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ABSTRACT

Background: While some individual foods and nutrients have
been associated with knee osteoarthritis (KOA) progression, the
association between dietary patterns and KOA progression has
received little research attention.

Objective: The objective of this study was to determine whether
dietary patterns, derived by principal components analysis (PCA),
are associated with KOA progression.

Methods: In the Osteoarthritis Initiative (OAI), a prospective cohort
with clinical centers in Maryland, Ohio, Pennsylvania, and Rhode
Island, 2757 participants with existing KOA (mean age 62 y) and
diet assessed at baseline were followed for <72 mo. Using PCA,
Western and prudent dietary patterns were derived. Radiographic
KOA progression was assessed using 2 separate measures, 1 full
Kellgren—Lawrence (KL) grade increase and loss in joint space
width (JSW). Symptomatic KOA progression was defined as an
increase in or remaining in 1 of the 2 highest classification categories
of the Western Ontario and McMaster Universities Arthritis Index
(WOMAQ).

Results: Adherence to Western and prudent dietary patterns was sig-
nificantly associated with radiographic and symptomatic progression
of KOA. With increasing Western pattern score, there was increased
KL-worsening risk (compared with quartile 1, HR for quartile 4:
1.30; 95% CI: 1.05, 1.61; P-trend < 0.01) and increased odds of
progression to higher WOMAC score (compared with quartile 1,
OR for quartile 4: 1.39; 95% CI: 1.18, 1.63; P-trend < 0.01) but no
significant change in JSW loss. With increasing prudent pattern score
there was decreased KL-worsening risk (compared with quartile
1, HR for quartile 4: 0.79; 95% CI: 0.64, 0.98; P-trend = 0.02),
decreased JSW loss (quartile 1: 0.46 mm; quartile 4: 0.38 mm; P-
trend < 0.01), and decreased odds of higher WOMAC progression
(compared with quartile 1, OR for quartile 4 0.73; 95% CI: 0.62,
0.86; P-trend < 0.01) in multivariable adjusted models.
Conclusions: Adherence to a Western dietary pattern was associated
with increased radiographic and symptomatic KOA progression,
while following a prudent pattern was associated with reduced
progression. In general, for people already diagnosed with KOA,
eating a diet rich in fruits, vegetables, fish, whole grains, and legumes
may be related to decreased radiographic and symptomatic disease
progression.  Am J Clin Nutr 2020;111:667-676.

Keywords: Western diet, prudent diet, dietary patterns, symp-
tomatic knee osteoarthritis progression, radiographic knee os-
teoarthritis progression

Introduction

Osteoarthritis affects approximately 10% of men and 18%
of women worldwide (1). There is no cure with treatment
mainly including pain relief or joint replacement, neither of
which are without potentially undesirable side effects. Synovial
inflammation, common in osteoarthritis (2, 3), may follow
cartilage degradation and potentially drive progression of the
disease (4). Dietary factors associated with obesity, inflammation,
and other metabolic risk factors may also play a role in
osteoarthritis pathogenesis. Previous studies have revealed that
some individual foods and nutrients, such as soft drinks (5),
milk (6), dietary fat (7), and strawberries (8), may be associated
with progression of knee osteoarthritis (KOA), the most common
form of osteoarthritis. Body mass index (BMI), one of the most
consistent risk factors for KOA, may be an intermediate factor
linking diet and KOA. A recent study has shown that with
increasing fiber intake, there was a decreased risk of incident

CX and NEM are co-first authors

Supported by the NIH National Institute of Arthritis and Muscu-
loskeletal and Skin Diseases (RO1 AR074447 Al), a Brigham Research
Institute (BRI) grant (agreement number: 2018A008050), and a and
contract HHSN268201000020C (reference number: BAA-NHLBI-AR-10-
06—National Heart, Lung and Blood Institute). The study sponsor was not
involved in the study design, data analysis, or interpretation of data; in the
writing of the report; or in the decision to submit the paper for publication.

Address correspondence to BL (e-mail: blul @bwh.harvard.edu).

Abbreviations used: JSW, Joint space width; KL, Kellgren-Lawrence;
KOA, Knee osteoarthritis; OAI, Osteoarthritis Initiative; PCA, Principal
Component Analysis; WOMAC, Western Ontario & McMaster Universities
Arthritis Index.

Received June 4, 2019. Accepted for publication December 13, 2019.

First published online January 7, 2020; doi: https://doi.org/10.1093/
ajen/nqz333.

