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Objective. Foot orthoses are thought to improve pain by potentially modifying internal mechanical forces. To test
this, we explored whether foot orthoses can modify patterns of bone marrow lesions (BMLs) in people with
midfoot pain.

Methods. Forty-two people were recruited with midfoot pain, and magnetic resonance imaging–confirmed midfoot
BMLs. Participants were randomized (2:1 ratio) to receive either pre-formed orthoses (n = 27) or control cushioning
insoles (n = 15). Outcomes included foot pain (visual analog scale [VAS]), pain and functional impairment subscales
of the Manchester Foot Pain and Disability Index, and BML volume measured at baseline and 12 weeks.

Results. In total 108 bones in the midfoot were identified with BMLs (mean 2.5 bones, SD 1.6). In the orthoses
group, pain significantly reduced at 6 weeks (mean VAS = −14.8 mm, confidence interval [CI] −22.3 to −7.3) and
12 weeks (mean VAS = −7.1 mm, CI −15.0 to −0.9) compared to the control group at 6 weeks (mean VAS = −7.4 mm,
CI −19.9 to 5.2) and 12 weeks (mean VAS = 2.8 mm, CI −9.1 to 14.7). In the orthoses group, functional impairment
and pain impairment were significantly reduced at 6 weeks and to a lesser extent at 12 weeks. In the control group, only
the functional impairment reduced significantly at 6 weeks. At 12 weeks, BML volume reduced more in the orthoses
group (−1544.4 mm3, CI −3660.4 to 571.6), compared to the control group (−315.8 mm3, CI −1528.2 to 896.7).

Conclusion. The foot orthoses group showed a greater reduction in foot pain and a greater reduction in the volume
of BMLs compared with the control group.

INTRODUCTION

The prevalence of foot pain has been reported to be between

13% and 36%, and in the midfoot region, the prevalence is 19%

over the age of 50 years.1,2 For people with midfoot pain, walking

impairment and disability is similar to midfoot osteoarthritis

(OA).2,3 Foot orthoses are a common treatment for foot pain and

have been shown to improve pain, function, and disability in a

range of soft tissue and joint disorders.4 Gait studies show foot

orthoses can alter joint motion, change indirect joint forces, and

redistribute foot pressure.5 The mechanism by which foot

orthoses improve pain, however, is poorly understood due to

the limitations of direct structural measures.
Indirect measures of bone stress and adaptive physiologic

changes can be captured using magnetic resonance imaging

(MRI), which is sensitive to fluid changes in the bone, defined as

bone marrow lesions (BMLs). This nonspecific feature has been

shown to reflect physiologic bone changes as well as short-term

and long-term adaptive bone stress.6 Peripheral BMLs have been

shown to be responsive to changes in loading and fatigue in the

legs and feet,7,8 associated with increased stress in runners9

and sports,10 miliary,11 and dance participants.12 These BMLs
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can be a feature of asymptomatic and symptomatic groups

undergoing high levels of joint stress, in which the locations are

known to be related to repetitive biomechanical activities.13 In

people with pain, BMLs can be reflective of bone stress and

underlying OA.3,14 In people with knee pain, BML size has been

shown to correlate weakly with pain, with such pain potentially

related to trabecular changes, increased bone vascularity, and

perivascular innervation.14,15,16 The biomechanical relationship

between BML and joint and bone pain has been established in

animal models of OA17 and in human knee14 and hip studies.18

In the foot, however, this exploration has been limited by a lack

of imaging studies and difficulties in tissue sampling. Although

our cross-sectional study found the number of people with mid-

foot pain and bones with BMLs per person was not related,19 a

further study of BMLs in people with midfoot pain and midfoot

OA (compared to a control group) showed the size of the BMLs

was related to the severity of midfoot pain.3

To study the biomechanical adaptation of bone stress in
humans, gait studies and imaging studies have explored the
effect of orthotic interventions. In the foot, wearing immobilization
boots after injury has been shown to resolve BML patterns20,21

and providing foot orthoses for military training has been shown
to prevent bone stress injuries.22 These foot studies explored
orthotic devices and their influence on bone stress in an acute
injury model; however the mechanism and role of foot orthoses
in a community population with established midfoot pain has not
been explored.

