mean follow-up of 10.2 y, a restricted carbohydrate diet 
(<45%en carbohydrate) was not associated with risk of mortality from 
all-causes, CMD, or CVD in fully adjusted models compared to a diet 
that met carbohydrate recommendations (45–65%en). Stratification 
by fat amount and class did not alter these main findings.

To our knowledge, only two other nationally representative 
studies in the US have reported associations between carbohydrate 
intake and mortality risk, of which have conflicting results (10, 16). 
Mazidi et  al. (10) reported that lower carbohydrate diets were 
associated with an elevated risk of mortality from all-causes, coronary 
heart disease, and stroke in a 1999–2010 sample of 24,825 NHANES 
participants with follow-up until 2011. A later study by Shan et al. (16) 
found no association between carbohydrate restriction and mortality 
from all causes in a 1999–2014 sample of 37,233 NHANES participants 
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TABLE 1 Participant characteristics, National Health and Nutrition Examination Survey, 1999–2018 (n  =  35,888).

Recommended 
carbohydratea

Restricted 
carbohydratea

p-valueb

(n =  27,930) (n =  7,958)

Energy (kcal) 2,211 (2,203 to 2,221) 2,217 (2,200 to 2,234) 0.574

Macronutrient intake

  Carbohydrate intake (%en) 50.4 (50.4 to 50.5) 41.3 (41.2 to 41.4) <0.001

  Fat intake (%en) 33.5 (33.4 to 33.5) 36.6 (36.5 to 36.8) <0.001

  Protein intake (%en) 15.1 (15.1 to 15.1) 16.3 (16.2 to 16.3) <0.001

  Alcohol intake (%en) 3.5 (3.4 to 3.6) 7.1 (6.9 to 7.3) <0.001

Age (mean years) 44.4 (44.0 to 44.7) 44.9 (44.4 to 45.5) 0.036

Income-to-poverty ratio (mean) 3.0 (2.9 to 3.0) 3.4 (3.3 to 3.5) <0.001

BMI (mean kg/m2) 28.1 (27.9 to 28.2) 28.7 (28.5 to 29.0) <0.001

Female (%) 53.6 (52.8 to 54.4) 44.5 (43.0 to 46.0) <0.001

Race/ethnicity (%) <0.001

  Non-Hispanic white 66.9 (64.7 to 69.0) 74.7 (72.7 to 76.6)

  Non-Hispanic black 11.0 (9.9 to 12.1) 10.2 (9.1 to 11.3)

  Mexican American 9.0 (7.9 to 10.2) 6.2 (5.3 to 7.4)

  Other 13.2 (12.1 to 14.4) 8.9 (8.0 to 9.9)

Education (%) <0.001

  Less than high school 16.4 (15.6 to 17.3) 11.8 (10.8 to 12.9)

  High school or equivalent 24.5 (23.5 to 25.5) 21.4 (20.2 to 22.7)

  Some college 31.5 (30.6 to 32.4) 32.5 (30.9 to 34.0)

  College graduate 27.5 (26.1 to 29.0) 34.2 (31.9 to 36.6)

Physical activity (%) <0.001

  Sedentary 25.0 (24.1 to 26.0) 20.9 (19.6 to 22.2)

  Moderate 33.5 (32.5 to 34.4) 32.4 (30.9 to 33.9)

  Vigorous 41.5 (40.2 to 42.8) 46.7 (45.1 to 48.4)

Smoking status (%) <0.001

  <100 lifetime cigarettes 57.5 (56.4 to 58.6) 47.8 (46.0 to 49.6)

  >100 lifetime cigarettes, current non-smoker 21.4 (20.6 to 22.2) 26.6 (25.2 to 28.0)

  >100 lifetime cigarettes, smokes some days 3.7 (3.4 to 4.1) 5.4 (4.7 to 4.1)

  >100 lifetime cigarettes, every day smoker 17.3 (19.0 to 21.6) 20.2 (16.4 to 18.2)

Hypertensiona 0.007

  Yes 43.3 (42.4–44.2) 46.2 (44.7–47.7)

  No 56.7 (55.8–57.6) 53.8 (52.3–55.3)

Dyslipidemiab 0.323

  Yes 13.7 (13.0–14.4) 13.5 (12.4–14.6)

  No 35.5 (34.5–36.5) 36.8 (35.2–38.4)

  Missing 50.8 (50.0–51.9) 49.7 (48.0–51.6)

Mortality cases

  All causes 3,060 720

  Cardiometabolic diseasec 846 202

  Cardiovascular diseased 810 197

Values in parentheses are 95% CI. 
aSystolic blood pressure ≥ 130 mmHg or diastolic blood pressure ≥ 80 mmHg or self-report of current prescription drug treatment (43).
bElevated triglycerides (≥150 mg/dL or self-report of current prescription drug treatment) and low HDL-C (<50 mg/dL for women or < 40 mg/dL for men or self-report of current prescription 
drug treatment) (44).
cHeart disease, stroke, and diabetes.
dHeart disease and stroke.
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FIGURE 2

