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Association of composite dietary
antioxidant index with mortality
risk among adults with chronic
kidney disease in NHANES

Jun Sun%®, HaoyuYang®®, Aru Sun®®, Huifang Guan?, Weinan Xie**, Lin Han?, Yu Wei*,
Xiaoyu Zang?, Pengfei Xie*, Xiaolin Tong? & Yiqun Lin>**

At present, the relationship between the intake of antioxidants in food and the mortality rate of
patients with chronic kidney disease (CKD), especially the association with the mortality rate of
specific causes, is not clear. This study included 6379 adult CKD patients from the National Health

and Nutrition Examination Survey (2001-2018). Use the Cox proportional hazards model, restricted
cubic spline (RCS) model, and stratified and sensitivity analysis to evaluate the relationship between
the Composite Dietary Antioxidant Index (CDAI) and mortality in patients with chronic kidney

disease. During the follow-up period, 2381 all-cause deaths were recorded, including 719 deaths

from cardiovascular disease, 132 deaths from cerebrovascular disease, and 430 deaths from cancer.

We found that compared to the lowest quartile of CDAI, the weighted multivariate hazard ratio

of participants in the highest quartile was 0.83 (95% confidence interval: 0.72, 0.96) for all-cause
mortality, Cardiovascular mortality was 0.91 (95% confidence interval: 0.70, 1.18), Cerebrovascular
death was 0.51 (95% confidence interval: 0.24, 1.07), Death due to cancer was 0.64 (95% confidence
interval: 0.45, 0.92). RCS analysis shows a non-linear relationship between CDAI and all-cause
mortality and cancer mortality. At the same time, there is no non-linear relationship between CDAI and
cardiovascular mortality and cerebrovascular mortality. Stratified analysis shows that race and BMl are
influencing factors for CDAI-CKD mortality. Sensitivity analysis confirmed the robustness of the results.
Our research findings emphasize the potential advantages of an antioxidant diet in reducing the risk of
mortality in CKD patients.
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PIR Poverty income ratio

SE Standard error

HR Hazard ratio

CI Confidence interval
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Chronic kidney disease (CKD) is a progressive disease with structural or functional abnormalities of the kidneys
due to a variety of causes, characterized by a sustained increase in protein excretion in the urine'. CKD affects
697 million people globally and causes 1.2 million deaths annually. Unfortunately, these numbers are increasing?,
and by 2040, CKD will be the fifth leading cause of death worldwide>. It is important to note that cardiovascular
causes are the leading cause of death in CKD patients*.

Studies have shown that the progression of CKD is associated with endothelial dysfunction, chronic hypoxia,
tissue pathological damage, and specific molecular mechanisms®~. Notably, oxidative stress is a significant
mechanism in the progression of CKD and is a target for treatment®~!°. Improving the nutritional status of CKD
patients can aid in managing the disease'!. Certain foods and nutrients have been scientifically proven to possess
antioxidant properties, which can be beneficial in treating CKD. The Composite Dietary Antioxidant Index
(CDALI) is a robust nutritional index calculated based on an individual’s intake of dietary antioxidants, including
zing, selenium, vitamin A, vitamin C, vitamin E, and carotenoids!?!3. Related studies have shown that a higher
CDAL is strongly associated with lower all-cause and cardiovascular mortality rates'?, and the increase of CDAI
is associated with a reduced risk of CKD'">. However, the relationship between CDAI and the mortality risk of
CKD patients, especially the specific mortality rates of various etiologies, is still uncertain.

Therefore, this study aims to investigate the correlation between CDAI and all-cause mortality, cancer-related
mortality, cardiovascular mortality, and cerebrovascular mortality rates in adult CKD patients in the United
States, using data from the National Health and Nutrition Examination Survey (NHANES). The study will also
determine the most effective CDAI values, which can be a reference for antioxidant supplementation in CKD
patients.

Materials and methods

Data and study population

The NHANES, conducted by the Centers for Disease Control and Prevention, is a complex, ongoing, cross-
sectional survey that uses probability sampling to assess the health and nutritional status of adults and children
in the United States. This survey takes place every two years. The NHANES protocol was granted approval by
the Institutional Review Board at the National Center for Health Statistics, and all participants in the NHANES
provided informed consent. All data are publicly available at www.cdc.gov/nchs/nhanes/!°.

For our study, we utilized data from participants across nine NHANES cycles, spanning 2001 to 2018, with
91,351 participants. Participants were excluded if they were under 18 (n=37,595), had no CKD (n=44,811),
lacked mortality data (n=9), lacked CDAI data (n=673), or lacked covariate data (n=1,884). Consequently,
6,379 patients with CKD were included in the analysis, the process of inclusion and exclusion is shown in Fig. 1.
The National Center approved the NHANES for Health Statistics Ethics Review Board, and all participants
provided written informed consent.