To further understand the mechanism of action of foot ortho-
ses, we hypothesized that BMLs at the site of midfoot pain were
modifiable by wearing foot orthoses. The aim was to explore
whether foot orthoses modified midfoot pain and size of midfoot
BMLs over a 12-week period.

PATIENTS AND METHODS

This study had an experimental study design, employing a
randomized method to investigate the mechanism of action of
foot orthoses and was a substudy of a larger cohort examining
the relationship between midfoot pain and BMLs.19 All eligible

participants from the larger study were invited to the orthoses
intervention study (International Standard Randomised Controlled
Trial Number 77862746).

Participants (aged 18 years or over) were invited from the
Leeds Community Musculoskeletal and Rehabilitation service
(from 2008 to 2011 in Leeds, United Kingdom) with midfoot pain
over three months duration and pain with weight-bearing activity.
If participants presented with bilateral pain, the most painful foot
was chosen as the study foot, or if the pain was considered equal,
a single foot was identified by asking the participants to initiate
walking and the first step was determined to identify limb
dominance.19

Eligible people were invited for an MRI scan on a single foot
to meet the inclusion criteria. Two experienced readers (rheuma-
tologist and radiologist) confirmed at least one BML, defined as
a hyper-intense signal (visualized on water sensitive T2-weighted
fat-saturated or short tau inversion ratio sequences and hypo-
intense signal on T1-weighted sequences) in a region greater than
a quarter of one bone in the seven medial midfoot bones (medial
cuneiform, intermediate cuneiform, lateral cuneiform, navicular,
and proximal first to third metatarsals).

People with midfoot pain were not eligible if they already
wore foot orthoses or presented with clinical signs of midfoot
OA, defined as observed or palpable osteophytes, reduced range
of motion, or identification by radiology report as having features
of establishedmidfoot OA using standard clinical foot radiographs
(measured in standard anterior–posterior and oblique planes).
Other exclusion criteria were foot surgery in the last 12 months
and/or internal metal fixation, foot pain typical of undiagnosed or
diagnosed inflammatory arthritis, neurologic pain or signs and
symptoms of sensory loss and a medical history of diabetes mel-
litus, peripheral arterial disease, kidney disease, organ transplan-
tation, or being fitted with a pacemaker or any other implant
contra-indicated for MRI. In accordance with the Declaration of
Helsinki, ethical approval was provided by the Leeds Ethics Com-
mittee (reference: 09/H1305/10), and all participants provided
informed written consent.

Randomization was conducted on a 2:1 basis favoring the
active orthoses intervention over the control (sham) group; this
approach was chosen to favor the intervention and explore struc-
tural and clinical outcomes. Randomization was provided by
senior researcher (AR) using a random number protocol and blind
(opaque) envelope allocation, which was revealed to the
researcher (JH) sequentially at the baseline appointment. Asses-
sor and participants were not blinded; however, the firm (active)
versus cushioning (sham) devices were presented with equal
merit to the participants to limit bias.

Participants who were randomized to the intervention group
received a pair of Vectorthotic foot orthoses (Healthy Step Ltd): a
three-quarter length polypropylene composite shell with rearfoot
medial wedges added (either 4� or 6�) and Vectorthotic Extra full
length top cover (6 mm to 14 mm variable depth of compressed

SIGNIFICANCE & INNOVATIONS
• This is the first clinical study to explore the impact of

foot orthoses on magnetic resonance imaging–
detected bone marrow lesions in people with mid-
foot pain.

• Wearing in-shoe arch-contouring firm foot orthoses
decreased foot pain over 12 weeks.

