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Abstract

Clinical & imaging factors associated with chronic plantar heel pain: The PHEEP 
Study

Background & Aims

Chronic plantar heel pain (CPHP) is a common clinical condition defined by pain and 

tenderness under the heel, aggravated by weightbearing. Despite treatment, many

individuals with CPHP report persistent symptoms. This may be partly explained by the 

limited understanding of the factors that contribute to CPHP risk and prognosis. 

The goal of this thesis was to better understand these factors with the specific aims of: (1) 

in a case-control design, to determine associations of clinical factors and imaging 

biomarkers with CPHP, and (2) in a longitudinal analysis, to determine which clinical 

factors predict outcomes of pain, foot-related physical function and quality of life in cases 

12 months later.

Methods

We recruited 220 participants with a clinical diagnosis of CPHP of at least 3 months 

duration and compared them to 100 age- and sex-matched controls recruited randomly 

from the electoral roll. Cases and controls were assessed at baseline, and cases were 

also assessed after 1 year.

Clinical exposures measured in cases and controls were waist girth, body mass index, 

body composition by bio-impedance analysis, clinical measures of foot and leg function, 

physical activity via accelerometry, depression and pain catastrophising by validated 

questionnaire, and symptoms of morning stiffness, night pain and multisite pain. In cases 

only we also assessed neuropathic symptoms using the painDETECT questionnaire.

Imaging exposures measured in cases and controls were plantar fascia thickness, 

echogenicity and Doppler vascular signal by US, plantar fascia thickness and signal, 

plantar fat pad signal, plantar spurs and calcaneal bone marrow lesions (BML) by MRI, 

and calcaneal trabecular bone density, bone volume fraction (BV/TV), trabecular 

thickness, separation and number at a plantar and mid-calcaneal site by High-resolution 

peripheral Quantitative Computed Tomography (HR-pQCT). 



xiii

These same exposures except for foot posture and QCT were re-assessed in cases a 

minimum of 12-months later.

Three analyses were performed:

Case-control analysis using conditional logistic regression to assess associations of 

clinical and US/ MRI exposures with CPHP status

Cross-sectional analysis using linear regression to assess associations of CPHP as 

an exposure with HR-pQCT bone outcomes, and

Mixed effects linear model analysis to assess longitudinal associations of clinical 

exposures with pain and foot-related physical function (by Foot Health Status

Questionnaire) and quality of life outcomes (by Assessment of Quality of Life 

questionnaire).

Results

Clinical factors associated with the odds of having CPHP were waist girth (cm) (odds ratio 

[OR] 1.06 (95% CI: 1.03 to 1.09)), ankle plantar flexor strength (kg) (OR 0.98; 95% CI: 

0.97 to 0.99), pain at multiple sites (pain at 4 or more other sites: OR 10.45 (95% CI 3.66 

to 29.81)), and pain catastrophizing status (catastrophizer: OR 6.79 (95% CI 1.91 to 

24.11)). Univariable associations with morning stiffness, BMI, first metatarsophalangeal 

joint extension mobility and depression did not persist after adjusting for potential 

confounders. There were no significant associations with physical activity. 

Imaging biomarkers associated with the odds of having CPHP were plantar calcaneal BML 

size (mm2, OR 1.03 (95% CI 1.02 to 1.05)), larger plantar spurs (>5mm, OR 2.15 (95% CI 

1.13 to 4.10)), plantar fascia signal (penetrating > 50% of dorsoplantar width, OR 12.12 

(95% CI 5.36 to 27.42)), plantar fascia thickness (mm, (MRI) OR 3.23 (95% CI 2.36 to 

4.43), (US) OR 3.78 (95% CI 2.69 to 5.32)) and echogenicity (diffusely hypoechoic OR 

7.89 (95% CI 4.02 to 15.48), focally hypoechoic OR 24.92 (95% CI 9.60 to 64.69)). Plantar 

fascia vascularity was uncommon, occurring exclusively in cases (cases with signal 

n=47(22%)).

At the plantar calcaneus only, in univariable models being a case was associated with 

higher trabecular density, BV/TV and trabecular thickness. In multivariable models, having 

CPHP was not independently associated with any HR-pQCT bone outcomes, but modified 
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associations of BMI and ankle plantarflexor strength with mid-calcaneal and plantar bone 

outcomes respectively. Beneficial associations of ankle plantarflexor strength with plantar 

trabecular density, thickness, separation and BV/TV were reduced in cases. In the mid-

calcaneus, beneficial associations of BMI with trabecular density, thickness and BV/TV 

were also lower in cases. 

At least 12 months later, 95% of participants returned surveys and 90% returned for 

clinical re-assessment. In longitudinal analyses, worse pain outcomes at 12 months were 

predicted by higher painDETECT (within-person (WP) -1.34 (95% CI -1.86 to -0.82)), 

between-person (BP) -1.28 (95% CI -2.02 to -0.54)) and pain catastrophising scores 

(WP -0.91 (95% CI -1.57 to -0.26)), and for those who reported night pain at baseline ( -

4.45 (95% CI -8.51 to -0.39)). Worse foot function was predicted by higher painDETECT 

scores (BP -0.96 (95% CI -1.47 to -0.44)), pain catastrophising (BP -0.937 (95% CI -

1.34 to -0.53)), baseline depression ( -1.28 (95% CI -2.22 to -0.34)) and higher baseline 

BMI ( -0.60 (95% CI -1.09 to -0.12)). Greater baseline ankle plantarflexor strength was 

associated with better function at 12 months ( 0.14 (95% CI 0.02 to 0.25)). Worse quality 

of life was predicted by higher pain catastrophising (BP -0.36 (95% CI -0.49 to -0.23)), 

and higher baseline scores for depression ( -1.21 (95% CI -1.54 to -0.89)), multisite pain 

( -1.31 (95% CI -2.01 to -0.61)) and BMI ( -0.27 (95% CI -0.42 to -0.12)). Greater 

baseline ankle plantarflexor strength ( 0.08 (95% CI 0.04 to 0.11)) and lower baseline foot 

pain ( 0.04 (95% CI 0.01 to 0.07)) were associated with improved QOL. 

Conclusion

Systemic, psychological and pain system processes play an important role in CPHP 

causation and prognosis. We have established that BMLs are a common finding, adding to 

our understanding of the role of bone in CPHP. Collectively, these results demonstrate the 

heterogeneity of CPHP, and suggest that different clinical phenotypes exist. These 

findings could allow clinicians to better target impairments associated with CPHP 

outcomes that to date have received little attention in CPHP management, such as bone-

specific, psychological and pain science interventions.
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Introduction
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1. Introduction

1.1 What is Chronic plantar heel pain (CPHP)?

Chronic plantar heel pain (CPHP) is a clinical condition defined by the presence of 

pain and or tenderness under the heel aggravated with heel loading, with 

characteristic ‘rest to rise’ or ‘first step’ discomfort. Symptoms may be further 

aggravated by prolonged weightbearing(1), and may also radiate into the medial 

arch(2), but by definition are restricted to the sole of the foot.

The use of the general term ‘plantar heel pain’ is not new(3), but has now mostly 

subsumed the use of synonymous terms in the research literature used to describe 

related heel pain states. These include: heel spur syndrome, painful heel syndrome, 

plantar fasciitis, plantar fasciopathy, plantar fasciosis, plantar talalgia, runners/ 

joggers heel, policeman’s heel, tennis heel, calcaneodynia and heel bruise 

syndrome(4, 5).

Use of the term plantar heel pain reflects a deliberate move away from 

pathoanatomical labels in acknowledgement of the potential of many tissues to 

contribute to pain(2). It also seeks to distance itself from suffixes that imply a specific 

understanding of the pathophysiology of the disease such as ‘~itis’, that would imply 

an inflammatory process that is not supported by evidence(2, 5, 6).

For the purposes of this project, we treat the term ‘chronic’ to indicate a condition 

that has been present for at least 3 months. This is a common timepoint applied to 

musculoskeletal and pain research(7). It is not meant to imply a specific pain 

mechanism or dominant pathology process but serves as a simple and clear 

definition for a persistent pain state.

1.2 Anatomy of the plantar heel and potential pain generators

Numerous structures about the heel receive sensory innervation from the tibial nerve 

and its medial calcaneal, and medial and lateral plantar nerve branches, offering the 

potential to generate nociceptive symptoms.

Whilst the plantar fascia is most commonly assumed to be a source of nociception, 

other structures including the plantar fat pad, intrinsic musculature, plantar 
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Figure 1-4: The plantar calcaneus, and plantar spur
(sagittal view, X-ray and histological section) 

Sagittal view of the plantar calcaneus, radiographs (a-e) and accompanying 
histological section (f-j). This figure details the hypothesised progressive development 
of a plantar spur, in ‘developmental sequence’ from a/f to e/j. Note the largely 
trabecular make up of a plantar spur (h, i, j), and its deep relation to the plantar 
fascia.(9)

Abbreviations:  * = plantar fascia, M = flexor digitorum brevis muscle, S = subchondral 
sclerosis in region of spur, T = parallel trabeculae linking the Achilles and plantar entheses, 
Scale bar = 5mm.

Reprinted by courtesy of Dr Kumai(9)
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plantar fasciitis at 1 year was 80.5%, 50% after 5-years, 45.6% after 10-years, and 

44% after 15-years. The vast majority were not symptom free at 1 year, and for 

those who did not get better at an early stage, the trajectory of recovery was slow.

Other studies have reported follow-up outcomes from retrospective case reviews(33, 

40, 41). Eighteen percent of community-based participants reported a fair to poor 

outcome on telephone interview 12-months later(40). In another community-based 

sample 15% of 157 respondents reported a poor outcome (‘constant pain’) following 

a standardised intervention plan, with 49% reporting some degree of ongoing 

symptoms in total (the timeframe for survey follow-up was unclear)(41). In a sports 

medicine setting, 42% of CPHP patients assessed over a 2-year period reported 

incomplete resolution (follow-up period also not defined)(33). These studies indicate 

that 20-40% of cases continue to report symptoms at least 1 year later.

Predictors of prognosis can offer insight into mechanisms that sustain disease and 

possibly inform treatment; however, we have little understanding of these factors in 

CPHP. Factors possibly associated with poorer outcomes include being female and 

having bilateral heel pain(15, 40), being overweight(40), and a longer duration of 

symptoms(40, 42). These factors are unlikely to inform intervention as most are not 

modifiable, or difficult to modify. Another approach might be to examine the factors 

that differentiate acute from chronic cases with the view that differences in risk 

factors might explain chronicity. Two studies have investigated these differences(43, 

44). Age, gender, body mass index (BMI), physical function or symptom intensity did 

not differentiate cases with persistent pain (> 6 months) from those with symptoms of 

a lesser duration (< 6 months)(16). Similarly, in a study comparing cases with chronic 

(>1 year) and acute (< 6 months) symptoms, some (ankle dorsiflexor and toe flexor) 

strength deficits were noted in chronic cases, but interestingly this group also self-

reported better foot function(44). There were no differences for BMI, ankle or big toe 

flexibility, hindfoot strength, and self-reported foot pain and physical activity as 

measured by the Foot Health Status Questionnaire (FHSQ)(44). This may indicate 

that CPHP sufferers ‘get on with things’, but also that there is a disconnect between 

physical variables and functional outcomes in chronic disease. In neither of these 

approaches have psychosocial predictors such as pain catastrophising or depression 

been investigated.
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In summary, a substantial percentage of CPHP cases report persistent symptoms 

and longitudinal predictors of CPHP outcomes are poorly understood. Physically 

assessed clinical variables do not appear to differentiate acute from chronic CPHP, 

however many potentially important psychosocial predictors have not been 

assessed. Most factors which have been identified are not modifiable (eg sex, 

symptom duration, bilateral symptoms), so there is a clinical imperative to improve 

our understanding of other predictors.

1.3.4 Healthcare cost/ Economic burden

CPHP is the most common musculoskeletal foot condition treated by healthcare 

professionals(45). Because it is both common and persistent, it is likely to confer a 

significant personal and societal economic cost, however this is poorly studied. 

People with CPHP will access numerous providers across multiple occasions, and 

try many treatments, adding to the cost burden(16, 32). In the USA from 1995-2000, a 

diagnosis of plantar fasciitis was attributed to approximately 1 million office-based 

and outpatient physician visits per year(17). This number may underestimate 

healthcare utilisation as it does not include visits to other providers such as 

physiotherapists, tertiary centres or complementary health practitioners. Further, 

65% of patients had visited their physician previously with a diagnosis of plantar 

fasciitis, indicating that for many it requires multiple visits. An economic evaluation of 

these data(46) determined that the cost of treatment for third party payers in the USA

in 2007 ranged from $USD192 to 376 million. In a primary care setting in the United 

Kingdom (UK) foot and ankle presentations accounted for 8% of all musculoskeletal 

consultations surveyed across 12 General Practice (GP) clinics over the course of 1 

year, with 7.5% of those specifically diagnosed as ‘plantar fasciitis’(30). Extrapolation 

from data obtained by survey of Australian GPs (cross sectional BEACH dataset, 

2000-2016, 1000 GPs) found that PHP was responsible for 270,000 annual 

encounters as estimated for the year 2015-16 (19/10,000 encounters)(29). Utilisation 

of healthcare resources in a UK setting over a 12-month period largely fell to GPs 

(43%) and podiatrists (32.8%), and then physiotherapists (15.1%)(32).

In summary, whilst a formal understanding of the costs and resource use associated 

with CPHP is limited, it is clearly a problem with a wide reach with most of the 

healthcare burden falling on the primary care sector.
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1.3.5 Personal cost

The personal burden on social, work, home or self-care participation is sparsely 

acknowledged in the CPHP literature, though there is an understanding that CPHP 

has a negative impact on health-related quality of life. Compared to controls, cases 

report significantly poorer health-related quality of life, scoring lower on the FHSQ for 

foot pain, foot-related physical function, footwear choices and general foot health(47).

They self-report greater limitations in physical activity, are more socially isolated and 

lack the vigour or energy to participate in tasks compared to controls(47). Based on 

disability index reporting, CPHP is frequently disabling, and associated with more 

physical and mental impairment, anxiety, stress and depression and lower levels of 

physical activity (PA) and participation, compared to controls(32, 48). The personal 

lived experience for people with CPHP is often one of frustration, expressing doubt 

and uncertainty regarding their health journey, with needs often unmet(49).

If the aim of effective treatment is to meet these needs, then acknowledging the 

personal cost, and understanding the factors that are associated with function and 

quality of life (QOL) outcomes, must be important. It is also important to 

acknowledge that the factors that are associated with pain outcomes, are not 

necessarily the same as those affecting function and quality of life (vis-a-vis activity 

limitations and social participation)(48).

1.4 Aetiology and associations

1.4.1 Pathology

CPHP has traditionally been framed as a condition of mechanical overload with 

emphasis on the plantar fascia and its calcaneal enthesis(5). Early beliefs were that 

cumulative trauma from tensile strain of the plantar fascia and mechanical 

compression and shear at the heel resulted in microtearing of the plantar fascia 

especially its calcaneal entheseal attachment. This could result in inflammation and 

given the exposure to repeated and persistent loading, a repetitive cycle of overload, 

failed healing and chronic inflammation. 

This model has been challenged by histological data that indicates that cellular 

markers of classical inflammation are lacking(6). Biopsy of the plantar fascia and 

enthesis in chronic cases of plantar fasciitis going to surgery demonstrate a 
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disorganised collagenous structure characterised by fragmentation, myxoid (mucoid) 

degeneration, and bone marrow vascular ectasia (proliferation) that has been 

collectively summarised as a degenerative process(6).

These findings build on previous often uncontrolled histologic studies that confirm an 

array of degenerative type lesions including angio- and fibroblastic hyperplasia, 

chondroid hyper- and metaplasia, mucoid and fibroid degeneration and matrix 

calcification(50-53). These findings come from small case series studies in a 

heterogenous group of participants (athletes, non-athletes, varied ages, disease 

duration and BMI) who were at clinical end stage (thus requiring surgery), with 

limited documentation of past treatments such as injection therapies and 

comorbidities. It is therefore unclear to what extent these findings represent the 

typical pathophysiology of CPHP, even though it does clearly challenge the notion of 

an ‘ ’itis'.

1.4.2 Pain mechanisms; nociceptive, neuropathic and nociplastic

By definition, CPHP is a pain state. Pain is defined by the International Association 

for the Study of Pain (IASP) as “an unpleasant sensory and emotional experience 

associated with, or resembling that associated with, actual or potential tissue 

damage,” with the recent addendum of the following six key notes:(54)

Pain is always a personal experience that is influenced to varying degrees by 

biological, psychological, and social factors.

Pain and nociception are different phenomena. Pain cannot be inferred solely 

from activity in sensory neurons.

Through their life experiences, individuals learn the concept of pain.

A person’s report of an experience as pain should be respected.

Although pain usually serves an adaptive role, it may have adverse effects on 

function and social and psychological well-being.

Verbal description is only one of several behaviours to express pain; inability 

to communicate does not negate the possibility that a human or a nonhuman 

animal experiences pain

The IASP defines many types of pain, and these definitions were revised recently for 

inclusion in the ICD11(55). Mechanistic descriptors of chronic pain are summarised 
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as either nociceptive, neuropathic and/or nociplastic. The first two are familiar, but 

the latter is a newer label that brings together the concepts of a centrally generated, 

primary pain state in the absence of demonstrable neuropathic disease or damage, 

or other identifiable (secondary) nociceptive causes(55, 56). These are not diagnostic 

terms, but describe the neurobiology of pain. CPHP may have contributions from 

nociceptive, neuropathic and nociplastic mechanisms. If treating pain is a goal in 

CPHP management, then understanding the mechanism behind it must be an 

important consideration.

The research describing pain mechanisms in CPHP is relatively recent. Lower limb 

tendinopathy (Achilles, patellar) is generally considered to display mostly nociceptive 

pain behaviours(57-59). There is uniform agreement on the presence of mechanical 

allodynia and hyperalgesia on the plantar foot in cases, measured by lower pressure 

pain thresholds (PPTs) and considered to be representative of local nociceptive 

processes(59-63). The presence of widespread pressure hypersensitivity at sites 

distant from the plantar foot implicates nociplastic changes, which was reported in 

two studies(60, 63), but not a third(59). This latter study found no support for nociplastic

mechanisms having examined other constructs of nociplasticity including conditioned 

pain modulation (an indirect measure of the efficacy of endogenous pain inhibition 

mechanisms), and cold and thermal pain thresholds. Other studies(60, 62) report a 

topographical spreading of symptoms beyond the plantar heel that may be 

discordant with the notion of primary hyperalgesia. 