Diagnostic CKD

CKD was defined based on the 2012 Kidney Disease: Improving Global Outcomes recommendations, the
presence of either a low estimated glomerular filtration rate (¢GFR) or albuminuria was considered a diagnostic
of CKD'. eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration study formula
based on serum creatinine levels'®. An eGFR of less than 60 ml/min/1.73 m? was considered low. Albuminuria
is a urine albumin creatine ratio of 30 mg/g or higher. The Jaffe rate method (kinetic alkaline picrate) was used
to determine creatinine concentration in serum. Urinary albumin was measured by solid-phase fluorescent
immunoassay'®, and urinary creatinine was measured by enzymatic method.

Calculate of composite dietary antioxidant index

NHANES’s dietary interview component, “What We Eat in America (WWEIA),” assesses food and nutrient
intake, and the US Department of Agriculture Food and Nutrient Database for Dietary Studies provides the
nutrient composition of the foods included in this component. During the survey, all participants underwent
two 24-hour dietary recalls. The first day’s recall is collected at the Mobile Examination Center, and the second
day’s recall is collected by phone 3 to 10 days later. Our study used data from the first dietary recall, calculating
the CDAI according to established methods!*!*. In brief, the six dietary antioxidants (zinc, selenium, vitamin
A, vitamin C, vitamin E, and carotenoids) are standardized by subtracting the sex-specific mean and dividing
it by the sex-specific standard deviation. CDAI is then calculated using the sum of these standardized dietary
antioxidant intakes, as outlined below:

n—6 €ach intake — mean
CDAI =Y 15 )

Other covariates

Covariate data included demographic information (age, gender, race, education, marital status, ratio of family
income to poverty(PIR)), comorbidities (hypertension, diabetes, hyperlipidemia, and heart disease), smoking
and alcohol use status, Body Mass Index (BMI), physical activity, and energy intake.

The diagnosis of hypertension was based on the question from the questionnaire, “Ever told you had high
blood pressure?” The diagnosis of diabetes mellitus (DM) had six reference criteria: glycosylated hemoglobin,
type A1C> 6.5%, fasting glucose > 7.0 mmol/L, random blood glucose > 11.1 mmol/L, oral glucose tolerance test
2 h blood glucose>11.1 mmol/L, use of diabetes medication or insulin, and being told by a doctor of diabetes,
meeting any of these criteria was considered indicative of DM. Diagnosis of hyperlipidemia had three criteria:
triglyceride > 150 mg/dL; total cholesterol > 5.18 mmol/L, low-density lipoprotein > 3.37 mmol/L, or high-density
lipoprotein < 1.04 mmol/L for males and < 1.30 mmol/L for females; or using lipid-lowering drugs, meeting any
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Fig. 1. Flowchart of participant selection process.

of these was considered indicative of hyperlipidemia. Responses to four questions determined cardiovascular
disease (CVD): “Ever told had congestive heart failure?”, “Ever told you had coronary heart disease?”, “Ever told
you had angina/angina pectoris?” and “Ever told you had a heart attack’, a “Yes” response to any of these questions
indicated CVD. Smoking status was classified into three levels: never smoked (smoked less than 100 cigarettes in
life), previously smoked (smoked more than 100 cigarettes in life and do not smoke now), and current smokers
(smoked more than 100 cigarettes in life and smoked some days or every day). Five levels of alcohol use were
identified: never (had <12 drinks in a lifetime), former (had > 12 drinks in 1 year and did not drink last year,
or did not drink previous year but drank > 12 drinks in a lifetime), moderate (>two drinks per day for women
or >three drinks per day for men, or binge drinking>2 & <5 days per month), heavy (>three drinks per day
for women or >4 drinks per day for men, or binge drinking>5 days per month), and mild (not meeting the
above criteria). The BMI has three levels: normal (BMI <25 kg/m?), overweight (25 < BMI < 30 kg/m?), and obese
(BMI>30 kg/m?). For physical activity assessment, we used “recreational activity” (before 2006) and “muscle
strength” (after 2007) from NHANES, standardizing the data, “unable to do activity” was categorized as no
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(before 2006), while “vigorous” “moderate” and “both” were classified as yes (after 2007), ultimately determining
physical activity as yes or no. Energy intake data from the first dietary recall is in the Total Nutrient Intake folder.

