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Abstract

e AIM: To assess the relationship between dietary
inflammatory index (DII) and prevalence of glaucoma among
individuals aged 40y and above in the United States.

e METHODS: Participants were drawn from 2 cycles of the
National Health and Nutrition Examination Survey (NHANES,
2005-2008) for a cross-sectional study. DIl was calculated
from 24-hour dietary recall questionnaire conducted by
experienced researchers and data analyzed in R according
to the NHANES user guide, “Stratified Multi-stage Probability
Sampling”. The relationship between DIl and glaucoma was
evaluated by multi-factor logistic regression analysis and the
existence of a non-linear association examined by restricted
cubic spline (RCS) analysis.

e RESULTS: A total of 5359 subjects were included
and the cross-sectional analysis weighted to represent
the US population of 109 million. DIl was elevated in
glaucoma patients (P<0.001) and smoking and alcohol
use contributed to significant differences (P<0.001). DIl
correlated negatively with Healthy Eating Index (HEI)-2015
(Spearman rank correlation coefficient, r=-0.49). RCS
analysis showed a linear relationship between DIl and
glaucoma risk (P of non-linear relationship =0.575).

e CONCLUSION: An increased DIl is strongly associated
with high risk of glaucoma and diet-induced inflammation
should be controlled to delay glaucoma progression.

e KEYWORDS: glaucoma risk factors; dietary

inflammatory index; National Health and Nutrition
Examination Survey; restricted cubic spline regression;
cross-sectional study

DOI:10.18240/ijo.2025.01.17

Citation: Chen WL, Zhang LX. A cross-sectional study of the
association between dietary inflammatory index and glaucoma
prevalence in a US population. /nt J Ophthalmol 2025;18(1):139-145

INTRODUCTION

laucoma involves progressive loss of retinal ganglion
G cells (RGCs) and axons and is characterized by changes
to the optic nerve head and shrinking visual fields, leading
to irreversible blindness'". Meta-analysis suggests that the
number of glaucoma patients will expand from the current 76.5
million to 111.8 million by 2040 due to aging of the global
population”. The precise pathogenesis of visual loss due to
glaucoma remains uncertain but increased intraocular pressure
(IOP) has been confirmed by basic and clinical research as
a risk factor for disease progression” ™. Treatment for IOP
fails to halt the progression of optic nerve damage in some
patients, and the search for treatments to reduce damage due to
glaucoma remains urgent”.
Inflammatory factors are thought to influence optic nerve
damage due to glaucoma and inflammation of ocular
structures from the ocular surface to the posterior segment
of the eye and along the visual pathway may be involved'.
Neuroinflammation may influence the initial stages of
glaucoma and its progression, being exacerbated by chronic
high IOP". Increased expression of retinal pro-inflammatory
factors, tumor necrosis factor (TNF)-a, interleukin (IL)-1p,
IL-6 and IL-12, is a consequence of optic nerve damage and
disease management and prevention strategies designed to
delay inflammatory changes to the glaucomatous optic nerve
are appropriate”.
No previous study of glaucoma risk factors has assessed the
association with dietary inflammatory index (DII), although
retinal neuropathy is known to be linked to inflammatory

status. A text mining analysis of the publicly available National
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Health and Nutrition Examination Survey (NHANES) database
has been undertaken to evaluate the association between
dietary inflammatory potential and glaucoma. A positive
relationship between glaucoma and DII is hypothesized.
PARTICIPANTS AND METHODS

Ethical Approval The NCHS research Ethics Review Board
(ERB) approved the NHANES study protocol, and participants
provided written informed consent at enrollment. The NCHS
IRB/ERB protocol numbers of 2005-2008 National Health and
Nutrition Survey are “Protocal#2005-06 and “Continuation of
Protocal#2005-06” (https://www.cdc.gov/nchs/nhanes/irba98.htm).
Study Design and Population NHANES is a multistage,
nationally representative cross-sectional study of the health
and nutritional status of adults and children in the US.
Representative participants were screened out by the stratified
multistage probability sampling method described on the
NHANES website. Information was compiled from in-home
interviews and mobile examination center visits and released
by the Centers for Disease Control and Prevention in 2-year
cycles starting in 1999, Participants (2005-2008) gave
information on first-day total nutrient intake and glaucoma
diagnosis. Subjects under the age of 40 were excluded.
Demographic information, age, sex, race, education, poverty
and smoking status, was collated by computer-assisted
personal interview system administered by trained interviewers
and body mass index (BMI), blood pressure (BP) and total
cholesterol calculated from examination center data.

