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Abstract
Objective—To assess the cross-sectional relation of planus foot morphology to ipsilateral knee
pain and compartment-specific knee cartilage damage in older adults.

Methods—In the Framingham Studies, we adapted the Staheli Arch Index (SAI) to quantify
standing foot morphology from pedobarographic recordings. We inquired about knee pain and
read 1.5 Tesla MRIs using whole-organ magnetic resonance imaging scoring. Logistic regression
compared the odds of knee pain among the most planus feet to the odds among all other feet, and
estimated odds within categories of increasing SAI. Similar methods estimated the odds of
cartilage damage in each knee compartment. Generalized estimating equations adjusted for age,
sex, BMI, and non-independent observations.

Results—Among 1903 participants (mean age 65± 9 years; 56% female), 22% of knees were
painful most days. Cartilage damage was identified in 45% of medial TF, 27% of lateral TF, 58%
of medial PF, and 42% of lateral PF compartments. Compared with other feet, the most planus feet
had 1.3 (95% CI: 1.1, 1.6) times the odds of knee pain (p=0.009), and 1.4 (95% CI: 1.1, 1.8) times
the odds of medial TF cartilage damage (p=0.002). Odds of pain (ptrend=0.05) and medial TF
cartilage damage (ptrend=0.001) increased linearly across categories of increasing SAI. There was
no association between foot morphology and cartilage damage in other knee compartments.

Conclusion—Planus foot morphology is associated with frequent knee pain and medial TF
cartilage damage in older adults.
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Nearly a quarter of men and women over 55 years of age report knee pain on most days (1).
At least half of these older adults have radiographic knee osteoarthritis (OA) (2), and many
more exhibit signs of cartilage damage that are visible on MRI. Despite the high prevalence
of knee OA, its etiology remains poorly understood.

Evidence suggests that many of the characteristic features of knee OA are related to
mechanical loading (3). Excessive loading of the knee can result from factors that increase
compressive and/or shear stress on the tibiofemoral (TF) or patellofemoral (PF)
compartments. Much of the research has focused on the consequences of local knee
malalignment (4–7). However, the foot plays an even more immediate role in absorbing the
mechanical stresses of ground contact and sculpting the pattern of postural alignment and
joint motion at the knee and throughout the lower extremity (8). Despite its central role in
lower extremity biomechanics, little is known about the consequences of abnormal foot
morphology (planus or cavus) for the risk of knee tissue damage or frequent knee symptoms.

Planus foot morphology (“flat-footedness”) has been posited to contribute to both TF (9) and
PF pathology (10, 11), and preliminary findings suggest that cases of older adults with
medial TF OA may differ from age-matched controls in several common clinical indicators
of flat-footedness in standing (12). During most weight bearing activities, the posture and
motion of the foot and knee are coupled within a closed kinematic chain. Closed chain
coupling may link excessively planus foot morphology to excessive internal rotation of the
lower limb (13, 14). The consequences of this rotation are unknown, but it may have effects
on mechanical stress across the knee, possibly resulting in increased rotational stress on the
load bearing tissues of the TF compartments and increased contact between the articulating
surfaces of the lateral patella and the lateral trochlea femoris (Figure 1). While the details of
this biomechanical model remain speculative and three-dimensional knee kinematics can be
difficult to infer from static morphologic measures alone, a growing body of evidence
supports the basic premise that foot and knee mechanics are interdependent (14, 15). Their
interdependence may contribute causally to some knee pathologies, including OA.

Despite evidence suggesting a biomechanical link between excessively planus foot
morphology and potential for mechanical stress on TF and PF compartments (13, 16), we
are not aware of any studies that have investigated the relationship of planus foot
morphology to the occurrence of frequent knee pain or cartilage damage in older adults. The
implications of a detected relation of foot morphology to knee pain and cartilage damage are
great, since it would then be conceivable that altering foot posture via appropriate shoes,
arch supports, or foot orthoses might serve to reduce the risk of symptomatic OA in targeted
knee compartments.

The purpose of this study was to assess the cross-sectional relationship of standing foot
morphology to the prevalence of frequent knee pain and compartment-specific knee
cartilage damage in a population-based sample of older adults. We hypothesized that planus
foot morphology would be associated with knee pain and medial tibiofemoral and lateral
patellofemoral cartilage damage.