Mortality assessment

The mortality status, timing, and cause of death of the participants were ascertained using the public access files
of the National Death Index up until December 31, 2019. Causes of death were defined using the International
Classification of Diseases, tenth version (ICD-10) codes, such as diseases of the heart (ICD-10 codes 100-109,
111,113, 120-I51), malignant neoplasms (ICD-10 codes C00-C97), nephritis, nephrotic syndrome, and nephrosis
(ICD-10 codes N00-N07, N17-N19, N25-N27), among others. Survival time was measured from the examination
date at the Mobile Examination Center to the outcome date. Our research focuses primarily on mortality rates
and the various causes of death.

Statistical analysis

In accordance with NHANES analysis guidelines®, all analyses were performed after integrating sample
dietary weights. We divided all participants into four groups based on CDAI quartiles. For general population
characteristics, continuous variables were described by mean +standard error (SE), and categorical variables
were described by the number of individuals (percentage). The 2 test (for categorical variables) and generalised
linear regression models (for continuous variables) were used to assess differences in baseline characteristics
between the four groups.

The proportional hazards assumption was tested using scaled Schoenfeld residuals, and the results indicated
that none of the covariates had statistical significance, nor did the global test. Therefore, we chose the Cox
proportional hazards regression model to estimate hazard ratios (HRs) and corresponding 95% confidence
intervals (CIs) of CDAI with all-cause mortality, cancer-related mortality, cardiovascular mortality, and
cerebrovascular mortality. Adjustments were made for confounding factors that may affect the research results,
which were selected based on the association between dietary intake and mortality and the literature on CKD
mortality. Model 1, the crude model, which was non-adjusted. Model 2, which was adjusted for age. Model 3,
which was further adjusted (from Model 2) for gender, race/ethnicity. Model 4, which was further adjusted (from
Model 3) for marital status, education, BMI, PIR, hypertension, DM, hyperlipidemia, cardiovascular disease.

We also used restricted cubic splines (RCS) with five knots at the 5th, 35th, 50th, 65th, and 95th centiles to
flexibly model the association of CDAI with mortality, adjusting for confounders. We used slope method to
assess the fitted curve’s slope to determine the inflection point’s value in the case of a non-linear relationship.
Threshold effect analysis was then performed on either side of the inflection point using a segmented COX
proportional hazards model to test the association between CDAI and mortality further.

Stratified analyses included age (<60 or >60 years), gender, race/ethnicity (non-Hispanic white or other),
BMI (<30.00 or >30.00), smoking status (current, past, or never), hypertension (yes or no), and DM (DM,
impaired fasting glucose (IFG), impaired glucose tolerance (IGT), or no). Several sensitivity analyses were also
performed, including (1) excluding those with DM, (2) excluding participants who died within the first two
years of follow-up, and (3) further adjusting for C-reactive protein in the model, (4) The systemic immunity
inflation index (SII) and physical activity in the model were further adjusted.

All statistical analyses were performed using R version 4.0.5, and a P<0.05 (two-tailed) was considered
statistically significant.

Results

Baseline population characteristics

The final sample consisted of 6,379 CKD participants, representing 2.542 million CKD patients in the United
States. Table 1 shows the weighted baseline characteristics of the participants stratified by CDAI quartiles. The
mean age was 60.72+0.33 years; 43.43% were male, and 71.94% were identified as non-Hispanic white. The
mean CDAI + SE was 0.22 +£0.07. Participants with a higher CDAI were more likely to be younger, non-Hispanic
white, married, more educated, less physically active, have a higher PIR, and suffer from hypertension, DM, and
CVD. They were also less likely to be current smokers and non-drinkers. In addition, Supplementary Table S1
shows that compared to survivors, the deceased consumed less vitamin E, selenium, and carotenoids in their
diet, and the difference was statistically significant. Additionally, the deceased consumed slightly more vitamin
A and less zinc and vitamin C, but the difference was insignificant.

