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Objective. To determine associations between chronic plantar heel pain (CPHP) and imaging biomarkers derived
from magnetic resonance imaging (MRI) and ultrasonography.

Methods. We compared 218 participants with CPHP with 100 age- and sex-matched population controls. We
assessed imaging biomarkers on MRI (calcaneal bone marrow lesions [BMLs], plantar fascia [PF] signal and thickness,
spurs, and fat pad signal) and B-mode/power Doppler ultrasound (PF thickness, echogenicity, and vascularity). Covar-
iate data collected included demographic characteristics, disease history, clinical measures, and physical activity by
accelerometry. Data were analyzed using multivariable conditional logistic regression.

Results. Plantar calcaneal BML size (mm2, odds ratio [OR] 1.03 [95% confidence interval (95% CI) 1.02–1.05]),
larger plantar spurs (OR for spurs >5 mm 2.15 [95% CI 1.13–4.10]), PF signal (OR for signal penetrating >50% of the
dorsoplantar width 12.12 [95% CI 5.36–27.42]), PF thickness (mm, OR for MRI 3.23 [95% CI 2.36–4.43] and ultrasound
OR 3.78 [95% CI 2.69–5.32]), and echogenicity (diffusely hypoechoic OR 7.89 [95% CI 4.02–15.48] and focally hypoe-
choic OR 24.92 [95% CI 9.60–64.69]) were independently associated with CPHP. PF vascularity was uncommon,
occurring exclusively in cases (cases with signal n = 47 [22%]). Combining imaging biomarkers into 1 model, plantar
BMLs and PF imaging biomarkers, but not fat pad signal or heel spurs, were independently associated with CPHP.

Conclusion. Calcaneal BMLs and PF imaging biomarkers are associated with CPHP. Further research is required
to understand whether these different markers represent distinct phenotypes of heel pain, and if so, whether there
are specific treatment implications.

INTRODUCTION

Chronic plantar heel pain (CPHP) is a clinical diagnosis char-

acterized by pain and tenderness at the inferior heel (1) that

affects up to 10% of adults in their lifetime (2). In a seminal

Cochrane review on interventions for treating plantar heel pain,

the effectiveness of then-current interventions was questioned,

citing that “there was limited evidence upon which to base clinical

practice” (3). Despite almost 20 years of further research, the

effectiveness of today’s interventions, above and beyond each

other, remains unclear (4). The effectiveness of interventions may

be hampered by our inability to direct specific treatments to the

individuals who need them. An improved understanding of the

pathologic markers that differentiate individuals with and without

CPHP may help inform this clinical decision-making process.
The study of pathoanatomic contributors to CPHP has to-

date been focused on structural changes to the plantar fascia

(PF) and its enthesis, including plantar spurs. However, there is a

range of tissues at the heel that are a potential source of nocicep-

tion such as muscle, ligament, fat, bursa, bone, joint, and nerve
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tissue. The contribution of these other structures to CPHP is

poorly understood. Determining what imaging biomarkers con-

tribute to prevalent CPHP is important, as it may inform our future

understanding of CPHP phenotypes.
In particular, there has been very limited quantitative assess-

ment of MRI (magnetic resonance image)–based measures such
as signal within the PF, plantar fat pad, or calcaneus. The signifi-
cance of some of these measures has been established in mus-
culoskeletal conditions such as knee osteoarthritis, where MRI
has uncovered the potential role of bone marrow lesions (BMLs)
in the pathogenesis of pain (5). BMLs are ill-defined signal hyper-
intensities on T2-weighted MRI sequences that reflect a range of
histopathologic conditions beyond edema that include marrow
necrosis, fibrosis, trabecular degeneration, and remodeling (6).
BML-type lesions occur in individuals with CPHP, but it is not
clear if they are associated with pain, function, or disease status
(7,8). Knowledge of biomarkers associated with prevalent CPHP
can help inform tissue-specific interventions, such as those seen
in PF-targeted high-load exercise (9). However, a stepped-care
approach that examines one modality after the other and is poorly
aligned to pathoanatomy or clinical phenotypes still predominates
in CPHP management (10).

The aim of this study was to improve our understanding of
pathoanatomic markers in CPHP by determining the associations
between CPHP and the presence and severity of imaging bio-
markers derived from MRI and ultrasound.

SUBJECTS AND METHODS

Study design. This study involved an age- and sex-
matched case–control comparison of participants in the Plantar
Heel Pain Study. We first recruited cases with a clinical diagnosis
of CPHP and then selected population-based controls without
CPHP. Exposures were then measured once, only after case–
control ascertainment.