Am J Clin Nutr 2020;111:667-676. Printed in USA. Copyright © The Author(s) 2020. 667


mailto:blu1@bwh.harvard.edu

668 Xu et al.

OALI Participants (n = 4796)

Participants without knee OA
(KL of 0), or with severe OA

v

Participants with knee OA
(KL of 1, 2 or 3) at baseline
(n=3170)

\ 4

(KL of 4) at baseline
(n=1626)

Participants with primarily

A4

Participants with moderate
medial knee OA at baseline
(n=2932)

lateral joint space narrowing or
knee positioning change
(n=238)

Participants without dietary

\4

Baseline Study Sample
(n=2757)

data or implausible energy
intake (n=175)

\ 4

FIGURE 1 Study population and exclusions in the Osteoarthritis Initiative. After baseline, participants were lost to follow-up due to death, total knee
replacement, or nonresponse: 129 in year 2, 139 in year 3, 221 in year 4, and 1377 in year 6. KL, Kellgren—Lawrence; OA, osteoarthritis; OAI, Osteoarthritis

Initiative.

symptomatic KOA, for which BMI acted as a partial mediator
9).

However, overall dietary pattern analysis may be particularly
useful and has been a recent direction for research in nutritional
epidemiology (10). Diets are complex and composed of many
foods that together might hasten or prevent disease; through
the study of dietary patterns, in which multiple components of
a diet are examined simultaneously, these interactions may be
revealed for their harm or benefit (10-12). On a more practical
note, people consume diets, rather than foods in isolation;
thus, in order to make future dietary recommendations for
those suffering from KOA easier to understand and follow,
elucidating dietary patterns will be of great benefit and may
serve to shape future clinical nutrition guidance in regard to this
disease (13, 14). In a previous study, the Mediterranean diet was
found to be associated with lower risks of the knee cartilage
morphology, pain worsening, and symptomatic forms of KOA
(15, 16).

In the Osteoarthritis Initiative (OAI), we investigated the
association of the major dietary patterns derived by princi-
pal component analysis (PCA) with both radiographic and
symptomatic progression of KOA. To our knowledge, these
dietary patterns have not yet been studied in relation to KOA
progression.

Subjects and Methods

The Osteoarthritis Initiative

The OAl is a longitudinal study (17), launched by the NIH, that
included 4796 individuals aged 45-79 y in 2004. All participants
had either established symptomatic KOA or significant risk
factors for the development of KOA. Participants were followed
annually by centrally trained radiologists or rheumatologists
at each clinical center, where clinical data were collected in
addition to imaging and biospecimen data and measures of
physical performance (18). Uniformity of and adherence to

established study procedures was ensured through site visits
by the coordinating and imaging centers, and by an onsite
quality assurance officer. About 97% of OAI participants had
>1 follow-up visit, and visit adherence did not vary by baseline
characteristics. This study was approved by the institutional
review boards at all 4 clinical centers (Baltimore, MD; Columbus,
OH; Pittsburgh, PA and Pawtucket, RI) and the coordinating
center (San Francisco, CA), and informed written consent was
obtained prior to each clinical visit (18).

We included individuals with mild to moderate KOA in at least
1 knee [defined as a Kellgren—Lawrence (KL) grade of 1, 2, or 3]
at baseline based on an OAI central X-ray reading. Knees without
osteoarthritis (defined as a KL grade of O at baseline) were
excluded, as were those with severe radiographic osteoarthritis
(defined as a KL grade of 4 at baseline), as they were less likely
to experience further radiographic progression. We additionally
excluded those with lateral joint space narrowing [defined as
the grade for lateral compartment joint space narrowing (JSL)
being greater than the grade for medial compartment joint space
narrowing (JSM)]. We also excluded participants with unrealistic
total daily calorie intake (<800 or >4200 kcal for men, <500 or
>3500 kcal for women) (19, 20). Finally, 2757 participants (4332
knees) were included in the study population with a mean age of
62 y (Figure 1). Follow-up visits took place at 12, 24, 36, 48, 60,
and 72 mo after baseline screening.

Assessment of dietary intake

At baseline a validated 70-item Block Brief FFQ (21) was
mailed to all participants. The completed FFQ was reviewed
by study nurses for completion. The FFQ included questions
about food and nutrient consumption using common units or
portion sizes tailored for each food item, with consumption
categorized as: never, a few times per year, once per month, 2-3
times per month, once per week, 3—4 times per week, 5-6 times
per week, and every day. Participants provided information on
average frequency of consumption for each food item during
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the previous year. The nutrients and total calorie intake were
calculated based on USDA food composition data assessed by
using NutritionQuest (www.nutritionquest.com).

Assessment of knee osteoarthritis progression

Progression of KOA was assessed by observation of the
following radiographic and symptomatic changes over time: /)
1 full KL-grade increase, 2) measured change in JSW, and 3)
increase in Western Ontario and McMaster Universities Arthritis
Index (WOMAC) categories or remaining in either of the 2
highest WOMAC categories. First, using a semiquantitative
approach, we defined radiographic KOA progression as >1 full
KL-grade increase for a specific knee. Adjudicated KL grades
were measured at baseline and follow-up visits, done through
longitudinal reading of serial knee X-rays for tibiofemoral
radiographic KOA.