Dietary Inflammatory Index The DII was calculated from
24h dietary data collected on day one and types and amounts
of foods and beverages consumed during the previous 24-
hour period (midnight to midnight) collected by the mobile
examination center. A higher positive DII value indicated a
pro-inflammatory diet and a lower negative value an anti-
inflammatory diet.

Shivappa et al’s"” scheme, which examines 45 nutrients of
known inflammatory impact, was used to calculate the DII. The
current study used 28 of the 45 NHANES dietary parameters,
including intakes of carbohydrates, protein, total fat, alcohol,
dietary fiber and cholesterol. Previous studies have shown that
the predictive power of the DII is not impaired by the inclusion
of fewer than 30 food parameters''"). A pro-inflammatory
diet may increase circulating levels of IL-1p, IL-6, TNF-a or
C-reactive protein or decrease levels of IL-4 and IL-10. DII
was first analyzed as a continuous variable and quartile ranking
performed. Participants were divided into Q1: DII<0.41, Q2:
0.41<DII<1.86, Q3: 1.86<DII<3.05 and Q4: DII>3.05. The
Healthy Eating Index (HEI) was also calculated to assess the
alignment of the diet with the key recommendations of the
public health initiative, Dietary Guidelines for Americans'”.
HEI values range from 0 (poor diet) to 100 (good diet).
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Definition of Glaucoma The study outcome was a diagnosis of
glaucoma, assessed by questionnaire and ophthalmic imaging"".

Self-reported glaucoma prevalence was assessed in subjects
>40y via the question: “Have you ever been told by an eye
doctor that you have glaucoma, sometimes called high pressure
in your eyes?”. Respondents answering “Yes” were included.
Considering the limitations of self-reported, ophthalmic
imaging were later included as an effective supplement for
glaucoma diagnosis. Digital images with a cup-to-disc ratio
greater than or equal to 0.6 were re-read by ophthalmologists
from Johns Hopkins University with attention to glaucoma
features in 2012 and graded: no, possible, probable, definite
or unable to assess. Grades were assigned to an image if at
least 2 of 3 graders provided the same grade and the third
grader was within 1 level. Subjects with probable or definite
glaucoma in either eye were categorized as having disc-
defined glaucoma"*. Visual field abnormality (eye-specific)
was defined using a 2-2-1 algorithm, incorporating reliability
indices, to identify subjects as normal or positive or with
insufficient or unreliable data for assessment!"”. Self-reported
use of topical glaucoma treatments in the 30d prior to the
interview, including topical beta-blockers, was also recorded.
In summary, subjects with a test report indicating the risk of
glaucoma were regarded as likely to have glaucoma.

Study Covariates Continuous covariates of age, BMI,
poverty, total cholesterol, DII, energy intake and HEI,
and categorical covariates of sex, educational status, race,
hypertension and diabetes mellitus (DM), were identified as
relevant to the association between glaucoma risk and DII.
Race was categorized as Mexican American, non-Hispanic
Black, non-Hispanic White, other Hispanic and other race. DM
was defined as a self-reported history of diabetes, including
use of oral hypoglycemic drugs or insulin with standardized
indicators of hemoglobin Alc (HbAlc) >6.5%, and fasting
blood glucose >126 mg/dL"".

Statistical Analysis The analysis was weighted according
to the guidance given by the official NHANES website.
Complex multistage cluster survey designs were taken into
account. Continuous and categorical variables are presented
as meanztstandard error (SE) and number/percentage (%),
respectively. Intergroup differences in baseline characteristics
were compared using the weighted Student’s #-test (continuous
variables) or weighted Chi-squared test (categorical variables).