Setting and participants. As summarized previously,
patients with CPHP were recruited in southern Tasmania
between November 2014 and July 2016 from medical and allied

health practices, local community sporting clubs and events,
and from newspaper and social media advertising (11). CPHP
was clinically defined as the presence of pain and tenderness at
the inferior heel that may spread to the arch but by definition
was restricted to the sole of the foot (1,12). Symptoms are typi-
cally aggravated by weightbearing, which is frequently character-
ized as first-step pain. Sex- and age-matched control participants
were recruited via random selection from the southern Tasmanian
electoral roll between November 2016 and August 2018 (popula-
tion 176,644 in year 2016). The study was approved by the
Tasmanian Health and Medical Human Research Ethics Committee
(H0013616). All participants provided written informed consent.

Inclusion and exclusion. Patients were ages ≥18 years
and had a clinical diagnosis of CPHP (1,11). To enter the study,
patients must have had plantar heel pain for at least 3 months. If
heel pain was bilateral, the most symptomatic heel was assessed.
Control participants were ages ≥18 years and without past or
current CPHP and were matched to cases by age and sex. Cases
were stratified by sex and age (in 5-year bands), and for every
2 cases in each stratum, 1 control participant was recruited to
provide the necessary sample size (see sample size calculation).

Both patients and controls were excluded if they had any
contraindication to MRI, a history of previous foot/ankle fracture
or orthopedic foot surgery, current ankle pain, recent foot trauma,
or other orthopedic, congenital, vascular, neurologic, or painful
lower limb condition that restricted mobility or activity in the pre-
ceding 3 months. Patients who had received a glucocorticoid or
any other injection, shockwave therapy, or steroid iontophoresis
within the previous 6 months were excluded.

Sample size calculations. The case–control analysis is
nested within a 12-month longitudinal study of cases. We used
sample size calculations for the longitudinal component of the
study (n = 220; α = 0.05 [2-tailed] and 80% power for longitudinal
hypotheses, with a loss to follow-up of 10%) to determine case
numbers for the case–control component of the study. Based
on these numbers and previously published values for key
exposures (11), and with a power of 80% and a 2-tailed α of
0.05, we calculated that 100 controls were required to detect
clinically important effect sizes that were comparable to or smaller
than effect sizes reported in the CPHP, tendinopathy, and osteo-
arthritis literature (see Supplementary Table 1, available on the
Arthritis Care & Research website at http://onlinelibrary.wiley.com/
doi/10.1002/acr.24887) (13).

Data collection. The choice of imaging measures was
informed by evidence gaps identified in a recent review (13) and
by research that identifies the potential role of BMLs in the patho-
genesis of pain in musculoskeletal diseases such as osteoarthritis
(5). These include measures of the PF, trabecular bone, vascular
tissue, and the plantar fat pad measured by ultrasound and MRI.

SIGNIFICANCE & INNOVATIONS
• This is the first study to quantify the role of bone

marrow lesions (BMLs) in chronic plantar heel pain
(CPHP), demonstrating that plantar calcaneal BMLs
are prevalent and that larger lesions are associated
with increased risk for having CPHP.

• Plantar calcaneal BMLs andmeasures of the plantar
fascia (intrinsic signal, echogenicity, and thickness)
are associated with CPHP independent of other
imaging biomarkers. A perfect association for vas-
cular signal precluded inclusion into this model.
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MRI. MRI was performed in the medical imaging department
of the Royal Hobart Hospital by staff unaware of the clinical status
of participants on a 1.5T Optima 450W whole-body magnetic res-
onance unit (GE) using an high definition foot ankle array extremity
coil (Invivo). Only a single foot was scanned: the most painful foot
in patients, and in controls, a single foot matched to the test-foot
side in patients across age and sex strata. The following
3 sequences were obtained: sagittal T2 fat-suppressed (FS) (echo
time [TE] 80 msec, repetition time [TR] 3,653 msec, flip angle
160�, field of view [FOV] 14.0 cm, 3.0-mm slices); sagittal T1
(TE minimum full, TR 578 msec, flip angle 160�, FOV 17.0 cm,
3.0-mm slices), and coronal proton-density (PD) FS (TE 34 msec,
TR 3,840 msec, flip angle 160�, FOV 14.0 cm, 3.5-mm slices).