Methods
Study Sample

The Framingham Foot and OA Studies consist of a large population-based sample of older
adult male and female residents of Framingham, Massachusetts. Participants originate from
two groups. The first is the Framingham Heart Study (FHS) Offspring cohort which consists
of sons and daughters (and their spouses) of participants in the original FHS (17). In 1992–
1993, as part of a study of the inheritance of osteoarthritis, we recruited members (and their
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spouses) of the Framingham Offspring cohort whose parents had been studied during
osteoarthritis investigations in the original FHS. These offspring were evaluated again for
osteoarthritis in 2002–2005 when the Framingham Foot Study was introduced into the
examination.

A second group of participants was newly selected using random digit dialing and census
tracts of the Framingham community. To increase awareness of the studies, community
leaders, local television stations, and senior centers were informed and flyers were hung in
public places within the town of Framingham. To be included, subjects had to be at least 50
years of age and ambulatory. Subjects with rheumatoid arthritis or other forms of
inflammatory arthritis were identified and excluded using a validated screening
questionnaire (18).

Foot Morphology
Plantar pressure recordings of foot morphology were obtained during relaxed bipedal
standing using a TekScan MatScan pedobarographic device with MatScan 5.0 software
(Tekscan, Inc. Boston, MA). Each subject was instructed to stand quietly on the pressure-
sensing device with their body weight distributed equally over the two feet and their toes
pointed ahead. A high resolution (1.4 sensors/cm2) digital recording was made of both
footprints. From these recordings, standing foot morphology was quantified with the
assistance of Matlab technical computing software (MathWorks, Inc. Natick, MA.) to
calculate the Staheli Arch Index (SAI) (19). The SAI was originally developed using the
chalk footprints of younger adults and children (19). Our use of the SAI was adapted in
order to quantify foot morphology from the digital footprints of older adults. We label this
as the Staheli Arch Index even though it is technically an adapted version. Validity of the
SAI for quantifying standing foot morphology was previously established by comparison
with the reference standard Chippaux-Smirak arch index (r = 0.99, p< 0.001) (20), and with
goniometric measurements of standing rearfoot eversion (r = 0.5, p< 0.01) (21). Test-retest
reliability of the SAI has been shown to be high (r = 0.96, p< 0.001), particularly when
measurements are derived from standing rather than walking footprints (20).

A single trained investigator (RHG) applied Matlab software to calculate the SAI from the
dimensions of the acquired digital footprints. From the most distal extent of the forefoot
(toes excluded) to the most proximal extent of the heel, the length of each footprint was
divided into thirds in order to define the rearfoot (heel), midfoot (arch), and forefoot regions.
The SAI is defined as the ratio of the smallest medial to lateral width of the arch region
divided by the greatest medial to lateral width of the heel region (Figure 2) (19).
Measurements were recorded to the nearest .01 centimeter. The value of the SAI increases
with increasingly planus foot morphology and takes on a value of zero with cavus foot
morphology.

Knee Measures
1) Knee Pain: A written questionnaire asked participants to indicate whether they felt “pain,
aching, or stiffness on most days” in either of their knees. If a participant answered
affirmatively, then he or she was asked to indicate whether the symptoms were felt in the
right, left, or both knees.

2) Knee Cartilage Damage: All imaging was performed with a 1.5 Tesla MRI scanner
(Siemens, Mountain View, CA) using a phased array knee coil. Imaging sequences included:
sagittal (TR 3610 ms, TE 40 ms, 3.5 mm slice thickness, 0 mm interslice gap, 32 slices, 256
× 256 matrix, 139 mm2 FOV, echo train length 7), axial (TR 3610 ms, TE 40 ms, 3.0 mm
slice thickness, 0 mm interslice gap, 20 slices, 256 × 256 matrix, 139 mm2 FOV, echo train
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length 6), and coronal (TR 3610 ms, TE 40 ms, 3.5 mm slice thickness, 0 mm interslice gap,
30 slices, 256 × 256 matrix, 139 mm2 FOV, echo train length 7) intermediate-weighted
turbo spin echo sequences with fat suppression. Because of cost constraints, MRIs were
generally read for the right knee only.

