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Background: Several studies have estimated daily intake of resistant starch (RS),
but no studies have investigated the relationship of RS intake with mortality.

Objective: We aimed to examine associations between RS intake and all-cause
and cause-specific mortality.

Methods: Data from US National Health and Nutrition Examination Survey
(NHANES) from 1999 to 2018 with 24-h dietary recall data was used in
current study. The main exposure in this study was RS intake, and the main
outcome was the mortality status of participants until December 31, 2019.
The multivariable Cox proportional hazards regression models were developed
to evaluate the hazard ratios (HRs) and 95% confidence interval (95% CI) of
cardiovascular disease (CVD), cancer, and all-cause mortality associated with
RS intake.

Results: A total of 42,586 US adults [mean (SD) age, 46.91 (16.88) years; 22,328
(52.43%) female] were included in the present analysis. During the 454,252
person-years of follow-up, 7,043 all-cause deaths occurred, including 1,809
deaths from CVD and 1,574 deaths from cancer. The multivariable-adjusted
HRs for CVD, cancer, and all-cause mortality per quintile increase in RS intake
were 1 (95%Cl, 0.97-1.04), 0.96 (95%Cl, 0.93-1), and 0.96 (95%Cl, 0.95-0.98),
respectively. The associations remained similar in the subgroup and sensitivity
analyses.
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Conclusion: Higher RS intake is significantly associated with lower cancer
and all-cause mortality, but not significantly with CVD mortality. Future studies
focusing on other populations with different food sources of RS and RS
subtypes are needed to access the dose—-response relationship and to improve
global dietary recommendations.
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dietary, resistant starch, mortality, CVD, cardiovascular disease, cancer

1. Introduction

Diet plays a crucial role in people’s overall health and
well-being. Previous studies have identified dietary factors
associated with mortality (1, 2). Suboptimal diet, an important
preventable risk factor for non-communicable diseases (NCDs),
is responsible for more deaths than any other risks worldwide
(3), and improvement of diet could potentially prevent one in
every five deaths globally (4).

Carbohydrates are the main source of energy for most of
the world’s population, providing 50% or more of daily energy
(5). There are already evidences that high-carbohydrate diets
increase the risk of mortality (6). Beyond the quantity, the
quality, and food sources of carbohydrate have been proved to
play a role in health consequences (7). Starch is the major source
of carbohydrate in the human diet, and resistance starch (RS)
is defined as the total amount of starch and its degradation
products that resists digestion in the small intestine of healthy
individuals. Meeting the three criteria for being a prebiotic
(8): resistance to the upper gastrointestinal environment,
fermentation of the gut microbiota, and selective stimulation
of beneficial bacterial growth and/or activity, resistant starch
(RS) seems to be a promising nutritional strategy to improve
peoples health. There is limited evidence that RS can benefit
gut health (9), glucose homeostasis (10), insulin sensitivity (11),
lipid profile (12), cancer (13), chronic kidney disease (14), and
improve inflammation and oxidative stress (15).

To our knowledge, no studies have assessed the associations
of RS intake with mortality. Given the potential benefits of
RS and the uncertainty in the literature, we conducted the
current research to examine associations between RS intake and
all-cause and cause-specific mortality using the data of U.S.
adults from the US National Health and Nutrition Examination
Survey (NHANES).

Abbreviations: BMI, body mass index; Cl, confidence interval; CVD,
cardiovascular disease; DBP, diastolic blood pressure; HR, hazard ratio;
PIR, poverty income ratio; RCS, restricted cubic spline; RS, resistant
starch; SBP, systolic blood pressure; SCFA, short chain fatty acids; SD,

standard deviation.
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2. Materials and methods

2.1. Study design and population

The National Health and Nutrition Examination Survey
(NHANES) is a stratified, multistage study designed by the
National Center for Health Statistics (NCHS) to assess the health
and nutritional status among a nationally representative sample.
All data and materials used in this study from the NHANES
database are free and directly downloadable from https://
wwwn.cdc.gov/nchs/nhanes/Default.aspx. Mortality data are
available from https://ftp.cdc.gov/pub/Health_Statistics/ NCHS/
datalinkage/linked_mortality/.

To maximize the sample size, datasets required for this
study during the 10 cycles from 1999 to 2018 were downloaded.
Finally, 42,586 participants (including 20,258 males and 22,328
females, aged >20 years) were enrolled with qualified follow-up
data (without any missing information on mortality) and dietary
data (without any missing information on any dietary intake,
and total energy intake >5,000 or <500 kcal/d). A flow diagram
for the inclusion and exclusion of participants in this study is
presented in Figure 1. The institutional review board approval
of the National Center for Health Statistics (NCHS) and written
informed consent for each participant were obtained before data
collection.

2.2. Main exposure and resistant starch
assessment

The main exposure in this study was RS intake. The 24-
h dietary recall was employed to collect the food intake data
for two non-consecutive days. The first 24-h dietary recall was
conducted manually, and the second dietary recall (added in
2002 and later) was collected by telephone and was scheduled
3- to 10-days later (16). To assess RS consumed by NHANES
participants, the weighted average of RS for each food in the
RS database was first matched with the unique eight-digit Food
and Nutritious Database for Dietary Studies (FNDDS) food
code (Supplementary 1) (17, 18), which defined food groups
and subgroup. Next, the amount of RS in each food record was
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NHANES 1999-2018:
n=101316

Excluded: n=58730

Aged <20 years: n= 46235
Without qualified follow-up data or
followtime <12 months: n=5660
Total energy intake >5000 or <500
kcal/d): n=6835

Included: n=42586

[

Average follow up for 10.7 years

CVD mortality: n=1809
Cancer mortality: n=1574
All-cause mortality: n=7043

FIGURE 1
Flow diagram of inclusion and exclusion. CVD, cardiovascular
disease; NHANES, National Health and Nutrition Examination
Survey.

calculated by multiplying the weighted average by the grams of
the food. Finally, the amount of RS in each food record was
added up to get the total amount of RS consumed by each
individual. Data are reported as total RS in g/(d * 1,000 kcal).