Associations between carbohydrate restriction, stratified by total fat intake, and risk of mortality from all causes, CMD, and CVD, 1999–2018 
(n  =  35,888). Hazard ratios (with 95% confidence intervals) comparing risk of mortality between carbohydrate restricted diet patterns (<45%en) to 
recommended carbohydrate diet patterns (45–65%en), calculated using Cox proportional hazards models. Base model: adjusted for age (y), sex, race/
ethnicity, education, smoking status, income-to-poverty ratio, physical activity (level), baseline hypertension, baseline dyslipidemia, family history of 
heart disease, family history of diabetes, body mass index (kg/m2), and NHANES survey wave. Fully adjusted model: base model + energy (kcal), refined 
grains (ounce-equivalents), added sugars (tsp equivalent), fiber (grams), protein (%en), alcohol (%en), unsaturated to saturated fat ratio. CMD, 
cardiometabolic disease; CVD, cardiovascular disease; NHANES, National Health and Nutrition Examination Survey.

with follow-up until 2015, which is consistent with the present study. 
This discrepancy between prior studies is likely due to differences in 
assessment of dietary intake and exclusion criteria. Mazidi et al. (10) 
used a single day of dietary recall to evaluate acute intake rather than 
usual intake, and was thus subject to within-person random error and 
overestimates the range of dietary intakes in the population (51) 
(mean carbohydrate intake of extreme quartiles was 39%en and 
64%en). Rather, it is recommended that longitudinal studies employ 
multiple dietary recalls collected from most participants to reduce 
measurement bias, and analyze these data using usual intake 
methodologies such as the NCI method (51), as did Shan et al. (16) 
(mean carbohydrate intake of extreme quintiles was 46 and 58%). To 
further control for bias, Shan et al. excluded participants with a history 
of heart disease or cancer, as well as those that died during the first 
year of follow-up (16), whereas Mazidi et  al. did not (10). The 
methodology and results of the present study (mean carbohydrate 
intake of 41% in the restricted carbohydrate group and 50% in the 
recommended carbohydrate group) are consistent with Shan 
et al. (16).

Several other studies have compared carbohydrate intake and 
the risk of all-cause mortality in prospective cohorts, with 
inconsistent findings (7, 11, 18–21, 23, 52–54). Of these studies, six 
reported either no association between carbohydrate intake and 
all-cause mortality (18, 23) or a “U”-shaped association with the 
lowest risk of all-cause mortality within the 45-65%en range for 
carbohydrate intake (7, 21, 52, 53). Two studies reported a modest 
increase in all-cause mortality risk (HR: 1.12; 95% CI: 1.01, 1.24 
and 1.06; 1.00, 1.12 respectively) with lower carbohydrate diet score 
(11, 20), and two studies reported a decreased risk of all-cause 
mortality (HR: 0.74, 0.57–0.95; 1.28, 1.12–1.46 respectively) with 
lower carbohydrate intake (19, 54). Interestingly, the two studies 
that reported lower all-cause mortality risk included participants 

FIGURE 1

Association between carbohydrate restriction and risk of mortality from 
all causes, CMD, and CVD, 1999–2018 (n = 35,888). Hazard ratios (with 
95% confidence intervals) comparing risk of mortality between 
carbohydrate restricted diet patterns (<45%en) to recommended 
carbohydrate diet patterns (45–65%en), calculated using Cox 
proportional hazards models. Base model: adjusted for age (y), sex, 
race/ethnicity, education, smoking status, income-to-poverty ratio, 
physical activity (level), baseline hypertension, baseline dyslipidemia, 
family history of heart disease, family history of diabetes, body mass 
index (kg/m2), and NHANES survey wave. Fully adjusted model: base 
model + energy (kcal), refined grains (ounce-equivalents), added 
sugars (tsp equivalent), fiber (grams), protein (%en), and alcohol (%en). 
CMD, cardiometabolic disease; CVD, cardiovascular disease; NHANES, 
National Health and Nutrition Examination Survey.
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with a large range of carbohydrate intake from 45%en to above 
70%en (19, 54). This could explain the discrepancies between their 
results and the results reported in this study (which excluded 
participants that consumed above the recommended carbohydrate 
intake of 65%en). If individuals that consume >65%en from 

carbohydrates have a higher risk of all-cause mortality (as some 
studies suggest), study populations with higher carbohydrate intake 
would likely show a decreased risk of all-cause mortality with lower 
carbohydrate intake, while studies such as ours would not be able 
to detect.

FIGURE 3

Associations between carbohydrate restriction, stratified by SFA intake, and risk of mortality from all causes, CMD, and CVD, 1999–2018 (n  =  35,888). 
Hazard ratios (with 95% confidence intervals) comparing risk of mortality between carbohydrate restricted diet patterns (<45%en) to recommended 
carbohydrate diet patterns (45–65%en), calculated using Cox proportional hazards models. Base model: adjusted for age (y), sex, race/ethnicity, 
education, smoking status, income-to-poverty ratio, physical activity (level), baseline hypertension, baseline dyslipidemia, family history of heart 
disease, family history of diabetes, body mass index (kg/m2), and NHANES survey wave. Fully adjusted model: base model + energy (kcal), refined 
grains (ounce-equivalents), added sugars (tsp equivalent), fiber (grams), protein (%en), alcohol (%en), MUFA (%en), and PUFA (%en). CMD, 
cardiometabolic disease; CVD, cardiovascular disease; NHANES, National Health and Nutrition Examination Survey; SFA, saturated fat; MUFA, 
monounsaturated fat; PUFA, polyunsaturated fat.

