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Abstract

IMPORTANCE Ultraprocessed foods (UPFs) account for a substantial and increasing proportion of
dietary intake in Canada. Although UPFs are consistently associated with adiposity and
cardiometabolic disease, their associations with subclinical vascular brain injury (VBI) and cognitive
performance in midlife are unclear.

OBJECTIVE To evaluate associations of UPF consumption with adiposity, magnetic resonance
imaging (MRI)-defined VBI, and cognitive performance in middle-aged adults in Canada.

DESIGN, SETTING, AND PARTICIPANTS This cross-sectional study included 8783 adults aged 35 to
69 years without cardiovascular disease who were enrolled in the Canadian Alliance for Healthy
Hearts and Healthy Minds (CAHHM) and Prospective Urban and Rural Epidemiology-MIND (PURE-
MIND) studies. Participants from CAHHM were recruited from January 1, 2014, to December 31, 2018,
and participants from PURE-MIND were recruited from January 1, 2010, to December 31, 2018. Data
analyses were conducted between July 16, 2024, and August 16, 2026.

EXPOSURES UPF consumption assessed using previously validated semiquantitative food
frequency questionnaires and expressed as servings per 2000 kcal/d.

MAIN OUTCOMES AND MEASURES The main outcomes were body fat (BF) percentage
(bioelectrical impedance), visceral adipose tissue (VAT) volume, hepatic fat fraction (HFF), VBI
defined as covert brain infarcts or high white matter hyperintensities (HWMHSs) (measured by MRI),
and cognitive performance measured by the Montreal Cognitive Assessment (MOCA) and the Digital
Symbol Substitution Test (DSST).

RESULTS In this cross-sectional study of 8783 participants (mean [SD] age, 57.7 [8.7] years; 4917
females [56.6%)]), those in the highest quartile of UPF intake had a BF percentage that was 1.7 (95%
Cl, 1.2-2.2) percentage points higher and a 5.7 (95% Cl, 3.2-8.3) mL greater VAT volume compared
with those in the lowest quartile, but no significant difference in HFF. Compared with the lowest
quartile, the highest UPF quartile had higher odds of VBI (adjusted OR, 1.40; 95% Cl, 1.10-1.77;

P for trend =.009). No significant associations were observed between UPF intake and MOCA or
DSST performance.

CONCLUSIONS AND RELEVANCE In this cross-sectional study of middle-aged adults in Canada,
higher UPF intake was associated with greater adiposity and higher odds of MRI-defined VBI but not
cognitive performance. Associations with VBI were sensitive to UPF exposure definition.
Longitudinal studies are needed to establish temporality.
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Key Points

Question s higher consumption of
ultraprocessed foods associated with
adiposity, subclinical vascular brain
injury, and cognitive performance
among middle-aged adults in Canada?

Findings In this cross-sectional study of
8783 adults, higher ultraprocessed food
intake was associated with greater
percentage of body fat and visceral
adipose tissue and with higher odds of
magnetic resonance imaging-defined
vascular brain injury. Ultraprocessed
food intake was not associated with

cognitive performance.

Meaning In this study, higher
ultraprocessed food intake was
associated with markers of adiposity and
subclinical cerebrovascular injury that
may precede detectable cognitive
deficits, but longitudinal studies are
needed to establish temporality.
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Introduction

Ultraprocessed foods (UPFs), as defined by the NOVA classification, now contribute more than half
of daily energy intake in many high-income countries and have been increasingly implicated in
adverse cardiometabolic outcomes."® The Canadian food environment is characterized by high
availability and affordability of UPFs, which affects habitual intake patterns.*> Growing evidence
suggests that UPF consumption may also influence brain health, but the pathways linking UPFs to
early cerebrovascular changes remain uncertain and incompletely studied.>®

Subclinical vascular brain injury (VBI), including white matter hyperintensities (WMHs) and
covert brain infarcts (CBIs), reflects early cerebrovascular disease that develops years before
clinically detectable cognitive decline and may represent a modifiable target for prevention.'®'> UPF
intake is associated with obesity and visceral adiposity,'®'®
cerebrovascular injury?®?' through metabolic dysfunction, inflammation, and vascular damage.??
UPFs may also influence brain health independent of adiposity?* because they are characterized by

which are associated with

high glycemic load, added sugars, sodium, saturated fats, and food additives'? that may promote
endothelial dysfunction and systemic inflammation.2®-2*2” However, few studies have concurrently
evaluated UPF intake, detailed adiposity phenotypes,?® and magnetic resonance imaging (MRI)-

defined VBI, and most have focused on cognitive decline or dementia®”2%-32

rather than early
structural markers of cerebrovascular disease.

To address these gaps, we examined the cross-sectional associations between UPF intake and
body fat (BF) percentage, visceral adipose tissue (VAT) volume, hepatic fat fraction (HFF),
MRI-defined VBI, as well as cognitive performance on standardized tests in a large, well-
characterized cohort of middle-aged adults in Canada. We hypothesized that higher UPF intake
would be associated with greater adiposity and a higher burden of VBI and that associations with VBI

would occur before detectable differences in cognitive performance.