Two experienced musculoskeletal radiologists (AG and FWR) used the Whole-Organ
Magnetic Resonance Imaging Scale (WORMS) (22) to identify the presence of at least
minimal cartilage damage (WORMS score ≥2 on a 0–6 ordinal scale) in each of 5 plates
(anterior, central, and posterior tibia; and central and posterior femur) defining the medial
and lateral TF compartments, and each of 2 plates (patella and trochlea femoris) defining the
medial and lateral PF compartments. Among a randomly selected sub-sample of 170 knees
across all 14 plates, inter-rater reliability in the identification cartilage damage was high
(kappa = 0.75 (95% CI: 0.72, 0.78)).

Covariates
1) Age, Gender, BMI: Age, gender, and body mass index (BMI) were assessed in all study
participants. BMI was calculated as weight in kilograms divided by height in square meters.
Weight was measured, following removal of shoes and heavy clothing, to the nearest 0.50
pound (0.20 kilogram) using a balance beam scale. Height was measured to the nearest 0.25
inch (6.35 millimeter) using a stadiometer.

2) Knee Alignment: We obtained digitized bilateral long limb radiographs using an
established protocol (4). Among a subgroup of participants who had been previously
identified for inclusion in a planned case-control study of knee OA (23), a single
experienced reader (ICC= 0.99 for intra-rater reliability) applied standardized methods (24)
to measure the frontal plane alignment of the knee’s mechanical axis (Hip-Knee-Ankle or
HKA alignment). Measurements were made to the nearest 1.0 degree using Efilm software
(Merge Healthcare, Inc. Milwaukee, WI). Varus measurements were recorded as positive
values, while valgus measurements were assigned negative values.

Analytic Methods
We created four categories of SAI. Category 1 included only cavus feet (SAI = 0), while
categories 2–4 reflected the tertile distribution of SAI among non-cavus feet (SAI > 0). We
used logistic regression to estimate the odds of ipsilateral knee pain and compartment-
specific knee cartilage damage among feet with the most planus morphology (category 4)
relative to all other feet (categories 1–3), and then to estimate the odds of knee pain and
compartment-specific knee cartilage damage across categories of increasingly planus foot
morphology (categories 2–4) relative to cavus feet only (category 1, SAI=0). We used the
median SAI value within each category to perform a test for linear trend in the odds of each
knee measure. In all analyses, we adjusted for age, sex, and BMI. Generalized Estimating
Equations (GEE) were used to account for non-independence between two knees of a
subject and multiple cartilage plates from a single knee compartment.

To determine whether any relation of foot morphology to knee measures was mediated by
frontal plane knee malalignment, we conducted secondary analyses using the subset of limbs
in which HKA alignment had been measured from long limb radiographs. In these analyses,
we made additional adjustment for the presence of either varus (HKA > 2 degrees) or valgus
(HKA < −2 degrees) knee malalignment.

Results
1903 participants in the Framingham Foot and OA Studies contributed 3782 foot
morphology measurements, 3764 knee pain assessments, and 1099 knee cartilage damage
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assessments to the primary set of analyses. Among the 1903 participants, 56% were female.
Their mean age was 65 ± 9 years. 22% of knees were reported as painful most days, while
cartilage damage of at least minimal severity (WORMS ≥ 2) was present in 45% of medial
TF, 27% of lateral TF, 58% of medial PF, and 42% of lateral PF compartments. The SAI
ranged from 0 to 1.20 and had a median of 0.43 (interquartile range 0.14, 0.57). Study
sample characteristics were comparable among those contributing information about knee
pain and those contributing information about knee cartilage damage (Table 1).

Compared with all other feet (SAI <0.57), feet with the most planus morphology (SAI
≥0.57) had 1.3 (95% CI: 1.1, 1.6) times the odds of frequent ipsilateral knee pain (p=0.009),
and 1.4 (95% CI: 1.1, 1.8) times the odds of medial TF cartilage damage (p=0.002) (Table
2). Nearly a third (30%) of feet with the most planus morphology had ipsilateral knee pain
on most days, and 29% had medial TF cartilage damage on MRI. In contrast, there was no
association between planus foot morphology and cartilage damage in the lateral TF (p =
0.75), medial PF (p = 0.81), or lateral PF compartments (p = 0.77).