Second, we used a quantitative approach (millimeter accuracy)
for a precise measure of JSW between adjacent bones of the
knee (22, 23). Multiple JSWs were measured at fixed locations
along the joint, recorded as JSW(x), with 0.025 intervals for x
from 0.15 to 0.30. We picked medial JSW at x = 0.25, which
has been proved to be the most responsive location to quantify
KOA progression (24). Repeated measures of JSW change from
baseline to 12, 24, 36, 48, and 72 mo were used as outcome
variables. The maximum JSW loss was about 4 mm in our
sample.

Third, symptomatic KOA progression was evaluated using
validated WOMAC pain, functional disability, and total scores
(25, 26). WOMAC items were assessed at 12, 24, 36, 48, 60,
and 72 mo. Each item was scored from 0 to 4 (WOMAC scores
of 0 and quartile thresholds of baseline nonzero scores), with
higher scores representing greater levels of pain, stiffness, and
functional disability. Subscores vary from 0 to 20 for pain, O to 8
for stiffness, 0 to 68 for functional disability, and 0 to 96 for total
WOMAC score. Similar to Sharma et al. (27), we categorized
WOMAC scores at each time point into 5 grades as follows:
grade 1 (pain score = 0, functional disability score = 0 and
total score = 0), grade 2 (pain score = 1, functional disability
score = 1-4, or total score = 1-4); grade 3 (pain score = 2—
3, functional disability score = 5-10, or total score = 5-12);
grade 4 (pain score = 4-6, functional disability score = 11—
20 or total score = 13-25); and grade 5 (pain score = 7—
20, functional disability score = 21-68, or total score = 26—
96). Symptomatic progression at each follow-up time point was
defined as a dichotomous variable as follows: either /) an increase
into a higher WOMAC grade, or 2) remaining in 1 of the 2 highest
grades (28).

Overall, there were 720 patients with radiographic KOA
progression in at least 1 knee, and 2440 patients (3633 knees)
with symptomatic KOA progression for >72 mo.

Covariates

Demographic and socioeconomic factors, including age, sex,
race/ethnicity, marital status, education level, and annual income
were ascertained at baseline. Self-reported race was categorized
as African American, white, or “other” racial/ethnic group.

Educational level was classified as high school or less, college,
and above college.

In addition, several general clinical parameters were mea-
sured at baseline and during follow-up appointments that have
been associated with radiographic progression or changes in
symptoms as potential confounders. These were age, sex,
race, baseline KL grade, assessed depression (defined as the
CES-D 20 items scale >16) (29), BMI, weight change from
baseline, physical activity, total energy intake, traumatic knee
injury, knee surgery, income, education, smoking, and alcohol
intake. Pain relief medication usage included nonsteroidal
anti-inflammatory drugs (NSAIDs) and others, including nar-
cotics, acetaminophen (Tylenol), S-adenosylmethionine (SAMe),
methylsulfonylmethane (MSM), doxycycline (e.g., Vibra-Tabs,
Doryx, Adoxa), and cyclooxygenase-2 (COX-2) inhibitors (Bex-
tra, Celebrex).

Body weight and height were measured without shoes and
in light clothing to guarantee accuracy. BMI (kg/m?) was
categorized as <25.0, 25.0-29.9, or >30 according to WHO
criteria (30). Weight changes were repeatedly measured from
baseline to every follow-up visit. Physical activity was recorded
by using the Physical Activity Scale for the Elderly (PASE),
which is an established questionnaire for evaluating physical
activity in elderly individuals. It has been validated in younger
subjects as well (31, 32). The PASE score was included as
a continuous variable in all analyses. We also accounted for
radiographic changes of the beam angles and rim distance (from
the tibial plateau to the tibial rim closest to the femoral condyle)
between the follow-up visits and baseline, which is an indicator
of knee-positioning consistency.

Statistical analysis

In descriptive analyses, all participant-level baseline charac-
teristics were summarized as mean, median, standard deviations,
and frequencies as appropriate. Basic chi-square tests, Mantel—
Haenszel tests, and ANOVA were used to evaluate the differences
according to Western and prudent dietary pattern scores.

