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Abstract
Background
Identifying lifestyle factors that independently or jointly lower dementia risk is a public health priority given the limited treatment options available to patients. In this cohort study, we examined the associations between Mediterranean or Dietary Approaches to Stop Hypertension (DASH) diet adherence and cardiorespiratory fitness (CRF) with later-life dementia, and assessed whether the associations between dietary pattern and dementia are modified by CRF.

Methods
Data are from 9,095 adults seeking preventive care at the Cooper Clinic (1987–1999) who completed a 3-day dietary record and a maximal exercise test. Alzheimer’s disease and related disorders or senile dementia (i.e., all-cause dementia) was identified from Medicare administrative claims (1999–2019). Illness-death models were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for the associations between Mediterranean or DASH diet adherence (primary exposure), CRF (secondary exposure), and all-cause dementia, adjusted for demographic and clinical factors. An interaction term was included between diet score and CRF to assess effect modification by CRF.

Results
The mean age at baseline was 50.6 (standard deviation [SD]: 8.4) years, and a majority of the study sample were men (77.5%) and White (96.4%). 1449 cases of all-cause dementia were identified over a mean follow-up of 9.2 (SD: 5.8) years. Neither Mediterranean nor DASH diet adherence was associated with dementia risk in fully adjusted models (HR per SD of Mediterranean diet score: 1.00, 95% CI: 0.94, 1.05; HR per SD of DASH diet score: 1.02, 95% CI: 0.96, 1.08). However, participants with higher CRF had a decreased hazard of dementia (HR, per metabolic equivalent of task [MET] increase, Mediterranean model: 0.95, 95% CI: 0.92, 0.98; HR, per MET increase, DASH model: 0.96, 95% CI: 0.92, 0.97). No effect modification by CRF was observed in the association between diet and dementia.

Conclusions
In this sample of apparently healthy middle-aged adults seeking preventive care, higher CRF at midlife was associated with a lower risk of all-cause dementia, though adherence to a Mediterranean or DASH diet was not, and CRF did not modify the diet-dementia association. CRF should be emphasized in multimodal interventions for dementia prevention and investigated among diverse samples.
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Background
Alzheimer’s disease and other dementias have no cure and limited treatment options are available for the estimated 6.7 million Americans ages ≥ 65 years living with this group of diseases [1, 2], highlighting the public health importance of risk reduction through modifiable lifestyle factors [3, 4]. While age, genetics, and a family history of dementia are the strongest risk factors for dementia [1], modifiable risk factors may prevent or delay up to 40% of dementia cases [5].
In this study, we were primarily interested in the relation between two specific dietary patterns—the Mediterranean diet and the Dietary Approaches to Stop Hypertension (DASH) diet—and dementia risk. The Mediterranean and DASH diets both encourage increased consumption of fruits, vegetables, whole grains, and legumes, while limiting processed foods and red meat; the Mediterranean diet additionally promotes fiber and DASH limits sodium [6, 7]. While both diets reduce the risks for multiple chronic diseases [8, 9], the evidence in relation to cognitive outcomes is mixed [10, 11]. For instance, in one recent meta-analysis of cohort studies in older adults (aged ≥ 60 years), higher adherence to the Mediterranean diet was associated with less decline in global cognition but had no association with mild cognitive impairment (MCI) or dementia [12]. Conversely, another recent meta-analysis with similar inclusion criteria found that the highest adherence to the Mediterranean diet was associated with reduced all-cause dementia (including MCI) [13]. Meanwhile, high adherence to the DASH diet was associated with 15% reduction in neurodegenerative diseases (combined outcome of Parkinson’s disease and cognitive impairment) in a meta-analysis of seven studies [9]. Other comprehensive reviews published within the past five years have generally concluded that adherence to the Mediterranean or DASH diet is associated with slower cognitive decline and a lower risk of Alzheimer’s disease, but the evidence remains limited in relation to all-cause dementia [8, 14–16].
We were secondarily interested in cardiorespiratory fitness (CRF) given evidence that higher CRF may be protective of dementia [17–21]. However, previous studies—including within our study cohort—have not accounted for dietary intake (a potential confounder) in examining associations between CRF and dementia. Additionally, given the correlation between CRF and dietary patterns [22], we were interested in exploring the potential interaction between these two lifestyle factors, which may inform more effective, multimodal prevention strategies [23]. Further, studies to date investigating diet in relation to dementia risk have generally only considered self-reported physical activity (primarily as a confounder); none have examined CRF specifically or its interaction with diet [15, 24]. Self-reported physical activity is associated with a lower risk of dementia [4, 25–27], but it can be prone to measurement error [28] and is a worse predictor of morbidity than CRF [29]. The potential synergistic neuroprotective effect between a clinic-based measurement of CRF and dietary patterns has not been established and is crucial in understanding how to better prevent, delay, and manage dementia [1, 15, 23, 30, 31].
We had the following two objectives in this cohort study: (1) Examine the association between Mediterranean or DASH diet adherence at midlife, CRF at midlife, and subsequent all-cause dementia; and (2) Assess effect modification between diet and CRF in relation to all-cause dementia.