MRI scoring. A single assessor (AL) blinded to participant
status performed all MRI measurements in imaging software
(Horosproject.org). PF thickness was measured with digital cali-
pers (mm) in the coronal PD sequence as the largest dorsoplantar
thickness in a plane perpendicular to the calcaneus (Figure 1A).
The mean of 3 measures was taken as the final score. Repeatabil-
ity for MRI measures was assessed by the same blinded assessor
(AL) across 2 time points by rescoring 20 participants (plantar fas-
cia thickness intrarater intraclass correlation coefficient [ICC] [3,1]
0.86). The signal within the PF was assessed using the coronal
PD sequence in the slice demonstrating the largest intrasub-
stance signal (Figure 1B). The signal score was graded ordinally
as 0 (absent), 1 (≤50% of dorsoplantar thickness), or 2 (>50%)

Figure 1. A, Plantar fascia thickness, coronal proton-density sequence. B, Intrasubstance plantar fascia signal (grade 2), coronal proton-density
sequence. C, Calcaneal bone marrow lesion signal, sagittal T2-weighted sequence. D, Plantar fat pad signal, sagittal T1-weighted sequence
(grade 2).
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(weighted κ = 0.92; n = 20). Calcaneal bone signal was assessed,
and BMLs were identified as an area of ill-defined hyperintensity
on sagittal T2-weighted FS sequences. If present, BML size was
assessed as the areal measurement (mm2) of the largest lesion
identified on a single slice (Figure 1C) (5). We recorded the num-
ber of contiguous slices in which the BML was identifiable, as well
as the relative location of the lesion (plantar, posterior, central/
mid, or anterior calcaneus). We measured all lesions if >1 was
present but used the largest lesion for analysis. The final score
was the mean of 3 measures (ICC [3,1] 0.99; n = 20). Signal mar-
gins were delineated with the assistance of image processing
tools including contrast settings, black body, and picture inver-
sion. Plantar enthesophytes detected on T1-weighted sagittal
sequences were graded ordinally as either 0 (absent), 1 (≤5 mm
in length), or 2 (>5 mm in length) when measured along the ante-
roposterior long axis of the spur from tip to base (weighted
κ = 1.0; n = 20). The fat pad plantar to the calcaneus was
assessed for signal change on T1 sequence and scored ordinally
as 0 (no signal change), 1 (decrease in signal of ≤50% of the fat
pad dorsoplantar thickness), or 2 (signal change of >50%)
(weighted κ = 0.92; n = 20) (Figure 1D).

Ultrasound. Ultrasound measures were undertaken by the
same experienced sonographer (KS), with participants positioned
prone and feet suspended off the bed end. We measured both
feet but only used the most painful foot for analysis. Measure-
ments were taken using a LOGIQe clinical ultrasound device
(General Electric Healthcare) with a 10-MHz linear array trans-
ducer using standardized musculoskeletal and foot settings. PF
thickness (mm) was assessed as the mean of 3 measures taken
in a longitudinal plane at the plantar calcaneal drop off, as
reported previously (14–16) (study reliability ICC [3,1] 0.82;
n = 20).

Echogenicity was recorded ordinally as either a normal/
isoechoic (intact isoechoic or hyperechoic fibrillar echotexture),
diffusely hypoechoic (fibrillar echotexture intact but reduced signal
intensity), or a focal anechoic lesion (fibrillar echotexture defect/
anechoic zone) at a region of interest at the proximal calcaneal
attachment of the PF (weighted κ = 0.84; n = 20) (17,18).

Power Doppler results were scored ordinally as 0, 1, 2, or
3 (or more) according to the number of vascular dots identified
within a window of 1 × 1.5 cm in the proximal PF at its calcaneal
attachment (weighted κ = 0.91; n = 20) (19,20). The ultrasound
was placed in power Doppler mode with a low wall filter and pulse
repetition frequency set at 0.7 kHz (21,22). The participant was
stationary for 30 minutes prior to scanning, and room tempera-
ture was standardized to 21–22�C (23). The sonographer scored
all images at the time of assessment.

Clinical measures. Clinical measures were taken in a single
session, in the same order, by the same experienced physical ther-
apist (JR). Shoes, socks, and lower leg clothing were removed.

Methods for clinical measures assessing height, weight, bodymass
index (BMI), body composition by bioelectrical impedance analysis,
waist girth, foot posture, ankle dorsiflexion, first metatarsophalan-
geal joint range of motion, and ankle plantar flexor strength have
been published previously (11). Briefly, in further detail, maximum
isometric ankle plantar flexor strength was measured with the sub-
ject sitting as the highest score from 3 attempts, with the lower limb
strapped by an inelastic belt around the knee to a digital scale
(Excell GW; sensitivity 0.05 kg). Ankle dorsiflexion (degrees) was
measured by a gravity inclinometer (Plurimeter) placed on the mid
anterior shin in a weightbearing lunge position with the knee both
extended (24) and flexed (ICC ≥0.88) (25). Passive first metatarso-
phalangeal joint extension (degrees) was measured, with the foot
plantigrade in supine, as the mean of 3 goniometric measurements
(ICC 0.95) (26). Static foot alignment was measured with the Foot
Posture Index 6 (27). Reliability was good to excellent for these
measures (11).