2.3. Main outcome

The main outcome of this study was the survival condition of
participants, which has been updated with mortality follow-up
data by the National Death Index (NDI) through December
31, 2019. As the most complete source of death information
in the United States, the NDI has been used to determine the
mortality status of participants in this study. The International
Classification of Diseases, Tenth Edition (ICD-10) was used to
determine the specific cause of death. The ICD-10 codes for
CVD were 100-109, 111, I13, and 120-151. The ICD-10 codes for
cancer were C00-C97. In the end, 7,043 people died, including
1,809 from cardiovascular disease (CVD) and 1,574 from cancer.

2.4. Covariates

Non-dietary covariates included age (years), sex

race/ethnicity (Mexican =~ American/Other
White/Non-Hispanic ~ Black/Other
Race—including Multi-Racial), educational level (less than high

(male/female),
Hispanic/Non-Hispanic

school/high school diploma—including General Educational
Development/college or above), body mass index (kg/m?),
smoking status (never smoked/currently smoking/ex-smoking),
drink status (yes/no), disease histories of hypertension,
dyslipidemia, and diabetes mellitus (yes/no), marriage status
(yes/no), and poverty income ratio (PIR) (<1.3/1.3-3.49/> 3.5).
Body mass index (BMI) was calculated as weight in kilograms
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divided by height in meters squared. Participants who smoked
at least 100 cigarettes during their lifetime were classified as
smokers, and drinkers were defined as individuals who drank
a minimum of 12 drinks in any given year. Participants could
be defined as comorbid conditions (cancer, CVD, diabetes,
hypertension, and dyslipidemia) if they reported that they had
been told by a health care professional that they had these
conditions and/or were taking prescription drugs for them
and/or met the appropriate diagnostic criteria.

2.5. Statistics analysis

According to the NHANES analytic guidelines, sample
weights, stratification, clustering were taken into consideration
to account for the complex, multistage, probability sampling
survey design. Data years were combined (using different
sampling weights) to maximize sample sizes and evaluate
for time trends. Demographic characteristics, dietary intakes,
examination variables, and laboratory variables were presented
as mean =+ SD for continuous variables and as number
(percentage) for categorical variables. x2 tests and one-way
analyses of variance were applied to compare the differences of
baseline characteristics and mortality status by quantiles. The
Bonferroni test was used for multiple comparisons.

The multivariable Cox proportional hazards regression
models were developed to evaluate the hazard ratios (HRs)
and 95% confidence interval (95% CI) of CVD, cancer,
and all-cause mortality associated with RS intake. We first
assessed the proportional hazards assumption by evaluating
the weighted Schoenfeld residuals (19), and several violations
were observed (P < 0.05). The violation of proportional risk
assumption is addressed by adding its interaction with time
to the model. Survival time was calculated as the number
of months from the date of NHANES interview until death
or the date of census (December 31, 2019). To control the
potential confounders, age, sex, race/ethnicity were adjusted
in model 1. We further adjusted for carbohydrate intake,
educational level, smoking, drinking, history of relevant disease
in model 2. In our final model 3, disease histories of diabetes
mellitus, hypertension, and dyslipidemia, marriage status, and
income were adjusted. Resistant starch intake was first fitted
as an unweighted restricted cubic spline (RCS) with four
knots at 5%, 35%, 65, and 95 centiles and then divided
into quintiles to flexibly model the association of RS intake
with mortality. A 20-percentile increase was used to estimate
the HRs for mortality from CVD, cancer, and all-cause. The
trends were estimated by treating the quintiles as a continuous
variable. Interaction between continuous linear quintiles of RS
intake and covariates was tested by introducing a two-factor
interaction term in the multivariable adjusted Cox regression
model. Participants with missing values are not included in the
corresponding model.
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TABLE 1 Characteristics of study participants according to quintiles of resistant starch intake.

Characteristic* Total Quintiles of resistant starch intake P-value®
Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5

Participants, No. 42,586 8,518 8,516 8,515 8,516 8,521 NA

Age, years 46.91 + 16.88 45.77 £ 16.24 47.13 £ 16.90 46.52 + 16.87 4722 £17.12 48.15 £+ 17.25 <0.001

Female 22,328 (52.43) 4,425 (51.94) 4,472 (52.51) 4,314 (50.66) 4,479 (52.6) 4,678 (54.9) <0.001

Followtime, years 11.00 £ 5.18 12.00 £ 5.10 11.29 £5.14 10.83 £5.13 10.55 £ 5.16 10.11 £5.18 <0.001

SBP, mm Hg® 122.32 £17.74 121.87 £17.42 122.42 +£17.93 122.23 £17.09 122.34 £17.92 122.86 £+ 18.42 <0.001

DBP, mm Hg* 70.73 £ 12.39 71.11 £ 12.45 70.91 £ 12.50 70.91 + 12.53 70.41 +12.13 70.18 £+ 12.30 <0.001

BMI, kg/m2 < 28.67 £ 6.69 28.56 £ 6.69 28.73 £ 6.62 28.80 + 6.83 28.77 £ 6.76 28.46 + 6.48 0.001