This is further supported by assessment with tools such as the Central Sensitisation 

Inventory(64). A large cross-sectional assessment of lower limb ‘tendinopathy’ cases 

using the Central Sensitisation Inventory reported that 24% of CPHP cases scored 

above the traditional central sensitisation threshold score of 40%. Importantly, CPHP 

(‘plantar fasciitis’), like gluteal tendinopathy, behaved differently to other types of 

tendinopathy such as Achilles and patellar tendinopathy, presenting with 

considerably higher rates of sensitisation.

Reasons for these differences are uncertain, but may relate to the persistent nature 

of compressive load at these bone-tendon insertions (as opposed to the on-off 

nature of say mid-Achilles load)(57). As pain mechanisms causing heel pain may be 

generated or maintained outside the foot, a broader consideration of risk factors 
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consistent with a biopsychosocial understanding of persistent pain is warranted.

CPHP as a peripherally generated neuropathic pain has been described for 

decades, including the original description by Baxter of compression of the first 

branch of the lateral plantar nerve(65). Baxter’s original reports estimated that up to 

20% of heel pain cases could have a neuropathic component. Numerous other sites 

of compression or irritation are recognised such as the tarsal tunnel, or other sites 

involving compression of the medial calcaneal and medial plantar nerves directly(66).

Disease states targeting peripheral nerves such as diabetes would also fit the 

definition of peripheral neuropathic pain.

Despite the long history surrounding neuropathic heel pain, there are very few data 

to support these statements. A survey of attendees presenting with a variety of 

chronic lower limb tendinopathies using the painDETECT questionnaire, found that 

29% of those with plantar fasciitis scored in the ‘neuropathic pain likely’ category 

(>=19)(67). Case-control studies report an association between conduction changes 

in the lateral plantar nerve(68). and imaging signal changes on MRI(69), indicating a 

physical correlate between heel pain and probable nerve entrapment. Assessment of 

neuropathic pain in the foot is notoriously difficult, as objective testing such as 

electrodiagnostic or quantitative sensory testing is difficult, often insensitive to early 

disease, or difficult to interpret with a lack of normative data(70). Primary nerves of 

interest such as the first branch of the lateral plantar nerve innervate periosteum but 

do not have a testable cutaneous field, yielding sensory testing for this condition 

ineffective. With local nociceptive stressors such as oedema and space occupiers 

such as a thickened PF and a plantar spur, assessing the independent contribution 

of local nerve tissue is difficult. 

Taken together, these findings indicate ongoing uncertainty about the predominant 

pain mechanisms in CPHP, and it is unclear if CPHP pain mechanisms share 

similarities with other lower limb tendon sites. Assessment for neuropathic pain by 

validated questionnaire with longitudinal follow up would be valuable in determining 

whether, if present, these pain measures predict future pain outcomes. Large 

differences in hamstring length between cases and controls have been reported but 

no attempt was made to determine if neural factors contributed to these deficits(71).

The addition of sensitising manoeuvres such as dorsiflexion and foot eversion can 
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add provocative load to medial ankle nerve structures(72, 73) and could be one simple 

way for the clinician to test for a potential neuropathic contributor. Lastly, changes 

such as oedema or fibrofatty atrophy of the abductor digiti minimi can be visualised 

on (PD) coronal MRI foot sequences and may serve as a marker for denervation 

indicative of a Baxters-type neuropathy.

This battery of tests incorporating patient reported outcomes (such as the 

painDETECT), physical clinical testing of neuromechanical sensitivity, and (MR) 

imaging may provide greater clinical insight into what is a difficult sub-group of CPHP 

to identify.

1.4.3 Associations of and risk factors for CPHP

We undertook a systematic review of the literature (published in 2016, Appendix 1)

examining risk factors and associations with plantar fasciitis/ plantar heel pain in 

collaboration with researchers from Erasmus University(71).

Fifty-one studies were included for review and potential pooling, consisting of a 

single prospective cohort study, 46 case-control studies and 4 cross-sectional 

studies. The mean quality score (derived from a checklist from the Dutch Cochrane 

Centre) for all studies was low at 58% (range 11-100%). Only 15/51 studies 

assessed more than 50 participants and just 18/51 studies were considered to have 

adequately defined the study sample of interest. No study used controls that were 

randomly selected from the population. Heterogeneity scores (I2) for those factors 

that could be pooled ranged from 0-97%, and was highest in those pooled analyses 

where most studies were included (eg BMI 83%, 19 studies, plantar fascia thickness 

(PFT) 97%, 20 studies). [See Appendix 1]

Exposures of interest in the review were broadly grouped as clinical factors and 

imaging associations. Other factors such as physical activity levels and footwear use 

wear also reviewed. Data could be pooled for meta-analysis for 12 variables. The 

following sections draw on the findings of this review as well as more recently

published studies.

For the sake of the ensuing discussion, I refer to clinical factors and imaging factors. 

Clinical factors have been further subdivided (for convenience, and in reference to 

the biological and psychological elements of biopsychosocial factors) into physical 
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measures (including physical activity and footwear factors), and formal psychological 

measures.

1.4.3.1 Clinical factors - physical and other measures
The clinical factor most consistently associated with CPHP is BMI(71). This is 

confirmed in a larger more recent Australian case-control study(74), and in a 

prospective study in a military cohort(26) that identified an association with both 

overweight and obesity, in a dose responsive manner. This association may not 

apply to athletic cases, with a 5-year prospective study of running athletes finding no 

association(19). This may be because BMI in athletic cohorts, especially running 

athletes, is typically within normal range with narrow variance compared to general 

community-based cohorts(71). No studies have investigated allied adiposity 

constructs such as waist girth or body composition, which could be useful in helping 

understand the potential metabolic versus mechanical contribution of excess weight. 

I discuss this in further detail section 1.4.4.1 under ‘Other contributors; Obesity’. 

Although physical assessment underpins current clinical practice, the association 

between clinical measures of the foot and leg for ankle and first metatarsophalangeal 

joint (MTP) mobility, ankle strength, foot posture, hamstring flexibility, and other 

measures of kinematic and kinetic function, is inconsistent or weak. Muscle strength 

deficits are reported in single studies in cases for the ankle plantarflexors (isokinetic 

dynamometry) and toe flexors(71), including more recent support for some attributes 

(ankle evertor and toe flexor strength)(74), but not others (calf endurance)(74, 75).

Interpretation of the cause-effect status of these findings is unclear due to the case-

control nature of these studies. 

Findings for flexibility and joint mobility provide limited support for decreased first 

MTP extension range of motion (ROM), and two of three studies reported large effect 

sizes for a reduction in hamstring flexibility(71). Hamstring testing procedures did not 

differentiate the contribution of neural structures to straight leg raise hamstring 

flexibility test protocols, so the mechanism of this association is unclear. Ankle joint 

dorsiflexion (DF) mobility is critical for forward weight transfer in gait, important for 

shock attenuation in impact activity and loss of ROM increases arch bending (and 

plantar fascial) stresses, and so is considered an important clinical target. The 

results for the association of ankle DF joint ROM in our review were inconclusive, as 
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have been more recent case-control studies that have indicated an association(74),

and no association(76).

There was some case-control support for an association with a pronated foot posture 

on the Foot Posture Index (FPI-6) in non-athletic participants(71), and prospective 

support for higher arched foot posture as a risk factor in track athletes(19). Recent 

case-control studies however failed to find an association with foot posture(74, 76).

These results are almost certainly influenced by the study population, by the specific 

measure and by confounding, where those that adjust or match for potential 

confounders such as BMI, may be less likely to report a positive association(76).

Assessment of other kinetic and kinematic factors, including instrumented gait 

assessment, have yielded inconsistent results(71). The case-control nature of these 

studies may capture the effect of pain, as evident in a more recent pressure-based 

gait analysis study that found cases demonstrate reduced heel loading by 

unweighting the heel in a protective manner(77). Conversely, a prospective study in 

track and field running athletes over a 5-year period (n=166, incidence 31.3%) did 

find an association with varus knee alignment (OR 5.63 (95% CI 2.01 to 15.72)) and 

cavus arch posture (OR 5.52 (95% CI 2.12 to 14.33))(19), though these measures of 

alignment were subjectively rather than objectively quantified.

This same study also found associations with measures of activity and exercise load 

and CPHP: greater number of days of practice per week (OR 2.59 (95% CI 1.68 to 

3.99)), greater number of years of activity (mean difference (MD) 3.30 (1.01 to 5.59)) 

and running more kilometres per week (MD 20.00 (12.12 to 27.88)). Recent 

deployment as a marker for increased physical activity was also prospectively 

associated with CPHP risk in a military cohort(26). Other studies from our own review 

were inconsistent, and a more recent investigation of occupation standing time and 

self-reported physical activity(74), did not find an association. A key limitation in all of 

these studies was that physical activity was assessed by self-report rather than 

objectively measured.

Footwear has the potential to influence levels of support, cushioning and heel loads, 

but data in CPHP is lacking. Rotating footwear in an occupational setting was 

associated with decreased risk(78), use of spiked athletic shoes (OR 5.49 (95% CI 
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1.71 to 17.64)) in a running cohort(19) with increased risk, but wearing flat shoes not 

associated(79). This is a difficult but important area of study that requires further 

consideration, as footwear advice in the management of CPHP lacks objective 

guidance but is an area that has the potential to deliver an immediate clinical return.

In summary, the evidence for associations of lower limb clinical physical findings with 

CPHP is limited or conflicting. BMI is consistently associated but other adiposity 

constructs have not been explored. Associations for commonly assessed clinical 

physical measures lack consistent support, especially in confounder-controlled or 

objectively measured prospective studies. There is insufficient information to assess 

the association of footwear factors and physical activity (including standing time), 

which to date have also not been measured objectively. All these are important 

evidence gaps.

1.4.3.2 Clinical factors - psychological measures
At the time our review was undertaken (search up to June 4, 2014), no studies had 

assessed the association between cognitive or affective dimensions of health and 

CPHP, despite the modern consideration of pain and disability as biopsychosocial.

Since then, there has been a more recent focus on psychological variables in 

CPHP(80). Cross-sectional/case series(48, 81) and case-control(82) studies demonstrate 

associations between CPHP and depression, stress and anxiety(82), between foot 

function and depression, stress, anxiety, pain catastrophising and kinesiophobia, and 

between foot pain and pain catastrophising(48, 81) and in women, foot pain and stress 

and depression(48).

These studies add valuable insight towards potentially modifiable factors but are still 

limited as they are mostly derived from small studies (n=36 to 84) and largely from 

the work of a single group. Given the importance of biopsychosocial factors in 

chronic musculoskeletal pain, addressing our lack of understanding of these factors 

in CPHP, including for the first time in longitudinal study, appears warranted.

1.4.3.3 Imaging Factors
The assessment of imaging biomarkers in CPHP has traditionally focussed on 

ultrasound measures of plantar fascia thickness and echogenicity or plantar spurs 

using Xray(83). There are surprisingly few larger series of controlled MRI, and little 
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objective consideration of associated structures such as the plantar fat pad, other 

bone factors such bone marrow oedema, and potentially more dynamic signal 

markers as opposed to structure (physiology versus morphology). Other biomarkers

for consideration include evidence of nerve injury, such as muscle composition 

change or atrophy, and vascular signal within the plantar fascia. A newer bone 

assessment tool, high-resolution peripheral quantitative computed tomography (HR-

PQCT, or ‘QCT’), is also discussed.

I summarise the findings associating imaging biomarkers with CPHP below, 

considered in the sub-headings of soft tissue and bone factors.

1.4.3.3.1 Soft tissues

Imaging exposures associated with CPHP included a thickened, hypoechogenic and 

hyperaemic plantar fascia and perifascial fluid collection(71). Based on simple linear 

measurements, participants with CPHP were more likely to have a thickened loaded 

and unloaded plantar fat pad(71). No study quantified signal change in the fat pad 

although one small case-control study (n=8 cases, n=5 controls) failed to find an 

association with the presence of septal changes in the fat pad(84).

In contrast to plantar fat pad atrophy likely contributing to heel pain risk, a thickened 

plantar fat pad may be indicative of swelling. This is supported by the strong 

association of perifascial oedema with CPHP in imaging series(85). The shock 

absorbing properties of the plantar fat pad are hypothesized to be important in 

protecting plantar heel structures. Whist this is thought to be largely dependent on 

the quantity (volume) of plantar fat tissue(86), the micro and macro fat chambers 

encased and supported by a specialised fibroelastic septal network(87), may also be 

important. Quantifying differences in the make-up of the plantar fat pad between 

cases and controls, as measured by signal change on T1 or T2-weighted 

sequences, has not been reported but may help clarify the association between the 

fat pad and CPHP.

Signal differences within the substance of the plantar fascia has received only 

slightly more attention, even though signal differences or change in allied structures 

such as tendon are well documented(88). Berkowitz (1991)(84) identified increased 

intra-fascial signal in 9/10 feet, and (T1 weighted) signal changes have also been 
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reported by Grasel (1999)(89), and again more recently in a larger case series 

review(90). The importance of intra-fascial signal remains uncertain in CPHP, as 

whilst it may serve as a potentially modifiable biomarker, these papers did not 

quantitatively measure exposures nor quantitatively analyse these signal outcomes. 

The results reflect findings from either small cross-sectional studies, or retrospective, 

uncontrolled case series. 

The van Leeuwen review identified associations for novel imaging assessment 

tools(71). Two studies, based on evidence for abductor digiti minimi signal change on 

MRI or electrodiagnostic testing, report an association with evidence of plantar nerve 

neuropathy. Sonoelastography identified a case-control association for a softer and 

less elastic plantar fascia (2 studies, n=230). In all however, there were surprisingly 

few controlled and quantitatively measured and analysed studies incorporating MRI. 

MRI is reasonably accessible in many health systems, offers improved sensitivity 

and specificity in CPHP above ultrasound(91), and presents a high-resolution, wide 

field of view sensitive to multiple tissues. Capturing markers of both structure and 

physiology (eg swelling/ signal events), it is considered the gold standard for imaging 

in research in CPHP. 

1.4.3.3.2 Bone factors

Plantar calcaneal spurs have traditionally been considered the primary bony 

contribution to CPHP, and though associated with prevalent CPHP(71), their position 

in the causal pathway is unclear(12). In cross-sectional studies, half of which matched 

for age and sex, cases are 8.21 the odds more likely to have a spur (95%CI 4.32 to 

15.62, n=11 studies)(71). This association may be stronger in cases with larger 

spurs(92). Associations with function or quality of life outcomes are not clearly 

established. Mechanistically, spurs are thought to develop as a consequence of 

degenerative changes at the plantar enthesis(9). They are more common in 

overweight, older persons and those with a history of osteoarthritis(9, 14). The spur 

itself, often visualised in a sagittal view, is more like a horizontal shelf mostly sited on 

the deep aspect of the PF, and frequently found within the muscular attachments of 

flexor digitorum brevis (FDB), though this is variable(93). Its trabecular bone structure 

is mostly oriented vertically, and may be better suited to ameliorating compressive 

forces(93) and could be considered an adaptive response to entheseal stress and 
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degenerative change. A causal role in generating pain is uncertain, though they can 

fracture, take up space in an area that traffics neurovascular structures, and it can 

exhibit signs of bone stress with oedema(13, 14).

An unexplored aspect of calcaneal bone health and performance in CPHP is its 

microstructural and density characteristics. This is important as the calcaneus is 

largely trabecular- 90% of the dry weight of the calcaneus is trabecular bone, 

encased in a thin cortical shell(94). Bone mineral density is generally considered to 

explain most of the variation in bone strength, however the quality and organisation 

of bone microstructure is now also recognised as an important and necessary 

consideration in modelling bone performance(95). The thickness, spacing (and 

therefore number per unit area and total bone volume per unit area) of trabeculae 

and their form (e.g. plate or rod-like), connectivity and directional arrangement 

(anisotropy) are some of the ultrastructural factors that explain the mechanical 

performance of bone. To date, we are not aware of any investigation of bone density 

or microstructural factors in CPHP. The recent extension into foot applications of 

high-resolution bone imaging tools such as peripheral quantitative computed 

tomography (HR-pQCT), have enabled the ability to examine these factors in the 

plantar calcaneus(96, 97). If the dominant phenotype of CPHP is thought to be plantar 

fascia in origin and represents enthesopathic disease characterised by degenerative 

changes and bony remodelling (eg spurs), and given other potential changes to bone 

stimuli such as altered loading strategies(77), then alterations in bone structure and 

density might reasonably be expected. 

Partitioning out the weightbearing portion of the plantar calcaneus and recording a 

further region of interest in the central calcaneus as a pure trabecular capture to act 

as a reference site, would provide a first insight into the nature, if any, of bone 

differences associated with CPHP. This is important as CPHP is largely viewed 

through a soft tissue lens. Acknowledging the entheseal nature of ‘plantar fasciitis’ 

logically brings into question - what happens on the bone side of the enthesis? Bone 

can be targeted by modalities (eg extracorporeal shockwave therapy (ESWT), low

intensity pulsed ultrasound (LIPUS)), by exercise using bone stimulus parameters, 

by unloading including braces and boots, and by pharmacotherapy including 

medicines such as the bisphosphonates. Many of these are not routinely considered 
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in CPHP management, or specifically applied in recognition of addressing a bone 

phenotype of pain.

Bone marrow oedema, detected as signal change on MRI, represents another 

potential bone exposure that has not been extensively investigated in CPHP. Bone 

marrow lesions (BMLs) have been documented in CPHP cases(85, 90, 98). These 

lesions are not simply oedematous change, but reflect a heterogenous group of 

pathologies involving trabecular degeneration, marrow necrosis, fibrosis and 

remodeling(99). They are measured on T2-weighted MRI sequences as ill-defined 

signal hyperintensities. BMLs in osteoarthritis are associated with disease and pain 

outcomes in longitudinal studies and are a target for novel therapies(100, 101). It is 

currently unclear whether the identification of BMLs in CPHP is of clinical or 

prognostic significance. In retrospective case series reports, BMLs have been 

associated with atypical presentations featuring greater night pain(98), but not 

necessarily worse pain outcomes(85). However BMLs have neither been objectively 

quantified, nor analysed with adjustment for other potentially relevant covariates 

such as BMI or physical activity, nor assessed against validated outcomes in any of 

the pain, foot-related function or QOL domains. There are also no longitudinal data 

available that assesses how change in these lesions affects these outcomes. To 

summarise, bone factors in CPHP are poorly understood, but have the potential to 

define a specific phenotype of heel pain with specific assessment and treatment 

implications.