Methods
Study population
We examined the relationship between dietary pattern, CRF, and subsequent all-cause dementia among adults enrolled in the Cooper Center Longitudinal Study (CCLS) during 1987–1999 and whose baseline data was linked to Medicare administrative claims during 1999–2019. The CCLS is comprised of patients who visit the Cooper Clinic (Dallas, Texas) for preventive medicine examinations and provide written informed consent to participate in the study. CCLS participants complete extensive medical questionnaires and undergo laboratory testing and fitness assessment. The CCLS is approved annually by the Institutional Review Board at The Cooper Institute.
The study cohort initially comprised 9,859 participants in the CCLS who completed a baseline 3-day dietary record in 1987–1999 (the only time period of the CCLS during which 3-day dietary records were collected for research) and who were enrolled in Medicare fee-for-service (Parts A and B) during 1999–2019. We excluded participants with prevalent dementia prior to our Medicare surveillance period (n = 49), who were those with an earliest indication of dementia in the Medicare Chronic Conditions Warehouse (CCW) [32] prior to our surveillance period. We also excluded participants who were missing covariate data (n = 501); those < 20 years old (n = 4); those who reported a total caloric intake < 500 or > 5,000 kilocalories per day (n = 18); those with a body mass index (BMI) < 18.5 kg/m2, as it may be indicative of pre-existing illness (n = 66); and those with a history of myocardial infarction (n = 97) or stroke (n = 29) at baseline. The final cohort included 9,095 apparently healthy men and women.

Dietary patterns
The primary exposures of interest were level of adherence to either a Mediterranean or DASH diet. Mediterranean and DASH diet scores were calculated from 3-day dietary records completed by participants just prior to their baseline clinic visit, as described previously [33, 34]. Briefly, after detailed instruction, participants recorded their food intake on two weekdays and one weekend day. Nutrient analysis was performed with the Food Intake Analysis System (University of Texas-Houston School of Public Health), which used the U.S. Department of Agriculture (USDA) Survey Nutrient Database [35] and the USDA Pyramid Servings database [36] to describe nutrient intake and servings data for participants.
Based on 3-day dietary record analysis, participants were first categorized into quintiles of total caloric intake. Mediterranean and DASH diet scores were then calculated within these quintiles, which ensured that diet scores were energy-adjusted, as done in a previous study [37]. Mediterranean diet score was calculated using a 10-point scale (0–9), with higher scores indicative of higher adherence to the diet [38]. Participants received a value of 1 for above median values of favorable components (vegetables except potatoes, fruits and nuts, legumes, grains, fish, mono-unsaturated/saturated fat ratio); below median values of unfavorable components (dairy, meat); or moderate consumption of alcohol (men: 10–50 g/day; women: 5–25 g/day) [38]. Otherwise, participants received a value of 0 for that particular component. Component scores were summed to obtain an overall Mediterranean diet score.
DASH diet score was calculated using a scale ranging from 8 to 40, with higher scores reflective of higher adherence to the diet [39]. Within each quintile of total energy intake, participants were categorized into quintiles of intake for each of the eight broad components of the diet. For beneficial components (fruits, vegetables, nuts and legumes, dairy, whole grains), quintile 1 (lowest intake) was assigned 1 point and quintile 5 (highest intake) was assigned 5 points; for detrimental components (sodium, red or processed meats, sugars), scoring was reversed such that participants with the lowest intake of that component received 5 points [39]. Component scores were summed to obtain an overall DASH diet score.