Across categories of increasingly planus foot morphology, there were linear increases in the
odds of ipsilateral knee pain (p for linear trend = 0.05) and in the odds of ipsilateral medial
TF cartilage damage (p for linear trend = 0.001), indicating a possible dose-response
relationship between these measured foot and knee variables (Table 3). When comparing
feet with the most planus morphology to feet with the least planus morphology (cavus feet,
SAI=0), the odds of frequent knee pain were 1.4 times (95% CI: 1.1, 1.8) greater, and the
odds of medial TF cartilage damage were nearly twice as great (1.8 times, 95% CI: 1.2, 2.5).
In contrast, there was no linear association between increasingly planus foot morphology
and the odds of cartilage damage in the lateral TF (p for linear trend = 0.98), medial PF (p
for linear trend = 0.98), or lateral PF (p for linear trend = 0.66) compartments.

18% of participants in this study (337 / 1903) underwent bilateral assessment of standing
frontal plane knee alignment (radiographic HKA alignment). Members of this subgroup
were of similar mean age (65.1 vs. 64.4 years) and gender composition (56.7% vs. 55.5%
female), but had a slightly higher mean BMI (29.2 vs. 28.5, p = 0.03) when compared to
participants whose knee alignment was not assessed. The subgroup contributed 656 limbs to
a secondary analysis of the relation of planus foot morphology to knee pain, and 312 limbs
to a secondary analysis of the relation of planus foot morphology to knee cartilage damage,
with additional adjustment in each analysis for the presence of either varus (HKA > 2
degrees, present in 48% of 656 limbs) or valgus (HKA < −2 degrees, present in 8% of 656
limbs) knee malalignment. In all instances, additional adjustment for knee malalignment
effected little or no dilution of the observed associations. The association of planus foot
morphology with cartilage damage in the medial TF compartment remained highly linear (p
for linear trend = 0.002), with feet in the highest category of planus morphology (SAI >
0.57) having 1.6 times (95% CI: 1.1, 2.2) the odds of ipsilateral cartilage damage as all other
feet, and 3.0 times (95% CI: 1.6, 5.7) the odds of cartilage damage as feet with the least
planus morphology (SAI = 0). A comparable, though statistically non-significant, trend was
evident in the relationship of planus foot morphology to frequent knee pain. After additional
adjustment for knee malalignment, the relative odds of frequent knee pain continued to rise
across categories of planus foot morphology (p for linear trend = 0.22), with feet in highest
category of planus morphology having 1.3 times (95% CI: 0.8, 1.96) the odds of frequent
knee pain as all other feet, and 1.6 times (95% CI: 0.8, 3.3) the odds of knee pain as feet
with the least planus morphology.
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Discussion
These findings indicate that, among older adults, planus foot morphology is associated with
a moderately increased prevalence of frequent knee pain and medial tibiofemoral cartilage
damage. Because the mechanical consequences of flat feet are often correctable using foot
orthoses (25, 26), these findings may have implications for the prevention and/or treatment
of knee pain and cartilage damage in the older adult population.

It is important to note, however, that this study has limitations. The cross-sectional design of
the study restricts our ability to infer the direction of causation in the observed associations.
It is conceivable that structural damage in the knee, including cartilage damage and
diminished medial TF joint space, is the primary cause of both planus foot morphology and
frequent knee pain. Previous theorists (27, 28) have argued that the loss of medial TF joint
space leads to varus knee malalignment, which in turn creates a demand for compensatory
foot flattening in order to allow full plantar contact of the weight bearing foot with a
horizontal ground. Contrary to this claim however, the results of this study’s secondary
analyses indicate that the association of planus foot morphology with cartilage damage in
the medial TF compartment is not dependent on the presence of varus knee malalignment.
Moreover, trends in the data suggest that the association of planus foot morphology with
frequent knee pain may be similarly independent of the presence of either varus or valgus
knee malalignment. Overall, these findings do not support the proposed mechanism of
reverse causation, wherein knee OA leads to knee malalignment and subsequent planus foot
morphology as a compensatory posture.