PIR® <0.001

<13 11,141 (26.16) 2,380 (27.94) 2,175 (25.53) 2,031 (23.86) 2,124 (24.94) 2,467 (28.96)

1.3-3.49 14,381 (33.77) 2,925 (34.33) 2,864 (33.63) 2,867 (33.68) 2,904 (34.1) 2,810 (32.97)

>3.5 17,064 (40.07) 3,213 (37.72) 3,477 (40.83) 3,616 (42.47) 3,488 (40.96) 3,244 (38.07)

Smoking <0.001

Never smoked 22,337 (52.45) 3,889 (45.65) 4,307 (50.57) 4,520 (53.08) 4,749 (55.76) 4,995 (58.62)

Currently smoking 9,234 (21.68) 2,578 (30.27) 1,990 (23.37) 1,747 (20.51) 1,500 (17.61) 1,286 (15.1)

Ex-smoking 11,015 (25.86) 2,051 (24.08) 2,219 (26.06) 2,249 (26.41) 2,268 (26.63) 2,240 (26.28)

Drinking 30,375 (71.33) 6,275 (73.67) 6,214 (72.97) 6,186 (72.64) 6,012 (70.6) 5,591 (65.62) <0.001

Educational level <0.001

Less than high school 7,522 (17.66) 1,579 (18.54) 1,335 (15.68) 1,384 (16.25) 1,458 (17.12) 1,824 (21.41)

High school diploma or GED® 10,067 (23.64) 2,259 (26.52) 2,118 (24.87) 1,914 (22.48) 1,982 (23.28) 1,736 (20.37)

College or above 24,997 (58.7) 4,680 (54.94) 5,063 (59.45) 5,217 (61.27) 5,076 (59.61) 4,961 (58.22)

Married 23,923 (56.17) 4,416 (51.85) 4,788 (56.22) 4,886 (57.38) 4,929 (57.88) 4,944 (58.03) <0.001

Race/ethnicity <0.001

Mexican American 3,407 (8) 413 (4.85) 500 (5.87) 625 (7.35) 885 (10.39) 1,073 (12.59)

Other Hispanic 2,299 (5.4) 383 (4.5) 367 (4.31) 429 (5.03) 436 (5.12) 735 (8.63)

Non-Hispanic White 29,619 (69.55) 6,046 (70.98) 6,353 (74.6) 6,137 (72.08) 5,827 (68.43) 5,088 (59.72)

Non-Hispanic Black 4,633 (10.88) 1,181 (13.87) 925 (10.86) 863 (10.14) 807 (9.48) 829 (9.73)

Other Race 2,628 (6.17) 495 (5.81) 371 (4.35) 460 (5.41) 561 (6.59) 796 (9.34)

Diabetes 5,160 (12.12) 839 (9.85) 961 (11.28) 982 (11.53) 1,047 (12.29) 1,331 (15.62) <0.001

Hypertension 17,939 (42.12) 3,575 (41.97) 3,625 (42.56) 3,488 (40.96) 3,555 (41.74) 3,697 (43.39) 0.024

Dyslipidemia 13,166 (30.92) 2,412 (28.32) 2,684 (31.52) 2,575 (30.24) 2,677 (31.43) 2,818 (33.07) <0.001

History of CVD® 4,583 (10.76) 927 (10.88) 989 (11.61) 828 (9.72) 899 (10.56) 940 (11.03) 0.002

History of cancer 3,888 (9.13) 758 (8.9) 867 (10.18) 759 (8.91) 799 (9.38) 705 (8.27) <0.001

2Values are means & SDs for continuous variables and numbers (%) for categorical variables.

b p_value for the comparisons between quintiles.

RS, resistant starch; SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; PIR, poverty income ratio; GED, General Educational Development; CVD,

cardiovascular disease.

Based on previous evidence of possible effect modification,
we conducted subgroup analyses for associations between RS
intake and mortality according to several confounding factors
at baseline. We conducted several sensitivity analyses to test
the robustness of our findings. First, we excluded participants
who were followed for less than 5 years or died within 5
years. Second, we excluded the participants with a history of
CVD or cancer. Third, we conducted a competing risk model
to evaluate and quantify the bias of competing risks. Fourth,
due to the lack of some variables for calculating HEI-2015
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(Healthy Eating Index) in NHANES from 1999 to 2004, another
sensitivity analysis was carried out by incorporating HEI-2015
into the model using the data of NHANES from 2005 to
2018. Fifth, a newly defined CVD outcome with ICD-10 codes
100-109, I11, 113, 120-I51, and 160-169 was included in the
analysis.

All statistical analyses were performed with SAS 9.4 (SAS
Institute Inc., Cary, NC, USA) and R 4.1.1 (R Core Team,
Vienna, Austria). The two-sided P-values <0.05 were considered
statistically significant.
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FIGURE 2

Restricted cubic spline (RCS). Multivariable-adjusted HRs (red lines) and 95%Cl (pink areas) for risk of mortality in model 3. An intake of 0.68 g/(d *
1,000 kcal) was set as reference (dashed lines) (HR = 1.00). (A) RCS for CVD mortality. (B) RCS for cancer mortality. (C) RCS for all-cause mortality.

TABLE 2 Associations between resistant starch intake and mortality.