Methods

Study Design and Population

This secondary analysis used data from the Canadian Alliance for Healthy Hearts and Minds (CAHHM)
and Prospective Urban and Rural Epidemiology-MIND (PURE-MIND) studies, described
previously.?®33 CAHHM enrolled adults aged 35 to 69 years from Canadian cohorts and included
cardiovascular phenotyping and brain MRI, whereas PURE-MIND enrolled adults aged 35 to 70 years
without stroke, dementia, or neurological disease.33> Some country-specific food frequency
questionnaires (FFQs) used in PURE-MIND had differential capacity to capture UPF intake (eg, six
UPF items in China). The present analyses included only CAHHM and PURE-MIND participants from
Canada because the same FFQs were used in both of these cohorts, enabling consistency of UPF
classification.3® Participants self-identified as male or female. CAHHM participants were recruited
from January 1, 2014, to December 31, 2018. PURE-MIND participants were recruited from January 1,
2010, to December 31, 2018. Ethics approval was obtained from the Hamilton Integrated Research
Ethics Board and all participating sites, and all participants provided written informed consent. Data
were deidentified before analyses, which were conducted between July 16, 2024, and August 16,
2026. Because the NOVA classification was developed after cohort data collection, UPF intake was
not prespecified in the original study protocols for CAHHM or PURE-MIND. We followed the
Strengthening the Reporting of Observational Studies in Epidemiology-Nutritional Epidemiology
(STROBE-nut) reporting guideline for cross-sectional studies.”

Diet and UPF Assessment

Validated ethnicity-specific FFQs were used to assess habitual food and beverage intake over the
previous year. Additional details regarding questionnaire development, validation, and NOVA
classification procedures are provided in the eMethods in Supplement 1.28-38
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Adiposity Measures

BF percentage was measured using a Tanita Ironman Innerscan BC-554 bioelectrical impedance
analyzer (Tanita Corporation) according to a standardized protocol across study sites.?® Participants
were measured barefoot and in light clothing, and BF percentage was estimated using validated
manufacturer equations based on measured electrical impedance. VAT volume was quantified from
standardized axial T1-weighted MRI at the L4-L5 level by a central core laboratory. HFF was measured
using dual- and triple-echo gradient-recalled echo MRI sequences.?®

Brain MRI Outcomes

MRI protocols for CAHHM and PURE-MIND have been published previously.283334 Neurologists
(including E.E.S.) at a central core facility, blinded to participant data, adjudicated all scans. VBI was
defined as the presence of a CBI or high WMH burden. CBI was defined as 1 or more infarcts. WMH
burden was graded using the Fazekas scale; HWMH was defined a priori as a Fazekas score 4 or higher
(sum of periventricular and subcortical grades), indicating beginning confluent or confluent WMH
and identifying clinically meaningful covert cerebrovascular disease.?®

Cognitive Outcomes

Cognition was assessed using the Montreal Cognitive Assessment (MOCA)>° and the Digit Symbol
Substitution Test (DSST).*° The MOCA (score range: 0-30) evaluates multiple cognitive domains;
scores 26 or higher denote normal cognitive performance. The DSST (score range: 0-133, with higher
scores indicating better cognitive performance) captures psychomotor speed, attention, and
working memory.

Covariates

Participant-reported sociodemographic and health characteristics were collected using standardized
questionnaires. Covariates included age, self-identified ethnicity, household income, education level,
physical activity, smoking status, and histories of hypertension, diabetes, and dyslipidemia
(eMethods in Supplement 1). Case record forms collected self-reported ethnicity only; this variable
was included in the analysis given known ethnic variations in various cardiometabolic traits. Ethnic
categories analyzed were White European and all other self-reported ethnicities, including Black,
East Asian, Indigenous, South Asian, and other ethnicity not further specified. The other self-
reported ethnicity group was combined because sample sizes of the individuals groups were small.
Height and weight were measured directly, and total energy intake was derived from the food-
frequency questionnaire.

Statistical Analyses
All measures were collected at a single baseline visit; therefore, this analysis was cross-sectional.
Participants with baseline cardiovascular disease, implausible energy intake (<500 or >5000 kcal/d),
or missing exposure, outcome, or covariate data were excluded from the analysis (Figure 1). UPF
intake was expressed as servings per 2000 kcal/d and categorized into quartiles (1 as the lowest
quartile and 4 as the highest).*+2

Multivariable linear regression was used for continuous outcomes (BF percentage, VAT volume,
HFF, MOCA, and DSST) and logistic regression for VBl composite outcomes (VBI, CBIs, and HWMHSs),
with a random intercept for study center. UPF intake was modeled as quartiles and continuously.
Analyses were restricted to complete cases, defined as participants with nonmissing data for UPF
intake, outcomes, and all covariates included in the fully adjusted model; all sequential models were
fit using the same analytic sample. Sequential models adjusted for: (1) age, sex, and study center; (2)
self-identified ethnicity, income, and education; (3) physical activity and smoking; (4) diabetes,
hypertension, and dyslipidemia; and (5) total energy intake. Adiposity and cardiometabolic risk
factors may lie on the pathway between UPF intake and VBI; therefore, models including these
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variables were interpreted as estimating associations independent of adiposity and traditional
vascular-metabolic pathways. A directed acyclic graph is provided in eFigure 1in Supplement 1.