Instead, these findings are more closely consistent with the predictions of biomechanical
models (10, 11, 29) that underscore the transverse plane linkages between flat footedness
and adverse knee loading. According to these models, excessive flattening of the weight
bearing foot has potential to constrain the adjacent tibia to rotate internally (13, 14), possibly
bringing about increased rotational stress on the load bearing tissues of the tibiofemoral joint
(Figure 1). Because the greatest proportion of transverse plane rotation at the TF joint occurs
in the medial compartment (30), if the predictions of these speculative models are correct,
shear strain on the cartilage is likely to be greatest at this site.

On the other hand, the results of this study do not confirm the anticipated association of
planus foot morphology with cartilage damage in the lateral PF compartment. Such an
association might be expected if the postural alterations that accompany planus foot
morphology also result in a tendency for the femur to accompany the tibia in internal
rotation (14). Excessive femoral internal rotation, if it occurs, could cause the lateral
trochlea femoris to abut against the lateral patella (Figure 1). However, it is also possible
that any tendency for increased contact between the articulating surfaces of the lateral PF
joint only results in excessive joint stress and cartilage damage when planus foot
morphology is accompanied by more proximal bony malalignment. The combination of
planus foot morphology with femoral anteversion, external tibial torsion, and an excessively
valgus quadriceps angle (Q-angle) has been dubbed “miserable malalignment” (31, 32)
because of the presumed risk that this combination of malalignments is supposed to imply
for mechanical overload of the lateral PF joint. In the current study however, neither femoral
anteversion, nor tibial torsion, nor Q-angle was assessed, making it impossible to discern
whether planus foot morphology might confer additional risk for PF cartilage damage in the
presence of any of these more proximal malalignments.

Compared with other indices of foot morphology (33), the Staheli Arch Index (SAI) has the
advantage of a longer history of clinical and investigative use among males and females of
various ages (21, 34, 35). However, the original SAI was developed using the chalk
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footprints of younger adults and children (19) while our use of the SAI was adapted in order
to quantify foot morphology from the digital footprints of older adults. Among the older
adults in the present study, the mean BMI was 29 kg/m2. Although the validity of the
original SAI for quantifying foot morphology was established among younger and less
overweight populations (20, 21), validity information is still lacking among older and more
overweight adults. It is possible that the SAI is simply not able to accurately distinguish
between the “fat feet” of overweight elders with excessive soft tissue in the midfoot region
and the “flat feet” of more slender individuals whose foot morphology may confer an
independent risk for suboptimal limb mechanics and knee pain. Although the present study’s
analytic methods controlled for the possibility of confounding by BMI, no other effort was
made to identify systematic errors in the measurement of foot morphology using the SAI.

A related concern is that the SAI, like other arch indices, does not provide a direct measure
of rearfoot eversion which is an important element of foot pronation. While the mechanism
of rearfoot eversion and lower limb internal rotation has been described by many, it is not
altogether clear that people with planus foot morphology also demonstrate greater rearfoot
eversion. It may be possible to exhibit midfoot pronation without excessive rearfoot
eversion. On the other hand, validity of the SAI for quantifying foot morphology was
previously established by comparison with both a reference standard arch index (20) and
with goniometric measurements of standing rearfoot eversion (21). The results of the latter
validity study indicate a moderate and highly significant correlation (r = 0.5, p<0.01)
between SAI measurements of foot morphology and goniometric measurements of rearfoot
eversion.

A final limitation of the SAI is that it records a zero value at the onset of cavus foot
morphology (when, at the narrowest width of the midfoot, no pressure sensors have been
stimulated above threshold) (Figure 3). Because of this “floor effect” in the measurement of
foot morphology using the SAI, the data in this study cannot usefully inform an assessment
of the possible risk for knee pain and cartilage damage that may be conferred by an
excessively “high-arched” or cavus foot. It is conceivable that a more discriminating foot
morphology index could reveal that the actual relationship of foot morphology to knee pain
and cartilage damage is “J-shaped” rather than linear. In other words, this study is not able
to discern whether there is an increased risk of knee pain and cartilage damage among both
extremely planus and extremely cavus feet.