To identify dietary patterns, FFQ items were aggregated into
25 food groups based on similarities in nutrient profile and
culinary preference. PCA aggregated specific food groups based
on their intercorrelation with one another. Briefly, each pattern
or profile was a linear combination of all food groups weighted
by their factor loadings. Each subject received a score for
each dietary pattern, with a higher score indicating a higher
adherence to this pattern. Based on the Scree test, we derived
the following 2 dietary patterns: the prudent pattern, which was
related to high intakes of vegetables, fruit, fish, whole grains,
and legumes, and the Western pattern, which was characterized
by high intakes of red and/or processed meats, refined grains,
and french fries (Table 1). Detailed information can be found
elsewhere (33). Since the derived patterns were statistically
uncorrelated with each other, it is possible for an individual to
have high (or low) scores for both Western and prudent dietary
patterns simultaneously. Therefore, we created a combined score
to evaluate overall dietary quality. This score was calculated as
the difference between a participant’s Western score and their
prudent score, as each participant has a separate score for each
dietary pattern. The combined score, from most healthy to most
unhealthy, ranged from —6.0 to 6.0 (mean &+ SD: 0 = 1.41). Thus,
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TABLE 1 Factor-loading matrix for 2 major dietary patterns using the
Block Brief FFQ in the OAI!

Food or food group Western? Prudent?
French fries 0.59 —
Processed meats 0.58 —
Refined grains 0.57 —
Red meats 0.55 —
Poultry 0.42 —
Pizza 0.41 —
Margarine 0.39 —
Sugar-containing beverages 0.39 —
Eggs 0.37 —
Snacks 0.36 —
Desserts and sweets 0.33 —
Salad dressings 0.33 —
High-fat dairy products 0.33 —
Vegetables — 0.77
Legumes — 0.67
Fruit — 0.55
Fish — 0.52
Whole grains — 0.47
Tomatoes — 0.47
Potatoes other than french fries 0.30 0.37

1OAL, Osteoarthritis Initiative.
2 Absolute values of <0.30 were excluded from the table for simplicity.

ahigher combined score represents a less healthy diet, and a lower
score represents a more healthy diet. For example, if one had
a high Western score and a low prudent score, subtracting the
latter from the former would lead to a higher combined score,
representative of a less healthy diet. If, however, one had a low
Western and a high prudent score, then subtracting the latter from
the former would lead to a lower combined score, representing
a healthier diet overall. Then we applied the residual method to
control for the total energy intake by using a linear regression
model to calculate the residuals, with total energy intake as the
independent and dietary pattern scores as the dependent variable.
Then sex-specific quartile groups of each adjusted dietary
pattern score were used in the multivariable models described
below.

We defined the first full-grade increase of KL grade as the
first endpoint for KOA progression. Separate Cox proportional
hazards models were used to assess the associations of the 2
dietary patterns with KL progression. For each participant, the
follow-up time was calculated from the baseline date to the date
of the first increase of KL grade, death, or 72 mo, whichever came
first. To deal with ties of failure times, we applied the discrete
likelihood method in the models. Robust covariance estimates
were used to account for the intracluster correlation between 2
knees in the same subject. We adjusted for demographic and
socioeconomic factors, baseline KL grades, traumatic knee injury
and knee surgery, usage of NSAIDs, and total energy intake.
BMI (continuous variable) and time-varying weight changes
from baseline were additionally adjusted for in separate models.
Other pain relief medications were not included in the model
since there is no evidence to date that pain relief medications
are associated with structural (visible on radiograph) progression
in KOA. For <1% of the study population with missing BMI
and physical activity scale data, missing values were replaced by
a sex-specific sample median for each variable. HRs and 95%

CIs were calculated to evaluate the strength of associations. The
median value for each quartile of dietary pattern intake was used
as a continuous variable to test for significant linear trends.

For the second analysis, linear mixed models were used
to test the prospective associations between dietary patterns
and JSW changes after consideration of the hierarchical data
structure (participant-knee—repeated JSW measures). We con-
ducted
3-level random effects models with random within-patient
knee and time points. The Akaike Information Criterion and
Bayesian Information Criterion were used to evaluate the
covariance structure. Unequal cluster sizes (number of knees,
time points) were handled in the model under the assumption
of missing at random. Models were additionally adjusted for
follow-up time points, baseline JSW, and changes in rim and
beam angles. Least square means and their SEs were calculated
for each dietary quartile, and linear trends were estimated as in
the previously described analysis. BMI and weight changes from
baseline were adjusted for in separated models.

To assess the associations between dietary patterns and
symptomatic KOA progression for the third analysis, we
developed generalized linear mixed models for repeated binary
responses after adjusting for the covariates above, follow-up
time points, depression, and usage of pain relief medications,
including NSAIDs as well as narcotics, acetaminophen (Tylenol),
SAMe, MSM, doxycycline (e.g., Vibra-Tabs, Doryx, Adoxa), and
COX-2 inhibitors (Bextra, Celebrex). ORs and 95% ClIs were
estimated. Additionally, we investigated effect modification for
each outcome by baseline knee surgery status and sex.

Statistical significance was determined by a 2-sided « level
of 0.05. Data analyses were performed using SAS 9.4 (SAS
Institute). We used the STROBE cohort checklist when writing
our report (34).