Three models were constructed. Model 1 included no
adjustment for covariates. Model 2 was adjusted for race/
ethnicity, poverty, sex, age and education in addition to the
covariates. Model 3 included further adjustment for DM,
smoking and alcohol intake in addition to the covariate
adjustment of model 2. Any association between DII and HEI
was assessed using the Spearman method with a marginal
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effects model and results visualized by “ggplot2” package.
Restricted cubic spline (RCS) analysis was used to assess
dose-response relationships between continuous variables and
outcomes. All analyses were performed with R version 4.2.3
using the “survey” package. A value of P<0.05 was considered
statistically significant.

RESULTS

Baseline Characteristics A total of 5359 participants from
NHANES (2005-2008) were included to represent the 109
million inhabitants of the United States of whom 771 (14.39%)
had a diagnosis of glaucoma (Figure 1 and Table 1).

Totally 2662 (49.67%) were female, non-Hispanic whites made
up the highest proportion of 2935 (54.77%) and mean age
was 56.68+0.42y. Significant differences in demographic and
baseline clinical characteristics between glaucoma patients and
non-glaucoma controls were observed. Those with glaucoma-
related optic nerve damage were older than controls (64.02 vs
55.80y), had lower economic status (2.86 vs 3.34) and lower
educational level. Glaucoma patients also had higher systolic
blood pressure (131.23 vs 125.72 mm Hg) and lower diastolic
blood pressure (68.43 vs 72.26 mm Hg). Chronic smokers and
drinkers had an increased risk of glaucoma (all P<0.001).
Glaucoma patients had higher DII of 1.75+0.10 vs 1.42+0.06
and were more likely to develop visual field impairment.
Characteristics According to DII Quartiles Mean DII was
+1.45+0.06 with range from -5.10 (most anti-inflammatory)
to +5.07 (most pro-inflammatory). A higher DII score was
associated with higher BMI, systolic blood pressure (SBP),
greater likelihood of poor lifestyle habits, lower percentage of
males, college education level, lower household income and
lower energy intake (P<0.05). Age, total cholesterol and DM
did not show significant associations (P>0.05; Table 2).
Trends in the Association Between DII and Glaucoma
Risk Logistic regression analysis showed that the continuous
DII variable was associated with glaucoma incidence. DII
correlated positively with glaucoma risk in Q3 [odds ratio
(OR): 1.42; 95% confidence interval (CI): 1.07-1.89] to Q4
[OR: 1.64 (95%CI: 1.30-2.07)] compared with Q1 in model
1. DII also correlated positively with glaucoma risk in Q4
compared with Q1 in model 2 [OR: 1.39 (95%CI: 1.01-
1.92)]. However, DII adjusted for model-related covariates
did not show a significant positive correlation with glaucoma
prevalence in model 3. A significant dose-response relationship
was found in models 1 and 2 (P-trend<0.05), suggesting a
significant increase in glaucoma-related visual impairment due
to an increasingly pro-inflammatory dietary intake.

Spearman Correlation Analysis Between DII and HEI
The correlation between DII and the metric of dietary quality,
HEI, were analyzed (Figure 2). Spearman correlation analysis
showed a negative correlation between DII and HEI (7=-0.49,

Participants from

NHANES 2005-2008 :
N 29940y Exclusion
Age<40
(N=3498)
A

Remaining participants

(N =6442)
No clear information on
— | glaucoma-related diagnosis
(N=27)
\4
Remaining participants
(N=6415) Participants with no
demographics data,
questionnaire information,
or missing
v (N=1056)
Participants were
analyzed
(N =5359)

Figure 1 Flow chart of participant inclusion.

P<0.001). Multivariate logistic regression analysis using DII
as a risk factor showed correlation with glaucoma prevalence
after adjustment for confounders (Table 3). DII is known to
have an impact on inflammatory outcomes and changes in
dietary structure may constitute a predictor and controllable
indicator of glaucoma.