Dietary misreporting is possible, particularly for UPF. Therefore, exclusion of implausible energy
intakes and 6 prespecified sensitivity analyses were used to assess robustness: (1) redefining
exposure as percentage of energy from UPFs or percentage of total food servings; (2) evaluating
percentage of energy from UPFs in a subset with available data; (3) restricting analyses to
participants without diabetes, hypertension, or dyslipidemia; (4) additionally adjusting VBl models
for VAT volume and BF percentage; (5) additionally adjusting cognitive models for VAT volume, BF
percentage, and VBI; (6) examining odds of low cognition (MOCA score <26 or MOCA or DSST <1SD
below the cohort mean). Because no calibration substudy or recovery biomarkers were available,
formal measurement-error correction was not performed. However, exclusion of implausible energy
intakes and multiple sensitivity analyses were used to evaluate the potential influence of dietary
measurement error and exposure misclassification on study findings. Additional exploratory analyses
included repeating analyses after inclusion of participants with prevalent cardiovascular disease and
modeling UPF intake as a continuous variable (per 5 servings per 2000 kcal/d and per 5% energy
from UPFs).

Linear trends across UPF quartiles were tested by modeling quartiles as an ordinal variable.
Effect modification by sex was evaluated by including a sex x UPF interaction term in the
regression models. Two-sided P < .05 were considered statistically significant. All analyses were
conducted using SAS, version 9.4 (SAS Institute). Data were analyzed between July 16, 2024, and
August 16, 2026.

Results

Cohort Characteristics

The demographic characteristics of participants are shown in Table 1. Among the 8783 individuals
included, 4917 (56.6%) were females, 3866 (43.4%) were males, and the mean (SD) age was 57.7
(8.7) years. The mean body mass index (BMI; calculated as weight in kilograms divided by height in
meters squared) was 27.0 (5.1), and mean (SD) BF percentage was 31.0% (9.2%). Cognitive
performance was normal, with mean (SD) MOCA and DSST scores of 27.0 (2.3) and 73.2 (15.7),
respectively. A total of 3276 participants (37.3%) reported hypertension, 426 (4.9%) diabetes, and
1460 (16.6%) dyslipidemia. On MRI, 772 participants (9.2%) had evidence of VBI, including 467
(4.3%) with HWMHSs and 363 (5.5%) CBls. Participants consumed a mean (SD) of 42.2% (14.2%) of
daily caloric intake from UPFs.

Figure 1. Flow Diagram for Single Baseline Visit Determination of Enrollment and Analysis

12155 Adults enrolled in the CAHHM-PURE MIND studies were assessed for eligibility

3735 Excluded
1905 Unable to assess NOVA food classification
> 1071 Had a history of CVD
396 Had energy intake <500 or >5000 kcal
363 Had missing MRI brain outcomes

8420 With available MRI brain outcomes

578 Excluded due to missing DSST data ‘ 573 Excluded due to missing MOCA data

7842 Had cognition assessed using DSST ‘ ‘ 7847 Had cognition assessed using MOCA

CAHHM indicates Canadian Alliance for Healthy Hearts
and Minds; CVD, cardiovascular disease; DSST, Digital
Symbol Substitution Test; MOCA, Montreal Cognitive
Assessment; MRI, magnetic resonance imaging; PURE
MIND, Prospective Urban and Rural
Epidemiology-MIND.
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Higher UPF intake was associated with less favorable socioeconomic, lifestyle, and
cardiometabolic profiles, greater energy intake, and differences in overall dietary composition
(Table 1and Table 2). Across increasing UPF quartiles, the proportion of daily food servings derived
from UPFs increased from 16.5% to 45.0% (difference, 28.5 [95% Cl, 28.1-29.0] percentage points),
whereas the proportion derived from minimally processed foods decreased from 68.6% to 41.5%
(difference, -27.1[95% Cl, -27.7 to -26.4] percentage points).

Adiposity Outcomes
In model 5, participants in the highest vs lowest quartile of UPF intake had a higher BF percentage (1.7
[95% Cl, 1.2-2.2] percentage points) and greater VAT volume (5.7 [95% Cl, 3.2-8.3] mL). HFF did not

Table 1. Participant Characteristics by Quartile of Servings Per 2000 kcal/d From UPF

Participants by quartile of UPF consumption, No. (%)

Characteristic 1(n=2196) 2(n=2196) 3(n=2196) 4 (n = 2195)
UPF servings per 2000 kcal/d 3.1(0.1-5.4) 6.6(5.4-7.7) 8.8(7.7-10.1) 12.8(10.1-43.3)
Sex?

Female 1244 (56.6) 1286 (58.6) 1187 (54.1) 1200 (54.7)

Male 952 (43.4) 909 (41.4) 1009 (45.9) 995 (45.3)
Urban residence® 2090 (98.6) 2114 (96.6) 2018(92.4) 1940 (88.7)
Self-identified ethnicity

White European 1532(69.8)  1736(79.1) 2005 (91.3) 2054 (93.6)

All other self-identified ethnicity® 664 (30.2) 460 (20.9) 191 (8.7) 141 (6.4)

Educational level®
Primary/none/unknown/high school or less 261(12.1) 253 (11.8) 319 (14.8) 514 (23.9)

Trade or vocational 266 (12.3) 131 (6.1) 201(9.3) 232(10.8)

College or university 1627 (75.5) 1757 (82.1) 1636 (75.9) 1402 (65.3)
Annual income level, $¢

<60 000 431(21.4)  305(15.2)  361(17.8) 4921 (24.5) Abbreviations: BMI, body mass index (calculated as

60000 to <120 000 767 (38.0) 742 (37.1) 864 (42.6) 914 (45.6) weight in kilograms divided by height in meters

>120000 819 (40.6) 955 (47.7) 803 (39.6) 598 (29.9) squared); CBI, covert brain infarct; DSST, digital symbol
Ui renTemoKero] 105 (4.8) 96 (4.4) 131 (6.0) 181 (8.3) substitution test; HFF, hepatic fat fraction; HWMH,
Physical inactivity (%)° 896(41.0)  781(36.1)  909(42.1) 1090 (50.8) high white matter hyperintensity: MOCA, Montreal

Cognitive Assessment; VAT, visceral adipose tissue;
BmI” WHR, waist-to-hip ratio.