Results

Table 1 shows the factor loading matrix for the Western and
prudent dietary patterns. Positive loading values are representa-
tive of a food group’s positive correlation with a dietary pattern,
and a negative value represents a negative correlation, with the
magnitude of values indicating the degree to which each food
contributes to the dietary pattern. (For simplicity, negative values
are not shown due to small absolute values of <0.30). French
fries, processed meats, refined grains, and red meat contribute
heavily to the Western dietary pattern, while vegetables, legumes,
fruit, fish, and whole grains contribute heavily to the prudent
dietary pattern.

In Table 2, we show the baseline characteristics of the study
sample according to increasing quartiles of the Western and
prudent dietary pattern scores. The group of subjects in the
highest quartile (quartile 4) of the Western dietary pattern score,
who were consuming the least healthy diet, were younger,
more were African American, and they were more likely to
be depressed; more of them were current smokers, more were
overweight or obese, and they consumed more calories per day.
On the other hand, the subjects in the highest quartile (quartile
4) of the prudent dietary pattern score, who were consuming
the healthiest diet, were older, more had higher education, and
fewer were suffering from depression; they were less likely to be
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TABLE 3 HRs and 95% ClIs for radiographic progression of knee osteoarthritis according to quartiles of dietary pattern scores!

Model 123 Model 234
Cases, n Person-years HR (95% CI) P- value P-trend HR (95% CI) P- value P- trend
Western®
Ql 159 2550 1.00 Ref <0.01 1.00 Ref 0.05
Q2 174 2547 1.13 (091, 1.41) 0.26 1.09 (0.88, 1.35) 0.45
Q3 199 2521 1.30 (1.05, 1.61) 0.02 1.23(0.99, 1.53) 0.06
Q4 188 2466 1.30 (1.05, 1.61) 0.02 1.22(0.98, 1.51) 0.08
Prudent’
Ql 203 2444 1.00 Ref 0.02 1.00 Ref 0.03
Q2 172 2523 0.88 (0.71, 1.08) 0.23 0.90 (0.73, 1.11) 0.31
Q3 181 2584 0.82 (0.67, 1.00) 0.05 0.84 (0.69, 1.03) 0.09
Q4 164 2533 0.79 (0.64, 0.98) 0.03 0.81 (0.66, 1.00) 0.05
Western — prudent’
Ql 167 2550 1.00 Ref <0.01 1.00 Ref 0.03
Q2 165 2585 0.96 (0.77, 1.19) 0.68 0.92 (0.74, 1.14) 0.46
Q3 194 2505 1.21 (0.98, 1.49) 0.07 1.16 (0.94, 1.43) 0.16
Q4 194 2444 1.25(1.01, 1.54) 0.04 1.19 (0.96, 1.47) 0.12

11sw, joint space width; KL, Kellgren—Lawrence; NSAID, nonsteroidal anti-inflammatory drug; PASE, Physical Activity Scale for the Elderly; Q,
quartile.

2Adjusted for age, sex, race (African American, white, other), baseline KL grades 1-3, injury/surgery (yes, no), baseline PASE score, NSAID use (yes,
no), and total energy intake (kcal/d, continuous) using a Cox proportional hazards model.

3 Additional adjustment for income, education, smoking, and alcohol did not significantly alter results.

4Additiona]ly adjusted for BMI (<25.0, 25.0-29.9, and >30) and weight change from baseline (continuous).

SWestern pattern: Q1 is more healthy, Q4 is less healthy; prudent pattern: Q1 is less healthy, Q4 is more healthy; Western — prudent pattern: Q1 is more
healthy, Q4 is less healthy.

current smokers, overweight or obese, or NSAIDs users; and they ~ (Table 5). During a maximum of 72 mo of follow-up (median
consumed more total calories per day. follow-up time of 48 mo), adherence to a Western pattern was

We analyzed the association of the Western and prudent dietary ~ associated with an increased risk of radiographic progression of
patterns with /) radiographic progression of KOA (Table 3), 2)  KOA, defined as >1 full-grade change in the KL grade (compared
loss of JSW (Table 4), and 3) progression of symptomatic KOA  with quartile 1, HR for quartile 4: 1.30; 95% CI: 1.05, 1.61;

TABLE 4 Loss of JSW according to quartiles of dietary pattern scores'