1.4.4 Other contributors: obesity, diabetes, inflammatory disease.

The aetiology of CPHP has been traditionally viewed through a mechanical lens. 

However, the lived experience of chronic musculoskeletal disease frequently 

includes comorbidities and other health issues that impact on its course. Chronic 

PHP is no different.

1.4.4.1 Obesity
Obesity is associated with incident and prevalent foot pain(102, 103). Although 

prospective data for obesity in CPHP are lacking, there is strong support for a cross-

sectional association(71). Obesity and increased body mass may have direct 

consequences for increased foot and heel loads. Higher peak pressures in the heel 

were associated with increased foot pain at 2 years(104), and heel pressure changes 
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were also associated with changes in foot-related function. In the same study there 

was evidence that foot pain intensity and foot-related functional limitations are 

associated with changes in midfoot plantar pressures, which in turn were associated 

with changes in bodyweight. Midfoot pressure may mediate the link between 

changes in bodyweight and foot pain, and the effect of bodyweight is antecedent to 

foot pain. Given the PF is a key stabiliser connecting through the midfoot, (changing) 

body mass may be directly implicated in the mechanical aetiology of CPHP.

Alternatively, obesity can have effects through a systemic mechanism. Fat tissue, 

especially central abdominal or visceral fat, is endocrinologically active and produces 

a wide range of signalling molecules, especially from the cytokine class. Many of 

these molecules including species from the interleukins and tumour necrosing factor-

alpha (TNF- are associated with chronic low grade systemic inflammation (meta-

inflammation), known to target many organs including vasculature and collagen(105).

An association between upper limb tendinopathy and obesity, presumably with the 

mechanical effect of weightbearing removed, suggests a possible role for metabolic 

and meta-inflammatory processes(106). Differences in risk are identified even in 

athletic cases where load related parameters might be assumed to be the dominant 

influence. Jumping male athletes with a larger waist girth are at higher risk of patellar 

tendinopathy, independent of body mass(107). In the foot specifically, body fat (fat 

mass index- fat(kg)/height2), but not bodyweight, was a key association for both 

prevalent and incident foot pain in a large community cohort(108). These findings 

support that the composition and location of fat beyond its mechanical mass, 

matters. Whilst foot pain studies have investigated BMI or body composition (usually 

via dual energy X-ray absorptiometry (DXA)), we are unaware of any study 

examining waist girth or body composition in CPHP. Given BMI has the strongest 

clinical association with CPHP, this represents an important evidence gap.

Higher fat mass is also associated with multisite pain across the lower extremity and 

hands, independent of physical activity, psychological or sociodemographic 

factors(109). Low grade systemic inflammation associated with obesity-related 

metabolic and meta-inflammatory dysregulation is hypothesised to contribute to 

widespread pain via the sensitisation of pain systems(109). Multisite pain is more 

common than single site pain in chronic musculoskeletal disease(110). It predicts 
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difficulties with physical and mental function(111), and greater multisite pain is 

associated with poorer psychosocial health, greater healthcare resource(112) and

medication(113) use, and poorer work and activities of daily living (ADL) function(114).

Counting the number of pain sites beyond the heel is a simple way to take this 

association into account but has yet to be explored in CPHP research.

1.4.4.2 Diabetes
Collagen in the plantar fascia is frequently targeted by metabolic processes 

associated with diabetes. Indeed, plantar fascia thickness is considered an index for 

the accumulation of collagenous glycation end products associated with poor 

glucose regulation, and is a predictor of microvascular complications in diabetes(115).

Compared to non-diabetics, plantar fasciitis was 42% more common in individuals 

with diabetes, in particular with the far more common Type 2 variant (64%)(116) (5-

year prevalence, n=535,000). Prevalence was greater in females and those with 

higher BMI, indicating a complex association with other factors. Given impaired 

glucose metabolism - either diabetes or ‘pre-diabetes’ - affects up to 25% of the 

Australian population(117), and for every diagnosed case of diabetes one case goes 

undiagnosed(117), and that changes to the PF happen early in the disease process 

before other microvascular markers are evident(118), a metabolic contribution towards 

CPHP should be considered. This is especially the case in the presence of 

overweight/obesity. Making an assumption that community-based samples are free 

of these comorbidities based on self-report is likely to misrepresent the true input of 

metabolics in CPHP.

1.4.4.3 Inflammatory disease
A painful heel can be a presentation of systemic disease of rheumatologic origin. 

Inflammatory disease such as rheumatoid arthritis, ankylosing spondylitis and 

Reiters disease result in enthesitis. In RA foot pain is the first symptom to present in 

20 to 35%(119). There may be clinical overlap between milder states of inflammatory 

disease and CPHP from other sources. For example rheumatoid arthritis and CPHP 

is more common in women with symptoms most commonly developing between the 

ages 40-60 years(43), with both reporting morning stiffness and weightbearing pain. In 

the absence of routine inflammatory marker blood screening, it is unclear to what 

extent inflammatory disease sub-groups present as community-based CPHP, 
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especially in younger age groups. 

It is not the purpose of this thesis to explore a potential continuum of systemically 

supported CPHP, however systemic metabolic and meta-inflammatory factors are 

thought to play an increasingly important role in persistent musculoskeletal disease. 

Comparing the clinical features of sub-clinical or low-grade inflammatory 

presentations and non-inflammatory CPHP could help inform the evidence gap 

regarding the unknown overlap of these two heel pain mechanisms in a 

representative community sample.

1.5 Effectiveness of current treatments

There are a wide range of possible interventions for CPHP(2, 4). Despite this, the 

optimal treatment is unclear(1, 2, 4). The seminal Cochrane review by Crawford et al in 

2003 (Interventions for treating plantar heel pain, since withdrawn in 2010) 

concluded that “at the moment there is limited evidence upon which to base clinical 

practice. Treatments that are used to reduce heel pain seem to bring only marginal 

gains over no treatment and control therapies such as stretching exercises”(120).

Despite 20 years of further research, it appears little has changed with a recent 

systematic review and network meta-analysis finding that the current evidence for 

the most effective management of PHP is equivocal (31 randomised controlled trials

(RCTs), n=2450)(18). In this network meta-analysis, ranking probability distributions 

for each treatment were generated from a simulation of 1000 replications, to create a 

comparative measure of treatment effect (lower mean ranks better). Of the 

modalities reviewed, best support was found for corticosteroid injection (CSI) alone 

(mean rank 2.4 short-term/ 3.9 medium-term/3.0 long-term) or with exercise (mean 

rank 2.8/4.6/3.6), and for ESWT (mean rank 3.8/3.6/4.2) for both pain and function 

outcomes, over all time periods. Exercise was not beneficial in the short and medium 

terms (mean rank 6.3/ 6.9) but provided longer-term benefit for pain (mean rank 3.7) 

and function (mean rank 1.7). On average however, commonly used treatments do 

not appear to be any more effective for pain and function outcomes than each other, 

especially in the medium to longer term(18).

When best practice guidelines incorporating lived patient experiences, expert clinical 

reasoning and systematic review are considered(121) a core group of interventions 
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(stretch, tape and advice) is recommended, followed by a stepped care approach. 

This stepped care next recommends the application of ESWT (focussed or radial),

and failing that, customised orthoses. This provides general agreement with the 

findings of another recent review(2) and the American Physical Therapy Association 

guidelines,(1) but re-enforces the view that a linear stepped care approach based on 

trial and review rather than a specific diagnostic or impairment based assessment, 

still predominates.

The relative ineffectiveness of active treatments may highlight our limited 

understanding of pathophysiologic and causal mechanisms in CPHP, and/or the 

heterogeneity of the condition. Are treatment modalities ineffective, or just don’t work 

for a particular aetiological subgroup? Are the impacts of effective treatments 

washed out against the backdrop of a heterogeneous patient group? The broad 

clinical definition of CPHP may contribute to this uncertainty. This emphasises the 

need to provide a wider understanding of the range of factors associated with CPHP. 

This may facilitate sub-grouping (and subsequent phenotyping) that allows for 

improved treatment targeting.
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2. Summary of study aims

Chapter 1 summarises our understanding of the literature for clinical and imaging 

factors associated with CPHP, and identifies evidence gaps in aetiology, risk factors 

and disease course. This chapter translates those evidence gaps into quantifiable 

aims.

Most studies have focussed on physical clinical ‘foot-level’ exposures such as foot 

posture, joint mobility and muscle strength. Body mass index (BMI) is widely 

supported as an association, but there has been no exploration of the obesity/

metabolic link by investigating other adiposity constructs such as waist girth or body 

composition. This may be important in helping to understand mechanical versus 

metabolic aetiological pathways.

The importance of physical activity in terms of overload (mechanical) and underload 

(sedentary/ metabolic considerations) is clinically assumed but has never been 

objectively measured in CPHP.

Psychological factors have only been examined recently, and include measures of 

depression, anxiety, kinesiophobia and pain catastrophising. These are consistent 

with a biopsychosocial framework for persistent musculoskeletal pain, but 

longitudinal data is lacking.

Pain quality, intensity, behaviour and distribution can provide insight into pain 

mechanisms. From chapter 1 we identify a range of mechanistic studies that have 

investigated, beyond nociceptive pain, nociplastic and neuropathic mechanisms in 

CPHP. Clarity is required on this issue as treatments should be aligned to pain 

mechanisms. Multisite pain, night pain and neuropathic symptoms measured by the 

painDETECT questionnaire, are promising options for further assessment.

An understanding of imaging biomarkers in CPHP is important as they may give 

insight into disease mechanisms, predict disease course, and define meaningful 

CPHP phenotypes. There has been widespread application of ultrasound imaging to 

investigate associations with the plantar fascia, for measures of PF thickness, 

echogenicity and to a lesser extent, vascular signal within the PF. There are 

comparatively few studies investigating MRI measures in CPHP. Bone marrow 



42

lesions and intra-fascial signal have been identified, but a quantitative assessment of 

risk and prognosis has not been undertaken. These measures may reflect modifiable 

markers of physiology rather than structure, with potential treatment implications. 

The plantar fat pad is also recognised as a potential source of pain, and imaging 

studies have measured thickness and stiffness with ultrasound (US) and

sonoelastography, but not fat pad structure by T1-weighted signal differences on 

MRI. Magnetic resonance imaging provides a high contrast multiplanar measure of 

fat pad structure(1), with signal change on T1w sequences an underexplored 

potential proxy for structural alteration.

Plantar bone spurs (‘enthesophytes’) have been widely studied but there are no data 

on bone density and microstructural changes that occur in the plantar calcaneus in 

CPHP. The advent of HR-pQCT and its recent application to the calcaneus allows for 

bone imaging at the micron level. Bone density and microstructure are important 

determinants of bone strength and health, and it is unknown whether cases and 

controls differ in these properties at the plantar enthesis.

For all of these measures- physical, physical activity, psychological and imaging, 

there is a paucity of information available on longitudinal outcomes for pain, foot-

related function and quality of life. Most CPHP studies that report follow up are 

retrospective, case review based, lack confounder adjustment, or do not use 

validated outcome measures. Linear mixed model analyses that take into account 

time-varying exposures, and allow for random effects of individuals across time, are 

suitable for this type of study.

2.1 Primary aims 

In light of the above, the primary aims of this project were therefore:

1. In a case-control comparison, to determine which clinical (symptom-based, 

physical, psychological, and physical activity) and demographic factors are 

associated with CPHP,

2. In a cross-sectional analysis of cases and controls, to determine if having 

CPHP (case status) is associated with calcaneal bone density and 
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microstructural factors as measured by High-Resolution peripheral 

Quantitative Computed Tomography (HR-pQCT or QCT),

3. In a case-control comparison, to determine which US (B-mode and power 

Doppler) and magnetic resonance imaging (MRI) factors are associated with 

CPHP, and

4. In cases, to determine which clinical factors predict change in foot pain, 

function and quality of life over 1 year.

A detailed explanation and measurement procedures for all exposures and 

outcomes are outlined in Chapter 3 section 3.2.2. (Methods).
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3. Methods

3.1 Preface

The Plantar HEEl Pain Study (PHEEPS) was an age- and sex-matched case-control 

study of people with chronic plantar heel pain (cases) and population-based controls, 

with 12-month longitudinal follow-up of cases, undertaken in southern Tasmania.

This thesis contains four papers from PHEEPS as stand-alone chapters, listed in the 

order they were conducted. The format of each varies according to journal 

publication or submission requirements. The specific methods used in each paper 

are summarised in the relevant chapter. Chapter 3 provides a general overview of 

methods, with expanded explanation of some key parts of the methods which could 

not be accommodated within journal requirements for the papers.

3.2 The PHEEP Study

3.2.1 Study population

Participants in the PHEEP Study were recruited predominantly from Hobart and 

southern Tasmania.

Cases were recruited between November 2014 and May 2018 from a range of 

sources to maximise the representativeness of the sample. This included:

General Practice, specialist and allied health practices

Community sports and recreation clubs

Large employers such as Tasmania Police, Department of Education, The 

University of Tasmania and the Royal Hobart Hospital

Social media advertising, specifically Facebook

Print media advertising, including The Mercury and the Kingborough 

Chronicle

Word of mouth

Cases who expressed interest and met the initial eligibility requirements were 

contacted by phone and formally screened.
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Controls were recruited by a separate process between November 2016 and August 

2018. To maximise representativeness and minimise selection bias, age- and sex-

controls were recruited at random from the southern Tasmanian electoral roll 

(population 176,644). We engaged the support of the Tasmanian Data Linkage Unit 

(Mr Brian Stokes) to supply random lists of potential control participants.

Potential control participants were mailed a ‘Letter of invitation’ (Appendix 3) and

‘Participant Information Sheet’ (Appendix 4) with details of the study, time and 

follow-up commitments and a self-screening questionnaire. Participants could call or 

respond via reply-paid post to indicate their availability or otherwise. If a participant 

expressed interest and met the initial self-screening requirements, they were called 

and formally screened for suitability.

3.2.2 Inclusion & exclusion criteria 

3.2.2.1 Cases
The diagnosis of CPHP is clinical. To be considered a case, participants must have 

pain under the inferior heel. Symptoms may radiate into the arch but must by 

definition be restricted to the plantar aspect of the foot(1, 2).

Symptoms may be intermittent or episodic, but the participant must have had 

symptoms in the week preceding assessment. To maximise representativeness of 

the sample, a minimum level of pain was not mandated. If symptoms were bilateral, 

the most painful heel was studied.

Detailed case inclusion and exclusion criteria are summarised in Chapter 4, section 
4.3.2

3.2.2.2 Controls
Controls must not have currently or ever have had, CPHP, and be aged 18 years or 

over, but otherwise had the same inclusion and exclusion criteria as cases (see 

Chapter 4, section 4.3.3).

3.2.2.3 Matching
I matched controls to cases (1 control: 2 cases) on both age and sex (and foot side). 

This ratio was chosen for statistical efficiency, as the number of cases was first 

determined by the sample size needed for the longitudinal component of the study, 
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3.4.3 Pain Catastrophising Scale

A 13-item questionnaire to assess for an exaggerated negative mental set 

associated with a painful experience(4). It measures 3 dimensions related to 

catastrophisation; rumination, magnification and helplessness. Items are scored from 

0-4 for a total score range from 0-52. There are no specific cut-off scores- rather it is 

a normally distributed continuous variable, however a threshold of >20 has been 

previously cited to define catastrophisation(5). Reliability, internal consistency and 

concurrent and discriminant validity have been independently established(6).

3.4.4 Patient Health Questionnaire (9-item) (PHQ-9)

A validated 9-item instrument that measures symptoms of depression(7). Item scores 

are graded from 0 to 3 and summed for a range of 0-27 with higher scores 

representing more severe depression. Scores of 5, 10, 15, and 20 represent cut-

points for mild, moderate, moderately severe and severe depression, respectively. 

3.4.5 painDETECT

A 7-item questionnaire to survey for symptoms of neuropathic pain(8). Five questions 

ask about gradation of pain (scored 0-5), question 6 about the pain course pattern (-

1 to 2) and question 7 about radiating pain symptoms (0 or 2), for a total score range 

from -1 to 38. A score of ≤ 12 indicates that pain is unlikely to be neuropathic and a 

score of ≥ 19 is likely to have a neuropathic component. Test-retest reliability is 

excellent (intraclass correlation coefficient (ICC)=0.93), with good internal 

consistency (Cronbachs alpha > 0.83).

3.4.6 Foot pain and foot function: The Foot Health Status Questionnaire 
(FHSQ) 

The FHSQ is a 13-item questionnaire that covers four foot health domains: pain (4 

questions), foot-related function (4 questions), footwear choices (3 questions) and 

general foot health (2 questions)(9). We report on the results of the foot pain and foot-

related function subscales, as outcomes in our study.

The FHSQ is one of the most widely used outcome measures in CPHP. It is a 

reliable tool with established content, criterion and construct validity in a 

musculoskeletal population(9). Importantly, thresholds for determining clinically 

important change via the minimum important difference has been established for 
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both pain (14 points) and foot-related function (7 points), in a CPHP population(10).

Raw scores obtained by survey are transformed into a weighted score after entry 

into a purpose-built programme (The Foot Health Status Questionnaire v1.03, Care 

Quest Pty Ltd). This programme outputs data for each domain on a 0-100 scale with 

100 representing the best outcome (i.e higher score is less pain and better function, 

for each respective domain).

3.4.7 Quality of life: The Assessment of Quality of Life Questionnaire 
(AQOL-6D)

The AQOL-6D is a validated 20-item health-related quality of life measure that 

assesses body related impairments and their social expressions (handicap) across 6 

domains- independent living items, the senses, pain, coping, relationships and 

mental health(11, 12) (aqol.com.au). Although a multi-attribute utility-weighted score is 

possible, we use the unweighted (multi-attribute) psychometric instrument score. 

Scores are summed (range 20 -99) and then standardised on a 0-100 scale where 

higher scores represent better health-related quality of life. The 6D version of the 

AQoL was chosen as it was less burdensome than other AQoL scales (fewer 

questions), covered domains thought to be of particular interest in pain, coping and 

mental health, and personal communication with the Centre for Health Economics 

indicated that it would be more robust to use with a relatively healthier population.