Relationships between CDAI and mortality

As of 31 December 2019, the median follow-up was 84 months (ranging from 0 to 228 months), with a total of
2,381 deaths, representing an all-cause mortality rate of 37.33%. These deaths included 719 deaths from CVD,
132 deaths from cerebrovascular disease, and 430 deaths from cancer. The results of COX regression analysis
are shown in Table 2. In the unadjusted model, CDAI showed a significant negative correlation with all-cause
mortality, cardiovascular mortality, and cancer mortality in CKD patients, with a dose-response relationship.
However, the correlation between CDAI and cerebrovascular mortality was inconsistent among the four groups.
In both partially and fully adjusted models, there was a sustained significant negative correlation between CDAI
and all-cause mortality and cancer mortality in CKD patients. However, no such association was observed with
cardiovascular mortality. After adjusting Model 4, compared to the lowest quartile of CDAI, the multivariable
HRs and 95% Cls for all-cause mortality were 0.92 (0.80, 1.06) for Q2, 0.91 (0.79, 1.04) for Q3, and 0.83 (0.72,
0.96) for Q4 (P for trend =0.02); for cardiovascular mortality were 0.85 (0.64, 1.12) for Q2, 0.87 (0.68, 1.11) for
Q3, and 0.91 (0.70, 1.18) for Q4 (P for trend =0.63); for cerebrovascular mortality were 1.02 (0.59, 1.78) for Q2,
1.13 (0.60, 2.13) for Q3, and 0.51 (0.24, 1.07) for Q4 (P for trend=0.07); for cancer mortality were 0.80 (0.58,
1.12) for Q2, 0.77 (0.55, 1.09) for Q3, and 0.64 (0.45, 0.92) for Q4 (P for trend =0.02). For CKD patients, higher
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Composite dietary antioxidant index (CDAI)
Q1 Q2 Q3 Q4

Variable Total (£-2.62) (-2.62t0 - 0.79] | (- 0.79 to 1.64] | (> 1.64) P-value
N (%) 6379 (100) 1601 (25.10) | 1591 (24.94) 1592 (24.96) 1595 (25)
Age (years) 60.72+0.33 61.68+0.60 62.07+0.58 61.73+0.62 58.01+0.60 <0.0001
Gender, n (%) 0.03
Male 3074 (43.43) | 715 (38.32) 794 (45.09) 804 (44.98) 761 (44.73)
Female 3305 (56.57) 886 (61.68) 797 (54.91) 788 (55.02) 834 (55.27)
Race/ethnicity, n (%) <0.001
Mexican American 865 (6.18) 217 (6.01) 230 (6.54) 224 (7.14) 194 (5.21)
Non-hispanic white 3300 (71.94) | 746 (67.80) 835 (71.57) 871 (73.38) 848 (74.26)
Non-hispanic black 1398 (12.21) 430 (16.08) 331 (12.10) 304 (10.54) 333 (10.70)
Other 816 (9.67) 208 (10.12) 195 (9.79) 193 (8.94) 220 (9.83)
Education, n (%) <0.0001
College or above 2803 (51.28) 529 (38.78) 675 (49.89) 764 (54.95) 835 (59.05)
High school or equivalent 2592 (39.91) 709 (48.05) 649 (39.78) 627 (37.22) 607 (35.97)
Less than high school 984 (8.80) 363 (13.17) 267 (10.32) 201 (7.84) 153 (4.98)
Marital status, n (%) <0.0001
Married 3498 (58.07) 803 (50.87) 881 (58.33) 896 (59.64) 918 (62.14)
Never married 604 (10.11) 160 (11.08) 136 (9.02) 135 (8.69) 173 (11.45)
Divorced 2277 (31.81) 638 (38.05) 574 (32.64) 561 (31.66) 504 (26.40)
BMI (kg/m? 30.07+0.15 29.71+£0.23 29.85+0.23 30.30+0.28 30.34+0.33 0.12
BMI (kg/m?, n (%) 0.06
Normal 1595 (25.19) 413 (26.03) 393 (24.31) 359 (22.52) 430 (27.49)
Overweight 2055 (30.61) 523 (30.81) 537 (32.68) 544 (33.02) 451 (26.71)
Obese 2729 (44.21) | 665 (43.16) 661 (43.00) 689 (44.45) 714 (45.79)
Ratio of family income to poverty, n (%) <0.0001
<1.00 1325 (15.58) 430 (20.79) 341 (16.45) 278 (12.88) 276 (13.12)
1.01-3.00 3080 (43.33) 809 (49.56) 778 (45.61) 770 (41.58) 723 (38.13)
>3.00 1974 (41.08) | 362 (29.65) 472 (37.95) 544 (45.54) 596 (48.75)
Smoker, n (%) <0.001
Current 1094 (17.48) 332 (22.40) 275 (18.20) 237 (14.58) 250 (15.53)
Past 2159 (33.06) | 523 (30.55) 552 (34.55) 570 (35.25) 514 (31.95)
Never 3126 (49.45) 746 (47.05) 764 (47.25) 785 (50.17) 831 (52.53)
Drinker, n (%) <0.0001
Mild 2105 (36.02) | 424 (27.23) 521 (34.74) 597 (41.10) 563 (39.61)
Moderate 676 (12.81) 150 (11.80) 152 (11.81) 180 (13.69) 194 (13.65)
Heavy 786 (12.93) 197 (13.03) 195 (12.51) 182 (11.02) 212 (14.81)
Past 1711 (22.87) | 493 (28.16) 457 (25.17) 376 (20.69) 385 (18.73)
Never 1101 (15.37) 337 (19.78) 266 (15.76) 257 (13.50) 241 (13.20)
Physical activity, n (%) <0.0001
Yes 1857 (35.14) | 355 (26.46) 436 (32.90) 513 (38.53) 553 (40.85)
No 4522 (64.86) 1246 (73.54) 1155 (67.10) 1079 (61.47) 1042 (59.15)
Energy (kcal/day) 1899.07+£15.81 | 1204.44+19.51 | 1673.36+22.15 2003.15+£20.04 | 2535.87+37.40 | <0.0001
Hypertension, n (%) 0.03
Yes 3981 (58.98) | 1031 (62.93) | 999 (60.32) 982 (57.86) 969 (55.76)
No 2398 (41.02) 570 (37.07) 592 (39.68) 610 (42.14) 626 (44.24)
Diabetes, n (%) <0.001
No 3391 (58.25) | 839 (56.55) 804 (52.56) 862 (59.32) 886 (63.32)
DM 2463 (33.74) 627 (35.46) 658 (39.47) 606 (33.43) 572 (27.98)
IFG 294 (4.51) 72 (4.27) 78 (4.77) 69 (3.71) 75 (5.16)
IGT 231 (3.50) 63 (3.72) 51 (3.19) 55 (3.54) 62 (3.54)
Hyperlipidemia, n (%) 0.07
Continued
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Composite dietary antioxidant index (CDAI)