Model 123 Model 234
n Q AJSW, mm P- value P-trend AJSW, mm P- value P-trend
Western®
689 Ql 0.39 + 0.03 Ref 0.12 0.40 + 0.03 Ref 0.42
689 Q2 0.40 + 0.03 0.92 0.39 + 0.03 0.74
690 Q3 0.43 £+ 0.03 0.18 0.42 + 0.03 0.51
689 Q4 042 + 0.03 0.29 0.42 + 0.03 0.53
Prudent®
689 Ql 0.46 + 0.03 Ref <0.01 0.45 + 0.03 Ref <0.01
689 Q2 0.42 + 0.03 0.14 0.42 + 0.03 0.25
690 Q3 0.39 + 0.03 0.01 0.39 + 0.03 0.03
689 Q4 0.38 &+ 0.03 <0.01 0.38 + 0.03 <0.01
Western — prudent®
689 Ql 0.39 + 0.03 Ref <0.01 0.39 + 0.03 Ref 0.04
689 Q2 0.38 + 0.03 0.74 0.38 + 0.03 0.54
690 Q3 0.43 £ 0.03 0.08 0.43 + 0.03 0.15
689 Q4 0.44 £+ 0.03 0.04 0.43 + 0.03 0.12

1'Values are means + SEs unless otherwise indicated. JSW, joint space width; KL, Kellgren—Lawrence; NSAID, nonsteroidal anti-inflammatory drug;
PASE, Physical Activity Scale for the Elderly; Q, quartile; Ref, reference.

2Adjusted for age, sex, race (African American, white, other), baseline KL grade 1-3, injury/surgery (yes, no), NSAID use (yes, no), changes of rim and
beam angle, baseline JSW (mm, continuous), baseline PASE score and total energy intake (kcal/d, continuous) using a linear mixed model.

3 Additional adjustment for income, education, smoking, and alcohol did not significantly alter results.

4 Additionally adjusted for BMI (<25.0, 25.0-29.9, and >30 kg/m?) and weight change from baseline (continuous).

SWestern pattern: Q1 is more healthy, Q4 is less healthy; Prudent pattern: Q1 is less healthy, Q4 is more healthy; Western — prudent pattern: Q1 is more
healthy, Q4 is less healthy.
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TABLE 5 ORs and 95% ClIs for symptomatic progression of knee osteoarthritis according to quartiles of dietary pattern scores
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1

Model 12+ Model 23+
Cases Person-years OR (95% CI) P-value P-trend OR (95% CI) P-value P-trend
Western®
Ql 594 1156 1.00 Ref <0.01 1.00 Ref <0.01
Q2 609 1130 1.08 (0.92, 1.27) 0.32 1.06 (0.89, 1.25) 0.51
Q3 608 1105 1.20 (1.02, 1.41) 0.03 1.15(0.97, 1.37) 0.11
Q4 629 1071 1.39 (1.18, 1.63) <0.01 1.26 (1.06, 1.50) <0.01
Prudent’
Ql 618 1077 1.00 Ref <0.01 1.00 Ref <0.01
Q2 611 1094 0.90 (0.77, 1.06) 0.20 0.90 (0.76, 1.07) 0.22
Q3 614 1141 0.92 (0.78, 1.07) 0.27 0.90 (0.76, 1.06) 0.21
Q4 597 1150 0.73 (0.62, 0.86) <0.01 0.71 (0.60, 0.84) <0.01
Western — prudent’
Ql 591 1128 1.00 Ref <0.01 1.00 Ref <0.01
Q2 617 1176 1.19 (1.01, 1.39) 0.03 1.19 (1.01, 1.41) 0.04
Q3 613 1114 1.24 (1.06, 1.46) <0.01 1.22(1.03, 1.44) 0.02
Q4 619 1044 1.40 (1.19, 1.64) <0.01 1.29 (1.08, 1.53) <0.01

lcox-2, cyclooxygenase-2; JSW, joint space width; KL, Kellgren—Lawrence; MSM, methylsulfonylmethane; NSAID, nonsteroidal anti-inflammatory

drug; PASE, Physical Activity Scale for the Elderly.

2 Adjusted for age, sex, race (African American, white, other), baseline KL grade 1-3, injury/surgery (yes, no), depression (yes, no), narcotics for pain
(yes, no), NSAID use (yes, no), SAMe (yes, no), MSM (yes, no), doxycycline (e.g., Vibra-Tabs, Doryx, Adoxa) (yes, no), COX-2 inhibitors (Bextra,
Celebrex) (yes, no), and baseline PASE score and total energy intake (kcal/day, continuous) using a generalized linear mixed model.

3Additiona]ly adjusted for BMI (<25.0, 25.0-29.9, and >30 kg/mz), and weight change from baseline (continuous)

4 Additional adjustment for income, education, smoking, and alcohol did not significantly alter results.

SWestern pattern: Q1 is more healthy, Q4 is less healthy; Prudent pattern: Q1 is less healthy, Q4 is more healthy; Western — prudent pattern: Q1 is more

healthy, Q4 is less healthy.