FIGURE 4

Associations between carbohydrate restriction, stratified by MUFA intake, and risk of mortality from all causes, CMD, and CVD, 1999–2018 (n  =  35,888). 
Hazard ratios (with 95% confidence intervals) comparing risk of mortality between carbohydrate restricted diet patterns (<45%en) to recommended 
carbohydrate diet patterns (45–65%en), calculated using Cox proportional hazards models. Base model: adjusted for age (y), sex, race/ethnicity, 
education, smoking status, income-to-poverty ratio, physical activity (level), baseline hypertension, baseline dyslipidemia, family history of heart 
disease, family history of diabetes, body mass index (kg/m2), and NHANES survey wave. Fully adjusted model: base model + energy (kcal), refined 
grains (ounce-equivalents), added sugars (tsp equivalent), fiber (grams), protein (%en), alcohol (%en), SFA (%en), and PUFA (%en). CMD, cardiometabolic 
disease; CVD, cardiovascular disease; NHANES, National Health and Nutrition Examination Survey; MUFA, monounsaturated fat; SFA, saturated fat; 
PUFA, polyunsaturated fat.
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Prior studies that evaluated the association between carbohydrate 
intake and CVD mortality have also shown mixed results (11, 19–21, 
23, 24, 52, 54, 55). Several reported no association between low 
carbohydrate intake and CVD mortality (20, 23, 24, 54, 55). 
Alternatively, two prior studies reported a non-linear “U”-shaped 
association with CVD mortality with the lowest risk associated with 
50-55%en from carbohydrates (21, 52), two studies reported a lower 
carbohydrate diet score resulted in an increased risk of CVD mortality 
in men (11, 52), and one study reported that a lower carbohydrate diet 
score resulted in a decreased risk of CVD mortality in women (19).

To our knowledge, no other study has evaluated the association 
between carbohydrate intake and CMD mortality, despite the rise of 
mortality from metabolic diseases over the last decade (2). In this 
study, the hazard ratios for CMD mortality mirrored the hazard ratios 
for CVD, likely because 96% of deaths from CMD were also 
categorized as CVD deaths. More research is needed to confirm the 
CMD mortality findings of the present study.

Additionally, no prior studies have evaluated the association 
between restricted carbohydrate diets and mortality when stratified 
by intake of dietary fat classes. The lack of association between 
fat-stratified diets in this study is surprising, given that prior evidence 
generally demonstrates a reduced risk of mortality (all-cause and 
CVD) associated with higher intake of unsaturated fats (21, 27, 56–59) 
and an elevated risk of mortality associated with higher intake of SFA 
(21, 27, 57). However, these previous studies focused on total intake 
of SFA, MUFA, and PUFA, while in this study only those consuming 
restricted carbohydrate diets (<45%en carbohydrates) were stratified 
by dietary fat class. It is possible that changes in dietary fat class have 
a greater impact on mortality at lower ranges of intake. For example, 
a difference in PUFA intake from 2%en to 4%en may impact mortality 

more than a difference from 10%en to 12%en. Because those 
consuming restricted carbohydrate diets had higher fat intake, changes 
in dietary fat class may be less impactful (or even non-existent) at 
these higher intakes.

Other studies have reported associations between carbohydrate 
intake and mortality after categorizing carbohydrate intake into 
“healthy” or “unhealthy” (8, 16), animal or plant-based (9), and 
carbohydrate type, such as starch or fiber (17, 21, 24, 55). Generally, 
these studies reported that consuming diets lower in “healthy” 
carbohydrates (8, 16), lower in vegetable-based carbohydrates (52), 
and lower in fiber (17, 55) increased mortality risk, while consuming 
diets lower in “unhealthy” carbohydrates (8, 16), lower in animal-
based carbohydrates (9), and lower in starch and sugar (17, 55) 
decreased mortality risk. These findings suggest that carbohydrate 
quality impacts mortality risk more than carbohydrate quantity.

This study has several strengths. The large sample size, multistage 
sampling design, and survey weighting make these findings 
generalizable to the US population. Usual dietary intake was assessed 
from multiple 24-h recalls using the NCI method which reduces bias 
by accounting for within-person variation, measuring habitual and 
episodic intake of foods and nutrients, and correlating the amount 
consumed to the probability of intake. Modification by fat intake was 
assessed by evaluating fat classes independently (SFA, MUFA, and 
PUFA) as well as cumulatively (total fat). To further minimize bias, 
participants were excluded if they had died during the first year of 
follow up or if they had outcome measures at baseline (prevalent heart 
disease, stroke, or diabetes). Further, iterative models adjusted for 
sociodemographic factors and health behaviors (base); energy, food 
components, and fat classes (fully adjusted); and individual fatty acids 
(supplemental). This study also has limitations. NHANES samples 