Q1 Q2 Q3 Q4
Variable Total (£-2.62) (-2.62t0—0.79] | (- 0.79 to 1.64] | (> 1.64) P-value
Yes 5161 (80.96) | 1308 (82.78) | 1308 (81.88) 1282 (81.63) 1263 (78.23)
No 1218 (19.04) 293 (17.22) 283 (18.12) 310 (18.37) 332 (21.77)
Cardiovascular disease, n (%) <0.001
Yes 1046 (19.58) | 391 (22.08) 390 (22.61) 334 (19.23) 291 (15.48)
No 4973 (80.42) 1210 (77.92) 1201 (77.39) 1258 (80.77) 1304 (84.52)

Table 1. Baseline characteristics of study participants stratified by quartile of CDAI. Continuous variables
were represented by mean + standard error, while categorical variables were represented by numbers
(percentage). CDAI composite dietary antioxidant index, BMI body mass index, DM diabetes, IFG impaired
fasting glucose, IGT impaired glucose tolerance.

Composite dietary antioxidant index (CDAI)

Q1 Q2 Q3 Q4

(£-2.62) |(-2.62t0-0.79] | (-0.79t0 1.64] | (>1.64) P trend
All-cause mortality
Deaths No. (%) | 667 (41.66) | 632 (39.72) 588 (36.93) 494 (30.97)
Model 1 1.00 | 0.98(0.84, 1.14)° | 0.87 (0.76, 1.01)¢ | 0.68 (0.59, 0.79)" | <0.0001
Model 2 1.00 | 0.94(0.82,1.07)° | 0.85(0.74,0.98)* | 0.79 (0.68,0.91)® | <0.001
Model 3 1.00 | 0.92(0.81,1.05)¢ |0.84(0.73,0.96)* | 0.77 (0.67, 0.89)® | <0.001
Model 4 1.00 | 0.92(0.80,1.06)° |0.91(0.79, 1.04)¢ | 0.83 (0.72, 0.96)* 0.02
Cardiovascular mortality
Deaths No. (%) | 208 (12.99) | 164 (10.31) 198 (12.44) 149 (9.34)
Model 1 1.00 | 0.89(0.70, 1.14)° | 0.85(0.68, 1.06)¢ | 0.68 (0.53, 0.89)* 0.003
Model 2 1.00 | 0.87(0.68, 1.11)¢ | 0.81 (0.64, 1.01)¢ | 0.79 (0.61, 1.02)° | 0.08
Model 3 1.00 | 0.83(0.65,1.06) | 0.77 (0.61,0.96)* | 0.77 (0.59, 0.99)* 0.06
Model 4 1.00 | 0.85(0.64,1.12)° |0.87 (0.68, 1.11)¢ | 0.91 (0.70, 1.18)¢ 0.63
Cerebrovascular mortality
Deaths No. (%) 36 (2.25) | 43 (2.70) 34 (2.14) 19 (1.19)
Model 1 1.00 | 1.23(0.75,2.02) | 1.21(0.70,2.09) | 0.45 (0.22,0.91)* 0.01
Model 2 1.00 | 1.12(0.67, 1.89)¢ | 1.11 (0.63, 1.97)° | 0.50 (0.25,0.99)* | 0.03
Model 3 1.00 | 1.12(0.66, 1.90)¢ | 1.10 (0.61, 1.97)¢ | 0.50 (0.25, 1.00)* 0.04
Model 4 1.00 | 1.02(0.59,1.78)¢ | 1.13 (0.60, 2.13) | 0.51 (0.24, 1.07)¢ 0.07
Cancer mortality
Deaths No. (%) | 116 (7.25) | 109 (6.85) 119 (7.47) 86 (5.39)
Model 1 1.00 | 0.90(0.63,1.29) | 0.86 (0.61,1.21) | 0.57 (0.40, 0.82)* 0.001
Model 2 1.00 | 0.84(0.60,1.19)° |0.80 (0.57, 1.13)¢ | 0.64 (0.44, 0.92)* 0.02
Model 3 1.00 | 0.81(0.58,1.12) |0.74 (0.52, 1.06) | 0.60 (0.42, 0.87)* 0.01
Model 4 1.00 | 0.80(0.58, 1.12)° | 0.77 (0.55, 1.09)° | 0.64 (0.45,0.92)* | 0.02