3.4.8 Clinical Measures

Physical clinical measures taken in this study were:

Dominant foot (as assessed by kicking leg dominance), test side and foot 

length (cm)

Height (cm), weight (kg), waist circumference (cm)

Body composition by Electrical bio-impedance (reactivity & reactance) 

Foot posture by the Foot Posture Index-6.(13) This is a 6-item (5 observational, 

1 palpation) three-dimensional assessment of static weightbearing foot 

alignment. Each item is scored on a 5-point categorical scale (-2 to +2) for a 

raw summed score of -12 (highly supinated) to +12 (highly pronated). We 

summed FPI-6 scores as a continuous measure as applied in the clinical 

setting.(13) An alternative approach is to Rasch-transform this score which may 
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provide a better representation of the scales construct validity.(14) However, 

beyond the initial validation study, we are not aware of this approach being 

applied in clinical studies.

Ankle dorsiflexion passive range of motion with knee flexed and extended 

(degrees)

First metatarsophalangeal joint extension passive range of motion (degrees)

Ankle plantarflexor force in sitting by dynamometry (kilograms)

Straight leg raise passive range of motion with & without ankle dorsiflexion/ 

eversion (degrees)

Physical activity by accelerometry

Methods for these measures are provided in Chapter 4 section 4.3.4 with additional 

detail being provided here for body composition analysis and physical activity 

assessment by accelerometry.

3.4.9 Body composition by bio-impedance analysis

Resistance and reactance values were obtained from a Quantum II Bioelectrical 

Body Composition Analyzer (9-V battery, 50kHz current, RJL Systems, Clinton Twp., 

MI, USA). Electrodes were placed on the hand and foot of the right-hand side of the 

body, according to the manufacturers recommended protocol (Figure 3-2). When 

combined with anthropometric and self-reported physical activity data, these values 

may be used to calculate body composition masses and percentages with the 

application of an empirically determined algorithm.

3.4.10Body composition calculation 

We conducted an in-house study comparing the results of DXA obtained body fat 

measurements (from participants attending the Institute for another trial) and bio-

impedance analysis (BIA) to determine the optimal study algorithm (n=11, mean BMI 

26.7 kg/m2, 7 F:4 M). The best fitting algorithm from a combination of previously 

reported(15) and RJL BIA supplied algorithms was the Analyzer supplied NHANES-III

equation set(16, 17) (ICC (3,1)=0.9571). 
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Figure 3-2 Bio-impedance Analyzer electrode placement

3.4.11 Physical Activity by Accelerometry

Participants were asked to wear a waist mounted accelerometer for 7 consecutive 

days2, and to record adherence with a daily home diary (Actigraph Uniaxial GT1M 

accelerometers, Actigraph, Pensacola, FL, USA). After 7 days the participant 

returned the accelerometer in a supplied pre-paid envelope. Datasets were 

downloaded using Actilife version 6 (Actigraph, Pensacola, FL, USA). 

To be included in analysis, datasets should contain a minimum of five valid days; a 

valid day contained at least 10 hours of monitored data. Wear time was determined 

by subtracting non-wear time from 24 hours. Non-wear was defined by an interval of 

55-60 consecutive minutes of zero activity intensity counts, with allowance for 1–2

min of counts between 0 and 100.(18)

Daily physical activity variables of interest were 1) mean counts per minute (CPM), 

2) number of minutes spent in intensity-specific categories, 3) number of steps 

registered per day. Cut-offs for intensity-specific categories were determined based 

on two main age groups of participants: adults 18–64 and older adults 65–85 years 

old.

For the adults age group, the threshold chosen for moderate to vigorous physical 

activity (MVPA) ( 1,952 CPM) and sedentary time (<100 CPM) have been used 

extensively in calibration studies(19-21), large epidemiologic studies(18, 22-24) and 
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intervention trials(25-28).  Light intensity physical activity falls between (100–1,951 

CPM).

For the older adult age group, the thresholds chosen for MVPA, light physical activity 

and sedentary time were 1065 CPM, 50-1064 CPM and >50 CPM, respectively. 

This was previously established in laboratory-based calibration studies for older 

adults(29-32) and used widely through interventional(33) and observational cohort 

studies(34) according to a large systematic review.(35)

3.5 Imaging

3.5.1 Ultrasound

US was performed using a GE BT12 LOGIQ e (GE, China, Jiangsu) with a 10mHz 

linear transducer. Plantar fascia thickness and echogenicity was measured in B-

mode and vascularity assessed using power Doppler imaging (PDI) with the 

participant prone and the foot suspended in 0 degrees dorsiflexion. All images were 

obtained on sagittal view. Key aspects of measurement and classification of US 

exposures are summarised in Table 3-2.
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Figure 3-3 Normal plantar fascia on US imaging (sagittal view)

Figure 3-4 Diffusely hypoechoic and thickened plantar fascia on US imaging
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Figure 3-5 Focal hypoechoic lesion on plantar fascia on US imaging

Figure 3-6 Vascular signal on power Doppler US imaging of the plantar fascia
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3.5.2 Magnetic Resonance Imaging

MRI was performed on a 1.5T whole-body magnetic resonance unit (GE 1.5T 

OPTIMA MR450W) using an HD foot ankle array extremity coil (Invivo). The 

participant was positioned in supine with the foot scanned in a non-weightbearing 

plantigrade position. The three sequences obtained were:

Sagittal T2 FS (TE 80ms, TR 3653ms, Flip angle 160, FOV14.0, 3.0mm slices)

Sagittal T1 (TE Min Full, TR 578ms, Flip angle 160, FOV17.0, 3.0mm slices)

Coronal PD FS (TE 34ms, TR 3840ms, Flip angle 160, FOV14.0, 3.5mm slices).

Details of MRI measures are provided in Chapter 6, section 6.3.5, and key aspects

summarised below (Table 3-3).

I conducted in-study blinded reliability measures for each exposure on 20 

participants, conducted at least 1 week apart, also listed below.
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5. Chronic plantar heel pain modifies associations of ankle 
plantarflexor strength and body mass index with calcaneal 
bone density and microarchitecture.

5.1 Preface

As described in chapter 1 and my co-authored systematic review(1), our understanding of 

bone factors in chronic plantar heel pain (CPHP) is limited to having established the 

association with plantar ‘spurs’. Calcaneal bone density and microarchitecture have not 

been investigated in CPHP, but this is now possible with the availability of high-resolution 

peripheral quantitative computed tomography (HR-pQCT). 

This chapter explores for the first-time calcaneal bone density and microarchitecture 

outcomes using HR-pQCT, with CPHP case status as our key exposure of interest. It was 

accepted for publication in PLOS ONE on November 25, 2021 and is presented as 

formatted for that journal. PLOS ONE is an open access journal (Impact Factor 2021 

3.240) with a wide audience across the ‘multidisciplinary sciences’.

5.2 Introduction

Chronic plantar heel pain (CPHP) is a clinical condition that causes pain on the underside 

of the heel that is aggravated by weightbearing activity(2). It is the most common reason 

why individuals with musculoskeletal foot pain consult a foot health practitioner(2), and is 

associated with significant foot-related disability and impaired quality of life (QOL)(3).

The plantar calcaneus is an important weightbearing bone that receives the proximal 

attachment of the plantar fascia. Degeneration of the plantar fascia at its enthesis(4),

plantar fascial thickening(1) and plantar enthesophytes(1) are common findings in CPHP 

and are thought to be important in its aetiology. The consequences of these findings for 

calcaneal bone density and structure are currently unknown. As the plantar fascia 

transmits large forces through the plantar calcaneus(5), alteration in its structure or function 

in CPHP has the potential to influence calcaneal bone. There are also differences between 

cases and controls for potential bone modifying factors such as BMI(6) and ankle 

plantarflexor strength(6), yet nothing is known about how these factors influence calcaneal 

bone structure in CPHP.
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The recent application of bone imaging tools such as high-resolution peripheral 

quantitative computed tomography (HR-pQCT) to the foot(7, 8) means it is now possible to 

provide a detailed, in-vivo examination of bone in CPHP. As a highly trabecular bone(9)

subject to large active and weightbearing forces, the calcaneus is vulnerable to stress-

related injury. Describing for the first time how trabecular density and microarchitecture 

differ between individuals with and without CPHP has the potential to fill an important 

evidence gap in our understanding of factors important to bone and entheseal health.

The aim of this study therefore, is to determine whether having CPHP is associated with 

calcaneal bone density and/or trabecular microarchitecture at the plantar calcaneus and at 

a mid-calcaneal reference site.

5.3 Participants and Methods

5.3.1 Study design

Case-control study with a cross-sectional analysis with case status (presence of CPHP) as 

the exposure of interest.

5.3.2 Setting and participants

Cases were recruited in southern Tasmania between November 2014 and May 2018 from

general and specialist medical clinics, allied health practices, newspaper advertising, 

social media, sporting clubs and workplaces (hospitals and government departments). 

Sex- and age-matched control participants were recruited by random selection from the 

Tasmanian Electoral Roll (population 176,644, 2016) (one control:2 cases) from November 

2016 to August 2018. This study was conducted in accordance with the principles of the 

Declaration of Helsinki and approved by the Tasmanian Health & Medical Human 

Research Ethics Committee (H0013616, 20 March, 2014). All participants provided written 

informed consent. 

5.3.3 Inclusion / exclusion

Inclusion criteria for cases were aged over 18 years, have CPHP defined as pain under 

the heel aggravated by ‘1st step’ (pain under the heel on first step in the morning, or after a 

period of non-weightbearing rest) or pain aggravated by prolonged weightbearing, with 

symptoms present for at least 3 months. In the presence of bilateral heel pain, the most 

symptomatic heel was assessed. Control participants were matched for age (5-year 

brackets from 25-90 years) and sex and must never have had CPHP.



98

Both cases and controls were excluded if they had any contraindication to MRI, a history of 

previous foot fracture, ankle fracture (requiring cast or surgery) or orthopaedic foot 

surgery, current ankle pain, recent foot trauma or any other orthopaedic, congenital or 

painful lower limb condition that restricted mobility or activity in the preceding 3 months. 

Participants with peripheral vascular or central or peripheral neurological disease, 

including a current or recent history of lumbar radiculopathy, were also excluded. Cases 

who had a corticosteroid or any other injection, shockwave therapy or steroid 

iontophoresis within the previous 6 months were excluded.

5.3.4 Sample size calculations

The case-control analysis is nested within a 12-month longitudinal study of cases. Sample 

size calculations for the longitudinal component of the study determined that 220 cases 

were required (assuming α=0.05 (two-tailed) and 80% power for longitudinal hypotheses, 

with a loss to follow up of 10%). As previously published, we assumed controls would have 

values for key exposures seen in participants in community-based studies in our institution 

or from control participants in other CPHP studies(6). Based on those values, and 

assuming power of 80%, and a two-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 osteoarthritis literature.

5.3.5 Data collection

5.3.5.1 HR-pQCT scanning procedure
HR-pQCT scans were performed by the same experienced radiographer (KS) using a

Scanco Xtreme CT I (Scanco Medical AG, Brüttisellen, Switzerland). Prior to scanning,

daily calibration using manufacturer supplied reference phantoms was undertaken,

according to Scanco protocol. The test foot of the participant was immobilised in the

manufacturer provided carbon fibre lower leg cast for insertion into the scanner gantry. A

custom-made Perspex plantar foot cradle was fixed to the plantar aspect of the inside of

the cast to move the plantar surface of the calcaneus proximally into the scan zone.

Standard Scanco Xtreme scan parameters were used; 60 kVp effective energy and 95 mA 

(collecting tube current) collecting 750 projections over a 180° rotation of the X-ray source, 

integration time of 100ms, FOV 126mm and image matrix 1536 x 1536, yielding an 

isotropic voxel of 82μm.  Scans were assessed at the time for movement artefacts

including horizontal streaking, loss of cortical contiguity or significant trabecular

smearing(10), and were repeated if there was clear evidence of artefact.
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5.3.5.2 Region of interest (ROI) selection and analysis 
Plantar and mid-calcaneal regions were located on a scout image (Fig 5-1).

The plantar ROI captured the site of attachment of the plantar fascia on the weightbearing 

plantar tuberosity of the calcaneus. The plantar stack was initiated at the plantar most 

aspect of calcaneal bone. Two stacks were captured (220 slices) and the first 60 slices 

(~5mm) of the calcaneal tuberosity were contoured and analysed.

Figure 5-1 Location of mid-calcaneal and plantar ROI.
Mid-calcaneal (cylinder) and plantar ROIs are shaded

The mid-calcaneal ROI was positioned in a single mid-calcaneal stack half-way along the 

sagittal length of the calcaneus between its posterior and anterior-most margins (Fig 5-1).

A plantar reference line, two parallel pitch lines hugging the superior and inferior waist of 

the calcaneus and a third parallel line bisecting these (representing the central pitch axis),

were drawn. The posterior exit point of this last line located the inferior starting point of the 

mid-calcaneal stack. The mid-calcaneal ROI is cylindrical in shape measuring 

approximately 1cm2 by 1 stack high (110 slices/ ~9mm).

For each ROI, native Scanco analysis software (V6.5-3) was used to generate trabecular

density (milligrams of hydroxyapatite/ cubic centimetre (mg HA/cm3)), separation (mm),

thickness (mm) and number (1/mm) measures, bone volume fraction (BV/TV %), and

cortical density (mg HA/cm3), mean thickness (mm) and area (mm2) measures, as

described previously(11-13). Trabecular bone mineral density and trabecular number are

calculated directly whereas trabecular thickness, separation and BV/TV are derived from

these measurements. Bone volume fraction was derived from trabecular density assuming

fully mineralised bone of 1200 mg HA/cm3.
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Post scan processing was undertaken by a single blinded assessor for each region

(plantar KS, mid-calcaneal AL) who placed and contoured all ROI’s. This process has

been described previously(13, 14) and includes semi-automatic edge contouring, visual

checking for errors, and automatic bone compartment segmentation based on binarization

with a fixed threshold.

Intra-study intra-class correlation co-efficients (ICCs) assessing the repeatability of BV/TV

measures was excellent for both the plantar (ICC=0.99 (3,1), n=30) and mid-calcaneal

ROIs (ICC= 0.90 (3,1), n=30).

Scan quality was assessed by visual assessment of the plantar stack image and 

consideration of the presence of ring artefacts and signal to noise ratio (graininess). Scans 

were graded ordinally as (3) poorer quality (ring artefacts approaching but outside of ROI 

and/or higher noise), (2) fair (minor ring artefacts and/ or moderate noise) and (1) good (no 

or minimal ring artefact, low noise). Repeatability for assessing scan quality was good 

(weighted kappa=0.82, percent agreement 94%, n=50).

5.3.5.3 Clinical measures
Clinical measures were taken in a single session, in the same order, by the same 

experienced physiotherapist. Shoes, socks and lower leg clothing were 

removed. Measurement and reliability of clinical measures for height, weight, BMI, ankle 

plantarflexor strength, and physical activity by accelerometry have been summarised 

previously(6).

In brief, height was measured to the nearest 0.1cm using a stadiometer. Weight was 

measured to the nearest 0.1kg by a single set of calibrated scales (A&D Medical UC321-

PL, Adelaide, South Australia), and body mass index calculated 

(weight(kg)/ht(m)2). Maximum isometric ankle plantarflexor strength was measured in 

sitting as the highest score from three attempts with the lower limb strapped by inelastic 

belt about the knee to a digital scale (Excell GW, Taiwan; sensitivity 0.05kg) (study 

ICC3,1 =0.96, n=18)(15). Physical activity was measured by uniaxial accelerometer worn at 

the waist (Actigraph GT1M, Fort Walton Beach, Florida) monitored over 7 consecutive 

days(16). Participant’s data were included if worn for a minimum of 5 days with at least 10 

hours of monitored data. Wear-time was cross-checked with the use of a home diary. Non-

wear time was defined by an interval of 55-60 consecutive minutes of zero activity intensity 

counts, with allowance for 1–2 min of counts between 0 and 100(17). We measured steps 
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per day and mean counts per minute (CPM), classifying physical activity as minutes spent 

in moderate to vigorous (MVPA), light and sedentary activity. Separate thresholds were 

chosen for adults aged 18-64 years,(18) and older adults aged 65-85 years(19, 20), namely: 

MVPA (≥1,952 CPM/ ≥1065 CPM, respectively), light physical activity (100-1951 CPM/ 50-

1064 CPM) and sedentary time (<100 CPM/ <50 CPM). Data were downloaded using 

Actilife version 6 (Actigraph, Pensacola, FL).

Questionnaires recorded footwear choices, time spent in standing, age, sex, menopausal 

status, level of education, employment, smoking history and co-morbidities (diabetes or 

rheumatological disease). Section two of the Foot Health Status Questionnaire (FHSQ) 

was used to assess foot function (Cronbach’s alpha 0.86, ICC=0.92)(21). Quality of life was 

measured with the Australian Quality of Life scale, AQoL-6D(22) (Cronbach’s alpha 0.94, 

ICC=0.85 to 0.88), (http://www.aqol.com.au/aqolquestionnaires/56.html).

5.3.6 Statistical analysis

Characteristics of cases and controls were compared using descriptive statistics. 

Univariable and then multivariable linear regression models were used to estimate the 

association between CPHP status and QCT bone outcomes. We adjusted for age and sex, 

and then for other potential factors affecting bone including BMI, ankle plantarflexor 

strength and physical activity, based on biological plausibility. We assessed for effect 

modification by CPHP with these variables and retained interaction terms where significant 

(p<0.05). Coefficients are reported as standardized betas with the independent variables 

centred and standardized, giving a change in outcome per SD variation in exposure.

Sensitivity analyses were conducted to assess the effect of i) scan quality (by omitting 

lower quality (grade 3) scans), and ii) removal of outliers on parameter estimates and 

statistical inference. Standard model fit checks included lowess and design variable plots, 

and assessment of best power fit by fractional polynomials. Assessment of residuals, link 

and multi-collinearity checks were also undertaken. All analyses were performed using 

Stata 16 (Stata Corp., College Station 16, TX, USA).

5.3.7 Patient and public involvement

No patients or the public were involved in the planning, design or the implementation of 

this study. Patients were not invited to contribute to interpretation of the results, nor the 

writing or editing of this document.
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5.4 Results

We tested 220 eligible cases from 299 potential cases screened, as previously 

described(6). Of these, 219 who had HR-pQCT scans of their affected foot were included in 

this analysis. Of 566 contactable potential control participants, 232 agreed to participate. 

One-hundred and ten controls were excluded before consent, a further 22 withdrew or 

were excluded after consent but before testing was completed, leaving 100 control 

participants in the analysis (Fig 5-2).

Figure 5-2 Case and Control participant flow
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changes in coefficients for other factors were a decrease in effect size for sex for 

trabecular density and BV/TV and an increase for MVPA with plantar trabecular number. 