<25.0 999 (45.6) 948 (43.4) 787 (36.2) 615 (28.6) 2 Missing data for sex: n = 1.

25.0 to <30.0 822 (37.5) 842 (38.5) 852(39.2) 825 (38.4) b Missing data for urban residence: n = 102.

2300 369 (16.8) 396 (18.1) 535 (24.6) 71133.1) ¢ Combined due to small sample sizes for each
History of hypertension' 813 (37.0) 740 (33.7) 850 (38.7) 873 (39.8) ethnicity, which included Black, East Asian,
History of diabetes’ 104 (4.7) 74 (3.4) 84 (3.8) 164 (7.5) Indigenous, South Asian, or other ethnicity not
History of dyslipidemia 350(15.9)  306(13.9)  352(16.0) 452 (20.6) further specified.

Brain measures 9 Missing data for educational level: n = 184.

CBI 73 (3.4) 74 (3.5) 89 (4.2) 127 (6.1) € Missing data for income: n = 733.

HWMH 111(5.2) 115 (5.4) 115 (5.5) 126 (6.1) f Missing data for smoking status: n = 20.

Vascular brain injury 173 (8.1) 173 (8.2) 192 (9.1) 235(11.3) & Missing data for physical activity: n = 127.

Age, mean (SD), years* 58.2(8.5) 57.1(8.9) 57.8(8.8) 57.7 (8.8) h Missing data for BMI: n = 82.
Cognitive scores, mean (SD) I Missing data for history of hypertension: n = 2.

MOCA! 27.1(2.4) 27.1(2.3) 27.0(2.3) 26.8 (2.4) J Missing data for history of diabetes: n = 3.

DSST™ 73.3(16.2)  74.9(15.4)  72.8(15.5) 71.9 (15.5) K Missing data for age: n = 62.

Adiposity measures, mean (SD) | Missing data for MOCA: n = 17,

BMI 26.1(46)  263(46)  27.3(5.1) 28.4(5.7) mMissing data for DSST: n = 23.

Body fat %" 29.7 (8.8) 30.3(8.9) 31.2(9.3) 32.9(9.6) n Missing data for body fat percentage: n = 328.

WHR® 0.87 (0.08) 0.87 (0.08) 0.87 (0.09) 0.88 (0.09) © Missing data for WHR: n = 89.

VAT, mLP 69.4 (36.6) 65.7 (32.6) 73.4(37.8) 79.2 (38.8) P Missing data for VAT: n = 2214.

HFF, % 5.5(5.7) 5.4 (5.6) 5.7 (5.6) 6.1(6.1) a Missing data for HFF: n = 2498,
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significantly differ between the 2 quartiles (difference, 0.3 [95% Cl, -0.2 to 0.8] percentage points)
(Figure 2; eTable 1in Supplement 1). Associations were strongest among participants with obesity
(BMI =30.0), with progressively higher BF percentages (38.9%-40.1%; P < .001) and modestly
higher VAT volume (103.9-110.7 cm?®; P = .009) across UPF quartiles, whereas HFF did not differ
significantly across quartiles (9.5%, 10.7%, 10.0%, and 10.1%; P = .76). Results were similar when

Table 2. Dietary Intake of UPF

Mean (SD) by quartile

Variable 1(n =2196) 2 (n = 2196) 3(n=2196) 4 (n =2195)
Energy intake, kcal/d 1850 (717) 1877 (662) 2041 (740) 2163 (855)
Food type, No. of servings/d
Fruit 2.1(1.8) 2.3(1.5) 2.1(1.4) 1.7(1.2)
Vegetables 4.5(3.9) 5.2(4.3) 5.6 (4.8) 5.7 (4.9)
Legumes 0.5(0.7) 0.6 (0.6) 0.5 (0.6) 0.5 (0.6)
Nuts 0.9 (3.5) 1.5(4.1) 1.5 (4.0) 1.5(4.1)
Whole grains 0.5 (1.0) 1.2(1.3) 1.9(2.1) 2.2(2.5)
Fish 0.2 (0.3) 0.3(0.3) 0.3(0.3) 0.2(0.2)
Dairy 2.3(2.6) 3.7(2.9) 4.1(3.0) 4.1(3.4)
Unprocessed red meat 0.4 (0.6) 0.6 (0.6) 0.8 (0.9) 1.1(1.2)
Processed meat 0.1(0.2) 0.3(0.3) 0.3(0.3) 0.4 (0.4)
Macronutrients, % E
Carbohydrate 49.6 (8.0) 50.8 (7.0) 52.1(6.7) 53.0(7.0)
Protein 17.4(3.8) 17.6 (3.1) 17.1(2.7) 16.2 (2.6)
Total fat 32.0(7.1) 30.8 (6.0) 30.5(5.6) 31.0(5.9)
Monounsaturated fat 12.9(3.4) 11.7 (2.8) 11.3(2.5) 11.7 (2.7)
Saturated fatty acids 9.8(2.8) 10.1(2.6) 10.3(2.7) 10.0 (2.6)
Polyunsaturated fat 6.2 (1.9) 5.5(1.6) 5.2(1.4) 5.4(1.5)
Sodium, mg/d 2675 (1381) 2308 (1056) 2442 (996) 2754 (1212)
NOVA classification, No. of servings/d
Minimally processed foods 12.1(7.7) 14.3 (6.0) 13.7 (6.0) 12.8 (6.0)
Processed culinary ingredients 0.7 (1.4) 1.6 (1.9) 1.8(2.0) 2.0(2.4)
Processed foods 2.0(1.8) 2.7(1.8) 2.6(1.6) 2.2(1.4)
Ultraprocessed foods 2.8(1.9) 6.2(2.3) 9.0(3.4) 13.8(6.1)
NOVA classification, % of total daily
food servings
Minimally processed foods 68.6 (12.4) 57.5(9.8) 50.3(9.4) 41.5(10.4)
Processed culinary ingredients 2.9(4.9) 5.9 (6.0) 6.3(6.3) 6.2 (6.2)
Processed foods 12.1(9.0) 10.9(5.8) 9.7 (5.0) 7.3(4.1)
Ultraprocessed foods 16.5 (8.1) 25.6(5.8) 33.7(6.5) 45.0(9.9) Abbreviations: Keal, kilocalories; % £