RCS Analysis of the Association of DII with Glaucoma
Risk RCS analysis showed a linear association between DII
and glaucoma prevalence (P for non-linear=0.575; Figure 3).
A DII value of less than 0 was associated with low glaucoma
risk; a DII value between 0 and 2.5 with increased risk and
a DII value of more than 2.5 with stable high glaucoma risk.
In conclusion, a positive correlation between DII value and
occurrence of glaucomatous events was shown.
DISCUSSION

A total of 5359 participants were included in the current
cross-sectional, longitudinal study, of whom 771 patients
were identified as having glaucoma. The involvement of
chronic inflammation in pathology is increasingly recognized
and inflammatory activation of microglia promotes retinal
neuroinflammation'”. The DII indicates dietary inflammatory
potential and its relationship with glaucoma prevalence in the
large NHANES population was assessed. The main findings
may be summarized as follows: 1) glaucoma patients had
significantly higher DII values than controls; 2) a linear
positive correlation between DII and glaucoma prevalence
existed showing the association of higher DII values with
increased glaucoma risk; 3) smoking, alcohol consumption and
economic status were also strongly associated with glaucoma
risk. In addition, significant differences in blood pressure levels
were also found between glaucoma patients and controls.
However, conclusions are limited by the cross-sectional

nature of the current study and prospective studies are needed
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Table 1 Weighted baseline characteristics n (%)
Variables All &a:ggisgz;nts Diagno&e:dﬁlf)ucoma No(nn-ELaSuch)ma p
Age, y, meanzSE 56.68+0.42 64.02+0.91 55.80+0.41 <0.0001
Sex 0.87

Female 2662 (49.67) 383 (52.85) 2279 (52.32)

Male 2697 (50.33) 388 (47.15) 2309 (47.60)
Education <0.0001

Less than 9™ grade 756 (14.11) 160 (12.31) 596 (6.27)

9-11" grade (includes 12" grade with no diploma) 823 (15.36) 136 (14.51) 687 (10.76)

High school graduation or equivalent 1314 (24.52) 178 (28.01) 1136 (25.82)

College or AA degree 1354 (25.27) 182 (26.64) 1172 (28.47)

College graduate or above 1112 (20.75) 115 (18.53) 997 (28.68)
Race <0.0001

Mexican American 817 (15.25) 102 (5.11) 715 (5.36)

Non-Hispanic black 1085 (20.25) 222 (16.47) 863 (8.62)

Non-Hispanic white 2935 (54.77) 373(72.22) 2562 (78.35)

Other Hispanic 352 (6.57) 58 (2.97) 294 (3.00)

Other race 170 (3.17) 16 (3.23) 154 (4.66)
BMI, kg/m’, meanzSE 29.13+0.15 29.21+0.27 29.12+0.17 0.8
Total cholesterol, mg/dL, mean+SE 203.44+0.71 197.40+1.55 204.16+0.74 <0.001
Poverty, meanSE 3.29+0.07 2.86+0.09 3.34+0.07 <0.0001
Energy intake, kcal/d, meantSE 2095.90+22.57 1857.26+51.20 2124.43+21.95 <0.0001
SBP, mm Hg, meanzSE 126.31+0.38 131.23+0.87 125.72+0.42 <0.0001
DBP, mm Hg, mean+SE 71.85£0.31 68.43+0.85 72.26+0.31 <0.0001
DM <0.0001

Yes 4407 (82.24) 547 (74.53) 3860 (88.15)

No 952 (17.76) 224 (25.47) 728 (11.85)
Smoker <0.001

Former 1748 (32.62) 290 (37.22) 1458 (30.44)

Never 2561 (47.79) 369 (48.57) 2192 (49.01)

Current 1050 (19.59) 112 (14.20) 938 (20.55)
Alcohol user <0.0001

Former 1393 (25.99) 251 (28.57) 1142 (20.61)

Heavy 659 (12.3) 67 (9.76) 592 (13.03)

Mild 1838 (34.3) 223 (33.13) 1615 (40.44)

Moderate 694 (12.95) 89 (13.23) 605 (15.04)

Never 775 (14.46) 141 (15.31) 634 (10.89)
HEI, mean+SE 51.51+0.42 52.10+0.87 51.44+0.41 0.38
Dll, mean+SE 1.45+0.06 1.75+0.10 1.42+0.06 <0.001

DBP: Diastolic blood pressure; SBP: Systolic blood pressure; DM: Diabetes mellitus; HEI: Healthy eating index; DII: Dietary inflammatory index;

SE: Standard error; AA degree: Associate of Arts degree.

to confirm the association between DII and glaucoma
prevalence.