Characteristic Quintiles of resistant starch intake P-value Per quintile

increase
Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5

Participants, No. 8,518 8,516 8,515 8,516 8,521 NA NA

Followtime, years 11.46 + 5.07 10.99 + 5.08 10.60 + 5.08 10.34 £ 5.11 9.94 4 5.08 NA NA

RS intake, g/(d * 1,000 kcal)? 0.3340.22 0.99 +0.19 1.69 +0.22 2.57 +0.32 4.74 + 1.64 NA NA

CVD deaths, No.4 391 368 337 358 355 NA NA

Cancer deaths, No. 367 346 298 280 283 NA NA

All-cause deaths, No. 1,580 1,510 1,324 1,305 1,324 NA NA

HRs (95% CI) of CVD mortality?

Model 13 1 (Reference)  0.82 (0.71-0.94) 0.81 (0.7-0.94) 0.87 (0.75-1) 0.87 (0.75-1) 0.171 0.98 (0.94-1.01)

Model 2° 1 (Reference) ~ 0.89(0.77-1.02)  0.89 (0.77-1.03)  0.97 (0.84-1.13)  0.96 (0.83-1.11) 0.938 1(0.97-1.04)

Model 3¢ 1 (Reference)  0.88 (0.76-1.02) 0.9 (0.77-1.04) 0.99 (0.85-1.15)  0.96 (0.83-1.12) 0.799 1(0.97-1.04)

HRs (95% CI) of cancer mortality?

Model 1* 1 (Reference) 0.86 (0.74-1) 0.8 (0.69-0.94) 0.76 (0.65-0.89) 0.77 (0.65-0.9) <0.001 0.93 (0.9-0.97)

Model 2° 1 (Reference) 0.9 (0.78-1.05) 0.88 (0.75-1.02)  0.83 (0.71-0.97) 0.85 (0.73-1) 0.024 0.96 (0.93-0.99)

Model 3¢ 1 (Reference) ~ 0.91(0.78-1.06)  0.91(0.78-1.06)  0.84 (0.71-0.98)  0.86 (0.74-1.02) 0.04 0.96 (0.93-1)

HRs (95% CI) of All-cause mortality®

Model 1* 1 (Reference)  0.85 (0.79-0.91) 0.8 (0.74-0.86) 0.79 (0.73-0.85) 0.8 (0.74-0.86) <0.001 0.95 (0.93-0.96)

Model 2° 1 (Reference)  0.89 (0.83-0.96) 0.86 (0.8-0.93) 0.86 (0.8-0.93) 0.86 (0.8-0.93) <0.001 0.97 (0.95-0.98)

Model 3¢ 1 (Reference) ~ 0.89(0.83-0.96)  0.87 (0.81-0.94)  0.85(0.79-0.92)  0.85 (0.78-0.91) <0.001 0.96 (0.95-0.98)

#Cox proportional hazard model adjusted for age, sex, race/ethnicity.

bFurther adjusted for total carbohydrate intake, educational level, smoking, drinking, history of CVD or cancer.

“Further adjusted for disease histories of diabetes mellitus, hypertension and dyslipidemia, marriage status, and income.

dRS, resistant starch; CVD, cardiovascular disease; HR, hazard ratio; CI, confidence interval; NA, not applicable.

3. Results

3.1. Baseline characteristics

For the 42,586 US adults included in the present analysis,
mean (SD) age at baseline was 46.91 (16.88) years and 22,328
(52.43%) of all participants were female. The mean 4+ SD and
median (interquartile range) follow-up was 11.00 £ 5.18 and
10.25 (8.33) years, respectively. During the 454,252 person-years
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of follow-up, 7,043 all-cause deaths occurred, including 1,809
deaths from CVDs and 1,574 deaths from cancer. Table 1 shows
the characteristics of the participants at baseline according to
the quintiles of RS intake. Compared with participants with
the lowest RS intake, participants with the highest RS intake
were more likely to be older, female, married, non-drinkers,
non-smokers, Mexican American and Hispanic; to have higher
SBP, educational level; and to have lower DBP and BMI.
And the proportion of participants with morbidity conditions
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CVD Cancer All-cause

Characteristic Case/N HR(95%CI) P for interaction  Case/N HR(95%Cl) P for interaction Case/N HR(95%CI) P for interaction
Agey 0.002" 0.064 0.019
<65 469/32912 0.97(0.91-1.04) —r 660/32912 1.02(0.96-1.08) Lo ) 2264/32912 0.97(0.94-1) Lo |

265 1340/9674 1.03(0.99-1.07) - 914/9674 0.95(0.9-1) — 4779/9674 0.98(0.96-1) -

Sex 0.014 0.453 0.03
Male 1039/20304 0.97(0.93-1.01) (g ] 931/20304 0.96(0.92-1.01) - 3888/20304 0.95(0.93-0.97) -

Female 770/22282 1.06(1-1.11) — 643/22282 0.97(0.92-1.03) — 3155/22282 0.98(0.95-1.01) —

Educational level 0.806 0.493 0.998
Less than college 1189/21458 1(0.96-1.04) - 954/21458 0.95(0.91-1) — 4545/21458 0.96(0.94-0.99) —

College or above 615/21080 1.01(0.96-1.08) —_— 615/21080 0.97(0.92-1.03) — 2477/21080 0.96(0.93-0.99) —

Smoke 0.069 0.899 0.722
No 1494/33669 1.02(0.98-1.06) L 1166/33669 0.96(0.92-1) - 5603/33669 0.96(0.94-0.98) Laal

Yes 315/8917 0.95(0.88-1.04)  +——t 408/8917 0.97(0.9-1.04)  +—— 1440/8917 0.97(0.93-1.01)  +——

Drink 0177 0.036 0.001"
No 735/14424 1.03(0.97-1.08) et 511/14424 1(0.94-1.07) —_ 2719114424 0.99(0.96-1.02) —
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FIGURE 3

Hazard ratios (HRs) of CVD, cancer, and all-cause mortality per quintile increase in resistant starch intake by subgroups and sensitivity analyses.
CVD, cardiovascular disease; HR, hazard ratio; Cl, confidence interval; BMI, body mass index. *Being significant after Bonferroni correction.