of energy.

percentage

Figure 2. Dot Plots of Multivariable-Adjusted Mean Adiposity Measures Across Quartiles of Ultraprocessed Food (UPF) Consumption

[A] Body fat %

UPF Mean % (95% Cl)
Quartile
1 29.90 (28.92-30.88)
2 30.40(29.42-31.38)
3 30.80(29.82-31.78)
4 31.60(30.62-32.58)

L e e —]
0 10 20 30 40
Mean % (95% Cl)

P value Hepatic fat fraction

palue VAT volume

for Mean volume

trend  UPF (95% Cl), mL

Quartile

-] 1 67.90 (63.20-72.60)
-] 2 69.00 (64.30-73.70

<.001 ¢ )
-] 3 71.50 (66.80-76.20)
= 4 73.60 (68.90-78.30)

P value
for for
trend UPF Mean % (95% Cl) trend

Quartile
= 1 5.40 (5.01-5.79) =
- 5.60 (5.21-5.99 -
<.001 ( ) 34

= 3 5.60 (5.21-5.99) =

- 4 5.70(5.31-6.09) -
T T T 1
0O 2 4 6 8

| e —
0 20 40 60 80
Mean mL (95% Cl)

Mean % (95% Cl)

Adjusted least-squares means are reported for body fat percentage (A), visceral adipose
tissue (VAT) volume (B), and hepatic fat fraction (C) by quartile of UPF intake (servings
per 2000 kcal/d). Models are adjusted for age, sex, study center (random effect), self-

identified ethnicity, income, education, physical activity, smoking status, and histories of
diabetes, hypertension, and dyslipidemia, and total energy intake. P for trend values
represent linear trend tests across quartiles and are shown in each panel.
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UPF intake was modeled continuously. In the adjusted model 5, each 5-serving per 2000 kcal/d
higher UPF intake was associated with a higher BF percentage (0.9 [95% Cl, 0.7-1.1] percentage
points) and higher VAT volume (4.0 [95% Cl, 2.8-5.2] mL), but not a higher HFF. No meaningful
patterns were observed among participants with BMI less than 25.0, and there was no association
with BMI25.0 t0 29.9.

VBI Outcomes: Composite, WMHs, CBIs

Higher UPF intake was associated with greater odds of composite VBI (OR for quartile 4 vs quartile 1,
1.40; 95% Cl, 1.10-1.77; P for trend = .009) (Figure 3; eTable 2 in Supplement 1). Associations for the
individual components were directionally consistent but less robust, with similar patterns observed
for both WMHs and CBls, although these patterns did not consistently reach statistical significance.
VBI prevalence was 8.1% in the lowest UPF quartile vs 11.3% in the highest quartile.

Cognitive Outcomes

UPF intake was not associated with cognitive performance. In model 5, there was no association
between UPF intake and DSST scores (quartile 4 minus quartile 1= 1.0 [95% ClI, -0.01 to 2.1] points;
P for trend = .19) or MOCA scores (quartile 4 minus quartile 1 = 0.2 [95% Cl, -0.01 to 2.1] points; P for
trend = .09) (eTable 3 in Supplement 1). Cognitive scores remained high with minimal variation
across UPF quartiles.

Sensitivity Analyses

Redefining UPF exposure as the percentage of total daily food servings or as the percentage of total
energy intake from UPFs was not associated with VBI, and no linear trends were observed (eTables 4
and 5 in Supplement 1). Associations between UPF servings per 2000 kcal/day and the composite
VBI outcome were directionally similar to the main analyses but were not statistically significant
(eTable 6 in Supplement 1). Additional adjustment for VAT volume and/or BF percentage did not
materially alter the magnitude or direction of the associations between UPF intake and VBI (eTable 7
in Supplement 1).