FIGURE 5

Associations between carbohydrate restriction, stratified by PUFA intake, and risk of mortality from all causes, CMD, and CVD, 1999–2018 (n  =  35,888). 
Hazard ratios (with 95% confidence intervals) comparing risk of mortality between carbohydrate restricted diet patterns (<45%en) to recommended 
carbohydrate diet patterns (45–65%en), calculated using Cox proportional hazards models. Base model: adjusted for age (y), sex, race/ethnicity, 
education, smoking status, income-to-poverty ratio, physical activity (level), baseline hypertension, baseline dyslipidemia, family history of heart 
disease, family history of diabetes, body mass index (kg/m2), and NHANES survey wave. Fully adjusted model: base model + energy (kcal), refined 
grains (ounce-equivalents), added sugars (tsp equivalent), fiber (grams), protein (%en), alcohol (%en), SFA (%en), and MUFA (%en). CMD, cardiometabolic 
disease; CVD, cardiovascular disease; NHANES, National Health and Nutrition Examination Survey; PUFA, polyunsaturated fat; SFA, saturated fat; MUFA, 
monounsaturated fat.
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new participants during each survey cycle (2-year period) so long-
term changes in individual-level dietary intake cannot be measured. 
The sample sizes for participants that consumed low (<26%en) and 
high (>65%en) carbohydrate diets were too small to produce reliable 
nationally representative estimates, so future studies are needed to 
evaluate diet-disease relationships for these groups. Mortality from 
coronary heart disease, stroke, and diabetes could not be evaluated 
separately due to small sample sizes for these outcomes (829, 178, and 
41 cases, respectively) so these were included in aggregate analyses 
(all-cause, CMD, and CVD). Finally, the observational design of this 
study precludes determination of causality.

5 Conclusion

In this nationally representative sample of over 35,000 individuals 
followed for a mean of over 10 years, those that consumed restricted 
carbohydrate diets (<45%en) did not have significantly different risk 
of mortality (from all-causes, cardiometabolic disease, or 
cardiovascular disease) compared to those that met carbohydrate 
intake recommendations (45–65%en) These findings remained 
consistent after stratifying by fat amount and class (saturated fat, 
monounsaturated fat, and polyunsaturated fat). Due to the limited 
number of participants that consumed <26%en and > 65%en from 
carbohydrates, it was not feasible to measure the mortality risk 
associated with these extreme intakes, emphasizing the need for future 
research in this area.

Data availability statement

Publicly available datasets were analyzed in this study. This data 
can be  found here: https://www.cdc.gov/nchs/nhanes/index.htm; 
https://www.cdc.gov/nchs/data-linkage/mortality-public.htm.

Ethics statement

The studies involving humans were approved by Institutional 
Review Board at William & Mary. The studies were conducted in 
accordance with the local legislation and institutional requirements. 
Written informed consent for participation was not required from the 
participants or the participants’ legal guardians/next of kin in 
accordance with the national legislation and institutional requirements.

Author contributions

ZC and MB: conceptualization, methodology, and funding 
acquisition. ZC and LJ: software, validation, formal analysis, 

investigation, and data curation. ZC: resources, supervision, and 
project administration. AA: writing—original draft preparation. AA, 
CK, LJ, MB, and ZC: writing—review and editing. AA and ZC: 
visualization. All authors contributed to the article and approved the 
submitted version.

Funding

This work was supported by the Institute for the Advancement 
of Food and Nutrition Sciences (IAFNS) Carbohydrate and Lipid 
Committees. IAFNS is a nonprofit science organization that pools 
funding from industry collaborators and advances science 
through in-kind and financial contributions from public and 
private sector participants. IAFNS had no role in the design, 
analysis, interpretation, or presentation of the data and results. 
View this project on the Open Science Framework at https://
archive.org/details/osfregistrations-z3fme-v1.

Conflict of interest

ZC has research awards from The Thomas F. and Kate Miller 
Jeffress Memorial Trust for a project unrelated to the present study; 
and received honoraria from MKYoung Food & Nutrition Strategies, 
National Geographic Society, The Ohio State University, Routledge, 
Princeton University Press, and Nutrition Today for professional 
activities unrelated to the present research. MB has a research award 
from the United Soybean Board that has no relevance to the 
present project.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnut.2024.1225674/
full#supplementary-material

References

 1. Murphy SL, Kochanek KD, Xu J, Arias E. Mortality in the United  States,  
(2020). Available at: https://stacks.cdc.gov/view/cdc/112079 [Accessed November  
2022].

 2. Centers for Disease Control and Prevention, National Center for Health  
Statistics. Available at: http://wonder.cdc.gov/ucd-icd10.html [Accessed October  
2022].

 3. National Academies of Sciences, Engineering, and Medicine. In: Becker T, 
Majmundar MK, Harris KM, editors. High and Rising Mortality Rates Among Working-
Age Adults. Washington, DC: The National Academies Press (2021). doi: 10.17226/25976

 4. Xu C, Cao Z. Cardiometabolic diseases, total mortality, and benefits of adherence 
to a healthy lifestyle: a 13-year prospective UK biobank study. J Transl Med. (2022) 
20:1–9. doi: 10.1186/s12967-022-03439-y

https://doi.org/10.3389/fnut.2024.1225674
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.cdc.gov/nchs/nhanes/index.htm;
https://www.cdc.gov/nchs/data-linkage/mortality-public.htm
https://archive.org/details/osfregistrations-z3fme-v1
https://archive.org/details/osfregistrations-z3fme-v1
https://www.frontiersin.org/articles/10.3389/fnut.2024.1225674/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2024.1225674/full#supplementary-material
https://stacks.cdc.gov/view/cdc/112079
http://wonder.cdc.gov/ucd-icd10.html
https://doi.org/10.17226/25976
https://doi.org/10.1186/s12967-022-03439-y