• Wearing in-shoe arch-contouring firm foot orthoses
also decreased the mean volume of bone marrow
lesions across the medial midfoot bones after
12 weeks.
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polyethylene foam). The control group received the Vectorthotic
uniform top cover comprised of 4-mm compressed foam. It was
expected that the cushioning sham insole may reduce load in
the heel and forefoot to a small degree, whereas the Vectorthotic
was chosen to increase midfoot contact force and maximummid-
foot force23,24; see Figure 1A and B and Supplementary S1 for
fitting details.

The primary clinical outcome of this study was foot pain
severity in the last 24 hours using a 100-mm visual analog
scale25–27 reported at baseline, 6 weeks, and 12 weeks and
MRI-detected BML volume, which was measured at baseline
and 12 weeks. The secondary outcome included foot pain–
related disability (including functional subscale and the pain sub-
scale), measured using the Modified Manchester Foot Pain and
Disability Index (MMFPDI)28,29 and self-reported global improve-
ment by asking if the foot pain is the same, improved, or worse
at the 6-week and 12-week appointment.30 All outcomes were
collected by an unblinded assessor.

The imaging outcomes used an MRI scan at baseline and
12 weeks with a single foot scanned at both timepoints using a
Siemens Magnetom Verio (3T) large bore MRI scanner (Siemens
Medical Solutions). As described previously,19 all images were
acquired using an eight-channel foot and ankle coil, with the foot
placed perpendicular to the ankle and magnetic field (β0). To min-
imize positional error, all images were measured manually from
the scout image to ensure that the foot was perpendicular to the
ankle in the sagittal plane and centered over the navicular bone
at each visit with the following protocol. T2-weighted fat-
saturated sequence parameters were as follows: repetition time
(TR): 3,000 to 3,600milliseconds, echo time (TE): 69 milliseconds,
flip angle: 155� to 160�, echo train length: 8, 2 mm slices and
0.4 mm interslice gap, matrix 256 × 256 pixels, field of view
(FOV) 150 × 150 mm. Short tau inversion ratio sequence parame-
ters were as follows: TR: 4,500 milliseconds, TE: 31 milliseconds,
number of excitations: 2, inversion recovery time: 200 milliseconds,
flip angle: 150�, echo train length: 11, 3 mm slices and 0.6 mm
interslice gap, matrix 320 × 256 pixels, FOV 150 × 150 mm in all
three planes. T1-weighted sequence parameters were spin echo

high-resolution, TR: 700 milliseconds, TE: 10 milliseconds, flip
angle: 90�, 1.2 mm slices and 1.32 mm interslice gap, matrix 512
× 512 pixels, FOV 512 × 512 mm, in the sagittal plane.

Image analysis. The measurement of bones and BMLs
were conducted using anonymized MRIs to ensure the
researcher was blinded to group allocation and sequence of
scans. Each bone with BMLs was segmented using Analyze soft-
ware version 10 (AnalyzeDirect). The borders of which were identified
using amanual tracing for each cross-sectional area per slice of bone.
Once the volume of the bone was determined, the signal of normal
bone was identified by manually selecting the lower and upper range
of the marrow greyscale signal, which was subtracted from the bone
through an automated function leaving the defined BML hyper-
intense signal (see Supplementary File 2). This software provided
two outputs: a cross-sectional slice area of the bone and a cross-
sectional area defined as BML signal. With the additional information
of slice thickness and the slice gap, the volume of bone and BML
per bone was calculated (Volume =

P
Area Bone × [slice thickness

+ interslice gap]). The individual bone volumes and BML volumes
were calculated per scan providing the outcome on a group level
and bone level at baseline and follow-up. The percentageBML reduc-
tion was also calculated between visits (baseline volume − final vol-
ume � baseline volume × 100) on a group level.