Physical activity was measured by a uniaxial GT1M acceler-
ometer worn at the waist (Actigraph) monitored over 7 consecu-
tive days (28). Steps per day and mean counts per minute were
measured, and physical activity was classified as minutes spent
in moderate-to-vigorous, light, and sedentary activity. Criteria for
acceptable wear time, activity thresholds, and data processing
have been published previously (11).

Questionnaires recorded footwear choices, age, sex,
menopausal status, smoking history, presence of morning
stiffness symptoms (at any joint), and comorbidities (diabetes
mellitus or rheumatic disease). Foot pain and function was
assessed using the Foot Health Status Questionnaire
(Cronbach’s α = 0.86, ICC 0.92) (29). Quality of life was mea-
sured with the Assessment of Quality of Life-6D scale (30)
(Cronbach’s α = 0.94, ICC 0.85–0.88), (http://www.aqol.com.au/
aqolquestionnaires/56.html). Pain laterality, duration of symptoms,
number of previous episodes, treatment history, and pain intensity
via a 100-mm visual analog scale were recorded by questionnaire
in patients only.

Statistical analysis. Characteristics of cases and con-
trols are given using descriptive statistics. Conditional logistic
regression models were used to estimate odds ratios (ORs)
and 95% confidence intervals (95% CIs) for the association
between each imaging exposure and CPHP status. All models
were adjusted for BMI. Any model with an imaging exposure
involving the PF was adjusted for ankle plantar flexor strength,
as they are mechanically coupled (31) and ankle plantar flexor
strength is associated with CPHP (11). BML size was analyzed
in continuous form and also categorized as none (0 mm2), some
(>0 mm2 but ≤100 mm2), and large (>100 mm2) based on
descriptive convenience. We also checked for potential con-
founding by self-reported diabetes mellitus or inflammatory
disease.
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The independent association of imaging biomarkers with
case status was assessed by modeling biomarkers in a common
model. Four models were assessed to separate potentially corre-
lated PF measures (thickness on ultrasound and MRI, echogeni-
city, and intrinsic signal).

Last, imaging biomarkers were classified as either present or
absent, the number present counted, and the total number mod-
eled as an additional assessment of their combined effect. PF
thickening was considered present if thickness was >4 mm (14).
For this additive modeling approach only, we chose to include
the MRI but not the ultrasound measure of PF thickness to avoid
duplication. We also excluded the vascularity measure given that
there were no control events, resulting in a range of 0–6 bio-
markers for analysis.

Assumptions of linearity in the logit were checked, and the
optimal power fit for continuous exposures was further evaluated
with fractional polynomials. We tested for plausible interactions
between imaging biomarkers and BMI and/or ankle plantar flexor
strength. Standard model fit, link, and multicollinearity checks
were undertaken. Sensitivity analyses were conducted to assess
the effect of removing influential observations on parameter

estimates and statistical inference. All analyses were performed
using Stata, version 16.

RESULTS

We recruited 220 patients from 299 potentially eligible
patients who were screened (Figure 2). Two patients were unable
to complete an MRI and were excluded, yielding a case sample of
218. Of 566 contactable potential control participants, 232 agreed
to participate. One hundred ten controls were excluded before
consent; a further 22 withdrew or were excluded after consent
but before testing was completed, leaving 100 control partici-
pants in the analysis.

Patients had higher BMI and waist girth and weaker ankle
plantar flexors, lower quality of life and foot function, and more
often reported morning stiffness (Table 1). The median duration
of symptoms in patients was 10 months (range 3–636 months).

Plantar calcaneal BMLs, PF thickness of >4 mm (on ultrasound
or MRI; ultrasound data not shown), PF hypoechogenicity, and
greater PF signal were common in CPHP cases but not controls
(Table 2). Plantar heel spurs and T1-weighted fat pad signal