Table 2. HRs (95% ClIs) for all-cause and cause-specific mortality according to CDAI quartiles among
participants with CKD. Model 1: Non-adjusted; Model 2: Adjusted for age; Model 3: Further adjusted (from
Model 2) for gender, race/ethnicity. Model 4: Further adjusted (from Model 3) for marital status, education,
hypertension, DM, hyperlipidemia, cardiovascular disease, BMI, PIR. BMI body mass index, CI confidence
interval, CDAI composite dietary antioxidant index, CKD chronic kidney disease, DM diabetes, HR hazard

ratio, PIR ratio of family income to poverty. * indicates p-value <0.05; ®

p-value>0.05.

indicates p-value <0.001; € indicates

CDALI is significantly associated with a lower risk of all-cause mortality and cancer mortality. At the same time,
there is no independent correlation between CDAI and cardiovascular mortality and cerebrovascular mortality.

The detection of nonlinear relationships
We use RCS curves to explore the potential nonlinear relationship between CDAI and all-cause and specific-
cause mortality in CKD patients. The results showed that there was an L-shaped relationship (nonlinear
P=0.032) between CDAI level and all-cause mortality rate (Fig. 2A) and a J-shaped relationship (nonlinear
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Fig. 2. Association between CDAI and all-cause (A), cancer mortality (B), CVD mortality (C) and brain
mortality (D) in patients with CKD. Adjusted for age, sex, race/ethnicity, marital status, education, BMI,
ratio of family income to poverty, hypertension, diabetes, hyperlipidemia, CVD. CDAI composite dietary
antioxidant index, CVD cardiovascular disease, CKD chronic kidney disease, BMI body mass index.

P=0.002) between CDALI level and cancer-related mortality rate (Fig. 2B). In addition, no nonlinear correlation
was found between CDAI and CVD-related mortality (Fig. 2C) and brain-related mortality (Fig. 2D).

Stratified and sensitivity analyses

We conducted stratified analyses based on age (<60 or > 60 years), gender (male or female), race (non-Hispanic
white or other), BMI (<30 or >30 kg/m?), smoking status (past, current, or never), history of hypertension
(yes or no), and history of diabetes mellitus (DM, no, IFG, or IGT). The results are shown in Fig. 3, for all-
cause mortality, there is a significant interaction between CDAI and the race and BMI of CKD patients, a
significant negative correlation was observed in non-Hispanic white persons and those with BMI<30 kg/m?
for cancer-specific mortality, no interaction was observed between CDALI and stratified variables. In addition,
race stratification was significant in CVD mortality (Supplementary Table S2), while BMI and DM stratifications
were significant in cerebrovascular-cause mortality (Supplementary Table S3).

We further conducted a sensitivity analysis, and the results are shown in Supplementary Tables S4-S7. For
patients with a history of DM and those who died within 2 years before follow-up, CRP was further adjusted
based on Model 4, and SII and physical activity were further adjusted based on Model 4. The results showed
that the relationship between CDAI and all-cause, cancer, cardiovascular disease, and cerebrovascular disease
mortality in CKD patients was consistent with the findings of Cox regression analysis.