Adjustment of the associations between UPF intake and cognitive scores for VAT volume, BF
percentage, and/or VBI yielded a statistically significant association with higher MOCA scores (from
27.0[0.2]in Q1to 27.2 [0.1]in Q4; P = .01) but not DSST scores (from 73.4 [1.0] in Q1to 74.4 [1.0] in
Q4; P =.08) (eTable 8 in Supplement 1). Dichotomizing cognitive performance produced results
consistent with the quartile analyses. Higher UPF consumption was associated with lower odds of
low cognitive performance across several secondary analyses, although most associations were not
statistically significant. Comparing quartile 4 with quartile 1, the ORs were 0.88 (95% Cl, 0.73-1.07)
for MOCA scores less than 26 (P for trend = .13), 0.80 (95% Cl, 0.63-1.01) for MOCA scores less than 1
SD below the mean (P for trend = .04), and 0.76 (95% Cl, 0.61-0.96) for DSST scores less than 1SD

Figure 3. Dot Plots of Multivariable-Adjusted Odds Ratios for Vascular Brain Injury (VBI) Across Quartiles of Ultraprocessed Food Consumption

[A] v , HWMH , cBl ,
Outcome OR (95% Cl) value  Outcome OR (95% Cl) value  Outcome OR (95% Cl) value
VBI quartile HWMH quartile CBI quartile
1 1 [Reference] [ ] 1 1 [Reference] [ ] 1 1 [Reference] ]
2 1.16 (0.91-1.47) - <001 2 1.29(0.94-1.77) i 25 2 1.02 (0.70-1.49) —— 04
3 1.13(0.89-1.44) - ’ 3 1.12 (0.81-1.55) - ’ 3 1.11(0.76-1.61) . '
4 1.40(1.10-1.77) —— 4 1.29(0.93-1.79) - 4 1.41(0.97-2.03) ——
| S B . | S B R | S B R
005115225 005115225 005115225
OR (95% Cl) OR (95% Cl) OR (95% Cl)
Odds ratios (ORs) are presented relative to quartile 1of ultraprocessed food intake intake. P for trend values represent linear trend tests across quartiles and are shown
(servings per 2000 kcal/d; reference). Models are adjusted for age, sex, study center below each panel. CBI indicates covert brain infarct; HWMH, high white matter
(random effect), self-identified ethnicity, income, education, physical activity, smoking hyperintensity.
status, and histories of diabetes, hypertension, and dyslipidemia, as well as total energy
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below the mean (P for trend = .11) (eFigure 2 and eTable 9 in Supplement 1). In an additional
sensitivity analysis including participants with prevalent cardiovascular disease (eTable 10 in
Supplement 1), and diet quality indicators (eTable 11in Supplement 1), associations between UPF
intake and VBI were materially unchanged.

Results were also consistent when UPF intake was modeled as a continuous exposure. For each
5-serving per 2000 kcal/d higher UPF intake, the BF percentage was 0.9 (95% Cl, 0.7-1.1) percentage
points higher, VAT volume was 4.0 (95% Cl, 2.8-5.2) mL higher, and odds of VBI were higher (OR,
1.16; 95% Cl, 1.05-1.28). Higher continuous UPF intake was also associated with greater odds of CBI
(OR, 1.21; 95% Cl, 1.04-1.42) but not HWMH burden (OR, 1.06; 95% Cl, 0.92-1.22). When UPF intake
was modeled as percentage of total energy intake, associations with VBI, CBI, and HWMH burden
were not statistically significant. Continuous analyses of cognitive outcomes were largely null: per
5-serving per 2000 kcal/d higher UPF intake, there were no associations with DSST (8 = 0.14; 95%
Cl,-0.31to0 0.59) and MOCA (B = 0.05; 95% Cl, -0.02 to 0.13) scores. Modeling UPF as percentage of
total energy intake yielded a direct association with DSST ( = 0.17; 95% Cl, 0.05-0.30) but not with
MOCA (B = 0.01; 95% Cl, -0.01 to 0.03) performance.

Sex-Stratified Analyses

The association between UPF intake and BF percentage differed by sex. For each 1-quartile higher
UPF intake, BF percentage was 0.7 (95% Cl, 0.5-1.0) percentage points higher among females and
0.4 (95% Cl, 0.1-0.6) percentage points higher among males (P for interaction <.001). For VAT
volume, each 1-quartile higher UPF intake was associated with 2.7 (95% Cl, 1.8-3.7) mL greater
volume among females but not among males (0.8 mL; 95% Cl, -0.6 to 2.2) (P for interaction = .10).
UPF intake was directly associated with HFF among females (0.2 [95% Cl, 0.0-0.4] percentage
points per quartile) but not among males (-0.1[95% Cl, -0.3 to 0.1] percentage points per quartile)
(P for interaction = .02) (eTable 12 in Supplement 1). For VBI, there was evidence that associations
differed by sex (P for interaction = .04). Higher UPF intake was associated with greater odds of VBI
among females (OR for quartile 4 vs quartile 1, 1.78; 95% Cl, 1.27-2.48; P for trend = .002), whereas
no association was observed among males (OR for quartile 4 vs quartile 1, 1.08; 95% Cl, 0.76-1.54;
P for trend = .84) (eTable 13 in Supplement 1). There was no evidence that associations between UPF
intake and cognitive performance differed by sex (MOCA P for interaction = .08; DSST P for
interaction = .38) (eTable 14 in Supplement 1).

Discussion

In this cross-sectional study of middle-aged adults in Canada without cardiovascular disease, higher
intake of UPF was associated with greater total and visceral adiposity and with higher odds of
MRI-defined VBI. These associations were most pronounced and consistent for adiposity, persisting
across quartile- and continuous-exposure analyses. In contrast, associations with VBI were of lower
magnitude and were sensitive to the definition of UPF intake. Associations were observed when UPF
intake was expressed as servings per 2000 kcal/d but not consistently when expressed as
percentage of energy intake or percentage of total food servings. UPF intake was not associated with
cognitive performance in minimally adjusted models, although some associations emerged after
further adjustment. These findings suggest that metabolic and cerebrovascular changes related to
UPF consumption may appear earlier in the life course than observable cognitive decline.