Sensitivity analyses omitting influential observations did not otherwise result in significant 

changes in parameter estimates for bone outcomes in either ROI (Supplementary Table 
5-7).

5.5 Discussion

Having CPHP modified the effect of BMI and ankle plantarflexor strength on trabecular 

bone outcomes in the mid- and plantar calcaneus, respectively. Higher BMI had beneficial 

associations with bone outcomes (higher trabecular density, thickness and BV/TV) in the 

mid-calcaneal region in controls but not in cases. Higher ankle plantarflexor strength had 

beneficial associations with bone outcomes (higher trabecular density, thickness and 

BV/TV and lower trabecular separation) in the plantar region in controls but not in cases. 

The reasons for differences in associations between cases and controls are not clear but 

could include being due to a stress-related entheseal reaction in cases, altered physical 

loading strategies due to pain, or other mechanisms associated with pain, systemic 

inflammation or neurogenic factors. Confirmation of effects of CPHP on bone health in 

longitudinal studies is needed.

The finding that having CPHP modifies the association between ankle plantarflexor 

strength and plantar trabecular bone is new. The ankle plantarflexors transmit large forces 

through the posterior and plantar calcaneus to the plantar fascia(5), creating a plausible 

mechanism for local bone stimulation as seen in controls. As seen in Fig 5-6 to 5-9,

trabecular density, BV/TV and thickness are higher and trabecular separation is lower in 

cases than controls at low levels of ankle plantar flexor strength but similar at higher 

levels. Cases appear to respond differently to locally applied active loads. Cases may 

have a stimulatory bone response to entheseal stress that over-rides or precedes the 

normal stimulatory effect of locally applied forces by the Achilles/ plantar fascia complex 

seen in controls. Increased bone turnover is a common feature of bone under stress, and 

parallels can be drawn to similar reactions observed in subchondral bone in OA(23). The 

higher prevalence of plantar enthesophytes in CPHP(1) supports this. These are thought to 

develop in response to entheseal degenerative change(4) and hypothesized to serve a load 

sharing, adaptive function in response to such stress(4, 24). Another feature of this 

degenerative process which might add bone mineral to the plantar heel is calcification of 

the large fibrocartilaginous enthesis attachment of the plantar fascia(4). The interaction 
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plots (Figure 5-6 to 5-9) suggest that there could be a ceiling beyond which the capacity 

for further bone adaptation, despite increased local loads, is exhausted. Overall, these 

findings may indicate disturbed coupling of the effects of actively applied local loads to the 

plantar calcaneus. Conversely, ankle plantarflexor strength was not consistently 

associated with mid-calcaneal bone outcomes, which is perhaps expected as this ROI is 

situated well away from the trabecular pathways associated with Achilles-plantar fascia 

force transmission.

The finding that CPHP modifies the effect of BMI on mid-calcaneal bone outcomes is also 

novel. This may be explained by differences in calcaneal loading. BMI has a stimulatory 

effect on bone likely via mechanical loading pathways(25). Gait studies indicate that cases 

load the heel differently(26), which may reduce the weightbearing stimulus in the mid-

calcaneum. A second possibility for the differences in bone outcomes could include 

metabolic and /or meta-inflammatory mechanisms. BMI is correlated with waist girth, which 

is itself strongly associated with CPHP(6). Waist girth is an important proxy for 

cardiometabolically active central adiposity, which is known for its cytokine-producing 

systemic meta-inflammatory effects(27). Osteoclast function in trabecular bone is sensitive 

to cytokine activity(28) associated with systemic inflammation. The positive effect of body 

mass on bone may be countered in cases by the negative effect of central adiposity, 

especially in older people(29). A final consideration is the action of local peripheral nerve 

tissue which is important in bone homeostasis(30). As a pain condition, sensory afferents 

associated with nociception release osteotrophic neurotransmitters such as CGRP, 

substance p and glutamate(31), which may have a direct effect on bone metabolism. 

Regardless, these findings underscore that there are consequences for bone distant to the 

enthesis in CPHP.

The effects of age and sex were generally consistent with their known effect on trabecular 

bone with both female gender and increasing age associated with a decrease in bone 

structure. An exception to this was that greater age was consistently not associated with 

bone outcomes in the plantar ROI. Ageing is associated with increased mineralization of 

the fibrocartilage transitional zone and subchondral plate thickening at the enthesis (in the 

presence of cortical thinning) potentially countering age-related trabecular bone loss in this 

region(32). It may also be that at this site, the usual negative influence of age may be 

countered by the stimulatory effect of locally applied plantar fascia-ankle plantarflexor 

forces.
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Previous HR-pQCT data for the calcaneus are very sparse, with two studies of 18 and 5 

people respectively(7, 8). Comparisons with our study is difficult as the study samples are 

different, being young athletic males(7) and aged cadaveric/ ex vivo women(8). They 

analysed different regions within the calcaneus(7) or summed wider regions of interest(8).

These differences make it difficult to generalize results and technical parameters across 

studies and indicate that more in vivo work across a greater range of age, sex and 

calcaneal sites is required. We are re-assured however by the consistency of our results 

across bone outcomes and between ROIs. Furthermore, in unadjusted analyses age, sex 

and BMI follow known biologic patterns for their effect on bone and provides further 

evidence of the validity of our measures.

5.5.1 Limitations

This is the first study to compare bone microstructure and density outcomes in participants 

with CPHP. Its strengths include its large sample size, extensive covariate set, and the 

comparison with population-derived controls, however there are limitations. Our results 

describe cross-sectional differences in bone outcomes between cases and controls and 

cannot assign causation. Longitudinal studies of these bone outcomes would provide 

further insight on the relationship between these findings and CPHP. Selection bias is 

possible. This was minimized in controls by recruiting randomly from the electoral role and 

we maximised the representativeness of cases by recruiting from a range of sources, print 

and social media, community clubs and organisations, healthcare practices and from word 

of mouth. Cases and controls were recruited from the same local catchment area and 

were matched for the key demographics of age and sex. Scan quality may impact findings. 

However, a sensitivity analysis removing poorer quality scans had little effect on the 

magnitude of associations at both ROIs for our primary exposure of interest (case status) 

and its interaction effects, and our overall conclusions remain unchanged. The analysis did 

alter the coefficient for sex in both ROIs, probably because poorer quality scans were 

mostly in males.

5.6 Conclusion

Having chronic plantar heel pain may have consequences for calcaneal bone structure by 

modifying associations of BMI and ankle plantarflexor strength with bone outcomes at the 

mid- and plantar calcaneus respectively. The beneficial associations of BMI with bone 

outcomes seen in controls in the mid-calcaneal region and with greater ankle plantarflexor 

strength in the plantar calcaneal region is either reduced or absent in cases. The reasons 
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for differences in associations between cases and controls are not clear but could include 

a bone response to entheseal stress in cases, altered physical loading strategies in 

response to pain or other mechanisms associated with pain, systemic inflammation and 

neurogenic factors. These findings require further validation and ideally confirmation with 

longitudinal data. 
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Calcaneal bone marrow lesions and plantar fascia imaging biomarkers are 
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6. Calcaneal bone marrow lesions and plantar fascia imaging 
biomarkers are associated with chronic plantar heel pain: 
A case-control study.

6.1 Preface

Chapter 4 described the associations of a wide range of clinical factors with CPHP status, 

but in chapter 1 major evidence gaps in our understanding of imaging biomarkers in 

chronic plantar heel pain (CPHP) (section 1.4.3.3) are also identified. There is a lack of 

large-scale MRI studies to investigate imaging biomarkers in the calcaneum such as bone 

marrow lesions and signal differences in other structures such as the plantar fascia and 

plantar fat pad.

The identification of abnormal imaging biomarkers associated with CPHP could improve 

our understanding of disease mechanisms. These biomarkers could in turn assist with 

diagnostic sub-grouping, with treatment targeting implications. 

Chapter 6 reports on the results of our investigation into imaging biomarkers in chronic 

plantar heel pain (CPHP). It is presented as submitted to Arthritis Care & Research

(Journal Impact factor 4.797, ranked 13/34 in rheumatology journals by JIF), where it is 

currently undergoing peer review. 

6.2 Introduction

Chronic plantar heel pain (CPHP) is a clinical diagnosis characterised 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 

treatment to the individuals who need them. An improved understanding of the 

pathological markers that differentiate individuals with and without CPHP, may help inform 

this clinical decision- making process.

The study of pathoanatomical contributors to CPHP has to-date been focussed on 

structural changes to the plantar fascia and its enthesis, including plantar spurs. However, 
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there are a range of tissues at the heel that are a potential source of nociception such as 

muscle, ligament, fat, bursa, bone, joint and nerve tissue. The contribution of these other 

structures to CPHP is poorly understood. Determining what imaging biomarkers contribute 

to prevalent CPHP is important as it may inform our future understanding of CPHP 

phenotypes.

In particular there has been very limited quantitative assessment of MRI-based measures 

such as signal within the plantar fascia, plantar fat pad or calcaneus. The significance of 

some of these measures has been established in musculoskeletal conditions such as knee 

osteoarthritis, where MRI has uncovered the potential role of bone marrow lesions (BMLs) 

in the pathogenesis of pain (5).  Bone marrow lesions are ill-defined signal hyperintensities 

on T2-weighted MRI sequences that reflect a range of histopathologies beyond oedema 

that include marrow necrosis, fibrosis, trabecular degeneration and remodelling (6). BML-

type lesions occur in people 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 seen in plantar fascia targeted high-

load exercise (9). However a stepped care approach that trials one modality after the other 

that is poorly aligned to pathoanatomy or clinical phenotypes, still predominates in CPHP 

management (10).

Therefore, the aim of this study is to improve our understanding of pathoanatomical 

markers in CPHP by determining the associations between CPHP and the presence and 

severity of MRI- and US-derived imaging biomarkers. 

6.3 Materials and methods 

6.3.1 Study design

Age- and sex-matched case-control comparison of participants in the Plantar Heel Pain 

Study (PHEEPS). We first recruited cases with a clinical diagnosis of CPHP, and then 

selected population-based controls on the basis of not having CPHP. Exposures were then 

measured once, only after case-control ascertainment.

6.3.2 Setting & participants

As summarised previously, cases with CPHP were recruited in southern Tasmania 

between November 2014 and July 2016, from medical and allied health practices, local 

community and sporting clubs and events, and from newspaper and social media 
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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 typically aggravated by weightbearing, which is frequently 

characterized 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 (population 176,644, 2016) (one control: two cases). The study was 

approved by the Tasmanian Health & Medical Human Research Ethics

Committee (H0013616). All participants provided written informed consent.

6.3.3 Inclusion / exclusion

Cases were aged 18 and over with a clinical diagnosis of CPHP (1, 11), of at least 3 months 

duration. If heel pain was bilateral, the most symptomatic heel was assessed. Control 

participants were matched for age (5-year brackets from 25-90 years) and sex and had 

never had CPHP.

Both cases and controls were excluded if they had any contraindication to MRI, a history of 

previous foot/ ankle fracture or orthopaedic foot surgery, current ankle pain, recent foot 

trauma or other orthopaedic, congenital, vascular, neurological, or painful lower limb 

condition that restricted mobility or activity in the preceding 3 months. Cases who had a 

corticosteroid or any other injection, shockwave therapy or steroid iontophoresis within the 

previous 6 months were excluded. 

6.3.4 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 

(two-tailed) and 80% power for longitudinal hypotheses, with a loss to follow up of 10%) to 

inform case numbers for the case-control component of the study. Based on these 

numbers, and previously published values for key exposures (11), and assuming power of 

80% and a two-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 osteoarthritis literature (13).

6.3.5 Data collection 

The choice of imaging measures is informed by evidence gaps identified in a recent review 
(13) and by research that identifies the potential role of BMLs in the pathogenesis of pain in 

musculoskeletal disease such as osteoarthritis (5).
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These markers of interest include the plantar fascia, trabecular bone, vascular tissue and

the plantar fat pad, measured by US and MRI.

6.3.5.1 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 whole-body magnetic 

resonance unit (GE 1.5T OPTIMA 450W) using an HD foot ankle array extremity coil 

(Invivo). Only a single foot was scanned: the most painful foot in cases, and in controls, a 

single foot matched to the test-foot side in cases across age- and sex-strata. 

The following three sequences were obtained:

Sagittal T2 FS (TE 80ms, TR 3653ms, Flip angle 160, FOV14.0, 3.0mm slices)

Sagittal T1 (TE Min Full, TR 578ms, Flip angle 160, FOV17.0, 3.0mm slices)

Coronal PD FS (TE 34ms, TR 3840ms, Flip angle 160, FOV14.0, 3.5mm slices).

6.3.5.2 MRI scoring
A single assessor (AL) blinded to participant status performed all MRI measurements in 

imaging software (Horosproject.org). Plantar fascia thickness (PFT) was measured with 

digital calipers (mm) in the coronal PD sequence as the largest dorsoplantar thickness in a 

plane perpendicular to the calcaneus (Figure 6-1A). The mean of three measures was 

taken as the final score. Repeatability for MRI measures was assessed across two time 

points by re-scoring 20 participants by the same blinded assessor (AL) (PFT 

ICC(3,1)=0.86). Signal within the plantar fascia was assessed using the coronal PD 

sequence in the slice demonstrating the largest intra-substance signal (Figure 6-1B).

Signal score was graded ordinally as 0 (absent), 1 (≤ 50% of dorsoplantar thickness) or 2 

(>50%) (weighted Kappa=0.92, n=20). Calcaneal bone signal was assessed and BMLs 

identified as an area of ill-defined hyperintensity on sagittal T2w FS sequences. If present, 

BML size was assessed as the areal measurement (mm2) of the largest lesion identified 

on a single slice (Figure 6-1C) (5). We recorded the number 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 more than one 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 margins were delineated with the assistance of image 

processing tools including contrast settings, black body and picture inversion. Plantar 

enthesophytes detected on T1w sagittal sequences were graded ordinally as either 0 

(absent), 1 (≤5mm in length), or 2 (>5mm in length) when measured along the 
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anteroposterior long axis of the spur from tip to base (weighted Kappa=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 ≤50% of fat pad dorsoplantar 

thickness), or 2 (signal change >50%) (Figure 6-1D) (weighted Kappa=0.92, n=20). 

6.3.5.3 Ultrasound
Ultrasound measures were undertaken by the same experienced sonographer (KS) with 

participants positioned prone with feet suspended off the bed end. We measured both feet 

but only used the most painful foot for analysis. Measurements were taken using a clinical 

ultrasound device (GE LOGIQe, General Electric Healthcare, Milwaukee, WI) with 10mHz 

linear array, using standardised musculoskeletal and foot settings. Plantar fascia 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 normal/ isoechoic (intact iso or hyperechoic 

fibrillar echotexture), diffusely hypoechoic (fibrillar echotexture intact but reduced signal 

intensity) or as a focal anechoic lesion (fibrillar echotexture defect/ anechoic zone) at a 

region of interest at the proximal calcaneal attachment of the plantar fascia (weighted 

Kappa=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 1x1.5cm window in the proximal plantar fascia 

at its calcaneal attachment (weighted Kappa=0.91, n=20) (19, 20). The US was placed in 

power Doppler mode with a low wall filter and PRF set at 0.7kHz (21, 22). The participant 

was stationary for 30 minutes prior to scanning and room temperature standardised to 21-

22°C (23). The sonographer scored all images at the time of assessment.

6.3.5.4 Clinical Measures
Clinical measures were taken in a single session, in the same order, by the same 

experienced physiotherapist (JR). Shoes, socks and lower leg clothing were removed. 

Methods for clinical measures assessing height, weight, BMI, body composition by 

bioelectrical impedance analysis, waist girth, foot posture, ankle dorsiflexion and 1st

metatarsophalangeal joint range of motion and ankle plantarflexor strength have been 

published previously (11). Briefly, in further detail, maximum isometric ankle plantarflexor 

strength was measured in sitting as the highest score from three attempts with the lower 

limb strapped by inelastic belt about the knee to a digital scale (Excell GW, Taiwan; 
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sensitivity 0.05kg). Ankle dorsiflexion (°) was measured by a gravity inclinometer 

(Plurimeter, Switzerland) 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 

metatarsophalangeal joint extension (°) was measured with the foot plantigrade in supine, 

as the mean of three 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 uniaxial accelerometer worn at the waist (Actigraph 

GT1M, Fort Walton Beach, Florida) monitored over 7 consecutive days (28). Steps per day 

and mean counts per minute were measured, and physical activity classified as minutes 

spent in moderate to vigorous (MVPA), 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 co-morbidities (diabetes or 

rheumatological disease). Foot pain and function was assessed by the Foot Health Status 

Questionnaire (FHSQ) (Cronbach’s alpha 0.86, ICC=0.92) (29). Quality of life was 

measured with the Assessment of Quality of Life scale, AQoL-6D (30) (Cronbach’s alpha 

0.94, ICC=0.85 to 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 100mm VAS were recorded by questionnaire in cases only.

6.3.6 Statistical Analysis

Characteristics of cases and controls are given using descriptive statistics. Conditional 

logistic regression models were used to estimate odds ratios (ORs) and 95% confidence 

intervals for the association between each imaging exposure and CPHP status. All models 

were adjusted for BMI. Any model with an imaging exposure involving the plantar fascia 

was adjusted for ankle plantarflexor strength as they are mechanically coupled (31) and 

ankle plantarflexor strength is associated with CPHP (11). Bone marrow lesion size was 

analysed in continuous form and categorized as none (0 mm2), ‘some’ (> 0mm2 but 

≤100mm2), and ‘large’ (> 100mm2) based on descriptive convenience. We also checked for 

potential confounding by self-reported diabetes or inflammatory disease. 

The independent association of imaging biomarkers with case status were assessed by 

modelling biomarkers in a common model. Four models were assessed to separate 



128

potentially correlated plantar fascia measures (thickness on US & MRI, echogenicity and 

intrinsic signal).

Lastly, imaging biomarkers were classified as either present or absent, the number present 

counted, and the total number modelled as an additional assessment of their combined 

effect. Plantar fascia thickening was considered present if thickness was greater than 4mm 
(14). For this additive modelling approach only, we chose to include the MRI but not US 

measure of plantar fascia thickness to avoid duplication. We also excluded the vascularity 

measure given there were no control events, resulting in a range of 0-6 biomarkers for 

analysis. 

Assumptions of linearity in the logit were checked and optimal power fit for continuous 

exposures further evaluated with fractional polynomials. We tested for plausible 

interactions between imaging biomarkers and BMI and/or ankle plantarflexor 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 16 (Stata 

Corp., College Station 16, TX, USA).