Controls invited 

n = 1,413 

Controls included 

in analysis n = 100 

Contactable 

n = 566 

Uncontactable 

  Return to sender n = 87 

  No response n = 760 

Agreed to participate 

n = 232 

Declined to participate 

n = 334 

Potentially eligible 

n = 122 

Excluded n = 22 

  Eligible but not tested 

    Withdrawn n = 6 

    Oversample n = 7  

 Did not complete testing n = 1 

  Deceased n = 1 

 Ineligible (on attendance) n = 7 

Ineligible n = 110 

  Past/current CPHP n = 45 

  Other foot pain n = 11 

  History foot surgery n = 16 

  Other LL MSK pain n = 15 

  Pregnant n =1 

  MRI contraindicated n = 3 

  Neurological n = 6 

  Could not commit n = 13 

Ineligible/withdrawn n = 79 

   Not CPHP n = 6 

   Better/not long enough n = 7 

  Prev surgery or foot fracture n = 8 

   Other MSK injury n = 14 

   Recent CSI/ESWT n = 8 

   WDN consent/no time n = 34 

   Vascular disease n = 1 

   MRI contraindicated n = 1 

Cases included in analysis n = 218 

Potential cases assessed for eligibility n = 299 

Excluded (safety concerns) 

n = 2 

Figure 2. Case and control participant flow chart. CPHP = chronic plantar heel pain; CSI = corticosteroid injection; ESWT = extracorporeal
shockwave therapy; LL = lower limb; MRI = magnetic resonance imaging; MSK = musculoskeletal; Prev = previous; WDN = withdrawn.
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differences were equally common in cases and controls. PF vascu-
larity was not common and occurred exclusively in cases.

Plantar BML size (mm2, multivariable OR 1.03 [95% CI
1.02–1.05]), PF thickness measured by ultrasound (mm, OR 3.78
[95% CI 2.69–5.32]) or MRI (OR 3.23 [95% CI 2.36–4.43]),
PF signal (OR for penetrating >50% of the PF 12.12
[95% CI 5.36–27.4]), echogenicity (focally hypoechoic OR 24.92
[95% CI 9.60–64.69]), and plantar spur size (>5 mm OR 2.15
[95% CI 1.13–4.10]) increased the odds of having CPHP in univari-
able and multivariable models (Table 3). There was no association

with T1-weighted plantar fat pad signal. There was no evidence of
effect modification.

In models including multiple imaging biomarkers, all mea-
sures of PF morphology (thickness, mm [OR for MRI 7.96 (95%
CI 3.99–15.90)], signal [OR for >50% PF penetration (7.53 95%
CI 3.15–18.03)], and echogenicity [focally hypoechoic OR 13.81
(95% CI 4.98–38.31)]) and plantar BMLs (ORs for >100 mm2

7.25–8.66 [95% CI 1.54–39.71]) were always independently
associated with the odds of having CPHP (Table 4). Fat pad signal
or plantar spur grade were not independently associated with
having CPHP in any model.

For significant associations, higher grades representing
increased biomarker severity or intensity were always associated
with an increased effect size. As the number of biomarkers
increased, so too did the odds for having CPHP (see Supplemen-
tary Table 2, available on the Arthritis Care & Research website at

Table 1. Characteristics of cases and controls*

Characteristic
Case Control

(n = 218) (n = 100)

Age, mean ± SD years
Male 58.5 ± 12.1 59.2 ± 12.5
Female 52.2 ± 11.5 52.0 ± 11.6

Female sex 131 (59.6) 60 (60)
Menopause, no./total
no. (%)

48/131 (37) 25/60 (42)

Smoking, ever 73 (33) 28 (28)
Smoking, current 10 (4.6) 7 (7)
Diabetes mellitus 8 (3.7) 3/99 (3)
Inflammatory disease 18 (8.2) 6 (6)
Night pain 138 (65) 0
Morning stiffness >30
minutes

48 (22) 6 (6)

High cholesterol 55 (25) 30 (30)
Physical activity
Accelerometry, median

(IQR)
Average steps/day† 7,918

(6,148–9,903)
8,373

(6,080–10,205)
Moderate-to-vigorous,

average
minutes/day‡

37.7
(18.3–61.1)

42.4
(20.0–57.5)

Sedentary, average
minutes/day‡

491
(437–545)

502
(443–561)

Quality of life and
function, mean ± SD

AQoL-6D score 76.4 ± 10.8 86.4 ± 6.9
FHSQ function score 65.7 ± 27.8 99.1 ± 3.3

Clinical measures,
mean ± SD

BMI, kg/m2 29.14 ± 5.4 27.63 ± 5.6
Waist girth, cm 97.4 ± 13.9 90.8 ± 15.1
FPI 2.71 ± 3.9 3.07 ± 3.7
Ankle DF ROM, knee
flexed, degrees

43.3 ± 6.7 44.1 ± 5.5

Ankle PF strength, kg 90.5 ± 23.8 98.8 ± 26.4
First MTP joint
extension ROM,
degrees

70.3 ± 15.1 74.8 ± 14.4

* Values are the number (%) unless indicated otherwise. AQoL-
6D = Assessment of Quality of Life-6D scale (range 0–100, higher
scores = better); BMI = body mass index; DF = dorsiflexion;
FHSQ = Foot Health Status Questionnaire (weighted) (range 0–100,
higher scores = better function); FPI = Foot Posture Index (–12 highly
supinated to +12 highly pronated); IQR = interquartile range;
MTP = metatarsophalangeal; PF = plantar fascia; ROM = range of
motion.
† N = 207 cases/96 controls.
‡ N = 211 cases/96 controls.