The graded associations between UPF intake and BF percentage and VAT align with
accumulating evidence of associations between UPFs and adiposity and metabolic
dysfunction.™'843-51 These associations were more pronounced among individuals with obesity; for
example, among participants with BMI 30. No association was observed among participants with
BMI less than 25. UPFs may promote excess energy intake and impair appetite regulation'®>2
consistent with evidence of amplified inflammatory and endocrine responses to poor-quality diets in
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metabolically compromised states.'® Together, these findings support adiposity as a plausible
pathway for an association between UPF exposure and downstream cerebrovascular injury.

The association between UPF intake and VBI suggests a potential cerebrovascular consequence
of high UPF consumption; however, attenuation in sensitivity analyses warrants cautious
interpretation. Although WMHs and CBIs are not identical lesions, both are manifestations of covert
cerebrovascular disease and share major vascular risk factors. Both are often discussed in relation
to cognitive aging and are established factors in future clinical stroke and other adverse
cerebrovascular outcomes, highlighting their relevance as early markers of vascular risk.>>>* WMHs
are generally considered markers of diffuse cerebral small-vessel disease characterized by chronic
hypoperfusion, endothelial dysfunction, blood-brain barrier disruption, and neuroinflammation,
whereas CBIs may arise from small-vessel occlusion, embolic phenomena, or large-artery
atherosclerotic disease. Higher UPF consumption may contribute to both lesion types through
mechanisms involving adiposity, metabolic dysfunction, inflammation, and vascular injury, providing
biological support for the observed association with the composite VBI outcome.

In contrast, UPF intake was not consistently associated with cognitive performance. This
pattern may reflect ceiling effects in a cognitively healthy cohort, the earlier emergence of subclinical
cerebrovascular injury relative to deficits detectable by brief cognitive screens, or cognitive reserve
in this highly educated sample (>73% with postsecondary education).>> MOCA cut points may also be
insufficiently sensitive in ethnoculturally and linguistically diverse populations, potentially leading to

differential misclassification of cognitive impairment>>°°;

particularly given the higher proportion
of White European participants in the highest UPF intake category.

After additional adjustment for VAT volume, BF percentage, and VBI, direct associations
between MOCA scores and UPF intake across quartiles reached statistical significance; however,
absolute differences were minimal. The adjusted variables may represent intermediates on the
pathway between diet and cognition, such that adjustment could introduce overadjustment or
collider bias. The unexpected direction of the association may also reflect residual confounding,
measurement error, ceiling effects, or chance findings arising from multiple comparisons. Consistent
with this interpretation, the primary analyses using continuous MOCA and DSST scores were null,
and the apparent inverse associations were observed only in selected secondary analyses based on
dichotomized cognitive outcomes. Accordingly, these results should be interpreted cautiously and
should not be taken as evidence that higher UPF intake is associated with better cognitive
performance. Conversely, the absence of consistent associations with cognitive performance should
not be interpreted as evidence of no neurological consequences, because structural cerebrovascular
injury may be detectable before measurable impairment on brief cognitive tests. Longitudinal
analyses are needed to clarify whether adiposity and cerebrovascular injury mediate any associations
between UPF intake and later cognitive decline.

These findings extend previous studies on the association of UPF intake with adverse brain
health outcomes by incorporating detailed adiposity phenotyping and MRI-defined vascular brain
injury in the same cohort. Differences in study design, UPF definitions, dietary assessment methods,
and outcome ascertainment limit direct comparison with prior reports.?”-29-32 Associations with VAT
volume, HFF, and VBI differed by sex, with associations generally observed among females but not
males. The apparent sex differences should be interpreted cautiously because sex-stratified analyses
were exploratory and were not prespecified primary analyses. Prior studies have reported mixed

57.58

findings, although studies have similarly reported associations between UPF intake and visceral
adiposity or metabolic-associated steatotic liver disease that were observed primarily among women
rather than men.'®5° Potential explanations include differences in body fat distribution, hormonal
milieu, inflammatory responses, dietary patterns, or residual confounding, although these
possibilities could not be evaluated in the current study.®©-52 Replication in other cohorts is needed
to investigate whether these observed sex differences are reproducible.

The higher proportion of White European participants among high UPF consumers raises the

possibility of residual confounding by social, cultural, and food-environment factors and may limit
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generalizability to other populations.®>%* Higher UPF intake clustered with adverse socioeconomic,
lifestyle, and cardiometabolic characteristics, suggesting that it may identify individuals with an
accumulation of vascular and cognitive health risks in midlife. Nevertheless, associations persisted
after adjustment for adiposity and cardiometabolic factors, suggesting that pathways related to food
processing itself may also contribute.® Notably, higher UPF intake was not characterized by lower
vegetable consumption and was accompanied by higher intakes of several foods generally
considered healthful, suggesting that findings are unlikely to be explained solely by differences in
specific food groups.