6.4 Results

We recruited 220 cases from 299 potentially eligible cases screened (Figure 6-2). Two 

cases were unable to complete an MRI so were excluded, yielding a case sample of 218. 

Of 566 contactable potential control participants, 232 agreed to participate. One-hundred 

and ten controls were excluded before consent, a further 22 withdrew or were excluded 

after consent but before testing was completed, leaving 100 control participants in the 

analysis.

Cases had higher BMI and waist girth and weaker ankle plantarflexors, lower quality of life 

and foot function and more often reported morning stiffness (Table 6-1). The median 

duration of symptoms in cases was 10 months (range 3 to 636 months).

Plantar calcaneal BMLs, plantar fascia thickness greater than 4mm (on US or MRI; US 

data not shown), plantar fascia hypoechogenicity and greater plantar fascia signal were 

common in CPHP cases but not controls (Table 6-2). Plantar heel spurs and T1-weighted 

fat pad signal differences were equally common in cases and controls. Plantar fascia 

vascularity was not common and occurred exclusively in cases.
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BML size, plantar fascia thickness (measured by US or MRI), plantar fascia signal, 

echogenicity and plantar spur size increased the odds of being a case in univariable and 

multivariable models (Table 6-3). There was no association with T1-weighted plantar fat 

pad signal. There was no evidence of effect modification.

In models including multiple imaging biomarkers a measure of plantar fascia morphology, 

(thickness, signal or echogenicity), and plantar BML’s were always independently 

associated with the odds of being a case (Table 6-4). 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 case association (Supplementary Table 6-
5), with significant associations identified once four or more biomarkers were present (four 

biomarkers present: OR 6.97, 95% CI 2.17 to 22.36).

Results were similar following model checks assessing the effect of removing influential 

observations (Supplementary Table 6-6), and after adjusting for self-reported diabetes or 

inflammatory disease (Postscript Supplementary Table 6-7, ‘data not shown’ in published 

paper).

6.5 Discussion 

In addition to measures of the plantar fascia, plantar BMLs are prevalent and associated 

with having CPHP. Risk for having CPHP increases with the size of the bone lesion 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 differentiate cases 

from controls, independent of other imaging biomarkers. These findings demonstrate that 

there may be important and under-recognised bone and soft tissue differences 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 
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the vertebral body (Modic lesions) (32, 33) and knee (5, 34). 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 non-quantitative case-control investigations (35).

While our results support a potential role for BMLs in CPHP, longitudinal 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 is being 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 (LIPUS), 

and exercise therapies. 

The fact that most BMLs were in the plantar calcaneus could be due to a mechanical 

relationship with the plantar fascia and its enthesis, or the direct consequence of 

weightbearing. Load transferred through the enthesis (compressive/ tensile) and trauma 

may be factors in CPHP BML development (39). Given the highly trabecular, thinly 

corticated nature of the calcaneus, 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 remodelling demands at the enthesis (41). The 

observation of a self-limiting natural history for many people with CPHP may reflect time 

frames consistent with bony healing (42).

Measures of plantar fascia morphology; thickness (by US or MRI), echogenicity, and 

intrinsic signal were all strongly associated with CPHP. A thicker plantar fascia in cases 

than controls (mean difference 1.52mm) is consistent with existing literature (13). Signal 

within the plantar fascia of CPHP cases has been described but not previously 

documented in a quantitative manner (35).  Increased intra-tendinous signal is seen in 

connective tissue pathology including the Achilles tendon but it is unclear whether in non-

inflammatory conditions this is associated with pain and functional impairment (43). The 

basis for signal increase is uncertain but may reflect changes to the extra-cellular matrix

and the water holding capacity of tendon (43, 44) and/or changes in perivascular flow or 

perivascular leakage (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 plantar fascia, understanding its 

longitudinal associations with symptoms and its modifiability, should be a goal of future 
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CPHP research.

Consistent with other studies, plantar fascia vascularity was also associated with CPHP (17, 

21, 23). Twenty-one percent of cases had some signal but no controls, so we could not 

calculate an OR from our data. It has been postulated that angiogenic signalling in 

response to (oxidative) stress may drive neovascularisation (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, however our findings are consistent 

with the view that detectable vascular flow on PDUS within resting tendon-like structures is 

abnormal (20).

Fat pad (T1-weighted) signal and plantar spurs were not associated with CPHP 

independent of other imaging biomarkers. The fat pad measure was intended to capture 

structural degradation, including a thicker, degenerate septal connective tissue network in 

the plantar heel pad (‘fibrosis’) (48, 49). Our results do not support the clinical assumption 

that disordered connective tissue structure, with subsequent hypothesised changes to the 

mechanical properties of the plantar fat pad (50, 51), are associated with pain. This is based 

however on measuring the distribution of signal change and not the thickness or volume of 

heel tissue itself, which may be more important in determining heel pad mechanical 

function (49, 52, 53).

6.5.1 Limitations

Strengths of this study are 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 were known. Efforts were made to preserve blinding by de-

identifying controls with a participant ID and isolating survey/ history data from the imaging 

session.

6.6 Conclusion

Plantar calcaneal BMLs as well as measures of plantar fascia morphology, but not plantar 

fad pad signal or spurs, were associated with CPHP independent of other imaging 

biomarkers. 
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The identification of novel, specific 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 have the potential to inform how treatment choices are 

targeted.
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Figure 6-1 A Plantar fascia thickness, coronal PD sequence, B Intra-substance plantar 
fascia signal (Grade 2), coronal PD sequence, C Calcaneal BML signal, sagittal T2-
weighted sequence, D Plantar fat pad signal, sagittal T1-weighted sequence (Grade 2)
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Figure 6-2 Case and control participant flow
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7. Clinical predictors of pain, function and quality of life 
in people with chronic plantar heel pain after 12-
months: A prospective longitudinal study

7.1 Preface

In chapter 4, associations of a wide-range of clinical factors with chronic plantar heel 

pain (CPHP) as determined by a case-control comparison are presented. However, 

our understanding of prognosis in CPHP is limited by a lack of longitudinal studies. 

We discuss these evidence gaps in chapter 1 (section 1.3.3). Prospective 

longitudinal study provides a stronger level of evidence than case-control 

investigation for our understanding of causation and mechanisms in heel pain. We 

address this limitation in this chapter by presenting the results of our 12-month 

follow-up study in cases examining longitudinal associations of clinical factors with 

key patient outcomes. 

7.2 Introduction

Chronic plantar heel pain (CPHP) is commonly assumed to follow a favourable, self-

limiting natural course(1) but this position is not clearly informed by longitudinal 

research. To date most longitudinal research in CPHP is based on retrospective 

case series analyses, with a narrow assessment of exposures, short follow-up period 

and limited application of validated outcome measures(2-4). A recent prospective 

study indicated that the long-term course of CPHP may be more recalcitrant, with as 

many as 46% of cases reporting persistent symptoms an average of 10-years after 

onset(5).

Our understanding of the factors that affect CPHP outcomes is limited and improving 

this understanding could help to identify potential causal mechanisms and direct 

treatments against factors likely to matter. Our current understanding of prognostic 

factors for CPHP is restricted to a few clinical, demographic or disease factors such 

as bilateral symptoms(3, 5), female sex(5), overweight(3) and longer duration of 

symptoms(3) (6). Most of these are not modifiable and are therefore of limited clinical 

value. Other clinical factors with an established cross-sectional association(7), such 

as pain catastrophising, depression, calf strength or multisite pain, have not been 

evaluated for longitudinal associations. We know even less about the role of 
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neuropathic symptoms in CPHP even though some authors indicate that nerve injury 

may affect up to one in five cases(8, 9) and neuropathic symptoms are associated with 

poorer clinical outcomes in a range of other musculoskeletal pain states such as LBP 

and osteoarthritic knee pain(10) (11). Many of these factors have a time-varying 

course, are potentially modifiable and an improved understanding could help guide 

clinical decision making.

The primary aim of this prospective longitudinal study therefore was to determine 

which clinical factors including psychological (pain catastrophising, depression), 

physical factors (calf strength, BMI) and symptom-related factors (neuropathic, night 

and multisite pain) predict CPHP pain, function and quality of life outcomes at 12 

months.

7.3 Methods

7.3.1 Study design

Prospective longitudinal study of people with chronic plantar heel pain.

7.3.2 Setting & participants

Cases with CPHP were recruited in southern Tasmania between November 2014 

and May 2018 from general and specialist medical clinics, allied health practices, 

newspaper advertising, social media, sporting clubs and workplaces (hospitals and 

government departments), as summarised previously(7). Participants were invited

back for a follow up visit one-year later, with re-assessments taking place between 

December 2015 and August 2017.

The study was approved by the Tasmania Health & Medical Human Research Ethics 

Committee (H0013616). All participants provided written informed consent.

7.3.3 Inclusion / exclusion

Cases were aged 18 and over with a clinical diagnosis of CPHP (described 

previously(7)), of at least 3 months duration. If heel pain was bilateral, the most 

symptomatic heel was assessed. 

Potential cases at baseline were excluded if they had any contraindication to MRI, a 

history of previous foot/ ankle fracture or orthopaedic foot surgery, current ankle 
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pain, recent foot trauma or other orthopaedic, congenital, vascular, neurological, or 

painful lower limb condition that restricted mobility or activity in the preceding 3 

months. Cases who had a corticosteroid or any other injection, shockwave therapy 

or steroid iontophoresis within the previous 6 months were excluded. 

7.3.4 Sample size calculations 

Based on previously published values for key exposures(7, 12), and assuming power 

of 80% and a two-tailed α of 0.05 with 10% loss to follow-up, we calculated that 220 

cases were required at baseline to detect clinically important effects sizes 

longitudinally that were comparable to or smaller than effect sizes reported in the 

CPHP, tendinopathy and osteoarthritis literature.

7.3.5 Data collection 

7.3.5.1 Outcomes
Foot pain and foot function were assessed by the Foot Health Status Questionnaire 

(FHSQ) (Cronbach’s alpha 0.86, ICC=0.92)(12). Quality of life was measured with the 

Assessment of Quality of Life scale, AQoL-6D(13) (Cronbach’s alpha 0.94, ICC=0.85 

to 0.88), (http://www.aqol.com.au/aqolquestionnaires/56.html). 

7.3.5.2 Exposures
Except for foot posture which was not expected to change over the course of one 

year, all exposures were measured at baseline and 12 months as previously 

published(7). Clinical measures were taken in a single session at both timepoints, in 

the same order, by the same experienced physiotherapist. 

In brief, height was measured to the nearest 0.1cm using a stadiometer. Weight was 

measured to the nearest 0.1kg by a single set of calibrated scales (A&D Medical 

UC321-PL, Adelaide, South Australia), and body mass index calculated 

(weight(kg)/ht(m)2). Ankle dorsiflexion (°) was measured by a gravity inclinometer 

(Plurimeter, Switzerland) placed on the mid anterior shin in a weightbearing lunge 

position with the knee flexed (ICC ≥0.88)(14).  Passive first metatarsophalangeal joint 

extension (°) was measured with the foot plantigrade in supine, as the mean of three 

goniometric measurements (15). Maximum isometric ankle plantarflexor strength was 

measured in sitting as the highest score from three attempts with the lower limb 

strapped by inelastic belt about the knee to a digital scale (Excell GW, Taiwan; 
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sensitivity 0.05kg). Reliability was good to excellent for these measures (7)

Physical activity (PA) was measured by uniaxial accelerometer worn at the waist 

(Actigraph GT1M, Fort Walton Beach, Florida) monitored over 7 consecutive days(16).

Steps per day and mean counts per minute were measured, and physical activity 

classified as minutes spent in moderate to vigorous (MVPA), light and sedentary 

activity. Criteria for acceptable wear time, activity thresholds and data processing 

have been published previously(7).

Questionnaires recorded age, sex, menopausal status, smoking history, presence of 

morning stiffness symptoms (at any joint) and co-morbidities (diabetes or 

rheumatological disease). Symptoms of depression were measured by the Patient 

Health Questionnaire-9(17, 18) and pain-related catastrophising by the Pain 

Catastrophizing Scale(18). Pain laterality, duration of symptoms, number of previous 

episodes and treatment history were also recorded. Presence of night pain was 

assessed at baseline only. The presence of neuropathic-like symptoms was 

assessed using the painDETECT questionnaire. Possible scores range from -1 to 38 

with a score of 19 or greater considered likely to have a neuropathic component(10).

7.3.6 Statistical Analysis

Characteristics of cases at baseline and follow-up are described using mean 

(standard deviation) or median (interquartile range) for continuous variables and 

percentage (frequency) for categorical variables. 

Mixed effects linear models were used to estimate the association of pain, function 

and quality of life outcomes with clinical and demographic exposures. We expect to 

observe fluctuation in these outcomes over time for individuals, rather than 

systematic increase or decrease, so we estimated separate within-person and 

between-person effects for time-varying predictors. If an exposure varied across time 

(based on mean change and examination of individual trajectory plots), it was 

modelled as a time-varying predictor(19) and decomposed into ‘between-person’ and 

‘within-person’ effects. The between-person component is an individual’s average 

score for the exposure across occasions, whilst the within-person component is the 

deviation of an individual’s score at each occasion from their average score. 

Potentially important non time-varying exposures were also included using their 
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baseline values. All models were adjusted for baseline age, sex and BMI. All models 

included a random intercept for individuals, and we tested the contribution of a 

random coefficient for time to allow for differences in individual trajectories over time. 

We specified an independent covariance matrix for the random effects, and repeated 

observations for individuals were modeled using an independent residual structure.

Model building proceeded by combining predictors established as potentially 

important from prior research(7) into a common model. For the pain outcome model, 

we purposefully chose to include other pain descriptors as predictor variables to 

capture clinically important pain constructs that reflect different aspects of the 

multidimensional nature of pain(20). For example, the painDETECT measures 

aspects of neuropathic pain quality rather than intensity or frequency as measured 

by the FHSQ. Night pain (as a baseline binary predictor only) has no reference to 

intensity, quality or frequency, but may capture pain information relating to other 

tissue or pain-based mechanisms. Inclusion of these variables satisfied model 

building assumption checks such as testing for the presence of multicollinearity.

Model parsimony was assessed with likelihood ratio testing for nested models 

including whether model fit improved with the addition of random effects for time. 

Information criteria were used to assess model fit. 

To handle missing data, we used inverse probability weighting, assuming data were 

missing at random(21, 22). We estimated the probability of an outcome being observed 

by fitting a logistic regression model using the background characteristics age, sex, 

BMI, employment and marriage status, depression, and FHSQ pain score, for which 

complete data were available. All models were weighted by the inverse of their 

estimated probabilities of being observed.

Model assumptions were checked by examining level 1 time-specific and level 2 

person-specific residuals for normality and constant variance. All analyses were 

performed using Stata 16 (Stata Corp., College Station 16, TX, USA).

7.3.7 Patient and public involvement

No patients or the public were involved in the planning, design, implementation or 

interpretation of this study, nor the writing or editing of this document.
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7.4 Results

Of 220 cases assessed at baseline, 210 returned surveys and 202 attended clinical 

re-assessment one year later (Figure 7-1).

Participants lost to follow up had similar baseline characteristics to those retained in 

the study except for having worse pain catastrophising, depression and 

painDETECT scores (Supplementary Table 7-5).

From baseline to follow up, mean pain scores decreased by 56% (from 48.8 to 75.9), 

foot-related function improved by 31% (from 65.7 to 86.1), and AQOL scores 

improved 7% (from 76.4 to 81.6) (Table 7-1). Twenty-one percent of participants 

reported no symptoms at follow-up ( FHSQ =100/100), and 67% improved by at least 

the minimally important difference detectable by this scale (13 points)(23).

From baseline to follow-up, the number of cases reporting morning stiffness 

decreased, and both the median score and number reaching clinically important cut-

points for painDETECT and pain catastrophising also decreased. These factors were 

subsequently modelled as time-varying predictors. Depression (PHQ-9), BMI, PA, 

multisite pain and clinical measures of the foot and ankle were similar at baseline 

and follow up and so modelled using baseline values as was night pain which was 

common at baseline (65%).

In the model adjusted for age and sex, higher average painDETECT scores were 

associated with greater pain (lower average FHSQ scores) over the 12-month study 

period (beta= -1.89, 95% CI -2.30 to -1.48) (BP, between-person effect) (Table 7-2).

In addition, at times when an individual had a higher painDETECT score than their 

personal average, their pain at that time was also higher (beta= -1.21, 95% CI -1.82 

to -0.60) (WP, within-person effect). When adjusted for age and sex, higher average 

PCS scores and PCS scores which fluctuated higher than the personal average 

were associated with worse pain outcomes at 12 months (BP beta= -0.96, 95% CI -

1.37 to -0.55, WP beta= -1.05, 95% CI -1.61 to -0.48). In the model adjusted for age 

and sex, baseline night pain and baseline BMI were associated with greater pain as 

indicated by lower average FHSQ pain scores (night pain -9.67, 95% CI -14.35 to -

4.99, BMI -0.76, 95% CI -1.24 to -0.28). In the fully adjusted model, the associations 

with pain persisted for the within and between person effects of painDETECT and
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pain catastrophising and baseline night pain. 

In models adjusted for age and sex, worse average function outcomes at 12-months 

were associated with higher average painDETECT (BP beta= -2.24, 95% CI -2.77 to 

-1.70), and higher average PCS scores (BP beta= -1.56, 95% CI -1.90 to -1.20). 

Similarly, baseline depression (beta= -2.84, 95% CI -3.52 to -2.17) and BMI (beta= -

1.16, 95% CI -1.72 to -0.59) were associated with worse, and ankle plantarflexor 

strength (beta= 0.19, 95% CI 0.05 to 0.33) better, average foot-related physical 

function scores. These associations persisted in the fully adjusted model, and in 

addition, when an individual had a higher painDETECT score than their personal 

average, their function at that time was worse (WP beta= -0.75, 95% CI -1.40 to -

0.11).

When adjusted for age and sex, higher average PCS scores (BP beta= -0.66, 95% 

CI -0.79 to -0.53) were associated with worse average QOL outcomes at 12-months. 

At times when an individual’s PCS score fluctuated higher than their personal 

average, their QOL score at that time improved (WP beta = 0.17, 95% CI 0.03 to 

0.32). In the age and sex adjusted model baseline depression (beta = -1.61, 95% CI 

-1.89 to -1.33), multisite pain (beta= -3.06, 95% CI -4.04 to -2.07) and BMI (beta= -

0.54, 95% CI -0.80 to -0.29) were associated with worse average QOL scores, and 

baseline ankle plantarflexor strength, better average QOL scores at 12-months 

(beta= 0.09, 95% CI 0.03 to 0.15). The association with these factors persisted in the 

fully adjusted model except for the WP effect for PCS.