Angelotti et al. 10.3389/fnut.2024.1225674

Frontiers in Nutrition 10 frontiersin.org

 5. US Department of Health and Human Services and US Department of Agriculture 
(2020). Available at: https://www.dietaryguidelines.gov/sites/default/files/2020-12/
Dietary_Guidelines_for_Americans_2020-2025 [Accessed December 2022]

 6. Food & Health Survey: International Food Information Council. (2020). Available 
at: https://foodinsight.org/2020-food-and-health-survey/ [Accessed November 2022]

 7. Kwon YJ, Lee HS, Park JY, Lee JW. Associating intake proportion of carbohydrate, 
fat, and protein with all-cause mortality in Korean adults. Nutrients. (2020) 12:1–12. doi: 
10.3390/nu12103208

 8. Li L, Shan Z, Wan Z, Li R, Geng T, Lu Q, et al. Associations of lower-carbohydrate 
and lower-fat diets with mortality among people with prediabetes. Am J Clin Nutr. 
(2022) 116:206–15. doi: 10.1093/ajcn/nqac058

 9. Li S, Flint A, Pai JK, Forman JP, Hu FB, Willett WC, et al. Low carbohydrate diet 
from plant or animal sources and mortality among myocardial infarction survivors. J 
Am Heart Assoc. (2014) 3:3. doi: 10.1161/JAHA.114.001169

 10. Mazidi M, Katsiki N, Mikhailidis DP, Sattar N, Banach M. Lower carbohydrate diets 
and all-cause and cause-specific mortality: a population-based cohort study and pooling of 
prospective studies. Eur Heart J. (2019) 40:2870–9. doi: 10.1093/eurheartj/ehz174

 11. Fung TT, Van Dam RM, Hankinson SE, Stampfer M, Willett WC, Hu FB. Low-
carbohydrate diets and all-cause and cause-specific mortality: two cohort studies. Ann 
Intern Med. (2010) 153:289. doi: 10.7326/0003-4819-153-5-201009070-00003

 12. Morshedzadeh N, Ahmadi AR, Tahmasebi R, Tavasolian R, Heshmati J, Rahimlou 
M. Impact of low-carbohydrate diet on serum levels of leptin and adiponectin levels: a 
systematic review and meta-analysis in adult. J Diabetes Metab Disord. (2022) 21:979–90. 
doi: 10.1007/s40200-021-00952-7

 13. McDaniel SS, Rensing NR, Thio LL, Yamada KA, Wong M. The ketogenic diet 
inhibits the mammalian target of rapamycin (mTOR) pathway. Epilepsia. (2011) 52:e7–
e11. doi: 10.1111/j.1528-1167.2011.02981.x

 14. Noto H, Goto A, Tsujimoto T, Noda M. Low-carbohydrate diets and all-cause 
mortality: a systematic review and meta-analysis of observational studies. PLoS One. 
(2013) 8:e55030. doi: 10.1371/journal.pone.0055030

 15. Liu YS, Wu QJ, Le LJ, Jiang YT, Sun H, Xia Y, et al. Dietary carbohydrate and 
diverse health outcomes: umbrella review of 30 systematic reviews and Meta-analyses 
of 281 observational studies. Front Nutr. (2021) 8:670411. doi: 10.3389/fnut.2021.823803

 16. Shan Z, Guo Y, Hu FB, Liu L, Qi Q. Association of low-Carbohydrate and low-fat 
Diets with Mortality among US adults. JAMA Intern Med. (2020) 180:513. doi: 10.1001/
jamainternmed.2019.6980

 17. Burger KNJ, Beulens JWJ, van der Schouw YT, Sluijs I, Spijkerman AMW, Sluik D, 
et al. Dietary Fiber, carbohydrate quality and quantity, and mortality risk of individuals 
with diabetes mellitus. PLoS One. (2012) 7:e43127. doi: 10.1371/journal.pone.0043127

 18. Trichopoulou A, Psaltopoulou T, Orfanos P, Hsieh CC, Trichopoulos D. Low-
carbohydrate–high-protein diet and long-term survival in a general population cohort. 
Eur J Clin Nutr. (2007) 61:575–81. doi: 10.1038/sj.ejcn.1602557

 19. Nakamura Y, Okuda N, Okamura T, Kadota A, Miyagawa N, Hayakawa T, et al. 
Low-carbohydrate diets and cardiovascular and total mortality in Japanese: a 29-year 
follow-up of NIPPON DATA80. Br J Nutr. (2014) 112:916–24. doi: 10.1017/
S0007114514001627

 20. Lagiou P, Sandin S, Weiderpass E, Lagiou A, Mucci L, Trichopoulos D, et al. Low 
carbohydrate-high protein diet and mortality in a cohort of Swedish women. J Intern 
Med. (2007) 261:366–74. doi: 10.1111/j.1365-2796.2007.01774.x

 21. Ho FK, Gray SR, Welsh P, Petermann-Rocha F, Foster H, Waddell H, et al. 
Associations of fat and carbohydrate intake with cardiovascular disease and mortality: 
prospective cohort study of UK biobank participants. BMJ. (2020) 368:m688. doi: 
10.1136/bmj.m688

 22. Song M, Wu K, Meyerhardt JA, Yilmaz O, Wang M, Ogino S, et al. Low-
carbohydrate diet score and macronutrient intake in relation to survival after colorectal 
Cancer diagnosis. JNCI Cancer Spectr. (2018) 2:2. doi: 10.1093/jncics/pky077