Cardiorespiratory fitness (CRF)
The secondary exposure of interest was CRF (expressed as metabolic equivalents of task [METs] at the maximal workload achieved), which was estimated using a modified Balke protocol; [40] this method is highly correlated with measured maximal oxygen uptake, or VO2max, in men (r = 0.92) and women (r = 0.94) [41, 42]. CRF was estimated from the final treadmill speed and grade [43] and converted to METs (1 MET = 3.5 mL O2 uptake/kg/minute).

All-cause dementia
The outcome of interest was Alzheimer’s disease and related disorders or senile dementia (i.e., all-cause dementia), which was identified through the Medicare CCW [32]. The CCW contains a set of chronic conditions defined by the Centers for Medicare and Medicaid Services through validated algorithms. The algorithm for all-cause dementia is described in Appendix Table 1 [32].

Covariates
Participant characteristics were assessed at the time of baseline clinic visit. The following covariates were identified a priori for inclusion in multivariable models: age (continuous), sex (male/female), education (Bachelor’s degree or higher: yes/no), current smoking (yes/no), total daily caloric intake (kilocalories), fasting glucose (mg/dL), total cholesterol (mg/dL), resting systolic blood pressure (mm Hg), and BMI (kg/m2). Participants who reported a Bachelor’s degree or higher, or reported ≥ 16 years of education were categorized as having at least a Bachelor’s degree. Total daily caloric intake was based on the 3-day dietary records [33, 34]. Glucose and cholesterol profiles were assessed after a 12-hour fast. Blood pressure assessment adhered to an established protocol at the Cooper Clinic.

Statistical analysis
Descriptive statistics of participant demographic and clinical characteristics are presented for the overall cohort and by adherence to the Mediterranean or DASH diet. Jonckheere-Terpstra statistics were used to assess trends in characteristics by diet score. Illness-death models were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for the associations between midlife Mediterranean or DASH diet score (primary exposure), CRF (secondary exposure), and subsequent risk of all-cause dementia. Illness-death models acknowledge the semi-competing nature of dementia and death events and incorporate a shared frailty effect within participants such that dementia and death are explicitly correlated within the model; resulting HRs estimate the risk of death without dementia, risk of dementia, and risk of death after dementia [44]. The models assume Gompertz distributed mortality and gamma distributed frailty. To enhance comparability in interpretation given differing diet score scales, we report HRs per standard deviation (SD) of diet score.
Estimated HRs were adjusted in five sequential models: (1) age, sex, clinic examination year; (2) model 1 with current smoking and education; (3) model 2 with CRF; (4) model 3 with total caloric intake and BMI; and (5) model 4 with fasting glucose, total cholesterol, and resting systolic blood pressure (i.e., cardiovascular disease [CVD] risk factors). The maximum likelihood method [45] was used to include observations with missing data on education. Total caloric intake, BMI, and CVD risk factors were hypothesized to potentially lie on the causal path between diet and dementia [4, 46], so were included last in the adjustment sequence.
We assessed effect modification by CRF by including an interaction term between diet score and CRF in a separate model adjusted for all other covariates. We conducted similar assessment for effect modification by sex. We tested for departures from proportional hazards by fitting separate models with an interaction term between diet score and age during follow-up. All analyses were conducted in SAS/STAT version 9.4 (SAS Institute, Inc., Cary, NC). The STROBE reporting guidelines were followed (Supplementary Material 1).

Sensitivity analysis
We conducted multiple sensitivity analyses to account for alternative analytic strategies. (1) We adjusted for total energy intake using the residual method, where calorie-adjusted nutrient intakes were calculated as the residuals from regressing intake of the nutrient of interest on total caloric intake [47]. Calorie-adjusted intakes for each dietary component were then used to calculate the rankings for diet scores, as previously described. (2) We refit the primary model sequences but excluded education to ensure that results were robust to treatment of missing data on education. (3) We used a Chebyshev polynomial expansion [48] to assess non-linear trends in diet score, and subsequently analyzed diet scores as quintiles. (4) The DASH diet score specifies “low-fat” dairy as a beneficial component of the diet [39]. However, our data only allowed for the identification of dairy consumption broadly. To address this, we assessed an extreme scenario where all dairy was assumed to be high-fat in the DASH analysis, and thus all participants were deemed to be at the lowest adherence for this component (assigned 1 of 5 possible points). (5) To address potential reverse causality, we excluded participants (n = 44) with an earliest indication of dementia at ages ≤ 67 years (i.e., two years after Medicare eligibility). (6) We examined the relative intake of various macronutrients in relation to dementia, based on previous literature indicating potential associations with cognitive health [49–52].