(diabetes, hypertension, dyslipidemia, and CVD) increased and
the proportion of participants with cancer decreased.

3.2. RS intake and mortality

We used unweighted RCS to flexibly model and visualize
the relationship of predicted RS intake with mortality (Figure 2).
Dose-response relationship between cancer mortality risk and
RS intake approximates a U-shaped curve. The risk of all-cause
mortality decreased with increased RS intake, and a significant
protective effect was observed at higher RS intake. Restricted
cubic splines revealed possible linear or non-liner relationships
of RS intake with cancer and all-cause mortality (P-overall
<0.001 and P-overall <0.001, respectively; P-non-liner = 0.03
and P-non-liner <0.01, respectively).

The RS intake was associated with cancer and all-cause
deaths, but not associated with CVD deaths. The multivariable-
adjusted HRs for CVD mortality from the lowest quintile to
the highest quintile were 1 (reference), 0.88 (95%CI, 0.76-
1.02), 0.9 (95%CI, 0.77-1.04), 0.99 (95%CI, 0.85-1.15), 0.96
(95%ClI, 0.83-1.12) (P = 0.80 for trend); for cancer mortality,
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1 (reference), 0.91 (95%ClI, 0.78-1.06), 0.91 (95%CI, 0.78-1.06),
0.84 (95%ClI, 0.71-0.98), 0.86 (95%CI, 0.74-1.02) (P = 0.04 for
trend); and for all-cause mortality, 1 (reference), 0.89 (95%CI,
0.83-0.96), 0.87 (95%CI, 0.81-0.94), 0.85 (95%CI, 0.79-0.92),
0.85 (95%CI, 0.78-0.91) (P <0.001 for trend) (Table 2).

A per 20-percentile increase in RS intake was not
significantly associated with the risk of CVD mortality (HR, 1;
95%CI, 0.97-1.04), whereas a per 20-percentile increase in RS
intake was associated with an 4% lower risk of cancer mortality
(HR, 0.96; 95%CI, 0.93-1) and a 4% lower risk of all-cause
mortality (HR, 0.96; 95%CI, 0.95-0.98).

3.3. Subgroup and sensitivity analyses

In subgroup analyses, the associations between RS intake
and cancer and all-cause deaths remained persistent in most
subgroups (Figure 3). A statistically significant interaction
between RS intake and BMI (P = 0.002 for interaction) for
cancer. Significant interactions were found between RS intake
and alcohol consumption and marital status (P = 0.001 and P =
0.004 for interaction, respectively). The HRs for cancer mortality
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per 20-percentile RS increase were 0.95 (95%CI, 0.91-1) among
participants with BMI <30 kg/m? vs. 0.98 (95%CI, 0.92-1.04)
among participants with BMI > 30 kg/m?; and for all-cause
mortality, 0.95 (95%CI, 0.92-0.97) among participants who
drank alcohol vs. 0.99 (95%CI, 0.96-1.02) among participants
who did not drink alcohol and 0.93 (95%CI, 0.91-0.96) among
participants who were married vs. 0.99 (95%CI, 0.96-1.01)
among unmarried participants.

When we further excluded participants with a follow-up
of less than 5 years, these associations remained similar in
sensitivity analyses. The results for the newly defined CVD
outcome were consistent with those for CVD in the primary
analysis. Statistically significant associations were not detected
when we applied a Fine-Gray competing risk model or a model
with HEI-2015 or excluded patients with CVD or cancer. Details
of the sensitivity analysis are shown in Supplementary 2.

4. Discussion
4.1. Main findings

To the best of our knowledge, our research is the first
cohort study to investigate the association of RS intake with
overall and cause-specific mortality. The estimated intake of RS
in our research [2.09 £+ 1.76 g/(d * 1,000 kcal)] was similar
to previous studies (17). The usual average intake of RS in
American adults is approximately 4.2 g/d, much less than the
15-20 g/d of RS recommended for health benefits (20). We
observed that higher RS intake was associated with lower cancer
and all-cause mortality in a nationally representative sample of
US adults. The risk of death from cancer and any causes were
14% and 15% lower in those reporting the highest RS intake,
respectively. Results from RCSs showed that individuals in the
general population with an intake of RS of approximately 3 g/(d
* 1,000 kcal) had the lowest risk of cancer.

A growing body of literature demonstrates that the use of
dietary fiber can manipulate the microbiota and greatly impact
health. Resistant starch shares some characteristics with dietary
fiber and may have similar health effects, and prebiotic-RS seems
to be a promising nutritional strategy (9, 15, 21). Our results
were consistent with previous observational studies reporting
a positive association between dietary fiber intake and health
outcomes (22-25). In contrast to these findings, no evidence that
RS supplementation at 30 g/day has an effect on development of
colorectal cancer in carriers of hereditary colorectal cancer was
found in CAPP2 study with 937 participants who were followed
for up to 4 years, a randomized trial to assess the effectiveness of
RS supplement on carcinoma in human beings (13). The results
of these studies may be controversial depending on the tumor
type, region, or ethnicity studied.