 23. Sjögren P, Becker W, Warensjö E, Olsson E, Byberg L, Gustafsson IB, et al. 
Mediterranean and carbohydrate-restricted diets and mortality among elderly men: a 
cohort study in Sweden. Am J Clin Nutr. (2010) 92:967–74. doi: 10.3945/ajcn.2010.29345

 24. Miyazawa I, Miura K, Miyagawa N, Kondo K, Kadota A, Okuda N, et al. 
Relationship between carbohydrate and dietary fibre intake and the risk of cardiovascular 
disease mortality in Japanese: 24-year follow-up of NIPPON DATA80. Eur J Clin Nutr. 
(2020) 74:67–76. doi: 10.1038/s41430-019-0424-y

 25. Zhuang P, Zhang Y, He W, Chen X, Chen J, He L, et al. Dietary fats in relation 
to Total and cause-specific mortality in a prospective cohort of 521 120 individuals 
with 16 years of follow-up. Circ Res. (2019) 124:757–68. doi: 10.1161/
CIRCRESAHA.118.314038

 26. Wang DD, Li Y, Chiuve SE, Stampfer MJ, Manson JAE, Rimm EB, et al. Specific 
dietary fats in relation to Total and cause-specific mortality. JAMA Intern Med. (2016) 
176:1134. doi: 10.1001/jamainternmed.2016.2417

 27. Yao X, Xu X, Wang S, Xia D. Associations of dietary fat intake with mortality from 
all causes, cardiovascular disease, and Cancer: a prospective study. Front Nutr. 
(2021):8:701430. doi: 10.3389/fnut.2021.701430

 28. Chen T-C, Clark J, Riddles MK, Mohadjer LK, Fakhouri TH. National Health and 
nutrition examination survey, 2015-2018: sample design and estimation procedures. 
Vital Health Stat. (2020) 2:1–35.

 29. US Department of Agriculture, Agricultural Research Service, food surveys 
research group. Available at: https://www.ars.usda.gov/northeast-area/beltsville-md-
bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/
fped-overview/ [Accessed November 2022]

 30. Moshfegh AJ, Rhodes DG, Baer DJ, Murayi T, Clemens JC, Rumpler WV, et al. The 
US Department of Agriculture Automated Multiple-Pass Method reduces bias in the 
collection of energy intakes. Am J Clin Nutr. (2008) 88:324–32. doi: 10.1093/ajcn/88.2.324

 31. Center for Open Science, Open Science Framework. Macronutrient intakes and 
diet quality for contemporary consumer diets. (2021). Available at: https://archive.org/
details/osf-registrations-z3fme-v1 [Accessed December 2022]

 32. National Cancer institute, National Institutes for Health. Available at: https://
prevention.cancer.gov/research-groups/biometry/measurement-error-impact/software-
measurement-error [Accessed October 2022].

 33. Freedman LS, Guenther PM, Dodd KW, Krebs-Smith SM, Midthune D. The 
population distribution of ratios of usual intakes of dietary components that are 
consumed every day can be estimated from repeated 24-hour recalls. J Nutr. (2010) 
140:111–6. doi: 10.3945/jn.109.110254

 34. Tooze JA, Kipnis V, Buckman DW, Carroll RJ, Freedman LS, Guenther PM, et al. 
A mixed-effects model approach for estimating the distribution of usual intake of 
nutrients: the NCI method. Stat Med. (2010) 29:2857–68. doi: 10.1002/sim.4063

 35. Kipnis V, Midthune D, Buckman DW, Dodd KW, Guenther PM, Krebs-Smith SM, 
et al. Modeling data with excess zeros and measurement error: application to evaluating 
relationships between episodically consumed foods and health outcomes. Biometrics. 
(2009) 65:1003–10. doi: 10.1111/j.1541-0420.2009.01223.x

 36. Kirkpatrick CF, Bolick JP, Kris-Etherton PM, Sikand G, Aspry KE, Soffer DE, et al. 
Review of current evidence and clinical recommendations on the effects of low-
carbohydrate and very-low-carbohydrate (including ketogenic) diets for the 
management of body weight and other cardiometabolic risk factors: a scientific 
statement from the National Lipid Association Nutrition and lifestyle task force. J Clin 
Lipidol. (2019) 13:689–711.e1. doi: 10.1016/j.jacl.2019.08.003

 37. Institute of Medicine, National Academy of Sciences. Dietary Reference Intakes 
(2020). Available at: https://ods.od.nih.gov/HealthInformation/Dietary_Reference_
Intakes.aspx [Accessed October 2022].

 38. US Department of Health and Human Services, Centers for Disease Control and 
Prevention. Available at: https://www.cdc.gov/nchs/data-linkage/mortality-methods.
htm [Accessed October 2022].

 39. US Department of Health and Human Services, Centers for Disease Control and 
Prevention. National Death Index. 202. Available at: http://www.cdc.gov/nchs/ndi.htm 
[Accessed December 2022].