Results
Participant’s baseline characteristics at the time of dietary assessment are described in Tables 1a-1b for the overall cohort and stratified by quintile of Mediterranean or DASH diet score; quintiles are not uniform because everyone with the same diet score was categorized into the same quintile. At baseline, participants were a mean age of 50.6 (SD: 8.4) years; most were men (77.5%) and White (96.4%). Mediterranean and DASH diet scores were normally distributed; most participants reported a dietary pattern that corresponded to moderate adherence to either diet and few reported dietary patterns that corresponded to very low or high adherence (Appendix Figs. 1 and 2).
Table 1aCharacteristics of the study sample, overall and by Mediterranean diet score (n = 9,095)


	Characteristic
	Full study cohort
	Quintiles of Mediterranean diet scorea (absolute score)

	Q1 (0–2)
	Q2 (3)
	Q3 (4)
	Q4 (5)
	Q5 (6–9)

	n (%)
	n (%)
	n (%)
	n (%)
	n (%)
	n (%)

	N
	9095 (100)
	1445 (15.9)
	1697 (18.7)
	1963 (21.6)
	1808 (19.9)
	2182 (24.0)

	Baseline age, mean (SD)
	50.6 (8.4)
	48.8 (7.9)
	49.6 (8.0)
	50.3 (8.4)
	51.3 (8.5)
	52.1 (8.6)

	Male
	7048 (77.5)
	1202 (83.2)
	1307 (77.0)
	1508 (76.8)
	1369 (75.7)
	1662 (76.2)

	Race or ethnicity
	 	 	 	 	 	 
	 White
	8769 (96.4)
	1396 (96.6)
	1618 (95.3)
	1894 (96.5)
	1749 (96.7)
	2112 (96.8)

	 Black
	53 (0.6)
	10 (0.7)
	14 (0.8)
	12 (0.6)
	9 (0.5)
	8 (0.4)

	 Hispanic
	62 (0.7)
	11 (0.8)
	14 (0.8)
	16 (0.8)
	10 (0.6)
	11 (0.5)

	 Other race or ethnicity
	77 (0.8)
	8 (0.6)
	13 (0.8)
	13 (0.7)
	18 (1)
	25 (1.1)

	 Missing
	134 (1.5)
	20 (1.4)
	38 (2.2)
	28 (1.4)
	22 (1.2)
	26 (1.2)

	Bachelor’s degree or higher
	 	 	 	 	 	 
	 No
	936 (10.3)
	160 (11.1)
	187 (11.0)
	213 (10.9)
	171 (9.5)
	205 (9.4)

	 Yes
	3094 (34.0)
	493 (34.1)
	576 (33.9)
	665 (33.9)
	585 (32.4)
	775 (35.5)

	 Missingb
	5065 (55.7)
	792 (54.8)
	934 (55.0)
	1085 (55.3)
	1052 (58.2)
	1202 (55.1)

	Current smoker
	 	 	 	 	 	 
	 No
	8200 (90.2)
	1229 (85.1)
	1501 (88.5)
	1783 (90.8)
	1664 (92.0)
	2023 (92.7)

	 Yes
	895 (9.8)
	216 (14.9)
	196 (11.5)
	180 (9.2)
	144 (8.0)
	159 (7.3)

	 	Mean (SD)
	Mean (SD)
	Mean (SD)
	Mean (SD)
	Mean (SD)
	Mean (SD)

	Maximal cardiorespiratory fitness (METs)c
	11.4 (2.6)
	11.1 (2.4)
	11.2 (2.5)
	11.4 (2.5)
	11.4 (2.6)
	11.8 (2.7)

	Alcohol consumption (drinks per week)
	5.4 (7.0)
	4.8 (7.7)
	5.2 (7.3)
	5.0 (6.7)
	5.3 (6.8)
	6.2 (6.8)

	BMI (kg/m2)
	25.8 (3.9)
	26.8 (4.1)
	26.3 (4)
	25.9 (3.9)
	25.5 (3.7)
	25.1 (3.6)