The repeatability of this method was investigated in 20 partic-
ipants; a total of 78 bones measured repeated in a random order
over one week later. For the midfoot bones, the absolute differ-
ence (root mean squared error) was 1,338.2 mm3 or 5% of the
mean bone volume of the total bones per participant. For BMLs,
the absolute difference (root mean squared error) was
427.8 mm3 or 6.2% of the mean volume of each bone.

Statistical analysis. Differences between the baseline and
follow-up scores were reported using the mean and SD,
and trends were examined using a two-way repeated measures
t-test (level of significance was set at α = 0.05), and 95% confi-
dence intervals (CIs) were calculated. As this was an exploratory
investigation, full inferential analysis was not proposed for this

Figure 1. (A) Foot orthoses group—Vectorthotic. (B) Control group—cushioning sham insole.
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study. Descriptive analysis of demographic data and outcomes
were undertaken using SPSS version 28 (IBM).

RESULTS

Sixty-one people with midfoot pain were invited to have a 3T
MRI scan: once the scans were scored, 45 participants with
mechanical midfoot pain and confirmed medial midfoot BMLs
were invited to the study; 42 were included in the study. Demo-
graphics of participants are presented in Table 1: age ranged
from 22 to 72 years (mean age 53 [SD 12.2] years), a high propor-
tion were female (71%), and 43% were classified as having obe-
sity and 36% as having overweight (mean body mass index =
30 [SD 5.1]). The most frequently reported comorbidities were
OA (n = 17), obesity (n = 13), hypertension (n = 12), and asthma
(n = 7), and the most frequently reported sites of other joint
pain were the knee (n = 17), hand (n = 7), neck (n = 5), and hip
(n = 5). Foot pain was the only site in 33% of the group, whereas
38% reported pain in one other joint, 21% reported pain in two
additional joints, and 7% reported pain in three other joints. The
mean number of bones with BML per participant were evenly
spread, although the mean percentage of BMLs per bone
was slightly higher in the control group. The location of bones
(n = 108) with BMLs at baseline are shown in Figure 2A. The inter-
mediate cuneiform was the most common bone with BMLs
(21%), followed by the second metatarsal bone (19%), and
around a third of the group had a pattern of two bones involved.

Randomization. 45 participants were randomized on a 2:1
ratio for treatment with foot orthoses intervention (orthoses group
n = 30) or control cushioned insoles (control group n = 15). After
randomization, 3 immediately dropped out of the study in the
orthoses intervention group, leaving 27 participants. Randomiza-
tion and the small sample size led to characteristics being
unequally distributed: age was higher in the orthoses group
and number of painful joints was lower in the control group
(see Table 1). An additional five from the orthoses group did not

complete the three-month follow-up (see CONSORT statement
Supplementary File 3): one participant left the study due to a flare
of back pain, three experienced ankle sprains due to icy weather,
and one was lost to follow-up.

Intervention. Adherence, number of hours wearing the
foot orthoses per day, was evaluated using a daily log. At
the six-week review, the mean hours per week was slightly higher
in the control group (mean 34.5 [SD 16.6] hours) compared to the
orthoses group (mean 32.2 [SD 13.7] hours). At the final review,
adherence remained slightly higher in the control group (mean
42.3 [SD 17.0] hours) compared to the orthoses group
(mean 39.5 [22.4] hours). Orthoses adherence improved over
the course of the three-month study.

Clinical outcomes. In the orthoses group, mean midfoot
pain (see Table 2) reduced in the first 6 weeks (mean −14.8 mm,
CI −22.3 to −7.3 mm), and smaller mean pain reductions were
noted from 6 to 12 weeks (mean −7.1, CI −15.0 to 0.9 mm). In
contrast, the control group showed small mean midfoot pain
reduction in the first 6 weeks (mean −7.4 mm, CI −19.9 to
5.2 mm) and a small mean increase of foot pain between 6 and
12 weeks (mean 2.8 mm, CI −9.1 to 14.7 mm).