Table 2. Size and prevalence of imaging biomarkers in cases and
controls*

Case Control
(n = 218) (n = 100)

MRI
BML any region, median (IQR) mm2 25.7 (77.4) 0 (0)
BML plantar†

None 106 (49) 89 (89)
>0–100 mm2 73 (33) 9 (9)
>100 mm2 39 (18) 2 (2)

PF thickness, mean ± SD mm 5.0 ± 1.5 3.5 ± 1.0
PF thickness

≤4 mm 57 (26) 76 (76)
>4 mm 161 (74) 24 (24)

PF signal‡
None 68 (31) 67 (67)
≤50% 50 (23) 24 (24)
>50% 100 (46) 9 (9)

Plantar spur§
None 79 (36) 55 (55)
≤5 mm 57 (26) 22 (22)
>5 mm 82 (38) 23 (23)

Plantar fat pad signal‡
None 97 (45) 44 (44)
≤50% 35 (16) 11 (11)
>50% 86 (39) 45 (45)

Ultrasound
PF thickness, mean ± SD mm 5.3 ± 1.5 3.6 ± 0.9
PF echogenicity

Normal/isoechoic 35 (16) 62 (62)
Diffusely hypoechoic 110 (50) 31 (31)
Focally hypoechoic 73 (34) 7 (7)

PF vascular signal
None 171 (79) 100 (100)
1 dot 16 (7) –

2 dots 13 (6) –

≥3 dots 18 (8) –

* Values are the number (%) unless indicated otherwise. BML = bone
marrow lesion; IQR = interquartile range; MRI = magnetic resonance
imaging; PF = plantar fascia.
† BML size categorized as none (absent/0 mm2), some (>0 to
≤100 mm2), or large (>100 mm2).
‡ Signal penetration across dorsoplantar width.
§ Axial spur length, base to tip.
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http://onlinelibrary.wiley.com/doi/10.1002/acr.24887), with sig-
nificant associations identified once ≥4 biomarkers were present
(OR for 4 biomarkers present 6.97 [95% CI 2.17–22.36]). Results
were similar after adjusting for self-reported diabetes mellitus or
inflammatory disease (data not shown) and model checks
assessing the effect of removing influential observations
(see Supplementary Table 3, available on the Arthritis Care &
Research website at http://onlinelibrary.wiley.com/doi/10.1002/
acr.24887).

DISCUSSION

In addition to measures of the PF, plantar BMLs were preva-
lent and associated with having CPHP. The risk for having CPHP
increases with BML size, and this risk persists independent of
the presence of other imaging biomarkers. In contrast, differences

in plantar fat pad signal and having a plantar spur did not differen-
tiate cases from controls, independent of other imaging bio-
markers. These findings demonstrate that there may be
important and underrecognized differences in bone and soft tis-
sue between CPHP cases and controls. Further research is
required to determine if these biomarker differences can inform
our understanding of CPHP phenotypes. If the case, particularly
for BMLs, this may offer a novel treatment target for bone-specific
approaches in heel pain. It would also be valuable to know
whether these biomarkers have longitudinal associations with
the course of disease and clinical outcomes.

Our finding of an association between BMLs and CPHP that
is sensitive to the size of the lesion is consistent with associations
between BMLs and pain at other bone sites such as the vertebral
body (Modic lesions) (32,33) and knee (5,34). Although the effect
appears small per unit of area (mm2), given that BMLs were fre-
quently large (median >25 mm2, 41 participants >100 mm2), the
overall effect is large and clinically important. Our understanding
of bone in CPHP has been limited to plantar spurs, and in the
case of BML-type lesions, descriptive, retrospective case series
(7,8) or small nonquantitative case–control investigations (35).
While our results support a potential role for BMLs in CPHP, longi-
tudinal data are needed to determine whether BMLs predict
symptomatic and functional outcomes. If this is the case, BMLs
could be a novel treatment target for CPHP using bone-active
agents such as bisphosphonates, as currently investigated in
knee OA (36). New or existing treatments with a potential bone-
supporting effect could be specifically evaluated in CPHP against
a bone-specific phenotype, such as shockwave (37,38), low-
intensity pulsed ultrasound, and exercise therapies.