In addition, although higher dietary fiber intake was
reported to be associated with a significantly reduced risk of first

Frontiersin Nutrition

07

10.3389/fnut.2022.1004667

stroke (26), we failed to find a significant association between
RS intake and CVD mortality. The role of dietary fiber in
the prevention of CVD remains controversial. We speculate
that it may be the result of low RS intake and low adherence,
since short-term high-RS diets do not improve markers of
cardiometabolic health (12). Another possibility is that increased
RS intake is accompanied by increased carbohydrate intake,
which increases the risk of CVD (7). Perhaps the ratio of RS
to starch affected the primary outcome, which requires further
in-depth study.

4.2. Interpretations of our findings

Several possible mechanisms could be involved in the
associations of RS intake with mortality. Obesity is associated
with comorbidities such as diabetes, CVD, and cancer, which
are among the leading causes of death in the Western world,
and RS has many properties that could ameliorate the impact
of these comorbidities by promoting weight loss and/or weight
maintenance (20). Consumption of RS can not only increase
intestinal satiety peptide release, reduce postprandial glucose
and insulin (10), but also increase fat oxidation, reduce
fat storage in adipocytes, and maintain lean body mass. In
addition, total energy consumption increases due to the fiber-
like properties of RS, which increases the thermal effect of the
food (27). Outside of these properties, RS has other notable
health benefits. It has been confirmed that RS positively regulates
the gut microbiome, and significantly increases stool output
and fecal moisture content, as well as the concentration of
short-chain fatty acids (SCFA) (28, 29). The major SCFA are
acetate, propionate, and butyrate, which are primarily derived
from fermentation of dietary fibers and play key roles in
host gut, metabolic, and immune function mainly due to
their impact on gene regulation (30). Gut microbiota actively
communicates with host cells through the production of SCFA
and strongly modulate multiple cellular mechanisms (30), such
as regulating cell proliferation and differentiation by inducing
apoptosis in colorectal cancer cells while providing energy for
normal colonocytes, a situation termed the “Butyrate Paradox”
(31). In addition, RS has positive effects on other functions
(inflammation, cholesterol, gut hormonal activity, etc.) through
bacterial fermentation in the intestine (12, 15).

4.3. Strengths and limitations

The strengths of this study should be acknowledged. For this
study, a nationally representative sample of U.S. adults with a
longitudinal study design was used to collect dietary and health
data using validated methods. We first conducted this study to
explore the relationship of RS intake with mortality.
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However, there are several limitations. First, the amount
of RS in food varies depending on how it was handled
and how long it was stored. Due to the limited capabilities
to quantify the actual amount of RS in these foods, RS
intake may be mis-estimated resulting in erroneous results.
Second, RS has been categorized into four main types, but
not all RSs behave the same. In the present study, we
failed to further investigate the effect of RS subtypes on
health. Perhaps one of the subtypes of RS has a major
effect on health outcomes, or perhaps different subtypes
of RS have a combined effect on health outcomes. Third,
due to methodological limitations, we failed to consider
weights in RCS. Although such results reflect the NHANES
population, they may not reflect the actual situation in the U.S.
population.

4.4, Clinical importance

Some guidelines recommend that adults consume 15-20
g of RS per day for health benefits (20), however, RS intake
increases with total carbohydrate intake, which increases the
risk of mortality (32). Our findings suggest that total energy
intake or total carbohydrate intake should be considered
when increasing RS intake. Resistant starch is found naturally
in several foods, the best sources being whole grains and
legumes. We suggest taking more foods rich in RS to increase
daily RS intake without increasing total energy intake or
total carbohydrate intake. In addition, the amount of RS
varies greatly depending on how food is prepared, cooked,
and whether it is reheated (33). Cooked legumes, peas,
and cooked and cooled starchy foods are high in RS. It
may be wise to prepare food this way often, or to eat
food prepared this way often. This finding, if confirmed in
more studies, will have important clinical and public health
implications.

5. Conclusion

Based on a nationally representative sample of U.S. adults,
our study provides evidence that higher RS intake is associated
with lower cancer and all-cause mortality, but not with CVD
mortality. Future studies focusing on other populations with
different food sources of RS and RS subtypes are needed to access
the dose-response relationship and to improve global dietary
recommendations for different populations.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found below: https://wwwn.cdc.
gov/nchs/nhanes/Default.aspx.

Frontiersin Nutrition

08

10.3389/fnut.2022.1004667

Ethics statement

The studies involving human participants were reviewed
and approved by NCHS Research Ethics Review Board. The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

XianL, JC, SY, and JW contributed to conception and design
of the study. JW, XiaoL, and QL prepared the data for analyzes.
MG and QL validated the data for analyzes. JW and XiaoL
performed the formal analyzes and wrote the original draft.
LL, CW, and RY reviewed and edited the draft. XianL, SY, and
JC modified and provided reviews for the draft. All authors
contributed to the article and approved the submitted version.

Funding

This study was supported by China National Key R&D
(Program Nos. 2020YFC2009002 and 2017YFC0211702) and
Special Fund for Scientific Research of the Nursing Department
in Fuwai Hospital (HLB2020006).

Acknowledgments

We thank for the participants and staff members of US
National Health and Nutrition Examination Survey for their
valuable participation and contributions.

Conflict of interest

The 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.2022.1004667/full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnut.2022.1004667
https://wwwn.cdc.gov/nchs/nhanes/Default.aspx
https://wwwn.cdc.gov/nchs/nhanes/Default.aspx
https://www.frontiersin.org/articles/10.3389/fnut.2022.1004667/full#supplementary-material
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Wan et al.