The role of dietary habits in systemic inflammation has
been widely explored. The high fat and high calorie
intake characteristic of the Western diet may predispose to
increased systemic or local inflammation'"”. Such a diet has
been associated with hyperlipidemia, hyperglycemia and
activation of non-enzymatic glycosylation and inflammation-
related pathways (NF-kB), excessive reactive oxygen
species production and oxidative stress, leading to systemic
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inflammation"”’. A recent review indicated disruption of the
gut microbial ecosystem by Western pro-inflammatory dietary
patterns and the Mediterranecan diet has been shown to be
anti-inflammatory by comparison, ameliorating age-related
diseases”™". A negative correlation was found between DII
and HEI. Pro-inflammatory diets are increasingly thought to
affect cognitive and psychiatric function via the microbial-gut-
brain axis and to exacerbate neurodegenerative diseases””.
Improvements to dietary quality may have a significant impact

on the prevention of neurodegenerative pathologies.
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Table 2 Participant characteristics by DIl quartile n (%)

Variables Quartiles of DII b

Ql Q2 Q3 Q4

Age (y, meantSE) 56.42+0.60 56.20+0.55 56.79+0.50 67.44+0.53 0.35

Sex <0.0001
Female 520 (41.81) 582 (46.15) 721 (56.78) 839 (67.85)

Male 821 (58.19) 757 (53.85) 618 (43.22) 501 (32.15)

Education <0.0001
Less than 9™ grade (Includes uneducated participants) 143 (5.14) 167 (6.39) 196 (7.03) 250 (9.59)

9-11" grade (Includes 12" grade with no diploma) 158 (9.10) 190 (9.37) 220 (12.44) 255 (14.39)
High school grad or equivalent 302 (22.68) 310 (23.83) 335 (26.37) 367 (32.44)
College or AA degree 362 (27.61) 354 (30.13) 343 (29.71) 295 (25.41)
College graduate or above 376 (35.48) 318 (30.29) 245 (24.45) 173 (18.18)

Race 0.01
Mexican American 204 (5.25) 218 (5.89) 197 (4.94) 198 (5.24)
Non-Hispanic black 209 (6.80) 247 (8.62) 296 (10.77) 333 (12.31)
Non-Hispanic white 803 (80.97) 739 (78.17) 713 (75.75) 680 (75.21)

Other Hispanic 76 (2.54) 91 (3.19) 90 (3.24) 95 (3.07)
Other race 49 (4.44) 44 (4.13) 43 (5.30) 34 (4.18)

BMI, kg/mz, mean+SE 28.56+0.24 29.05+0.22 29.38+0.23 29.66+0.18 0.01

Total cholesterol, mg/dL, mean+SE 200.74+1.40 204.38+1.37 203.07+1.16 206.09+1.34 0.05

Poverty, mean+SE 3.61+0.07 3.39+0.08 3.20+0.07 2.86+0.09 <0.0001

Energy intake, kcal/d, mean+SE 2701.81+44.00 2224.44+33.63 1821.20+19.19 1494.62+31.53 <0.0001

SBP, mm Hg, mean*SE 124.61+0.68 126.34+0.66 126.37+0.54 128.35+0.75 0.005

DBP, mm Hg, mean+SE 72.33+0.41 72.44+0.39 71.49+0.55 70.79+0.55 0.02

DM 0.07
Yes 1149 (88.79) 1096 (86.48) 1095 (85.96) 1067 (85.13)

No 192 (11.21) 243 (13.52) 244 (14.04) 273 (14.87)

Smoker <0.0001
Former 495 (36.81) 453 (32.01) 409 (27.78) 391 (26.87)

Never 650 (50.14) 651 (50.25) 628 (47.65) 632 (47.46)
Current 196 (13.06) 235 (17.71) 302 (24.57) 317 (25.67)