Strengths and Limitations

Strengths of this study include the large sample, validated dietary assessment, detailed MRI
protocols, and standardized adiposity and cognition measures. Study limitations include the cross-
sectional design, which precludes assessment of temporality and limits causal inference. Because
dietary intake, adiposity, VBI, and cognitive outcomes were measured at the same visit, reverse
causation remains possible. Several covariates included in adjusted models, including diabetes,
hypertension, dyslipidemia, and adiposity, may reflect cumulative effects of prior dietary exposures
rather than baseline confounders, leaving residual confounding and incomplete exchangeability
between exposure groups possible. Additional limitations include the absence of formal
measurement-error correction, potential misclassification arising from application of the NOVA
classification framework to food frequency questionnaire data, and the limited sensitivity of
cognitive tests in midlife. UPFs represent a heterogeneous exposure rather than a single well-defined
intervention, as lower UPF intake could be achieved through multiple dietary substitutions with
differing health implications. Finally, dietary intake was assessed using a single food frequency
questionnaire capturing habitual intake over the preceding year, whereas adiposity and VBI likely
reflect cumulative exposures over longer periods.

Conclusions

In this cross-sectional study of middle-aged adults in Canada, higher UPF intake was consistently
associated with greater adiposity and was associated with subclinical vascular brain injury using the
primary exposure definition, although the latter finding was sensitive to alternative exposure
definitions. UPF intake was not associated with cognitive performance. Longitudinal studies are
needed to establish temporality and clarify the clinical significance of these findings.
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(APATH), Heather Whelan, MSc (ATP), Sumathy Rangarajan, MSc (PURE), and David Busseuil, PhD (MHI Biobank).
Site investigators and staff: (site 112) Jonathon A. Leipsic, MD, Dr Lear, Veronica De Jong, MSc; (site 306) Michael
Noseworthy, PhD, Dr Teo, Elham Ramezani, MD, and Norman Konyer, BSc; (site 402) Dr Poirier, Anne-Sophie
Bourlaud, MSc, Eric Larose, MD, and Karine Bibeau, PhD; (site 512) Jonathon A. Leipsic, MD, Dr Lear, and Veronica
De Jong, MSc; Dr Smith, Richard Frayne, PhD, Anna Charlton, BSc, and Ramnik Sekhon, BSc; (site 703) Alan Moody,
MBBS and Vivekanandan Thayalasuthan, MD; (site 704) Anish Kripalani, MD, and General Leung, MD; (site 706)
Michael Noseworthy, PhD, Dr Anand, Dr de Souza, Norman Konyer, BSc, and Sherry Zafar, CRA; (site 707) Grace
Parraga, PhD, and Lyndsey Reid, RPN; (site 714) Alexander Dick, MD, and Farrah Ahmad, BSc; (site 799) David
Kelton, MD, and Hiral Shah, MSc; (site 801) Francois Marcotte, MD, and Hubert Poiffaut, RN; (site 802) Dr Friedrich
and Julie Lebel, DCS; (site 817) Eric Larose, MD, and Karine Bibeau, PhD; (site 913) Louise Parker, PhD, David
Thompson, and Dr Hicks; (site 1001) Dr Tardif and Hubert Poiffaut, RN; (site 1103) Jack Tu, MD (deceased), Karen
Truong, BSc, Alan Moody, MBBS, and Vivekanandan Thayalasuthan, MD; MRI Working Group and Core Lab
Investigators/Staff: Chair: Dr Friedrich; Brain Core Lab: Dr Smith, Cheryl McCreary, PhD, Sandra E. Black, MD,
Christopher Scott, MSc, Saima Batool, MD, and Fugiang Gao, MD; Carotid Core Lab: Alan Moody, MBBS, and
Vivekanandan Thayalasuthan, MD; Abdomen: Eric Larose, MD, and Karine Bibeau, PhD. Cardiac: Francois
Marcotte, MD, Felipe Henriques, BMC, and Tiago Teixeira, MD. CAHHM Founding Advisory Group: Jean Rouleau,
MD, Pierre Boyle, PhD, Ms Caroline Wong, and Eldon Smith, MD.

Additional Information: Some data used in this research were made available by the Canadian Partnership for
Tomorrow's Health Project along with BC Generations Project, Alberta’s tomorrow Project, Ontario Health Study,
CARTaGENE, and the Atlantic PATH. Data were harmonized by Maelstrom and access policies, and procedures
were developed by the Centre of Genomics and Policy in collaboration with the cohorts.
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eTable 7. Association of UPF with brain outcomes after additional adjustment for adiposity measures

eTable 8. Association of UPF with cognitive function test scores after additional adjustment for adiposity
measures and vascular brain injury

eTable 9. Association of UPF with odds of low cognitive performance

eTable 10. Association of UPF with brain outcomes including participants with prevalent cardiovascular disease
eTable 11. Association of UPF with study outcomes after adjustment for minimally processed food intake,
polyunsaturated-to-saturated fat ratio, and fruit and vegetable intake

eTable 12. Association of UPF with adiposity measures, stratified by sex and BMI

eTable 13. Association of UPF with vascular brain injury, high white matter hyperintensity burden, and covert brain
infarction, stratified by sex

eTable 14. Association of UPF with cognitive function test scores, stratified by sex and BMI

eFigure 1. Directed acyclic graph illustrating hypothesized relationships among ultra-processed food intake (dark
blue), adiposity (orange), cardiometabolic risk factors (orange), vascular brain injury (green), cognition (green),
and measured confounders (light blue).

eFigure 2. Multivariable adjusted odds ratios for low cognitive score across quartiles of UPF consumption.
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