 40. Hermansen SW, Leitzmann MF, Schatzkin A. The impact on National Death Index 
ascertainment of limiting submissions to Social Security Administration death master 
file matches in epidemiologic studies of mortality. Am J Epidemiol. (2009) 169:901–8. 
doi: 10.1093/aje/kwn404

 41. Cowper DC, Kubal JD, Maynard C, Hynes DM. A primer and comparative review 
of major U.S. mortality databases. Ann Epidemiol. (2002) 12:462–8. doi: 10.1016/
S1047-2797(01)00285-X

 42. Bailey RL, Pac SG, Fulgoni VL, Reidy KC, Catalano PM. Estimation of Total usual 
dietary intakes of pregnant women in the United States. JAMA Netw Open. (2019) 
2:e195967. doi: 10.1001/jamanetworkopen.2019.5967

 43. Whelton PK, Carey RM, Aronow WS, Casey DE, Collins KJ, Himmelfarb CD, et al. 
2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA guideline 
for the prevention, detection, evaluation, and Management of High Blood Pressure in 
adults: executive summary: a report of the American College of Cardiology/American 
Heart Association task force on clinical practice guidelines. Hypertension. (2018) 
71:1269–324. doi: 10.1161/HYP.0000000000000066

 44. Grundy SM, Cleeman JI, Daniels SR, Donato KA, Eckel RH, Franklin BA, et al. 
Diagnosis and management of the metabolic syndrome: an American Heart Association/
National Heart, Lung, and Blood Institute scientific statement. Circulation. (2005) 
112:2735–52. doi: 10.1161/CIRCULATIONAHA.105.169404

 45. Virani SS, Alonso A, Aparicio HJ, Benjamin EJ, Bittencourt MS, Callaway CW, 
et al. Heart disease and stroke Statistics-2021 update: a report from the American Heart 
Association. Circulation. (2021) 143:E254–743. doi: 10.1161/CIR.0000000000000950

 46. Kowalski C, Dustin D, Johnson LK, Belury MA, Conrad Z. Fat intake modifies the 
association between restricted carbohydrate diets and prevalent Cardiometabolic 
diseases among adults in the United States: National Health and nutrition examination 
survey, 1999–2018. Curr Dev Nutr. (2023) 7:100019. doi: 10.1016/j.cdnut.2022.100019

 47. US Department of Agriculture, Agricultural Research Service, Food Surveys 
Research Group. Automated multiple pass method. 202. Available at: https://www.ars.
usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-
center/food-surveys-research-group/docs/ampm-usda-automated-multiple-pass-
method/ [Accessed October 2022].

 48. Lottenberg AM, Afonso Da S, MMSF L, Machado RM, Nakandakare ER. The role 
of dietary fatty acids in the pathology of metabolic syndrome. J Nutr Biochem. (2012) 
23:1027–40. doi: 10.1016/j.jnutbio.2012.03.004

 49. Stata statistical software. College Station: Stata Corp (2019).

 50. SAS. Cary: SAS, Institute Inc. (2013).

https://doi.org/10.3389/fnut.2024.1225674
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.dietaryguidelines.gov/sites/default/files/2020-12/Dietary_Guidelines_for_Americans_2020-2025
https://www.dietaryguidelines.gov/sites/default/files/2020-12/Dietary_Guidelines_for_Americans_2020-2025
https://foodinsight.org/2020-food-and-health-survey/
https://doi.org/10.3390/nu12103208
https://doi.org/10.1093/ajcn/nqac058
https://doi.org/10.1161/JAHA.114.001169
https://doi.org/10.1093/eurheartj/ehz174
https://doi.org/10.7326/0003-4819-153-5-201009070-00003
https://doi.org/10.1007/s40200-021-00952-7
https://doi.org/10.1111/j.1528-1167.2011.02981.x
https://doi.org/10.1371/journal.pone.0055030
https://doi.org/10.3389/fnut.2021.823803
https://doi.org/10.1001/jamainternmed.2019.6980
https://doi.org/10.1001/jamainternmed.2019.6980
https://doi.org/10.1371/journal.pone.0043127
https://doi.org/10.1038/sj.ejcn.1602557
https://doi.org/10.1017/S0007114514001627
https://doi.org/10.1017/S0007114514001627
https://doi.org/10.1111/j.1365-2796.2007.01774.x
https://doi.org/10.1136/bmj.m688
https://doi.org/10.1093/jncics/pky077
https://doi.org/10.3945/ajcn.2010.29345
https://doi.org/10.1038/s41430-019-0424-y
https://doi.org/10.1161/CIRCRESAHA.118.314038
https://doi.org/10.1161/CIRCRESAHA.118.314038
https://doi.org/10.1001/jamainternmed.2016.2417
https://doi.org/10.3389/fnut.2021.701430
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fped-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fped-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/fped-overview/
https://doi.org/10.1093/ajcn/88.2.324
https://archive.org/details/osf-registrations-z3fme-v1
https://archive.org/details/osf-registrations-z3fme-v1
https://prevention.cancer.gov/research-groups/biometry/measurement-error-impact/software-measurement-error
https://prevention.cancer.gov/research-groups/biometry/measurement-error-impact/software-measurement-error
https://prevention.cancer.gov/research-groups/biometry/measurement-error-impact/software-measurement-error
https://doi.org/10.3945/jn.109.110254
https://doi.org/10.1002/sim.4063
https://doi.org/10.1111/j.1541-0420.2009.01223.x
https://doi.org/10.1016/j.jacl.2019.08.003
https://ods.od.nih.gov/HealthInformation/Dietary_Reference_Intakes.aspx
https://ods.od.nih.gov/HealthInformation/Dietary_Reference_Intakes.aspx
https://www.cdc.gov/nchs/data-linkage/mortality-methods.htm
https://www.cdc.gov/nchs/data-linkage/mortality-methods.htm
http://www.cdc.gov/nchs/ndi.htm
https://doi.org/10.1093/aje/kwn404
https://doi.org/10.1016/S1047-2797(01)00285-X
https://doi.org/10.1016/S1047-2797(01)00285-X
https://doi.org/10.1001/jamanetworkopen.2019.5967
https://doi.org/10.1161/HYP.0000000000000066
https://doi.org/10.1161/CIRCULATIONAHA.105.169404
https://doi.org/10.1161/CIR.0000000000000950
https://doi.org/10.1016/j.cdnut.2022.100019
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/ampm-usda-automated-multiple-pass-method/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/ampm-usda-automated-multiple-pass-method/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/ampm-usda-automated-multiple-pass-method/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/ampm-usda-automated-multiple-pass-method/
https://doi.org/10.1016/j.jnutbio.2012.03.004