	Dietary energy (kcal)
	2134.2 (620.9)
	2093.1 (617)
	2079.6
(597.1)
	2113.8 (623.2)
	2130.9 (607.7)
	2225.0 (640.9)

	Fasting glucose (mg/dL)
	99.8 (17.1)
	101.1 (20.7)
	100.0 (15.6)
	99.6 (16.4)
	99.4 (16.3)
	99.5 (16.7)

	Total cholesterol (mg/dL)
	211.0 (39.1)
	212.1 (39.8)
	212.8 (39.6)
	210.3 (38.2)
	211.0 (38.2)
	209.5 (39.7)

	Systolic blood pressure (mm Hg)
	121.0 (14.5)
	120.6 (13.6)
	120.9 (14.1)
	120.4 (14.3)
	121.2 (14.6)
	121.6 (15.3)

	Diastolic blood pressure (mm Hg)
	80.9 (9.8)
	81.4 (9.7)
	81.1 (10)
	80.5 (9.6)
	80.9 (9.9)
	80.6 (9.7)


Abbreviations BMI, body mass index; kcal, kilocalories; METs, metabolic equivalent of task; SD, standard deviation
aSee the Methods for calculation of the Mediterranean diet score. Higher scores indicate greater adherence to the diet
bThe maximum likelihood method [45] was used to include observations with missing data on education in regression analysis
cCardiorespiratory fitness was expressed as maximal metabolic equivalents of task (METs) and assessed during the baseline clinic visit via a maximal treadmill test using a modified Balke protocol



Table 1bCharacteristics of the study sample, overall and by DASH diet score (n = 9,095)


	Characteristic
	Full study cohort
	Quintiles of DASH diet scorea (absolute score)

	Q1 (8–19)
	Q2 (20–22)
	Q3 (23–25)
	Q4 (26–28)
	Q5 (29–40)

	n (%)
	n (%)
	n (%)
	n (%)
	n (%)
	n (%)

	N
	9095 (100)
	1542 (17.0)
	1939 (21.3)
	2244 (24.7)
	1781 (19.6)
	1589 (17.5)

	Baseline age, mean (SD)
	50.6 (8.4)
	48.4 (7.5)
	49.5 (7.7)
	50.5 (8.4)
	51.6 (8.6)
	52.8 (9.1)

	Male
	7048 (77.5)
	1352 (87.7)
	1600 (82.5)
	1718 (76.6)
	1285 (72.2)
	1093 (68.8)

	Race or ethnicity
	 	 	 	 	 	 
	 White
	8769 (96.4)
	1466 (95.1)
	1875 (96.7)
	2162 (96.3)
	1721 (96.6)
	1545 (97.2)

	 Black
	53 (0.6)
	16 (1.0)
	15 (0.8)
	14 (0.6)
	4 (0.2)
	4 (0.3)

	 Hispanic
	62 (0.7)
	13 (0.8)
	17 (0.9)
	9 (0.4)
	13 (0.7)
	10 (0.6)

	 Other race or ethnicity
	77 (0.8)
	14 (0.9)
	13 (0.7)
	16 (0.7)
	20 (1.1)
	14 (0.9)

	 Missing
	134 (1.5)
	33 (2.1)
	19 (1.0)
	43 (1.9)
	23 (1.3)
	16 (1.0)

	Bachelor’s degree or higher
	 	 	 	 	 	 
	 No
	936 (10.3)
	178 (11.5)
	195 (10.1)
	216 (9.6)
	186 (10.4)
	161 (10.1)

	 Yes
	3094 (34.0)
	493 (32.0)
	689 (35.5)
	770 (34.3)
	616 (34.6)
	526 (33.1)

	Missingb
	5065 (55.7)
	871 (56.5)
	1055 (54.4)
	1258 (56.1)
	979 (55.0)
	902 (56.8)

	Current smoker
	 	 	 	 	 	 
	 No
	8200 (90.2)
	1268 (82.2)
	1690 (87.2)
	2031 (90.5)
	1685 (94.6)
	1526 (96)

	 Yes
	895 (9.8)
	274 (17.8)
	249 (12.8)
	213 (9.5)
	96 (5.4)
	63 (4.0)

	 	Mean (SD)
	Mean (SD)
	Mean (SD)
	Mean (SD)
	Mean (SD)
	Mean (SD)

	Maximal cardiorespiratory fitness (METs)c
	11.4 (2.6)
	10.9 (2.3)
	11.2 (2.3)
	11.4 (2.6)
	11.6 (2.6)
	12.0 (2.9)