The fact that most BMLs were in the plantar calcaneus
could be due to a mechanical relationship with the PF and its
enthesis or the direct consequence of weightbearing. Load
transferred through the enthesis (compressive/tensile) and
trauma may be factors in BML development in CPHP (39).
Given the highly trabecular, thinly corticated nature of the cal-
caneus, stress injury can occur in active populations
(e.g., military) (40). BMLs could be a manifestation of a bone
response along this stress pathway. The presence of spurs,
although not an independent association, indicate that the
calcaneus is a dynamic bone, sensitive to remodeling demands
at the enthesis (41). The observation of a self-limiting natural
history for many individuals with CPHP may reflect time frames
consistent with bony healing (42).

Measures of PF morphology such as thickness (by ultra-
sound or MRI), echogenicity, and intrinsic signal were all strongly
associated with CPHP. The effect sizes are likely to be clinically
important, where for example, risk increased 10 fold when the
PF signal increased from small to large. A thicker PF in cases than
in controls (mean difference 1.52 mm) is consistent with that in
existing literature (13). The signal within the PF of CPHP patients
has been described but not previously documented in a

Table 3. Univariable and multivariable associations of individual
imaging biomarkers with chronic plantar heel pain*

Univariable Multivariable

MRI measures
BML any region, mm2† 1.02 (1.01–1.03)‡ 1.02 (1.01–1.03)‡
BML plantar, mm2† 1.03 (1.02–1.05)‡ 1.03 (1.02–1.05)‡
BML plantar†
None Ref. Ref.
≤100 mm2 7.24

(3.40–15.45)‡
7.06

(3.30–15.11)‡
>100 mm2 17.98

(4.17–77.64)‡
17.14

(3.96–74.32)‡
PF thickness, mm§ 3.07 (2.29–4.13)‡ 3.23 (2.36–4.43)‡
PF signal§
None Ref. Ref.
≤50%¶ 2.13 (1.15–3.94)‡ 1.85 (0.98–3.51)
>50% 12.47

(5.59–27.80)‡
12.12

(5.36–27.42)‡
Plantar spur§
None Ref. Ref.
≤5 mm# 1.89 (1.03–3.47)‡ 1.74 (0.94–3.22)
>5 mm 2.75 (1.50–5.03)‡ 2.15 (1.13–4.10)‡

Plantar fat pad signal†
No signal change Ref. Ref.
≤50% 1.44 (0.67–3.11) 1.50 (0.69–3.26)
>50% 0.87 (0.52–1.44) 0.95 (0.57–1.60)

Ultrasound measures**
PF thickness, mm§ 3.44 (2.53–4.68)‡ 3.78 (2.69–5.32)‡
PF echogenicity§
Normal/isoechoic Ref. Ref.
Diffusely hypoechoic 7.69

(4.09–14.45)‡
7.89

(4.02–15.48)‡
Focally hypoechoic 22.04

(8.81–55.11)‡
24.92

(9.60–64.69)‡

* Values are the odds ratio (95% confidence interval). Conditional logis-
tic regressionmodel. BML = bonemarrow lesion; MRI =magnetic reso-
nance imaging; PF = plantar fascia; Ref. = reference.
† Age- and sex-matched, adjusted for body mass index.
‡ Significant (P < 0.05).
§ Age- and sex-matched, adjusted for body mass index and ankle
plantar flexor strength.
¶ Signal penetration across dorsoplantar width.
# Axial spur length, base to tip.
** Odds ratios for PF vascularity not calculable as no control events.
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quantitative manner (35). An increased intratendinous signal is
seen in connective tissue pathology, including the Achilles ten-
don, but it is unclear whether in noninflammatory conditions this
is associated with pain and functional impairment (43). The basis
for signal increase is uncertain but may reflect changes to the
extracellular matrix and the water-holding capacity of tendon
(43,44) and/or changes in perivascular flow or perivascular leak-
age (44). Identifying fluid-sensitive signal change is important, as
it can be an early sign of tendon abnormality (45) and offers a
functional alternative to structural markers such as thickness. If
similarly applicable to the PF, understanding its longitudinal asso-
ciations with symptoms and its modifiability should be a goal of
future CPHP research.