Angelotti et al. 10.3389/fnut.2024.1225674

Frontiers in Nutrition 11 frontiersin.org

 51. Summary Tables: Recommendations on potential approaches to dietary assessment 
for different research objectives requiring group-level estimates. NIH National Cancer 
Institute Available at: https://dietassessmentprimer.cancer.gov/approach/table.html 
[Accessed November 2022].

 52. Akter S, Mizoue T, Nanri A, Goto A, Noda M, Sawada N, et al. Low carbohydrate 
diet and all cause and cause-specific mortality. Clin Nutr Suppl. (2021) 40:2016–24. doi: 
10.1016/j.clnu.2020.09.022

 53. Seidelmann SB, Claggett B, Cheng S, Henglin M, Shah A, Steffen LM, et al. Dietary 
carbohydrate intake and mortality: a prospective cohort study and meta-analysis. Lancet 
Public Health. (2018) 3:e419. doi: 10.1016/S2468-2667(18)30135-X

 54. Dehghan M, Mente A, Zhang X, Swaminathan S, Li W, Mohan V, et al. Associations 
of fats and carbohydrate intake with cardiovascular disease and mortality in 18 countries 
from five continents (PURE): a prospective cohort study. Lancet. (2017) 390:2050–62. 
doi: 10.1016/S0140-6736(17)32252-3

 55. Rebello SA, Koh H, Chen C, Naidoo N, Odegaard AO, Koh W-P, et al. Amount, 
type, and sources of carbohydrates in relation to ischemic heart disease mortality in a 

Chinese population: a prospective cohort study. Am J Clin Nutr. (2014) 100:53–64. doi: 
10.3945/ajcn.113.076273

 56. Kim Y, Je Y, Giovannucci EL. Association between dietary fat intake and mortality from 
all-causes, cardiovascular disease, and cancer: a systematic review and meta-analysis of 
prospective cohort studies. Clin Nutr. (2021) 40:1060–70. doi: 10.1016/j.clnu.2020.07.007

 57. Zhao Y, Li Y, Wang W, Song Z, Zhuang Z, Li D, et al. Low-carbohydrate  
diets, low-fat diets, and mortality in middle-aged and older people: a  
prospective cohort study. J Intern Med. (2023) 294:203–15. doi: 10.1111/joim.13639

 58. Guasch-Ferré M, Babio N, Martínez-González MA, Corella D, Ros E, Martín-
Peláez S, et al. Dietary fat intake and risk of cardiovascular disease and all-cause 
mortality in a population at high risk of cardiovascular disease. Am J Clin Nutr. (2015) 
102:1563–73. doi: 10.3945/ajcn.115.116046

 59. Lotfi K, Salari-Moghaddam A, Yousefinia M, Larijani B, Esmaillzadeh A. Dietary 
intakes of monounsaturated fatty acids and risk of mortality from all causes, cardiovascular 
disease and cancer: a systematic review and dose-response meta-analysis of prospective 
cohort studies. Ageing Res Rev. (2021) 72:101467. doi: 10.1016/j.arr.2021.101467

https://doi.org/10.3389/fnut.2024.1225674
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://dietassessmentprimer.cancer.gov/approach/table.html
https://doi.org/10.1016/j.clnu.2020.09.022
https://doi.org/10.1016/S2468-2667(18)30135-X
https://doi.org/10.1016/S0140-6736(17)32252-3
https://doi.org/10.3945/ajcn.113.076273
https://doi.org/10.1016/j.clnu.2020.07.007
https://doi.org/10.1111/joim.13639
https://doi.org/10.3945/ajcn.115.116046
https://doi.org/10.1016/j.arr.2021.101467

	Restricted carbohydrate diets below 45% energy are not associated with risk of mortality in the National Health and Nutrition Examination Survey, 1999–2018
	1 Introduction
	2 Methods
	2.1 Data acquisition
	2.2 Diet categorization
	2.3 Outcome ascertainment
	2.4 Covariates
	2.5 Statistical analyses

	3 Results
	3.1 Participant characteristics
	3.2 Restricted carbohydrate diet and mortality
	3.3 Restricted carbohydrate diet and mortality, stratified by fat class

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