Discussion

This study analyzed the relationship between CDAI and mortality risk in adult CKD patients based on the
NHANES database. We found a negative correlation between all-cause mortality and cancer-related mortality
between CDAI and CKD; even after adjusting multiple models for multiple variables, this significant negative
correlation still exists. In further non-linear testing, we found a non-linear relationship between CDAI and the
all-cause mortality rate and cancer-related mortality rate of CKD. There was an L-shaped relationship between
CDAI and all-cause mortality rate and a J-shaped relationship between CDAI and cancer-related mortality rate.
As CDAI increased, the mortality rate of CKD patients showed a downward trend until it no longer decreased
after a certain threshold. Although cardiovascular mortality showed a significant negative correlation with
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Variable All-cause mortality Cancer mortality
HR (95% CI) HR (95% CI) P-value P-interaction HR (95% CI) HR (95% CI) P-value P-interaction

Age (years) 0.85 0.21
<60 —8—— 9] (0.63,1.32)0.63 i 0.64 (0.24,1.67) 0.36

>60 o 0.87 (0.76, 1.00) 0.05 - 1.10 (0.76, 1.59) 0.62

Gender 0.46 0.41
Male —— 0.75 (0.61, 0.92) 0.01 HH 0.76 (0.48,1.22) 0.26

Female —— 0.85 (0.71, 1.02) 0.09 H— 1.05 (0.63, 1.73) 0.86
Race/ethnicity 0.01 0.40
Non-Hispanic White ~ HiH 0.74 (0.64, 0.85) <0.0001 - 0.94 (0.63,1.39) 0.75

other a1 1.14(091,1.42)025 Ha— 0.78 (0.41, 1.48) 0.45

BMI (kg/m2) 0.002 021
<30 i 0.67 (0.57, 0.80) <0.0001 HE 0.75(0.50, 1.13) 0.17

>30 —— 1.05 (0.86, 1.27) 0.64 - 1.16 (0.66, 2.03) 0.61
Smoker 0.66 0.48
Current e 0.89 (0.60, 1.31) 0.55 i 0.81(0.33, 1.96) 0.64

Past i 0.84 (0.68, 1.05) 0.13 - 0.90 (0.56, 1.46) 0.67

Never i 0.77 (0.65, 0.92) 0.004 ——— 1.11 (0.63,1.96) 0.73
Hypertension 0.79 024
Yes i 0.82(0.70, 0.95) 0.01 i 1.00 (0.66, 1.51) 0.99

No —— 0.83 (0.63,1.10) 0.20 HEHH 0.72 (0.41, 1.26) 0.25
Diabetes 0.10 0.93
No i 0.76 (0.64, 0.90) 0.001 i 0.92 (0.61, 1.39) 0.69

DM —a— 0.98 (0.81, 1.19) 0.84 —— 0.95 (0.45, 1.99) 0.88

IFG —.— 0.63(0.32,1.23)0.18 — 1.01 (0.28, 3.66) 0.99

IGT —a— 0.67 (0.42,1.09) 0.10 I—I-I 0.80 (0.08, 8.04) 0.85

0 05 1 15 0 2 4 6 8

Fig. 3. Forest plots of stratified analyses of CDAI with all-cause mortality and cancer mortality in CKD. Age,
sex, race/ethnicity, marital status, education, body mass index, ratio of family income to poverty, hypertension,
diabetes, hyperlipidemia and cardiovascular disease were adjusted except the variable itself. HR hazard ratio, CI
confidence interval, CDAI composite dietary antioxidant index, CKD chronic kidney disease, BMI body mass
index, DM diabetes, IFG impaired fasting glucose, IGT impaired glucose tolerance.

CDAL, this relationship did not exist after multivariate adjustment. For mortality caused by cerebrovascular
diseases, there was a positive correlation in the Q2 and Q3 groups of CDAI and a negative correlation in the
Q4 group. After adjusting for multiple variables, this relationship was not statistically significant. The above
research suggests that within a specific range, higher CDALI is significantly associated with lower all-cause
mortality and cancer-related mortality in CKD. In contrast, the CDAI and cardiovascular and cerebrovascular
mortality relationship is not yet precise. The study also found that the intake of antioxidants, especially CDAI,
vitamin E, selenium, and carotenoids, may reduce the mortality rate of CKD patients. These results emphasize
the importance of increasing the intake of antioxidant-rich foods in the diet of CKD patients to reduce mortality
and improve prognosis.

In CKD, oxidative stress increases as the disease progresses’'. This results from an imbalance between
excessive oxidant production and insufficient antioxidants, leading to tissue damage??. Excess reactive oxygen
species (ROS) in the body participate in various pathological processes and cause damage to cells and tissues?.
Antioxidants inhibit the formation of ROS, directly eliminate ROS and repair damage caused by ROS. People
can obtain exogenous antioxidants from their diet. The elevation of ROS levels plays an important role in tumor
development, and targeting ROS to regulate redox is considered a promising treatment strategy for cancer?.
Besides oxidative stress, cardiovascular and cerebrovascular diseases are influenced by various factors, including
metabolic, lifestyle, and genetic factors. This may be the reason why CDAI has a more robust impact on cancer-
related mortality rates than on cardiovascular and cerebrovascular mortality rates.