A strength of this study was that it leveraged information from a large sample of the general
population of older adults in order to obtain precise estimates of the association between
planus foot morphology and prevalent knee outcomes. Moreover, the arch index (SAI) used
to quantify foot morphology in this study was, as indicated previously, originally proposed
for use with chalk footprints. Therefore, it is possible that the index could lend itself well to
adapted use in clinical settings in which digital pedobarographic devices are not available.
Where a highly planus foot morphology is identified in an older adult whose ipsilateral knee
is at-risk for frequent pain or cartilage damage, clinicians are advised to take this study’s
findings into consideration.

While more definitive advice must await longitudinal confirmation of this study’s cross-
sectional findings, the results nevertheless pique an interest in the possible role of supportive
shoes, corrective arch supports, and compensatory foot orthoses in the prevention and/or
treatment of knee disorders among flat-footed older adults. Given the comparative safety
and affordability of these non-pharmacological, non-invasive interventions to correct planus
foot morphology, future trials are urgently needed.
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In summary, we have shown an association of planus foot morphology with frequent knee
pain and medial tibiofemoral cartilage damage in older adults.
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Figure 1.
Hypothesized relationship between standing planus foot morphology and increased postural
stress on tibiofemoral and patellofemoral tissues.
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Figure 2.
Measurement of foot morphology using the Staheli Arch Index (SAI). From the most distal
extent of the forefoot (J) to the most proximal extent of the heel (K), the length of each
footprint (L) is divided into thirds in order to define the heel (A), arch (B), and forefoot (C)
regions. The SAI is defined as the ratio of the smallest medial to lateral width of the arch
region divided by the greatest medial to lateral width of the heel region.
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Figure 3.
The high-arched foot on the left still exerts sufficient pressure in the narrowest portion of the
arch to activate several sensors. This foot was categorized among those whose SAI was
between 0.01 and 0.33. In contrast, the narrowest portion of the arch on the right includes
not even a single activated sensor. This cavus foot was categorized among those with an SAI
equal to zero.
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Table 1

Characteristics of the Study Population

Knee Pain Knee Cartilage Damage

n = 1903 n = 1100

Age mean ± sd 64.6 ± 9.1 63.9 ± 8.8

BMI mean ± sd 28.6 ± 5.6 28.8 ± 5.8

Sex % female 55.7 57.6

SAI median 0.43 0.43

(interquartile range) (0.14, 0.57) (0.19, 0.57)

N of knees with outcome (%) 836 / 3764 (22.3) TF medial 499 / 1099 (45.4)

    lateral 299 / 1099 (27.2)

PF medial 639 / 1094 (58.4)

    lateral 462 / 1096 (42.2)
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Table 2

Knee pain, medial and lateral tibiofemoral (TF) and patellofemoral (PF) cartilage damage among the most
planus feet and among all other feet

Other Feet
SAI = 0–0.56

Planus Feet
0.57–1.20

p-value

Knee Pain

  # of knees 2699 1047

  % painful 20.6 30.4 0.009

  Adjusted OR* 1.00 1.31

  (95% CI) (reference) (1.07, 1.60)

Cartilage Damage

Medial TF

  # of plates 3658 1786

  % WORMS ≥2 18.9 29.0 0.002

  Adjusted OR* 1.00 1.43

  (95% CI) (reference) (1.14, 1.81)

Lateral TF

  # of plates 3659 1781

  % WORMS ≥2 10.1 12.1 0.75

  Adjusted OR* 1.00 1.05

  (95% CI) (reference) (0.78, 1.40)

Medial PF

  # of plates 1427 689

  % WORMS ≥2 44.4 49.1 0.81

  Adjusted OR* 1.00 0.97

  (95% CI) (reference) (0.77, 1.23)

Lateral PF

  # of plates 1450 708

  % WORMS ≥2 28.8 34.0 0.77

  Adjusted OR* 1.00 0.96

  (95% CI) (reference) (0.74, 1.24)

*
Adjusted for age, sex, BMI
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