Both groups showed small reductions of functional impair-
ment (MMFPDI) in the first 6 weeks of orthoses therapy (interven-
tion mean −3.5, CI −5.1 to −1.8; control mean −2.1, CI −4.3 to
0.0). There was a greater mean reduction noted in the orthoses
intervention group; however, the CIs were similar in both groups.
At the 12-week follow-up, both groups showed no change in
functional impairment (orthoses mean −0.4, CI −1.7 to 0.9; con-
trol mean −0.4, CI −2.4 to 1.7).

Foot pain impairment (MMFPDI) was reduced in the orthoses
group in the first 6 weeks (mean −3.5, CI −5.1 to −1.9), although
at 12 weeks there was minimal change (mean +0.8, CI −0.3 to
1.9). In contrast, change of foot pain impairment in the control
group after 6 weeks was mean −0.7 (CI −1.1 to 2.5) versus mean
+0.1 (CI −1.3 to 1.5) for 12 weeks follow-up. These results

Table 1. Demographic profile and baseline characteristics of the total group and randomized orthoses and control treatment groups*

Demographics and baseline
characteristics

Total group Orthoses group Control group
(n = 42) (n= 27) (n = 15)

Age, mean (SD), y 53 (12.2) 55 (10.8) 49 (13.6)
Gender (female), n (%) 30 (71) 20 (77) 10 (63)
BMI, mean (SD) 30.0 (5.1) 29.5 (4.1) 30.6 (6.5)
Total comorbidities, mean (SD) 2.2 (1.6) 2.1 (1.5) 2.4 (1.8)
Total painful joints, mean (SD) 1.4 (1.2) 1.7 (1.2) 0.8 (0.9)
Pain (0–100 mm), mean (SD) 34.6 (17.3) 36.5 (16.1) 32.2 (19.4)
Pain related disability, mean (SD) 30.5 (6.1) 30.6 (5.8) 30.5 (6.8)
Pain impairment, mean (SD) 13.6 (3.0) 14.1 (2.7) 12.9 (3.3)
Functional impairment, mean (SD) 16.9 (4.6) 16.5 (4.7) 17.6 (4.6)
No. of bones with BMLs, mean (SD) 2.6 (1.6) 2.6 (1.5) 2.6 (1.9)
BML volume % of bone, mean (SD) 35.1 (19.5) 31.3 (19.5) 35.1 (19.8)
Study foot 26 right 15 right 11 right

* BMI, body mass index, BML, bone marrow lesion.

HALSTEAD ET AL550
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suggest midfoot pain and foot pain impairment reduced in the first
6 weeks in the orthoses group and not in the control group. Func-
tional impairment reduced in both groups in the first 6 weeks of
intervention and then plateaued. In the self-reported evaluation
of the pain (see Table 2), 86% of participants in the orthoses
group reported improvement, compared to 40% of the control
group, after 12 weeks.

Structural outcomes. After 12 weeks, the baseline and
follow-up BML patterns were explored in each group in terms of
total mean measurements for bone volume, BML volume, and
BML percentage per bone (see Table 3). Mean bone volumes
were similar in both groups, with some increase in bone volume
measurement in the control group at follow-up due to two more
bones being detected. Although both groups showed a reduction
in BML volume after 12 weeks, a larger reduction was noted in the
orthoses group by a mean of −1544.4 mm3 (CI −3660.4 to
571.6 mm3) with an overall percentage decrease of 25.8% and

percentage reduction per bone of −6.6% (CI −14% to 0.8%). In
the control group, there was a smaller mean reduction of
−315.8 mm3 in BML volume (CI −1528.2 to 896.7 mm3), with an
overall percentage decrease of 4.4% and a percentage reduction
per bone of −0.5% (CI −6.6% to 5.8%).