P-trend < 0.01), while adherence to a prudent dietary pattern was
associated with a decreased risk of radiographic progression of
KOA in the multivariable model (compared with quartile 1, HR
for quartile 4: 0.79; 95% CI: 0.64, 0.98; P-trend = 0.02). While
these associations were attenuated after additional adjustment
for BMI and weight changes, a significant linear trend remained
for the Western (compared with quartile 1, HR for quartile
4: 1.22; 95% CI: 0.98, 1.51; P-trend = 0.05) and prudent
(compared with quartile 1, HR for quartile 4: 0.81; 95% CI: 0.66,
1.00; P-trend = 0.03) dietary patterns. Consistently, a higher
combined score was associated with a significantly increased
risk of radiographic progression of KOA in a dose-response
fashion (compared with quartile 1, HR for quartile 4: 1.25; 95%
CI: 1.01, 1.54, P-trend < 0.01), though this association was
attenuated when we additionally adjusted for BMI and weight
change (compared with quartile 1, HR for quartile 4: 1.19; 95%
CI: 0.96, 1.47; P-trend = 0.03) (Table 3).

In the analysis of JSW loss (Table 4) as the second measure
of radiographic progression of KOA, increased adherence to a
Western dietary pattern was not associated with an increased JSW
loss (quartile 1 loss of JSW: 0.39 mm; quartile 4 loss of JSW:
0.42 mm; P-trend = 0.12), and this lack of association remained
after adjusting for BMI and weight change from baseline (quartile
1 loss of JSW: 0.40 mm; quartile 4 loss of JSW: 0.42 mm; P-
trend = 0.42). Increased adherence to a prudent dietary pattern
was significantly associated with decreased JSW loss (quartile
1 loss of JSW: 0.46 mm; quartile 4 loss of JSW: 0.38 mm;
P-trend < 0.01). This association remained after additional
adjustment for BMI and weight change from baseline (quartile

1 loss of JSW: 0.45 mm; quartile 4 loss of JSW: 0.38 mm;
P-trend < 0.01). In addition, a higher combined score was
associated with more JSW loss (quartile 1 loss of JSW = 0.39
mm; quartile 4 loss of JSW: 0.44 mm; P-trend < 0.01). After
adjustment for BMI and change in weight from baseline, this
association remained (quartile 1 loss of JSW: 0.39 mm; quartile
4 loss of JSW: 0.43 mm; P-trend = 0.04).

Symptomatic KOA progression (Table 5) increased signif-
icantly with increasing Western pattern quartiles in a dose—
response fashion (compared with quartile 1, quartile 4 OR:
1.39; 95% CI: 1.18, 1.63; P-trend < 0.01), and this association
remained after adjustment for BMI and weight change from
baseline (compared with quartile 1, quartile 4 OR: 1.26; 95%
CI: 1.06, 1.50; P-trend < 0.01). Symptomatic KOA progression
generally decreased with a higher prudent dietary pattern score
(compared with quartile 1, quartile 4 OR: 0.73; 95% CI:
0.62, 0.86; P-trend < 0.01), and after adjustment for BMI
and weight change, this association remained (compared with
quartile 1, quartile 4 OR: 0.71; 95% CI: 0.60, 0.84; P-
trend < 0.01). Consistent with a Western pattern, we observed
a strong dose—response relationship between the combined score
and symptomatic KOA progression (compared with quartile 1,
quartile 4 OR: 1.40; 95% CI: 1.19, 1.64; P-trend < 0.01). This
association remained after adjusting for BMI and weight change
from baseline (compared with quartile 1, quartile 4 OR: 1.29;
95% CI: 1.08, 1.53; P-trend < 0.01).

We investigated effect modification for each outcome by
baseline knee surgery status and sex. The results were not
significant (P values ranged from 0.06 to 0.96).



674

Discussion

In this longitudinal cohort study of participants with KOA,
increasing adherence to a Western dietary pattern was as-
sociated with increased radiographic and symptomatic KOA
progression, while adherence to a prudent dietary pattern was
associated with decreased radiographic and symptomatic KOA
progression.

Western and healthy dietary patterns derived using PCA have
previously been studied in relation to KOA severity in a cross-
sectional study of 231 Iranian women (35), in whom neither a
Western nor a healthy dietary pattern was associated with KOA
severity, though a traditional Iranian dietary pattern that includes
a high intake of red and organ meats, eggs, nuts, legumes,
potatoes and onions, olives and olive oil, and legumes, was
associated with more severe KOA in postmenopausal women
(35).

The association between Mediterranean dietary pattern and
KOA has been examined previously in the OAI cohort (15).
Participants who were in the highest quintile of Mediterranean
diet consumption were less likely to experience incident KOA
accompanied by symptoms including a worsening of knee pain
(15). Further, in a study of 99 participants diagnosed with
osteoarthritis who were randomly assigned to a Mediterranean
or control diet for 16 weeks, those consuming the Mediterranean
diet had a significant improvement in knee flexion and decrease
in the inflammatory biomarker IL-1« (36).