	Alcohol consumption (drinks per week)
	5.4 (7.0)
	6.0 (7.9)
	5.9 (7.5)
	5.3 (6.9)
	5.1 (6.6)
	4.5 (6.0)

	BMI (kg/m2)
	25.8 (3.9)
	27.2 (4.1)
	26.5 (3.9)
	25.9 (3.9)
	25.2 (3.5)
	24.3 (3.5)

	Dietary energy (kcal)
	2134.2 (620.9)
	2201.7 (637.5)
	2145.9 (626.2)
	2095.1 (622.3)
	2085.2 (604.6)
	2164.7 (606.2)

	Fasting glucose (mg/dL)
	99.8 (17.1)
	101.2 (16.9)
	101.2 (17.8)
	99.8 (17.6)
	99.1 (15.9)
	97.9 (16.7)

	Total cholesterol (mg/dL)
	211.0 (39.1)
	218.7 (40.9)
	213.3 (38.1)
	210.0 (39.1)
	207.7 (38.5)
	205.7 (37.7)

	Systolic blood pressure (mm Hg)
	121.0 (14.5)
	121.8 (13.7)
	121.0 (14.0)
	120.8 (14.7)
	120.0 (14.3)
	121.6 (15.5)

	Diastolic blood pressure (mm Hg)
	80.9 (9.8)
	82.3 (9.8)
	81.3 (9.9)
	80.7 (9.7)
	80.1 (9.6)
	80.0 (9.6)


Abbreviations BMI: body mass index; DASH: Dietary Approaches to Stop Hypertension; kcal: kilocalories; METs: metabolic equivalent of task; Q: quintile; SD: standard deviation
aSee the Methods for calculation of the DASH diet score. Higher scores indicate greater adherence to the diet
bThe maximum likelihood method [45] was used to include observations with missing data on education in regression analysis
cCardiorespiratory fitness was expressed as maximal metabolic equivalents of task (METs) and assessed during the baseline clinic visit via a maximal treadmill test using a modified Balke protocol



The mean CRF level was 11.4 (SD: 2.6) METs; CRF levels increased as adherence to a Mediterranean or DASH diet increased (p < 0.001). Other indicators of a healthy lifestyle were also associated with Mediterranean or DASH diet adherence, including being a non-smoker, lower BMI, lower fasting glucose, and lower total cholesterol (all p ≤ 0.02).
The mean gap time between baseline clinic visit and Medicare enrollment was 15.9 (SD: 6.6) years. After a mean follow-up within Medicare of 9.2 (SD: 5.8) years, 1449 cases of all-cause dementia were identified (17.3 cases per 1,000 person-years). No violations of the proportional hazards assumption were observed. Neither Mediterranean diet adherence (fully adjusted HR per SD: 1.00, 95% CI: 0.94, 1.05) nor DASH diet adherence (fully adjusted HR per SD: 1.02, 95% CI: 0.96, 1.08) were associated with all-cause dementia in multivariable-adjusted models (with or without potentially mediating covariates) (Tables 2 and 3). Conversely, in models fully adjusted for main effects, higher CRF was associated with a lower hazard of all-cause dementia (HR, per MET increase, Mediterranean model: 0.95, 95% CI: 0.92, 0.98; HR, per MET increase, DASH model: 0.96, 95% CI: 0.92, 0.97). Results for CRF were similar in less adjusted models excluding potentially mediating pathways. No significant interactions between diet scores and CRF were observed, nor between diet scores and sex.
Table 2Estimated all-cause dementia hazard ratios for Mediterranean diet score and cardiorespiratory fitness


	 	M1: Age, sex, exam year
	M2: M1 + smoking, education
	M3: M2 + CRF
	M4: M3 + caloric intake, BMI
	M5: glucose, cholesterol, SBP

	HR (95% CI)

	Mediterranean diet score, per SD of continuous score
	0.97
(0.91, 1.03)
	0.98
(0.92, 1.03)
	1.00
(0.95, 1.05)
	1.00
(0.94, 1.05)
	1.00
(0.94, 1.05)

	Maximal cardiorespiratory fitness, per METa
	--
	--
	0.94
(0.92, 0.97)
	0.95
(0.92, 0.97)
	0.95
(0.92, 0.98)