Previous studies have examined the relationship between nutrients and antioxidant properties in the diet and
CKD, but the results must be consistent. A cross-sectional study showed that plasma levels of manganese, iron,
and zinc correlate negatively with CKD, while selenium levels do not?®. A prospective study indicated that serum
selenium protein concentration is positively associated with impaired kidney function?*-2%. Other studies have
shown that adequate intake of selenium negatively correlates with the prevalence and progression of CKD>*-31.,
Regarding carotenoids, long-term insufficient intake, compared to adequate intake, is associated with a higher
prevalence of CKD*2, with gender differences observed™. A study based on NHANES data showed that high levels
of dietary or serum carotenoids are associated with a reduced risk of death in CKD*. Supplementing vitamins
C and E can effectively alleviate oxidative stress and inflammation levels caused by hemodialysis**. Dietary
vitamin E intake negatively correlates with the prevalence of CKD in American adults®’. However, the intake of
nutrients in the diet is not singular, and assessing the daily intake of antioxidants remains a challenge for clinical
doctors. CDAI is calculated based on the content of six antioxidants in the diet, which can comprehensively
evaluate the comprehensive anti-inflammatory effects of antioxidants in the diet. Existing studies suggest that
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CDAI can reduce mortality in the general population and patients with diabetic kidney disease!*3, higher CDAI
is associated with a lower risk of all-cause mortality in CKD1-2 patients®. Based on previous research and our
findings, dietary antioxidants, especially vitamin E, selenium, and carotenoids, have an advantage in reducing
mortality in CKD patients. CDAI can evaluate the overall intake of antioxidants in patients and may serve as
a biomarker for predicting CKD prognosis. However, the calculation of CDALI is relatively complex for clinical
doctors, as it requires recording the daily diet of patients, calculating the amount of each antioxidant contained
in it, and combining it with the calculation formula. Therefore, it is currently more widely used in scientific
research.

We performed stratified analyses to eliminate the impact of confounding factors on the results. We observed
significant interactions of CDAI with all-cause mortality rates in terms of race and BMI, particularly a significant
negative correlation in non-Hispanic white and those with a BMI< 30 kg/m? Higher CDAI also showed more
advantages in reducing mortality rates in men, non-smokers, those with hypertension, and those without DM,
although the interactions were not significant. Previous studies have shown that the intake of related antioxidant
nutrients in the diet of people with normal weight is significantly higher than that of obese individuals®’. In the
United States, the proportion of Black people with kidney failure is much higher than that of White people*!.
Our results are broadly consistent with previous studies. Therefore, when managing the diet of CKD patients,
it is necessary to consider the appropriate combination of antioxidant foods, especially in non-Hispanic white
persons and those with a BMI <30 kg/m?.

There are several limitations to this study. First, this is an observational cross-sectional study. Participants
are based on the United States population data, but other countries’ population data are not included. The
cross-sectional study design may affect the interpretation of the relationship between CDAI and mortality of
CKD patients and the inference of the causal relationship. Although it is observed that there is a significant
nonlinear relationship between CDAI and mortality of CKD patients from all causes and cancer causes, the
causal relationship cannot be determined. Secondly, CDAI data obtained through 24-hour dietary recall may
have biases and may not reflect the effects of long-term dietary patterns. However, we selected the initial dietary
data of all participants to ensure that all dietary data were obtained under the same conditions to minimize
errors to the greatest extent possible. Thirdly, although the influence of weights was considered in the analysis
and regression models, stratified and sensitivity analyses were used to control for some confounding factors.
However, residual confounding factors from difficult-to-determine or unknown variables may persist. In the
future, more in-depth clinical and basic research is needed to determine whether the benefits of antioxidants in
the diet for CKD patients persist in the long term and to establish causal relationships.

Conclusions

This study demonstrates a significant association between a higher CDAI and lower all-cause and cancer-specific
mortality rates in adults with CKD. The relationship between CDAI levels and mortality rates is non-linear, with
an L-shaped for all-cause mortality and a J-shaped for cancer-specific mortality. These findings suggest that
nutrients with antioxidant properties may potentially impact the mortality rates of CKD patients.

Data availability
The datasets generated and analyzed in the current study are available at NHANES website: https://www.cdc.go
v/nchs/nhanes/index.htm.
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