References

1. Petermann-Rocha F, Parra-Soto S, Gray S, Anderson J, Welsh P, Gill J, et al.
Vegetarians, fish, poultry, and meat-eaters: who has higher risk of cardiovascular
disease incidence and mortality? A prospective study from UK Biobank. Eur Heart
J. (2021) 42:1136-43. doi: 10.1093/eurheartj/ehaa939

2. Huang ], Liao LM, Weinstein SJ, Sinha R, Graubard BI, Albanes D. Association
between plant and animal protein intake and overall and cause-specific mortality.
JAMA Intern Med. (2020) 180:1173-84. doi: 10.1001/jamainternmed.2020.2790

3. GBD 2019 Risk Factors Collaborators. Global burden of 87 risk
factors in 204 countries and territories, 1990-2019: a systematic analysis
for the Global Burden of Disease Study 2019 Lancet. (2020) 396:1223-49.
doi: 10.1016/S0140-6736(20)30752-2

4. GBD 2017 Diet Collaborators. Health effects of dietary risks in 195 countries,
1990-2017: a systematic analysis for the Global Burden of Disease Study 2017.
Lancet. (2019) 393:1958-72. doi: 10.1016/S0140-6736(19)30041-8

5. Ludwig DS, Hu FB, Tappy L, Brand-Miller J. Dietary carbohydrates:
role of quality and quantity in chronic disease. BMJ. (2018) 361:k2340.
doi: 10.1136/bm;j.k2340

6. 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. (2021)
40:2016-24. doi: 10.1016/j.cInu.2020.09.022

7. 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) 180:513-23.
doi: 10.1001/jamainternmed.2019.6980

8. Gibson GR, Hutkins R, Sanders ME, Prescott SL, Reimer RA, Salminen
SJ, et al. Expert consensus document: The International Scientific Association
for Probiotics and Prebiotics (ISAPP) consensus statement on the definition
and scope of prebiotics. Nat Rev Gastroenterol Hepatol. (2017) 14:491-502.
doi: 10.1038/nrgastro.2017.75

9. DeMartino P, Cockburn DW. Resistant starch:
gut microbiome and health. Curr Opin Biotechnol.
doi: 10.1016/j.copbio.2019.10.008

10. Gourineni V, Stewart ML, Wilcox ML, Maki KC. Nutritional bar with potato-
based resistant starch attenuated post-prandial glucose and insulin response in
healthy adults. Foods. (2020) 9:1679. doi: 10.3390/foods9111679

11. Stewart ML, Wilcox ML, Bell M, Buggia MA, Maki KC. Type-4 resistant
starch in substitution for available carbohydrate reduces postprandial glycemic
response and hunger in acute, randomized, double-blind, controlled study.
Nutrients. (2018) 10:129. doi: 10.3390/nu10020129

12. Yuan HC, Meng Y, Bai H, Shen DQ, Wan BC, Chen LY. Meta-analysis
indicates that resistant starch lowers serum total cholesterol and low-density
cholesterol. Nutr Res. (2018) 54:1-11. doi: 10.1016/j.nutres.2018.02.008

13. Mathers JC, Movahedi M, Macrae F, Mecklin JP, Moeslein G, Olschwang S,
et al. Long-term effect of resistant starch on cancer risk in carriers of hereditary
colorectal cancer: an analysis from the CAPP2 randomised controlled trial. Lancet
Oncol. (2012) 13:1242-9. doi: 10.1016/S1470-2045(12)70475-8

14. Snelson M, Kellow NJ, Coughlan MT. Modulation of the gut microbiota by
resistant starch as a treatment of chronic kidney diseases: evidence of efficacy and
mechanistic insights. Adv Nutr. (2019) 10:303-20. doi: 10.1093/advances/nmy068

15. Esgalhado M, Kemp JA, Azevedo R, Paiva BR, Stockler-Pinto MB,
Dolenga CJ, et al. Could resistant starch supplementation improve inflammatory
and oxidative stress biomarkers and uremic toxins levels in hemodialysis
patients? A pilot randomized controlled trial. Food Funct. (2018) 9:6508-16.
doi: 10.1039/C8FO01876F

16. Moshfegh AJ, Rhodes DG, Baer DJ, Murayi T, Clemens JC, Rumpler WV,
etal. 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

impact on the
(2020) 61:66-71.

Frontiersin Nutrition

09

10.3389/fnut.2022.1004667

17. Miketinas DC, Shankar K, Maiya M, Patterson MA. Usual dietary intake of
resistant starch in US adults from NHANES 2015-2016. ] Nutr. (2020) 150:2738-
47. doi: 10.1093/jn/nxaa232

18. Patterson MA, Maiya M, Stewart ML. Resistant starch content in foods
commonly consumed in the United States: a narrative review. ] Acad Nutr Diet.
(2020) 120:230-44. doi: 10.1016/j.jand.2019.10.019

19. Grambsch PM, Therneau TM. Proportional
diagnostics based on weighted residuals. Biometrika.
doi: 10.1093/biomet/81.3.515

20. Birt DE, Boylston T, Hendrich S, Jane JL, Hollis ], Li L, et al. Resistant
starch: promise for improving human health. Adv Nutr. (2013) 4:587-601.
doi: 10.3945/an.113.004325

21. Esgalhado M, Kemp JA, Paiva BR, Brito JS, Cardozo L, Azevedo R, et al.
Resistant starch type-2 enriched cookies modulate uremic toxins and inflammation
in hemodialysis patients: a randomized, double-blind, crossover and placebo-
controlled trial. Food Funct. (2020) 11:2617-25. doi: 10.1039/C9F002939G