Abbreviations BMI: body mass index; CI: confidence interval; CRF:cardiorespiratory fitness; HR: hazard ratio; M: model; MET: metabolic equivalent of task; SBP: systolic blood pressure; SD: standard deviation
aEstimates for maximal cardiorespiratory fitness from models 1–2 were not estimated because it was not the primary exposure of interest



Table 3Estimated all-cause dementia hazard ratios for DASH diet score and cardiorespiratory fitness


	 	M1: Age, sex, exam year
	M2: M1 + smoking, education
	M3: M2 + CRF
	M4: M3 + caloric intake, BMI
	M5: glucose, cholesterol, SBP

	HR (95% CI)

	DASH diet score, per SD of continuous score
	0.95
(0.90, 1.01)
	0.98
(0.93, 1.04)
	1.02
(0.96, 1.08)
	1.02
(0.96, 1.08)
	1.02
(0.96, 1.08)

	Maximal cardiorespiratory fitness, per METa
	--
	--
	0.94
(0.92, 0.96)
	0.94
(0.92, 0.97)
	0.95
(0.92, 0.97)


Abbreviations BMI: body mass index; CI: confidence interval; CRF: cardiorespiratory fitness; DASH: Dietary Approaches to Stop Hypertension; HR: hazard ratio; M: model; MET: metabolic equivalent of task; SBP: systolic blood pressure; SD: standard deviation
aEstimates for maximal cardiorespiratory fitness from models 1–2 were not estimated because it was not the primary exposure of interest



Sensitivity analysis
Multiple sensitivity analyses were conducted to ensure that our results were robust to various analytic decisions. (1) Using the residual method [47] as an alternative analytic approach to account for total caloric intake, estimated HRs were consistent with our original approach (Appendix Table 2, and 3). (2) In analysis that excluded education from all models, estimated HRs remained nearly identical (Appendix Table 4, and 5). (3) We used a Chebyshev polynomial expansion to assess non-linear trends in diet scores. Hazard ratio plots revealed no statistically significant evidence of non-linearity (Appendix Figs. 3 and 4). We also examined diet score as quintiles and found no statistically significant associations with dementia (Appendix Table 6, and 7). (4) In analysis of the DASH diet that assumed all dairy consumed was high-fat instead of low-fat, no statistically significant associations were observed and estimates were nearly identical to our primary analysis (Appendix Table 8). (5) In analysis that excluded participants with an earliest indication of dementia at ages ≤ 67 years, estimated HRs for diet scores and CRF remained nearly identical. (6) No statistically significant associations were observed for any macronutrient, though participants in the highest quintile of percent energy from protein may be at increased risk of all-cause dementia (HR: 1.13, 95% CI: 0.98, 1.29) (Appendix Table 9).