Alcohol user <0.0001
Former 280 (16.24) 306 (19.79) 364 (23.16) 443 (28.00)

Heavy 183 (12.61) 187 (14.09) 159 (13.28) 130 (10.50)

Mild 567 (48.02) 485 (39.70) 424 (35.94) 362 (33.25)

Moderate 166 (14.23) 173 (14.88) 199 (16.65) 156 (13.62)

Never 145 (8.90) 188 (11.54) 193 (10.98) 249 (14.63)
HEI, mean+SE 60.32+0.47 52.59+0.51 49.15+0.32 41.92+0.33 <0.0001
Dll, meanzSE -0.95+0.04 1.18+0.01 2.45+0.01 3.67+0.02 <0.0001

Q1 to Q4: Quartiles 1 to 4; BMI: Body mass index; DM: Diabetes mellitus; DBP: Diastolic blood pressure; SBP: Systolic blood pressure; HEI:

Healthy eating index; DIlI: Dietary inflammatory index; SE: Standard error; AA degree: Associate of Arts degree.

RCS is used to analyze non-linear relationships between
variables and outcomes. It constitutes a segmented polynomial,
generally required to be continuous and second order derivable
at each segmented point, to ensure the smoothness of the

curve™

. RCS analysis showed a positive association between
DII and glaucoma risk. Glaucoma risk increased rapidly for
DII values above 0 and maintenance of very low DII values

to prevent glaucoma may be worthy of the attention of health

policy makers. A traditional Mediterranean dietary pattern,
characterized by a high intake of fruits, vegetables, legumes,
and grains, has shown anti-inflammatory effects in comparison
to typical dietary patterns consumed in North America and
Northern Europe. For people at high risk of glaucoma, more
vitamin C supplementation, green leafy vegetables and dietary
nitrate intake can reduce the risk of glaucoma to a certain

[24]

extent . At the same time, adhering to a Mediterranean diet
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Figure 2 Visualization of Spearman correlation analysis of DIl and
HEI-2015.
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Figure 3 RCS models of the associations of DIl with glaucoma risk

across the entire cohort.

Table 3 Glaucoma risk by DIl quartile

DIl quartile OR (95%Cl), weighted

(range) Model 1 Model 2 Model 3

Q1 (-5.10, 0.41) Reference

Q2 (0.41, 1.86) 1.28(0.98,1.68) 1.25(0.92,1.69) 1.24(0.90,1.71)
Q3 (1.86, 3.05) 1.42 (1.07,1.89) 1.30(0.96,1.76) 1.30(0.92,1.82)
Q4 (3.05, 5.07) 1.64 (1.30,2.07) 1.39(1.01,1.92) 1.40(0.97,2.00)
P for trend <0.001 0.031 0.05

Model 1: No covariate adjustment; Model 2: Adjusted for race/
ethnicity, poverty, sex, age and education; Model 3: Adjusted for
smoked, smoking and alcohol use in addition to adjustments given
for model 2; ClI: Confidence interval; OR: Odds ratio; DIl: Dietary
inflammatory index; Q1 to Q4: Quartiles 1 to 4.

can reduce the incidence of glaucoma, mainly because this
diet is rich in nutrients (such as folic acid, vitamin E, lutein-
zeaxanthin, flavonoids), which have anti-inflammatory
properties and Oxidation properties'™.

We acknowledge several strengths and weaknesses to the
current study. First, two cycles of the NHANES database
were used giving a larger sample size than previous
studies, combining a glaucoma questionnaire and imaging
determination data. Second, weighted data estimation was used
to overcome selection bias. Third, a novel relationship between
DII and glaucoma risk was revealed. Limitations included: 1)

a causal relationship between variables could not be confirmed
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due to the cross-sectional nature of the study; 2) a possibility

of data bias arose due to the use of subjective questionnaires

rather than objective measures of blood chemistry; 3) although
the relationship between DII and glaucoma was established,
pathogenic mechanisms remain unknown.

In conclusion, diets with a high pro-inflammatory potential,

giving high DII values, are associated with increased risk

of glaucoma. The current study was cross-sectional and
prospective cohort studies are necessary to confirm the findings.
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