22. Zheng B, Shen H, Han H, Han T, Qin Y. Dietary fiber intake

and reduced risk of ovarian cancer: a meta-analysis. Nutr J. (2018) 17:99.
doi: 10.1186/512937-018-0407-1

23. Aune D, Chan DS, Greenwood DC, Vieira AR, Rosenblatt DA, Vieira R,
et al. Dietary fiber and breast cancer risk: a systematic review and meta-analysis of
prospective studies. Ann Oncol. (2012) 23:1394-402. doi: 10.1093/annonc/mdr589

24. Sun L, Zhang Z, Xu J, Xu G, Liu X. Dietary fiber intake reduces risk
for Barrett’s esophagus and esophageal cancer. Crit Rev Food Sci Nutr. (2017)
57:2749-57. doi: 10.1080/10408398.2015.1067596

tests and
81:515-26.

hazards
(1994)

25. Kim Y, Je Y. Dietary fiber intake and total mortality: a meta-
analysis of prospective cohort studies. Am ] Epidemiol. (2014) 180:565-73.
doi: 10.1093/aje/kwul74

26. Threapleton DE, Greenwood DC, Evans CE, Cleghorn CL,
Nykjaer C, Woodhead C, et al. Dietary fiber intake and risk of first
stroke: a systematic review and meta-analysis. Stroke. (2013) 44:1360-8.
doi: 10.1161/STROKEAHA.111.000151

27. Higgins JA. Resistant starch and energy balance: impact on weight
loss and maintenance. Crit Rev Food Sci Nutr. (2014) 54:1158-66.
doi: 10.1080/10408398.2011.629352

28. Le Leu RK, Winter JM, Christophersen CT, Young GP, Humphreys KJ, Hu
Y, et al. Butyrylated starch intake can prevent red meat-induced O6-methyl-2-
deoxyguanosine adducts in human rectal tissue: a randomised clinical trial. Br J
Nutr. (2015) 114:220-30. doi: 10.1017/S0007114515001750

29. Shen D, Bai H, Li Z, Yu Y, Zhang H, Chen L. Positive effects of resistant
starch supplementation on bowel function in healthy adults: a systematic review
and meta-analysis of randomized controlled trials. Int J Food Sci Nutr. (2017)
68:149-57. doi: 10.1080/09637486.2016.1226275

30. Martin-Gallausiaux C, Marinelli L, Blottiere HM, Larraufie P, Lapaque N.
SCFA: mechanisms and functional importance in the gut. Proc Nutr Soc. (2021)
80:37-49. doi: 10.1017/50029665120006916

31. Donohoe DR, Collins LB, Wali A, Bigler R, Sun W, Bultman SJ. The
Warburg effect dictates the mechanism of butyrate-mediated histone acetylation
and cell proliferation. Mol Cell. (2012) 48:612-26. doi: 10.1016/j.molcel.2012.
08.033

32. 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

33. Raigond P, Ezekiel R, Raigond B. Resistant starch in food: a review. J Sci Food
Agric. (2015) 95:1968-78. doi: 10.1002/jsfa.6966

frontiersin.org


https://doi.org/10.3389/fnut.2022.1004667
https://doi.org/10.1093/eurheartj/ehaa939
https://doi.org/10.1001/jamainternmed.2020.2790
https://doi.org/10.1016/S0140-6736(20)30752-2
https://doi.org/10.1016/S0140-6736(19)30041-8
https://doi.org/10.1136/bmj.k2340
https://doi.org/10.1016/j.clnu.2020.09.022
https://doi.org/10.1001/jamainternmed.2019.6980
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1016/j.copbio.2019.10.008
https://doi.org/10.3390/foods9111679
https://doi.org/10.3390/nu10020129
https://doi.org/10.1016/j.nutres.2018.02.008
https://doi.org/10.1016/S1470-2045(12)70475-8
https://doi.org/10.1093/advances/nmy068
https://doi.org/10.1039/C8FO01876F
https://doi.org/10.1093/ajcn/88.2.324
https://doi.org/10.1093/jn/nxaa232
https://doi.org/10.1016/j.jand.2019.10.019
https://doi.org/10.1093/biomet/81.3.515
https://doi.org/10.3945/an.113.004325
https://doi.org/10.1039/C9FO02939G
https://doi.org/10.1186/s12937-018-0407-1
https://doi.org/10.1093/annonc/mdr589
https://doi.org/10.1080/10408398.2015.1067596
https://doi.org/10.1093/aje/kwu174
https://doi.org/10.1161/STROKEAHA.111.000151
https://doi.org/10.1080/10408398.2011.629352
https://doi.org/10.1017/S0007114515001750
https://doi.org/10.1080/09637486.2016.1226275
https://doi.org/10.1017/S0029665120006916
https://doi.org/10.1016/j.molcel.2012.08.033
https://doi.org/10.1016/S0140-6736(17)32252-3
https://doi.org/10.1002/jsfa.6966
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

	The association of dietary resistance starch intake with all-cause and cause-specific mortality
	1. Introduction
	2. Materials and methods
	2.1. Study design and population
	2.2. Main exposure and resistant starch assessment
	2.3. Main outcome
	2.4. Covariates
	2.5. Statistics analysis

	3. Results
	3.1. Baseline characteristics
	3.2. RS intake and mortality
	3.3. Subgroup and sensitivity analyses

	4. Discussion
	4.1. Main findings
	4.2. Interpretations of our findings
	4.3. Strengths and limitations
	4.4. Clinical importance

	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