Consistent with other studies, PF vascularity was also asso-
ciated with CPHP (17,21,23). Twenty-one percent of cases had
some signal, but controls did not, so we could not calculate an
OR from our data. It has been postulated that angiogenic signal-
ing in response to (oxidative) stress may drive neovascularization
(46), or that these vessels opportunistically occupy voids within a
failing collagenous matrix (47) and so act as a marker for an
advanced degenerative state. Whether these processes operate
on a continuum from adaptation to failed healing is unclear; how-
ever, our findings are consistent with the view that detectable vas-
cular flow on Power Doppler ultrasonography within resting
tendon-like structures is abnormal (20).

Fat pad (T1-weighted) signal and plantar spurs were not associ-
ated with CPHP independent of other imaging biomarkers. The fat
padmeasurewas intended to capture structural degradation, includ-
ing a thicker, degenerate septal connective tissue network in the
plantar heel pad (fibrosis) (48,49). Our results do not support the clin-
ical assumption that disordered connective tissue structure with sub-
sequent hypothesized changes to the mechanical properties of the
plantar fat pad (50,51) are associated with pain. This is based, how-
ever, on measuring the distribution of signal change and not the
thickness or volume of heel tissue itself, which may be more impor-
tant in determining heel pad mechanical function (48,52,53).

Strengths of this study were its large case sample, use of
novel BML biomarkers, extensive covariate set, blinded MRI
assessment, and the use of population-based controls. However,
the case–control design restricts our interpretation of results to
association rather than causation. Ultrasound assessment was
potentially unblinded due to sequencing effects; controls were
recruited (and then tested) on a matched basis once the age
and sex mix of case participants was known. Efforts were made
to preserve blinding by deidentifying controls with a participant
ID and isolating survey/history data from the imaging session.
We acknowledge that analyses such as for larger BMLs and
focally hypoechoic PF lesions, effect sizes, and associated confi-
dence intervals were large and could reflect statistical imprecision
due to smaller observed cell sizes.

Table 4. Independent associations of imaging biomarkers with status of chronic plantar heel pain*

Multivariable† Model 1a Model 1b Model 2 Model 3

PF thickness MRI >4 mm 7.96 (3.99–15.90)‡ – – –

PF thickness US >4 mm – 8.30 (4.06–16.96)‡ – –

PF signal
None – – Ref. –

≤50%§ – – 1.46 (0.73–2.94) –

>50% – – 7.53 (3.15–18.03)‡ –

PF echogenicity
Normal/isoechoic – – – Ref.
Diffusely hypoechoic – – – 5.60 (2.71–11.60)‡
Focally hypoechoic – – – 13.81 (4.98–38.31)‡

Plantar spur
None Ref. Ref. Ref. Ref.
≤5 mm¶ 1.15 (0.54–2.44) 1.20 (0.55–2.60) 1.01 (0.49–2.09) 1.06 (0.50–2.26)
>5 mm 0.76 (0.33–1.77) 0.81 (0.35–1.85) 1.39 (0.64–3.02) 0.87 (0.38–1.98)

BML plantar
None Ref. Ref. Ref. Ref.
0–100 mm2 3.86 (1.61–9.23)‡ 2.49 (1.05–5.92)‡ 4.38 (1.95–9.88)‡ 3.33 (1.42–7.79)‡
>100 mm2 8.66 (1.89–39.71)‡ 7.25 (1.54–34.14)‡ 7.92 (1.70–36.97)‡ 7.48 (1.59–35.23)‡

Plantar fat pad signal
None Ref. Ref. Ref. Ref.
≤50%§ 0.76 (0.28–2.09) 1.18 (0.44–3.22) 0.85 (0.32–2.23) 1.02 (0.38–2.71)
>50% 0.76 (0.41,1.42) 0.76 (0.40–1.42) 0.75 (0.41–1.36) 0.82(0.43–1.50)

* Values are the odds ratio (95% confidence interval). Multivariable model; conditional logistic regression (age- and
sex-matched). The 4 models were required to separate correlated PF measures. BML = bone marrow lesion;
MRI = magnetic resonance imaging; PF = plantar fascia; Ref. = reference; US = ultrasound.
† Adjusted for body mass index, ankle strength, spur, plantar BML, fat pad and PF thickness MRI (Model 1a) or US
(Model 1b) or signal (Model 2) or echogenicity (Model 3).
‡ Significant (P < 0.05).
§ Signal penetration across dorsoplantar width.
¶ Axial spur length, base to tip.
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In conclusion, plantar calcaneal BMLs as well as measures of
PF morphology, but not plantar fat pad signal or spurs, were
associated with CPHP independent of other imaging biomarkers.
The identification of novel bone- and soft tissue–based
differences between cases and controls may help to inform
clinical phenotyping. The significance of these findings requires
longitudinal validation but has the potential to inform how
treatment choices are targeted.
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