Models not weighted for missing values are provided in the Supplementary tables for 

comparison (Supplementary Tables 7-6, 7-7, 7-8). Model fit was not improved by 

adding time as a random effect.

7.5 Discussion

Most clinical predictors of pain, function and quality of life at 12 months are 

psychological and symptom-based rather than foot-specific physical measures. This 

indicates that pain mechanisms and pain beliefs may be more important for CPHP 

prognosis and causation than physical factors. These findings could be used to 

predict individuals at risk of poorer prognosis and assist with how we sub-group and 

subsequently treat CPHP. Future research should determine if targeting treatments 
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according to the CPHP phenotypes apparent in these findings can result in more 

effective management of this condition. Testing the application of pain science 

principles, weight loss and ankle plantarflexor strengthening to sub-groups of CPHP 

where these impairments are identified, are potential avenues for future research.

The novel finding that neuropathic symptoms predict worse pain and foot-related 

function 12-months later indicates that non-nociceptive pain mechanisms are 

important in CPHP. This has implications for treatment, as effective treatment should 

target the specific mechanism of pain. Having access to a simple tool such as the 

painDETECT that is sensitive to neuropathic pain is important as the clinical 

assessment of nerve-injury in CPHP is notoriously difficult(8), yet original case reports 

based on electrodiagnostic testing identify nerve injury in up to 15-20% of CPHP 

cases(9, 24). Using the traditional painDETECT cut-point of 19 as ‘probably 

neuropathic’ we found that 7.7% of cases met this criteria at baseline. It is unclear if 

this cut-point is optimal for CPHP. Further, the painDETECT was originally 

developed in a cohort of LBP patients to differentiate neuropathic from nociceptive 

pain(10), and did not directly consider nociplastic mechanisms. As both of these non-

nociceptive mechanisms have been identified in CPHP(25, 26), the potential benefits of 

augmenting use of the painDETECT with tools sensitive to nociplastic pain such as 

the Central Sensitisation Index(27), may be an area of future research. The 

identification of neuropathic pain opens up care to approaches not routinely 

practiced in CPHP. Particularly in the presence of neuropathic ‘gain’, this includes 

medication classes targeting neuropathic (or nociplastic) pain processes including 

topicals such as capsaicin, desensitisation techniques, graded motor imagery, 

exercise and neural mobilisation techniques, and pain science education to minimise 

an over-protective pain system response(28).

Pain catastrophising beliefs are independently associated with a worse prognosis for 

all three outcomes, reinforcing the importance of psychological factors in CPHP. 

When an individual experiences pain, they make an individual and highly contextual 

‘threat’ appraisal of that pain. According to the Fear-Avoidance Belief model(29), one 

possible outcome is that the pain is considered threatening and warrants a protective 

response. This leads to a cascade of events including catastrophising thoughts, fear, 

hypervigilance, avoidance, disuse and disability(29). A fear-dominant response leads 
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to movement consequences that may explain poorer foot-related physical function. 

Whilst pain intensity and pain catastrophising (PC) are associated(30), the two should 

not be conflated as the association between persistent musculoskeletal pain states 

such as LBP and PC persist after adjusting for pain severity(31). This indicates the 

cognitive mechanism underlying PC is independent of pain intensity and targeting 

pain alone may therefore be insufficient. Treatments for CPHP should address 

psychological impairments where identified and could include cognitive strategies to 

reconceptualise pain by ‘explaining pain’, which has been shown to be effective at 

reducing pain catastrophising(32).

Worse foot-related physical function and quality of life, but not pain, was predicted by 

higher baseline scores on the PHQ-9 depression scale. The effect of depression on 

QOL is well established, especially through role limitations associated with poorer 

physical functioning, emotional and mental health, vitality and social functioning(33).

The effects of depression on physical function likely reflects a bidirectional 

relationship(34); symptoms of depression such as low energy levels, low mood, poor 

sleep, and decreased physical activity are negatively associated with physical 

function, but reduced physical engagement and social roles will in turn support a 

depressive affect(35). Overall, these findings reinforce the complex, biopsychosocial 

nature of persistent heel pain and the need to consider person-level factors beyond 

the foot. 

Ankle plantarflexor strength is a potentially modifiable physical factor with the most 

consistent positive effect on foot outcomes (function and QOL). There is a logical 

connection between increased ankle plantarflexor strength and improved function 

and QOL given these muscles are critical to mobility and gait (function), and 

potentially therefore social engagement (QOL). However, baseline ankle 

plantarflexor strength did not predict improvements in pain- mean strength scores 

changed little over 12 months but 2/3 of cases reached the minimum important 

difference for improvement in FHSQ pain. These results challenge the value of calf 

strengthening as an intervention for pain. This is consistent with findings for calf-

based exercise loading programmes that include dosed/ self-dosed protocols(36) and 

isometric and isotonic(37) exercise regimens that did not find comparably better short-

term effects for pain. Another high-load calf strengthening programme did find a 
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medium-term benefit (at 3 months) for pain compared to a stretching regimen(38).

These papers specifically studied a plantar fasciopathy sub-group of CPHP (defined 

by US-confirmed plantar fascia thickening exceeding 4mm) and it is unclear if these 

conclusions extend to other phenotypes of CPHP. Importantly, they did not 

document the presence of strength impairments upon entry into the study, nor 

whether or to what degree the intervention improved strength. The small sample 

sizes employed in these studies (n=20-70) are a further limitation. Calf loading 

programmes may be valuable to address symptoms related to function and quality of 

life, but further research is required to understand the role of strengthening for pain 

outcomes in the presence of strength impairments.

Higher body mass index is consistently associated with CPHP(7, 39) and our findings 

confirm a longitudinal association between baseline BMI and poorer function and 

QOL outcomes, but not pain. Weight loss is frequently recommended in CPHP 

management guidelines(40), however there is very little guidance on how changing 

BMI affects prognosis and little real-world data to support its implementation or 

efficacy in CPHP(41). As BMI remained relatively stable across the 12 months it was 

not evaluated as a time-varying term, and thus we cannot comment on how change

in BMI affects prognosis. Limited information supporting weight loss for CPHP comes 

from a single observational study of a sub-group of bariatric individuals with CPHP 

(n=163) assessed pre and post bariatric surgery(42). Ninety percent of cases reported 

symptom resolution a mean of 35 months after bariatric surgery. This study was 

uncontrolled and so it is unclear whether improvement can be attributed to weight 

loss alone. Another study compared people reporting general foot pain who received 

bariatric surgery (n=29) with wait list controls (n=18). No between group comparison 

was performed but foot pain improved at 6 months in those receiving surgery, but not 

in controls(43), suggesting the potential for an effect of weight loss. Overweight/ 

obesity is a major health burden in its own right, and more work including RCTs are 

required to understand whether weight change is meaningful and feasible in the 

clinical context of CPHP. If so, do important (mass) thresholds exist, and are they 

driven by mechanical, metabolic or psychologic factors?

Multisite pain predicts poorer QOL, adding to the list of symptom-based factors that 

indicate that pain processes are important in CPHP mechanisms. The longitudinal 



158

findings for multisite pain confirm a previous cross-sectional association with having 

CPHP(7), and with research that demonstrates that number of pain sites is linearly 

related with poorer HR QOL(44). As multisite pain is associated with higher risk for 

future pain and greater healthcare resource access and costs(45, 46) (47), investigating 

ways to target multisite pain itself may have merit. Further, multisite pain was 

relatively stable across the year indicating that time alone is unlikely to address this 

potential risk factor. 

Night pain was common at baseline and associated with worse pain outcomes. We 

have previously demonstrated that BMLs are prevalent in CPHP (50%)(48), and past 

research has demonstrated a relationship between night pain and this form of bone 

lesion(49). Further exploration of this relationship may be useful to determine if night 

pain may act as a clinical marker for a bone pain phenotype, especially as there is 

preliminary evidence that specific modalities (such as shockwave) may preferentially

target this condition(50) (51).

The strengths of this study are the large case sample, high follow-up rate, detailed 

longitudinal exposure set including for the first-time neuropathic and psychological 

factors, and an analysis approach that catered for the time-varying nature of key 

exposures and the random effect of individuals across time (by allowing for within-

person effects). Comparison of weighted and unweighted models confirms that 

missing values did not affect outcomes. Results are strengthened for findings that 

demonstrate a significant WP association, as WP analyses reduce confounding by 

controlling for individual variability across time. We did not adjust for treatments 

being received at baseline as these were very diverse and we lacked sufficient data 

(dose, adherence, medical record confirmation) for meaningful analysis. We also 

considered treatment may be a mediator rather than a potential confounder for pain 

outcomes.

7.6 Conclusion

Worse pain, foot-related function and quality of life at 12 months was mostly 

predicted by a combination of psychological and symptom-based factors rather than 

foot-specific physical measures.  These factors that could be used to predict 

individuals at risk of poorer prognosis and assist with tailoring and targeting CPHP 
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treatments. Future research should determine if targeting treatments according to 

the CPHP phenotypes apparent in these findings can result in more effective 

management of this condition. Testing the application of pain science principles, 

weight loss and ankle plantarflexor strengthening to CPHP sub-groups where these 

impairments are identified, are potential such avenues for future research.
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Figure 7-1 Participant Flow
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Table 7-2 FHSQ Pain: simple (age- & sex-adjusted) and full multivariable models

FHSQ painb Simple MV (age- & sex-adj)a Full MVa

Coeff 95% CI Coeff 95% CI
painDETECTc BP -1.89 -2.30 -1.48 -1.28 -1.77 -0.79
painDETECT WP -1.21 -1.82 -0.60 -1.26 -1.92 -0.60
pain catastrophisingd BP -0.96 -1.37 -0.55 -0.57 -0.98 -0.16
pain catastrophising WP -1.05 -1.61 -0.48 -0.73 -1.26 -0.19
BMIe (kg/m2) -0.76 -1.24 -0.28 -0.26 -0.64 0.12
night paine f -9.67 -14.35 -4.99 -4.56 -8.26 -0.85

a inverse probability weighted for missing data, Bold significant p<0.05
b Foot health status questionnaire pain, 0-100, higher is better (less pain)
MV multivariable, BP between-person effect, WP within-person effect, BMI body mass 
index, CI confidence interval
c painDETECT neuropathic symptoms questionnaire, -1 to 38, higher worse
d Pain catastrophising scale 0-52, higher worse
e baseline factors
f present/ absent
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Table 7-3 FHSQ Function: simple (age- & sex-adjusted) and full multivariable 

models

FHSQ functionb Simple MV (age- & sex-adj) Full MVa

Coeff 95% CI Coeff 95% CI
painDETECTc BP -2.24 -2.77 -1.70 -0.99 -1.51 -0.48
painDETECT WP 0.03 -0.70 0.75 -0.75 -1.40 -0.11
pain catastrophisingd BP -1.56 -1.9 -1.20 -1.00 -1.40 -0.59
pain catastrophising WP -0.02 -0.57 0.53 -0.10 -0.63 0.44
depressione f -2.84 -3.52 -2.17 -0.93 -1.69 -0.17
ankle plantarflexor strengthf (kg) 0.19 0.05 0.33 0.13 0.03 0.23
BMIf (kg/m2) -1.16 -1.72 -0.59 -0.48 -0.96 0.00

a inverse probability weighted for missing data, Bold significant p<0.05
b Foot health status questionnaire function, 0-100, higher is better function
MV multivariable, BP between-person effect, WP within-person effect, BMI body mass 
index, CI confidence interval
c painDETECT neuropathic symptoms questionnaire, -1 to 38, higher worse
d Pain catastrophising scale 0-52, higher worse
e Patient Health Questionnaire-9 survey, 0-27, higher worse
f baseline factors
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Table 7-4 Quality of Life: simple (age- & sex-adjusted) and full multivariable models

Quality of Lifeb Simple MV (age- & sex-adj)a Full MVa

Coeff 95% CI Coeff 95% CI
pain catastrophisingc BP -0.66 -0.79 -0.53 -0.37 -0.51 -0.22
pain catastrophising WP 0.17 0.03 0.32 -0.12 -0.28 0.04
depressiond,f -1.61 -1.89 -1.33 -0.93 -1.27 -0.59
ankle plantarflexor strengthf (kg) 0.09 0.03 0.15 0.08 0.03 0.12
multisite paine,f -3.06 -4.04 -2.07 -1.30 -1.96 -0.63
BMIf (kg/m2) -0.54 -0.80 -0.29 -0.22 -0.37 -0.06

a inverse probability weighted for missing data, Bold significant p<0.05
bAssessment of quality of life scale-6D, 0-100, higher is better
MV multivariable, Between: between-person effect, Within; within-person effect, BMI body 
mass index, CI confidence interval
c Pain catastrophising scale 0-52, higher worse
d Patient Health Questionnaire-9 survey, 0-27, higher worse
e number of pain sites by region, beyond heel, continuous measure (0,1,2,3 or more) 
f baseline factors
g Foot heath status questionnaire 0-100, higher better (less pain)
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7.7 Supplementary tables

Table 7-5 Characteristics of missing data.

Baseline
Mean (SD) 
(n=220)

Follow-up
Mean (SD)

Baseline 
values for 
those lost to 
follow-up
Mean (SD)

N
missing

Female sex % (n) 60 (131) 60 (126) 50 (5) 10
Age (years) 54.78 (12.13) 55.98 (12.04) 52.71 (13.33) 10
BMI (kg/ m2) 29.1 (5.4) 29.5 (5.5) 29.48 (5.97) 18
FHSQ pain (/100) 48.8 (21.6) 75.9 (23.3) 51.81 (23.18) 10
FHSQ function (/100) 65.7 (27.8) 86.13 (22.3) 55.63 (34.54) 10
AQOL (/100) 76.4 (10.8) 81.6 (9.7) 68 (11.98) 11
Pain catastrophising 
scale (/52)

11.6 (10.9) 6.4 (8.8) 22 (10.54) 11

painDETECT (/38) 9.64 (5.93) 5.04 (6.17) 13.8 (7.76) 10
PHQ-9 (/27) 3.67 (4.01) 2.97 (3.29) 4.40 (2.32) 11

SD standard deviation, BMI body mass index, FHSQ Foot health status questionnaire, 
AQOL Assessment of quality of life-6D, PHQ-9 Patient health questionnaire
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Table 7-6 FHSQ Pain; multivariable model (Not weighted for missing values)

FHSQ painb Full MV- unweighteda

Coeff 95% CI
painDETECTc BP -1.26 -1.70 -0.83
painDETECT WP -1.27 -1.91 -0.64
pain catastrophisingd BP -0.58 -0.82 -0.34
pain catastrophising WP -0.74 -1.17 -0.30
BMIe (kg/m2) -0.27 -0.64 0.10
night paine -4.75 -8.88 -0.61

MV multivariable, BP between-person effect, WP within-person effect, BMI body mass 
index, CI confidence interval

a Bold significant p<0.05
b Foot health status questionnaire pain, 0-100, higher is better (less pain)
c painDETECT neuropathic symptoms questionnaire, -1 to 38, higher worse
d Pain catastrophising scale 0-52, higher worse
e baseline factors
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Table 7-7 FHSQ Function; multivariable model (Not weighted for missing values)

FHSQ functionb Full MV- unweighteda

Coeff 95% CI
painDETECTc BP -0.98 -1.45 -0.51
painDETECT WP -0.75 -1.39 -0.12
pain catastrophisingd BP -0.10 -1.30 -0.70
pain catastrophising WP -0.12 -0.57 0.33
depressione,f -0.97 -1.63 -0.31
ankle PF strengthf (kg) 0.13 0.02 0.23
BMIf (kg/m2) -0.49 -0.90 -0.08

MV multivariable, BP between-person effect, WP within-person effect, BMI body mass 
index, CI confidence interval, PF plantarflexor

a Bold significant p<0.05
b Foot health status questionnaire pain, 0-100, higher is better (less pain)
c painDETECT neuropathic symptoms questionnaire, -1 to 38, higher worse
d Pain catastrophising scale 0-52, higher worse
e Patient health questionnaire- 9, 0-27, higher worse
f baseline factors
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Table 7-8 Quality of life; multivariable model (Not weighted for missing values)

Quality of Lifeb Full MV- unweighteda

Coeff 95% CI
pain catastrophisingc BP -0.36 -0.48 -0.25
pain catastrophising WP -0.13 -0.28 0.02
depressiond -0.94 -1.22 -0.66
ankle plantarflexor strengthe (kg) 0.08 0.03 0.12
multisite paine,f -1.31 -2.10 -0.53
BMIe (kg/m2) -0.22 -0.39 -0.05

MV multivariable, Between: between-person effect, Within; within-person effect, BMI body 
mass index, CI confidence interval

a Bold significant p<0.05
bAssessment of quality of life scale-6D, 0-100, higher is better
c Pain catastrophising scale 0-52, higher worse
d Patient Health Questionnaire-9 survey, 0-27, higher worse
e baseline factors
f number of pain sites by region, beyond heel, continuous measure (0,1,2,3 or more) 
gFoot health status questionnaire, 0-100, higher is better (less pain)
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8. Future Directions

8.1 Overview

Chronic plantar heel pain is a heterogeneous condition that has resisted a clear 

description of risk and prognostic factors. The assumption that it runs an 

uncomplicated and short course is incorrect for many and underestimates the high 

personal burden. Our poor understanding of risk factors hampers our ability to 

recognise important sub-groups, and therefore to provide effective, targeted 

intervention.

Much of our understanding of aetiology and subsequent management strategies for 

CPHP are linked to legacy views of a mechanical condition that requires mechanical 

intervention. This is inconsistent with the growing body of knowledge for 

musculoskeletal pain states such as osteoarthritis (OA), back pain and tendinopathy 

that emphasise the multidimensional nature of persistent pain. A modern view of 

chronic pain encompasses biological, cognitive, affective and social dimensions, yet 

there has been very little recognition of most of these aspects in CPHP research. 

This is not to say that recognising local drivers of pain is not important. Clinically 

measured factors, or imaging-based biomarker assessment can provide insight into 

the biological aspects of disease.

The aims of this thesis were to better understand the range of clinical and imaging 

factors associated with the risk of having CPHP, and to determine what clinical 

factors are associated with chronicity. 