Discussion
In this cohort of apparently healthy middle-aged adults seeking preventive care, adherence to a Mediterranean or DASH diet was not associated with subsequent all-cause dementia. In contrast, estimated maximal CRF was protective against dementia, though CRF did not modify the association between diet and dementia. Using robust methods of exposure and outcome ascertainment, these data contribute additional evidence of a null association between Mediterranean or DASH diet adherence and dementia. With Medicare follow-up through 2019, this study also extends previous analyses within this cohort demonstrating the neuroprotective properties of CRF (previous follow-up through 2009) [17, 21], and provides novel data that diet and CRF had no interactive effect on dementia risk.
The suggested neuroprotective effects of the Mediterranean and DASH diets are hypothesized to occur through the increased intake of dietary components with antioxidant and anti-inflammatory properties and an improvement in vascular risk factor profiles, though the exact mechanisms are complex and not well-established in humans [11, 53–55]. Evidence from previous interventional and observational studies linking diet and dementia is suggestive but not conclusive. For instance, a systematic review of randomized controlled trials (RCTs) investigating the Mediterranean diet found protective effects within individual trials related to select cognitive outcomes, but no effects on dementia [54]. Meanwhile, recent meta-analyses of observational studies in older adults have found mixed associations (either null or protective) between the Mediterranean diet and dementia [12, 13]. Similarly, comprehensive reviews of the Mediterranean and DASH diets report protective associations for some domains of cognitive function, but scarce and inconsistent evidence on dementia [11, 14, 15, 56]. A hybrid of the Mediterranean-DASH diets specifically developed for neuroprotection and prevention of dementia—MIND (Mediterranean-DASH Intervention for Neurodegenerative Delay)—has shown similarly mixed results [57–59].
The persistent mixed evidence is likely due to the vast heterogeneity in study design, populations, and methodologies [11, 14, 15, 56, 60], including the baseline health status of study participants; methods of dietary assessment, including the use of validated dietary tools, dietary pattern scoring, and duration of diet adherence; and duration of follow-up to capture outcomes, given that dementia is primarily an illness of older age [61].
Additionally, given the complexity of the brain changes that occur with dementia [1] and its multifactorial risk factors [30, 62], single lifestyle behaviors may not confer similar neuroprotective effects for all individuals. Rather, the most effective interventions for dementia prevention may be multimodal, with implementation strategies tailored to diverse populations [11, 30, 55]. In our study, no interactive effects were observed between diet and CRF, though CRF did have a neuroprotective association, confirming findings from previous studies within this cohort [17, 21] and among Nordic populations [18–20].
Future interventions should emphasize the neuroprotective properties of CRF, but also incorporate other suggestive neuroprotective domains including diet, vascular risk management, and social interaction [63–67]. For instance, the two-year multidomain FINGER trial that included diet, exercise, cognitive training, and vascular risk monitoring improved overall cognition, executive functioning, and processing speed in an at-risk elderly population in Finland [63, 64]. Another trial among an at-risk U.S. population found that a DASH diet combined with exercise and caloric restriction improved executive function-memory-learning domains and psychomotor speed; and cognitive improvements were mediated, in part, by fitness [66]. Future research should continue to investigate the importance of specific dietary components or patterns on dementia risk; explore the necessary duration and intensity of multimodal risk-prevention interventions; and identify which populations such interventions offer the most neuroprotective benefit [56].
Our study’s findings are subject to a few key limitations. The majority of the study sample were White, male, college-educated, and all were enrolled in Medicare fee-for-service, which enhances internal validity but limits generalizability to other populations, particularly those that have higher rates of dementia [68]. Further, our sample included relatively few participants with the highest levels of adherence to the Mediterranean or DASH diets, which may have limited our statistical power to detect associations between high diet adherence and dementia. Indeed, the highest levels of adherence to the Mediterranean or DASH diet have shown protective associations against MCI and Alzheimer’s disease, while moderate adherence has not [10, 58]. We may not have captured all cases of dementia because of incomplete surveillance between the baseline clinic visit and Medicare enrollment. The mean gap time between clinic visit and Medicare enrollment was 15.9 years, though Medicare surveillance began at a mean age of 66.5 years—nearly two decades before the estimated mean age of dementia onset in the U.S [61]. —ensuring minimal missing outcome data before surveillance began. However, the mean attained age of the cohort was only 75.7 years, so dementia diagnoses that occurred later in life were not captured; this may result in an underestimate of the association between dietary pattern and dementia if a Mediterranean or DASH diet delays the onset of dementia. Additionally, dietary assessment at a single timepoint during midlife did not allow us to examine how duration of diet adherence, subsequent changes to dietary pattern (or other covariates) after baseline, or dietary intake during critical windows of development or disease pathogenesis may affect dementia risk [69]. We also had insufficient data on participants’ sleep, which is linked to both diet and dementia [70].
However, the use of the CCLS cohort linked to Medicare claims provided a large sample size with robust exposure and outcome ascertainment. The use of multi-day dietary records, as used in our study, are considered a gold standard when validating nutrient intake [71], and CRF estimated via maximal exercise testing is strongly correlated with directly measured VO2max [41, 42]. Additionally, over a median follow-up within Medicare of 9.2 years, we identified nearly 1500 cases of all-cause dementia using a validated algorithm with 80% sensitivity [72] from the Medicare CCW [32]. We were able to adjust our analyses for various confounding variables (e.g., cardiovascular risk factors measured via laboratory testing and a standardized maximal graded exercise test protocol), and sensitivity analyses confirmed that our results were robust to alternative analytic strategies.

Conclusions
Among a cohort of generally healthy, middle-aged adults seeking preventive care, adherence to a Mediterranean or DASH diet was not associated with subsequent all-cause dementia. However, as evidenced in our findings and in previous studies [17–21], CRF is protective and should be emphasized in multimodal lifestyle interventions that aim to decrease the risk of dementia.
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