New BML formation was noted in both groups at 12 weeks.
In the control group, four participants reported new BML forma-
tion in varying degrees of size in the navicular, medial cuneiform,
intermediate cuneiform, and first metatarsal bones (5%, 6%,
11%, and 100% of bone, respectively). In the orthoses group,
one participant had new BMLs in three bones: lateral (58%),
medial (17%), and intermediate (41%) cuneiforms. The other three
BMLs were newly formed in three intermediate cuneiforms (64%,
6%, and 6% of bone). None of the BML resolutions occurred in
the same participants with new BML formation.

The BML results were further explored on bone level for the rela-
tive change in number of bones and percentage BML volume per
group (see Table 4 and Figure 2B and 2C). Figure 2 presents the

Figure 2. (A) shows the proportion of bones with reported BMLs at baseline as a total group. (B) and (C) show the 12-week BML percentage
changes per bone for the (B) orthoses group and (C) control group. BML, bone marrow lesion. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/acr.25648/abstract.

MODIFICATION OF BONE MARROW LESIONS WITH FOOT ORTHOSES 551
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distribution of bones with BMLs across themidfoot at baseline, which
demonstrates that the intermediate cuneiform, medial cuneiform,
navicular, and second metatarsal were most affected. It also shows
the percentage change of BML volume per bone per intervention
and control group at 12weeks. In the orthoses group, a total of seven
bones showed complete resolution of BML, and the remaining seven
of the eight BML bone sites showed some reduction, whereas in the
control group, two bones with BML resolved, and five of the eight
BML bone sites showed some BML reduction. In the case of the
medial cuneiform and the intermediate cuneiform bones, there were
increases and decreases in BML volume. In the orthoses intervention
group, the mean percentage bone reductions were in the medial
cuneiform, navicular, and metatarsal bones. In contrast, these bones
showed very little mean change in the control group.

DISCUSSION

This study aimed to investigate the mechanism of action of foot
orthoses in people with midfoot pain and walking difficulties, using
clinical outcomes and MRI scans to measure the effect on BMLs as
a surrogate measure of bone stress. In this novel study, midfoot pain
and MRI-detected bone signal in the midfoot were assessed before
and after 12 weeks of wearing either firm foot orthoses or cushioning
sham insole. The results of this exploratory study showed that aver-
age foot pain reduced in both groups, but there was a greater reduc-
tion in the orthoses intervention group, and more people reported
improvement after 12 weeks. In terms of MRI-detected bone signal,
after the intervention, total mean volume of BML and total mean per-
centage of BML per bone was lower in the orthoses intervention
group than the control group at 12 weeks. In the intervention group,
the reduction of BML size and foot pain occurred over a shorter
period than previously reported hospital studies, which showed foot
BMLs took six to ninemonths to reduce31 and up to one year for res-
olution.32 Pain reduction in conjunction with BML reduction suggests
further studies are needed to explore the role of bone stress in
midfoot pain.

In the orthoses group, the BML volume bone reductions
were mostly found in the medial cuneiform, navicular, and meta-
tarsal bones. In contrast, these same bones showed very little
mean change in the control group, suggesting the orthoses may
influence the distribution of the mechanical stress within the
medial midfoot. On an individual bone level in the orthoses group,
a greater number of bones showed either resolution of BMLs or
percentage BML reductions, compared to the control group. In
the case of the medial cuneiform, and particularly the intermediate
cuneiform, the results suggested these bones were sensitive to
changes in bone stress.

Bone marrow signal detected on MRI scans is a measure of
abnormal physiology33 and, in the foot BMLs, are associated with
high repetitive stress, such as excessive training, in running,
sports, and the miliary.34 In a clinical study of hospital MRI scans
in people with foot and ankle pain, BMLs were primarilyT
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associated with trauma (44%), OA (35%), and primary BML (6%),
followed by (<5%) infection, ischemia, and neoplasm.35 In this com-
munity study, people were recruited with an average duration of 10
months foot pain and a pattern of weight-bearing foot pain that
was not related to trauma, and people with clinical and radiographic
signs of OAwere excluded. The baselineMRI characteristics of peo-
ple with midfoot pain, as we have previously published, show that
the number of bones with BMLs was not related to pain and that
these features were reported alongside MRI-detected features of
OA (mainly joint space narrowing and osteophytes, which are poorly
visualized in the small joints on x-ray) and that this trend increased
with age,19 in keeping with previous studies.36 In a second study
we have published, when comparing a control group (with no foot
pain) to a midfoot pain group and radiographic confirmed midfoot
OA group, the size of the BMLs was associated with midfoot pain.3

This suggests the possible mechanism of foot orthoses to modify
foot BMLs may be applied to stress-related and OA-related BMLs.