Characteristics of osteoarthritis progression include cartilage
degradation, subchondral bone changes (e.g., bone marrow
lesions and cysts), and frequently the additional presence of
osteophytes, with inflammation playing a role (2, 3). BMI, as a
general measure of body adiposity and an important risk factor
for osteoarthritis incidence (37, 38) and progression (38—40),
may be both a confounder and mediator in studies of diet—
disease relationships (9). After adjusting for BMI and weight
changes, the associations of 2 dietary patterns with radiographic
and symptomatic progression became attenuated, but were gen-
erally retained, indicating potential independent findings beyond
BMI.

Synovial inflammation may also be associated with disease
progression (4), and it is this inflammation that may provide
additional insight into a possible link between the Western
and prudent dietary patterns and osteoarthritis. French fries
and red and processed meats, with their high—saturated fat
content (41), and sugar-sweetened beverages (42) have been
linked with increased inflammation, while fruits, vegetables (43,
44), and whole grains (45) have been associated with lowered
inflammation. Overall, the Western diet has been associated with
increased markers of inflammation that are also associated with
osteoarthritis, such as IL-6 (46, 47) and C-reactive protein (47,
48), and a healthy dietary pattern has been associated with
decreased concentrations of these same inflammatory markers
(47, 43, 49-51). These changes in inflammatory mediators may
explain the respectively harmful and beneficial roles of these
dietary patterns in regard to KOA.

Strengths of this study include its prospective design and
repeated, computer-based measures of digitized radiographs (22)
obtained using a validated method (23). We examined a com-
prehensive relationship of major dietary patterns derived using
PCA with radiographic progression of KOA defined by both
semiquantitative KL grade increase and quantitative JSW loss,
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and symptomatic progression measured by WOMAC category
changes over up to 72 mo. Additionally, we innovatively created
a combined score of Western and prudent dietary patterns to
evaluate overall dietary quality. This pattern uniquely described
consumption of a Western diet eliminating the benefit of the
prudent dietary pattern, allowing us to isolate the association
between a more strictly Western diet among those in the highest
quartile of consumption and KOA progression. Further, when
conducting our analyses, we were able to include depression as
a confounder in our models, which may be associated with food
choices as well as potentially being associated with psychological
and pain sensitization that may influence KOA phenotype,
though these variables may not influence radiographic disease
progression.

In terms of limitations, while dietary information was only
obtained at baseline, and measurement error could have been
minimized if repeated dietary measures could have been averaged
(13), the Block Brief FFQ was administered prior to assessment
of radiographic and symptomatic KOA progression, and such
measurement error would have biased results toward the null
(13). Second, though we adjusted for many factors associated
with KOA progression and dietary intake, there is a possibility
of residual confounding. Third, in studying disease progression,
there was the potential for collider bias. By stratifying on having
diagnosed KOA, in order to study KOA progression, we condi-
tioned on a collider (incident KOA) that opened an association
between diet and KOA progression through other variables (that
might be known or unknown) (52, 53). However, we were able
to adjust for the most well-known variables associated with
incident KOA, and thus our positive findings are less likely to be
interpreted as collider bias. Fourth, OR was used to measure the
association in the analysis for symptomatic progression; however,
OR may not approximate the rate ratios when responses are
not rare. Further, the baseline diet was measured before OA
progression; thus, our findings may be less likely to be interpreted
as due to reverse causation. Another limitation of our study
is that it included mostly white participants; thus, our findings
may not be generalizable to those with other backgrounds,
particularly considering that dietary patterns may vary by ethnic
group. In addition, PCA is a data-driven approach to dietary
pattern formulation which only represents dietary patterns of
those in the OAI cohort. Our combined dietary pattern in the OAI
cohort may not be generalizable to a specific recommendation
of a healthy diet. However, our derived patterns were consistent
with dietary patterns from other cohorts. Both the Western and
prudent dietary patterns based on the PCA approach have been
validated (10) in other cohorts and contained food items similar
to those represented in the OAI cohort. Studying dietary patterns
in general also has some limitations, despite its many benefits, in
that any individual foods offering the greatest benefit or harm in
terms of KOA progression may be overlooked in dietary pattern
analysis, for example, the magnitude of their benefit may be
diluted, or the food components related to a certain dietary pattern
may not all influence disease outcomes (13).

In conclusion, following a Western dietary pattern was
associated with increased radiographic and symptomatic KOA
progression, while following a prudent dietary pattern was
associated with decreased radiographic and symptomatic KOA
progression in a longitudinal cohort of men and women.
Reducing consumption of an unhealthy Western diet high in
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french fries, red and processed meats, poultry, refined grains,
sugar-containing beverages and foods, and pizza, while also
increasing consumption of a healthy prudent diet high in fruits,
vegetables, legumes, fish, and whole grains, may slow KOA
progression after KOA incidence. Further longitudinal studies
should be replicated in other populations.
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