The key findings are:
1. Clinical risk factors for CPHP largely originate outside of the foot, including 

psychological and symptom-based factors and anthropometric measures of 

BMI and waist girth. This conclusion is supported by data from both case-

control and longitudinal analyses. Multisite pain (OR 2.76; 95% CI 1.29 to 

5.91 (pain at 1 other site), to OR 10.45; 95% CI 3.66 to 29.81 (pain at 4 or 

more other sites)) and pain catastrophising beliefs (none, some or 

catastrophiser) (OR 2.91; 95% CI 1.33 to 6.37 (some), OR 6.79; 95% CI 1.91 

to 24.11 (catastrophising)) have case-control associations with having CPHP. 
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Neuropathic symptoms, pain catastrophising beliefs and baseline night pain 

symptoms, depression and multisite pain are longitudinally associated with 

CPHP outcomes (within-person effect range β= -0.73 to -1.26, between-

person effect size β= -0.37 to -1.28, baseline factor effect size β= -0.93 to -

4.56).

2. Waist girth (cm) (OR 1.06; 95% CI 1.03 to 1.09) has a case-control 

association with CPHP and baseline BMI is longitudinally associated with 

worse function (β= -0.48, 95%CI -0.96 to 0.00) and QOL (β= -0.22, 95%CI -

0.37 to 0.06) outcomes.

3. Ankle plantarflexor strength (kg) was the only clinical foot-related variable 

consistently associated with having CPHP (case-control OR 0.98; 95% CI 

0.97 to 0.99) and with foot function and QOL longitudinally (kg) (function β= 

0.13, 95%CI 0.03 to 0.23; QOL β= 0.08, 95%CI 0.03 to 0.12).

4. All measures of the plantar fascia (thickness, echogenicity, T2-weighted and 

vascular signal) and plantar calcaneal bone marrow lesions are independently 

associated with having CPHP in case-control analyses. There was no 

association with other imaging biomarkers such as plantar fat pad signal, and 

the multivariable association with larger plantar spurs disappears when 

adjusted for the presence of other imaging biomarkers.

5. Bone marrow lesions are common (51%) but have not been previously 

quantified in CPHP. Their presence and size are associated with CPHP risk

(mm2, OR 1.03 (95% CI 1.02 to 1.05)). Our findings confirmed previous 

associations of CPHP with PF thickness and hypoechogenicity and

demonstrated associations with additional PF characteristics including for the 

first-time quantification of intra-fascial signal (penetrating > 50% of 

dorsoplantar width, OR 12.12 (95% CI 5.36 to 27.42)) and a perfect 

association with vascular signal.

6. The presence of CPHP modifies the effect of ankle plantarflexor strength on 

bone density and microarchitecture outcomes in the plantar calcaneus, and 
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the effect of BMI on bone density and microarchitecture outcomes in the mid-

calcaneum. Beneficial associations of ankle plantarflexor strength with plantar 

trabecular bone density, trabecular thickness and separation and trabecular 

bone volume fraction were reduced in people with CPHP (ankle plantarflexor 

strength -case interactions all p< 0.02). Beneficial associations of BMI with 

mid-calcaneal trabecular density, thickness and trabecular bone volume 

fraction were also reduced in cases (BMI-case interactions all p< 0.02). 

8.2 Implications of study

8.2.1 Implications for understanding mechanisms and causation in CPHP.

This thesis provides evidence to challenge the view of clinical foot factors in 

isolation, and to a lesser extent mechanical drivers of foot pain having major roles in 

CPHP. Instead, potential roles of pain system processes, psychological and 

metabolic factors in CPHP are highlighted. 

The predominance of associations of markers of pain system processes and 

psychological factors with CPHP in both case-control and longitudinal analyses is 

consistent with a biopsychosocial view of persistent musculoskeletal pain. The 

findings strengthen the argument that nociplastic and neuropathic pain mechanisms, 

and cognitive mechanisms underlying pain beliefs, are important in CPHP. This 

understanding is not new for well-studied areas such as persistent LBP, but these 

principles have yet to be properly considered in CPHP where understanding is 

informed by a legacy view of foot-specific and mechanical aetiologies. The 

longitudinal findings supporting either or within- and between-person effects for pain 

catastrophising beliefs and neuropathic symptoms across all three outcomes, 

provides particularly strong evidence for this. A range of other baseline factors 

including multisite pain, night pain and depression further speaks of mechanisms 

attuned to sensitisation, nerve processes and potentially systemic mechanisms, as 

opposed to mechanical aetiologies.

Associations with body mass index have been widely reported and this is the most 

consistent (case-control) association with CPHP(1). We add to this the important 

finding of a case-control association with waist girth and confirm a longitudinal 

association for baseline BMI with foot-related physical function and QOL outcomes. 
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The association with waist girth strengthens the argument for metabolic rather than 

mechanical or load-based mechanisms. The metabolic and meta-inflammatory 

effects of central adiposity are well recognised. The negative consequences of 

metabolic risk factors for musculoskeletal disease are only recently recognised 

however(2, 3), and these systemic mechanisms may also be implicated in CPHP. 

My case-control and cross-sectional data for imaging biomarkers and bone density 

and microarchitecture provide insight into local patho-anatomical contributors to 

CPHP. Associations with measures of the plantar fascia and plantar BMLs highlight 

the contribution of tissues on both sides of the plantar enthesis. This is confirmed by 

HR-pQCT findings demonstrating sclerotic type changes at the enthesis in 

univariable analyses and a modified bone- load coupling response in the presence of 

CPHP in multivariable models. This thesis provides strong evidence for potential 

roles of other previously under-recognised bone abnormalities (but not necessarily 

spurs) in heel pain. As well as morphology (plantar fascia thickness), these 

abnormalities include measures of signal variation ((BML, intra-fascial, vascular and 

potentially hypoechogenicity). These markers are seen on fluid sensitive T2-

weighted sequences and reflect differences in the fluid state/ haemodynamics of 

tissue, potentially signalling sites of local tissue stress. As opposed to structural 

measures signal is changeable over time and therefore potentially modifiable(4).

The associations of imaging biomarkers come only from case-control analyses, so I

cannot attribute causation, nor determine whether they are markers of other disease 

processes or predict change in heel pain. Nonetheless, case-control analyses do 

seek to look back in time from disease to exposure to estimate relative risk with 

causal intent. Measures of association form one part of the evidence chain for 

causation, and I believe these findings reflect biologic plausibility. It is therefore 

possible that these markers could be potential causal contributors to plantar heel 

pain. This may seem to sit in juxtaposition to the strong central and systemic 

arguments made for heel pain mechanisms, but it is possible that one or more of 

these abnormalities could be a pain source that triggers sensitisation processes or 

fear beliefs. 

Physical activity (PA) measured objectively, regardless of intensity, was not 

associated with having CPHP. I could find no case-control evidence to support the 
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notion that too little or too much activity increases the risk for having CPHP. I

acknowledge the difficulty in representing the relationship between physical activity 

and heel loading by these categories, where for example sedentary time might 

involve prolonged standing (low PA, high heel loads), and conversely high MVPA 

efforts could involve low heel loads (eg cycling). Further, this case-control analysis 

did not capture historical levels of PA and cannot clarify whether activity levels in 

cases changed as a result of pain, although longitudinal data suggests that PA was 

relatively stable across time. The role of PA in CPHP therefore, in terms of potential 

mechanical overload or metabolic underload, remains unclear.

8.2.2 Implications for clinical practice

The assessment of CPHP needs to take into account a wide range of tissues and 

mechanisms. Beyond the plantar fascia, this includes bone, nerve tissue, fat 

(adiposity) and the brain. Understanding these different domains could clinically 

define CPHP phenotypes and be used in a more precision or personalised medicine 

approach to this condition(5). There may be mechanical, metabolic, bone, plantar 

fascial, psychosocial, neuropathic and nociplastic contributors to CPHP. The 

individual mix of these factors requires clinicians to provide an individualised and 

person-centred assessment of CPHP. 

Managing persistent musculoskeletal pain requires a biopsychosocial framework(6),

and these results confirm that CPHP is no different. This may start with clincians 

having a greater awareness of the potential role of non-foot factors and considering 

assessing these in people with CPHP. Measuring neuropathic symptoms with scales 

such as the painDETECT, pain catastrophising beliefs with the PCS, depression with 

the PHQ-9 and waist girth with a tape measure is required. Symptom based factors 

that have predictive capacity such as multisite and night pain are also easy to 

measure but have not been reported as assessment targets in the CPHP literature.

Treating negative pain beliefs and symptom-based measures of nociplastic change 

and sensitivity is not often considered in CPHP. Current guidelines or reviews are 

largely silent on this component of intervention(7-10), although a recent review of 

expert clinical opinion recommended patient education incorporating pain science(11).

This included a component of pain science, although the authors acknowledged the 

efficacy of this inclusion had not been tested in isolation. Pain science principles 
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including ‘explain(ing) pain’, graded motor imagery, graded exercise exposure, 

desensitisation, and potentially specific neuropathic or centrally acting medications, 

are less accessed (and unstudied) forms of intervention for CPHP, that warrant 

consideration.

Depression and obesity are potential risk factors for chronic plantar heel pain but 

whether addressing these issues would improve CPHP outcomes is unknown. Both 

these factors are modifiable, but require complex, sustained and interdisciplinary 

care that highlights the need for a wider view of CPHP, beyond clinical foot factors. 

There is limited support for weight loss coming from a cohort of individuals (n=163) 

who had CPHP prior to undergoing bariatric surgery(12). Ninety percent achieved 

symptom resolution a mean of 35 months later, although the lack of control group 

means it is difficult to ascribe this improvement to weight loss alone. In another post 

bariatric surgery group with wait-list controls, at 6-months foot pain (not CPHP 

specific) only improved in the surgical group(13). In this study depressive symptoms, 

but not BMI was associated with pain outcomes, indicating a complex and potential

mediating role for non-mechanical factors beyond the foot. From a holistic 

perspective, addressing obesity and depression are important for a patient’s well-

being and contribute to a wide range of health issues beyond the foot. Clinicians 

should be aware these conditions can be present in CPHP and take steps to address 

these, including onward referral. 

My results challenge the value of calf strengthening as an intervention for pain. 

These findings are consistent with a recent best practice guide that failed to find 

consistent support for resistance exercises, nor a clear set of recommendations 

based on expert consensus(11). A recent study comparing isometric and isotonic(14)

calf loading exercise with walking controls did not find comparably better short-term 

effects for pain (14), and dosed versus self-dosed calf loading protocols(15) yielded 

similar results with clinically questionable gains in patient accepted symptom state. 

One high-load calf strengthening programme did find a medium-term benefit (at 3 

months) compared to a stretching for pain (16). These studies were of a plantar 

fasciopathy sub-group of CPHP (defined by US-confirmed plantar fascia thickening 

exceeding 4mm) and it is unclear if these conclusions extend to other phenotypes of 

CPHP. Importantly, they did not document the presence of strength impairments 
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upon entry into the study, nor if strength changed as a result of intervention. Calf 

loading programmes may be valuable to address symptoms related to function and 

quality of life, but further research is required to understand the role of strengthening 

for pain outcomes, specifically in the presence of strength impairments.

The clinical implications of the possible roles of imaging biomarkers are less certain 

as this requires longitudinal information to determine if changes in these factors is 

associated with changes pain, foot function or quality of life. I discuss the 

implications for research of this in the next section.

8.3 Future directions

Clinical phenotyping is only useful if it informs clinical practice and improves 

treatment outcomes. Systematic reviews of interventions for treating CPHP(10, 17)

identify an array of treatments applied almost exclusively at the foot. Treatments 

have not historically been aligned to the bone (BML), psychological, pain 

mechanisms or metabolic phenotypes that we have identified. Few if any address 

CPHP within a biopsychosocial framework. There is a pressing need to strengthen 

evidence with clinical trials that test the value of phenotyping heel pain to tailor 

treatments. Further research qualifying these phenotype sub-groups is also required. 

Addressing catastrophising pain beliefs with cognitive and pain-science education 

with treatments such as cognitive-behavioural therapy, active physical approaches 

such as exercise and combinations of these reduces catastrophising in chronic 

LBP(18). Treatments that de-threaten movement, address unhelpful beliefs, reduce 

hypervigilance and improve coping skills can help address the fear-avoidance cycle 

that overprotects(19, 20). These interventions could be tested in CPHP, in people with 

high PCS scores. Pain beliefs are modifiable, but as pain beliefs persist independent 

of pain intensity(21), addressing pain catastrophising entails a specific intervention 

that does more than just treat pain. 

The painDETECT assesses neuropathic symptoms. A treatment trial that targets 

neuropathic symptoms with nerve specific interventions in people with CPHP 

identified by high painDETECT scores, could determine the utility of this phenotype. 

The original painDETECT questionnaire was developed in a large cohort of LBP 

patients(22). It sought to differentiate nociceptive from neuropathic pain mechanisms 
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but did not consider nociplastic mechanisms. There would be value in defining the 

relative input of nociplastic mechanisms in CPHP as different pain mechanisms 

warrant different treatment approaches. Augmenting painDETECT assessment with 

use of the Central Sensitisation Inventory(23), a questionnaire designed to assess 

nociplastic mechanisms may achieve this.

The International Association for the Study of Pain added to the definition of 

nociplastic pain a requirement for some measure of objectively testable 

hypersensitivity(24, 25). These relate to central nervous system mechanisms of ‘gain’ 

that include allodynia, hyperalgesia, temporal and spatial summation, and painful 

after-sensations. The collective approach for physically assessing this is called 

Quantitative Sensory Testing, and this may help differentiate neuropathic from 

nociplastic pain mechanisms. 

Clinical trials could test bone-specific treatments for CPHP cases identified as having 

a BML. Fifty percent of cases had a BML, and BML size was independently 

associated with having CPHP, but we don’t know how BMLs change over time and 

whether those changes are associated with CPHP outcomes. We plan to analyse 

longitudinal data on imaging exposures to better understand if BMLs are a 

meaningful and modifiable treatment target. BMLs themselves are not homogenous 

and come in at least 3 sub-types at other bone regions such as the spine(26). The 

association with pain outcomes may be different for different BML sub-types. 

Evaluating BMLs with different MRI sequences or co-locating existing HR-pQCT data 

with BML lesions in the calcaneus, may give further insight as to the ‘phenotype’ of 

BML. Analysing the clinical and pain data could determine if there are specific 

features that identify a BML without the requirement to image, or target people at 

high risk of having a BML to proceed to having MRI performed. Preliminary evidence 

indicates that individuals with night pain are more likely to have a BML(27). BMLs can 

be specifically targeted in treatment with bone supporting medications(28) and

physical modalities such as extra-corporeal shockwave(29, 30) as successfully applied 

in the treatment of BMLs in knee osteoarthritis. Future clinical trials could explore 

these modalities in CPHP participants identified as having a BML pain phenotype.

Measures of adiposity may reflect a metabolic phenotype. We have collected bloods 

from cases and controls at baseline for metabolic and meta-inflammatory marker 
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analysis. This will provide a more sensitive estimate of the metabolic profile of 

participants, with an initial plan to measure lipids (cholesterol, HDL, LDL, 

triglycerides), plasma glucose, HbA1c (%), high sensitivity C-reactive protein, IL-6, 

TNF and leptin. These measures could help inform the mechanism of adiposity 

association, including whether specific metabolic or meta-inflammatory profiles are 

important.

Calf strengthening exercise is a commonly applied intervention in CPHP (typically for 

a plantar fascia phenotype of heel pain)(16), yet there is a disconnect from pain 

outcomes. Further research to understand the mechanism of effect of calf 

strengthening could help define cases with impairments likely to respond and 

improve exercise prescription parameters. This may involve examining different 

attributes of ankle plantarflexor performance such as power output, cortical inhibition 

studies, beliefs around movement and strengthening, and functional attributes such 

as jump or hop for which calf output may be a proxy.

Prognostic factors could be clarified by assembling an inception cohort of people 

with plantar heel pain immediately after symptom development. Tracking important 

clinical and imaging factors from symptom onset would provide clarity about the 

timeline of events and changes associated with CPHP progression, in particular 

progression to chronic, recalcitrant disease. For this thesis, recruiting cases was not 

difficult, but with a disease onset range from 3 to 636 months (median 10 months), it 

is likely that there is some imprecision in prognostic indicators as participants 

present at different ‘life stages’ of the condition. An inception cohort would avoid the 

bias associated with case-control study such as case selection and control 

representativeness and help inform our understanding of risk for new versus 

persistent disease. Given the incidence of CPHP, this type of study would require 

larger resources, but the potential to start by following up our existing controls is a 

possibility.

My blood samples could be accessed to evaluate genetic associations with CPHP. 

The role of genetics in CPHP has not been evaluated but associations have been 

established for other musculoskeletal conditions such as tendinopathy(31) and OA(32).

Genetic studies may help sub-group CPHP for a personalised medicine approach. 
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In summary, this thesis identified potential avenues for improving the assessment of 

CPHP. CPHP can be viewed as a heterogeneous condition presenting from a range 

of tissue, pain mechanism, metabolic, mechanical and psychosocial factors. Clinical 

decision making may be improved by identifying the personal mix or predominant 

CPHP phenotype based on presenting impairments. Future research should further 

define these CPHP phenotypes, and then investigate the merit of targeting treatment 

along these lines. Many of these approaches are not foot-specific, are commonly 

applied in the management of chronic musculoskeletal pain elsewhere but are yet to 

be fully considered in CPHP.
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girth (systemic) and pain (central) factors, 
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9.8 Appendix 8:  Ethics amendments

1

Add HR-pQCT, change outcome measure from 

Foot function index to FHSQ, expand pain VAS 

assessment tools to current, past 24hrs & first-

step pain, discontinue 6-month follow up, remove 

adiponectin from blood test regime (bloods not 

part of this thesis), changes to US scoring, 

include controls.

03/06/2014

2

Add PHQ-9, Pain Catstrophising Scale and pain 

DETECT questionnaires to assessment. Request 

consent to examine treatment records.

11/09/2014

3
Change QOL outcome measure from SF-36 to 

AQOL-6D
16/09/2014

4
Request to advertise project by social media, 

flyers and internet/ email
31/10/2014

5 Increase recruitment of cases from 50 to 220 16/02/2015

6
Approval to mail out recruitment material to 

sporting clubs and workplaces
20/10/2015

7 MRI case participants at follow up time point 24/11/2015

8
Update paperwork for controls (letter of invitation, 

follow-up letter of invitation, and consent).
04/09/2016

9
Add transverse US scan data collection for 

control participants
08/11/2016
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