Using devices to modify or reduce bone stress has been
explored to reduce injury and improve pain. Immobilization

therapy is perhaps the most well-known treatment for acute inju-
ries of the foot and ankle, and walker boots or casts have been
shown to reduce and resolve BMLs over one to four months.20,21

Outside of this treatment, less in known about the biomechanical
properties of in-shoe devices and their influence on bone stress.
An important experimental study of functional foot orthoses
reported that an immediate reduction of bone stress (using an
invasive bone-mounted strain-gauges) was evidenced in the tibial
and second metatarsal bones upon initiation of orthotic use.37,38

This is supported by a finite element imaging model of midfoot
OA, showing navicular and cuneiform cartilage and bone stress
was modified by changes in orthoses stiffness and arch height.39

The response of bone to external device has also been shown by
wearing an in-shoe pad. After running for two weeks with a pad
placed on the lateral midfoot (aimed to induce foot pronation),
baseline and follow-up MRI scans showed BMLs occurred in lat-
eral foot bones in 10 of 11 cases.40 More clinical studies have fol-
lowed to test whether orthotic devices fitted to support the foot
during running and intense training can reduce or prevent bone

Table 3. The mean difference between 0 and 12 weeks follow-up BML outcomes per group*

Bone and BML
measurements

Orthoses group
Difference (CI)

Control group
Difference (CI)

Week 0a Week 12 n = 22 Week 0 Week 12 n = 15

Bone volume,
mean (SD) mm3

18,380.5
(9,828.4)

18,300.5
(9,453.4)

−79.9
(−556.7 to 396.8)

P = 0.730

19,750.5
(15,763.3)

20,234.7
(16,269.2)

484.2
(−51.9 to 1,020.3)

P = 0.73
BML volume,
mean (SD) mm3

5,977.3
(5,023.0)

4,432.9
(3,239.5)

−1,544.4
(−3,660.4 to 571.6)

P = 0.144

7,183.8
(9,125.4)

6,868.1
(8,533.3)

−315.8
(−1,528.2 to 896.7)

P = 0.587
BML per bone, n (%) 33.2

(20.8)
26.6
(19.5)

−6.6
(−14.0 to 0.8)
P = 0.078

35.1
(19.8)

34.6
(24.3)

−0.5
(−6.6 to 5.8)
P = 0.892

* P is the probability of 2-tailed t-test, significance set at 5%. BML, bone marrow lesion, CI, 95% confidence interval.
a Excluding 5 participants who did not complete the study in the orthoses group.

Table 4. Frequency and change of BMLs per bone site for the total group and each treatment arm: orthoses and control groups at 0 and 12
weeks follow-up*

Orthoses group Control group

Groups Total group Weeks 12 BML change (n = 22)

Week 0
(n = 15)

Week 12 BML change (n = 15)

Time point
(participants)

Baseline
(N = 42)

Week 0
(n = 22)a

Bone
change, n

Mean BML vol
change,b %

Bone
change, n

Mean BML vol
change, %

Total bones 108 54 53 42 44
Bone sites, n (%)
1st metatarsal 4 (4) 2 (4) 1 (2) −1 −90 0 (0) 1 (2) +1 +100
2nd metatarsal 20 (19) 10 (18) 9 (17) −1 −15 8 (19) 8 (18) 0 +5
3rd metatarsal 6 (6) 3 (6) 3 (6) 0 −28 3 (7) 3 (7) 0 −2
4th metatarsal 3 (3) 1 (2) 1 (2) 0 −77 2 (5) 2 (5) 0 +1
Medial cuneiform 20 (19) 11 (20) 11 (20) +1/−1 −46 6 (14) 6 (14) +1/−1 −7
Intermediate
cuneiform

23 (21) 11 (20) 11 (20) +4/−4 −4 9 (21) 9 (20) +1/−1 0

Lateral cuneiform 14 (12) 6 (11) 7 (13) +1 +24 7 (17) 7 (16) 0 −36
Navicular 18 (18) 10 (18) 10 (19) 0 −25 7 (17) 8 (18) +1 −1

* BML, bone marrow lesion; vol, volume.
a Excluding 5 participants who did not complete the study in the orthose.
b Mean BML change is the percentage reduction per bone.
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stress. In a military randomized controlled sham trial, in-shoe foot
orthoses reduced foot and lower leg injuries more than the sham
group23 and, specifically, the incidence of medial tibial stress
was lower.41 These studies support the gait studies, which sug-
gest that foot orthoses can alter foot biomechanics,42 and it
shows the potential of orthoses to support bone adaptation and
prevent injury. In contrast, running shoes designed to simulate
barefoot running and reduce support of the foot show increase
in BMLs in the metatarsals.43 These studies show the potential
for BMLs to be induced and modified in a relatively short period
(from two to seven weeks).

Taking into account the previous research, this novel explor-
atory study suggests that wearing orthoses for 12 weeks can
reduce midfoot pain and BML size compared to the control sham
group. The orthoses intervention also reduced short-term pain
and impairment more than the control insole. The reductions in
pain were similar to those reported in plantar fasciitis and poste-
rior tibial tendon dysfunction randomized trials.3,4,44–46 These
results in the foot also align with a knee brace study, which also
showed knee pain and patellofemoral BML size were reduced in
people with OA.47 This is important as longitudinal studies of the
knee and foot suggest there is a relationship between the size of
the BML, higher pain levels,48 and longer duration of pain,32 sug-
gesting reducing pain related midfoot BMLs may have long-term
benefits and further studies are needed.

This exploratory study had limitations, especially the size of the
study, that limited assumptions and generalizability, as a sample
size calculation was not performed. Due to the small sample and
number of midfoot bones, an unequal randomization method (2:1
ratio) was chosen, favoring greater numbers in the intervention
group, as one of themain concerns was BMLmigration in the inter-
vention group, which has been show in a one-year follow-up
study.49 This therefore limited direct comparison between the inter-
vention and control groups. The outcome measure to assess pain
and impairment MMFPDI may have also limited the study, as both
groups showed similar reductions over 12 weeks despite differ-
ences in overall patient-reported improvement. This is in agreement
with a footwear intervention study, in which the responsiveness of
the MMFPDI was limited in an older population with foot pain.50

This study results may also be affected by response bias
from both the researcher and participant, which may lead to
greater positive results in the intervention group. To limit bias,
the researcher presented each intervention device equally to the
participants; however, patient beliefs were not fully assessed,
and this would be recommended for future studies. The MRI
results were analyzed anonymously without knowledge of base-
line, follow-up, and intervention group status to limit bias. Finally,
this study set out to exclude people with radiographic OA, which
may be less responsive to modification of BMLs over a short
period. The baseline semiquantitative scoring showed MRI-
detected BMLs were detected alongside joint changes typical of
OA,19 which may have affected the results.

In conclusion, foot orthoses are widely prescribed for foot
pain, however the mechanism of action is not fully understood.
To date, the physiologic effect of foot orthoses to mediate internal
foot forces requires further research in clinical community popula-
tions, particularly in relation to bone stress. This exploratory study
addresses some of this gap and provides data that shows that
patient improvement, reduction in midfoot pain, and reduction in
BML size were greater in the foot orthoses group than the control
sham group.
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