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1 | INTRODUCTION

| Jennifer Freeman' | Jos M. Latour® | Joanne Paton!

Abstract

The aim of this systematic review was to identify the best footwear and insole de-
sign features for offloading the plantar surface of the foot to prevent foot ulcera-
tion in people with diabetic peripheral neuropathy. We searched multiple databases
for published and unpublished studies reporting offloading footwear and insoles for
people with diabetic neuropathy and nonulcerated feet. Primary outcome was foot
ulcer incidence; other outcome measures considered were any standardized kinetic
or kinematic measure indicating loading or offloading the plantar foot. Fifty-four
studies, including randomized controlled studies, cohort studies, case-series, and a
case-controlled and cross-sectional study were included. Three meta-analyses were
conducted and random-effects modelling found peak plantar pressure reduction of
arch profile (37 kPa (MD, -37.5; 95% Cl, =72.29 to -3.61; P < .03), metatarsal addition
(35.96 kPa (MD, -35.96; 95% Cl, -57.33 to -14.60; P < .001) and pressure informed
design 75.4 kPa (MD, -75.4 kPa; 95% Cl, -127.4 to -23.44 kPa; P < .004).The re-
maining data were presented in a narrative form due to heterogeneity. This review
highlights the difficulty in differentiating the effect of different insole and footwear
features in offloading the neuropathic diabetic foot. However, arch profiles, meta-
tarsal additions and apertures are effective in reducing plantar pressure. The use of
pressure analysis to enhance the effectiveness of the design of footwear and insoles,

particularly through modification, is recommended.
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as an estimated 2% annually® whilst other studies have noted ulcer
reoccurrence rates of 30%-40% in the first year after an ulcer epi-

Foot ulceration is amongst the most serious complications of diabe-
tes mellitus.! It is expected that 19%-34% of people with diabetes
will develop a foot ulcer at some point.? Foot ulceration is known
to precede 80% of all diabetic lower limb amputations.>* A longitu-
dinal study of a diabetic community reported new ulcer incidence

sode.?®’ Prevention of foot ulceration occurrence and reoccurrence
are now recognized as key strategies in reducing the concomitant
burden to patients with diabetes and the healthcare system.®

The cause of diabetic foot ulceration is multifactorial.” However, re-
ducing high plantar loads or foot pressures is one mechanism by which
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foot ulceration may be prevented.'® Elevated dynamic plantar pressures
during locomotion contribute to the development of plantar diabetic
foot ulcers when in the presence of neuropathy.**? Guidelines recom-
mended that people with diabetes wear appropriate ‘diabetic footwear’
designed to reduce repetitive stresses at all times.'® Systematic reviews
have demonstrated the effectiveness of footwear and insoles in off-
loading the plantar load under the foot and preventing ulceration.'**8
However, these have not identified the best insole design or feature and
footwear specification or modification for use when reducing plantar
load for foot ulcer prevention in people with diabetes and neuropathy.

Therefore, the purpose of this systematic literature review was to
identify the best footwear and insole design features for offloading the
plantar surface of the foot to prevent foot ulceration in people with dia-
betes. It is anticipated that this information will inform a standardized pro-
tocol for the clinical design of therapeutic insoles and footwear to offload
the foot and reduce ulcer risk in people with diabetes and neuropathy.

More specifically, the objectives are to identify the key design
features with regard to the following:

profile/shape of the insole, shoe upper and shoe outsole

material type and properties of the insole and shoe outsole

modifications made to the insole and shoe outsole

fabrication techniques used for the insole and shoe

2 | METHODS

This systematic review was performed and reported according to
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) Guidance.” The systematic review was prospec-
tively registered on the PROSPERO database for systematic reviews
(CRD42017072816).

The population of interest was adults over 18 years of age with type
1 or 2 diabetes mellitus and peripheral neuropathy. The primary out-
come was foot ulcer incidence; other outcome measures considered
were any standardized kinetic or kinematic measure indicating loading
or offloading the plantar foot (such as plantar pressure, pressure-time
integral, total contact area, dynamic measures of centre of pressure
trajectory or velocity) and any standardized clinical measure indicating
loading/offloading of the plantar foot (such as callus/lesion reduction).
Side effects/adverse events as a result of the design features were
additional outcomes of interest. We excluded studies on people with
active ulceration, major amputation of the foot or Charcot arthropathy
because we considered that the unique pathomechanics and gross de-
formity associated with the severity of these conditions would unduly
influence the design features of the footwear and insoles.

This review included both experimental and epidemiological study
designs including randomized controlled trials, non-randomized con-
trolled trials, quasi-experimental, before and after studies, prospective
and retrospective cohort studies and analytical cross-sectional studies.
Studies were included if they made one of the following comparisons:
footwear and/or insole design feature compared with another thera-

peutic footwear and/or insole design feature; footwear and/or insole

design feature compared with no intervention. Qualitative studies,
case reports and systematic reviews were excluded.

The initial literature search was performed on 27 July 2016 by
one researcher (RC) and covered publications in English and was
not restricted by date. The search was updated on 27 December
2017 and 30 October 2019. The following databases were
searched: Excerpta Medica Database (EMBASE) via Ovid, Medline
and Cochrane Database of Systematic Reviews, AMED (EBSCO),
Cumulative Index to Nursing and Allied Health Literature (CINAHL),
MEDLINE, Joanna Briggs Institute Database of Systematic Reviews
and PROSPERO. A search for unpublished studies was undertaken
in EThOS, Pearl, Web of Science, Google Scholar and SIGLE. The
search strings were prepared with the help of an evidence synthesis
specialist. An example of the search from one of the databases is
provided in Appendix S1. Title and abstract of all papers retrieved by
the literature search were screened independently by two research-
ers (RC and JP) to determine whether the paper met the inclusion
criteria with disagreements resolved by discussion. Full-text articles
were then retrieved and further screened by two researchers (RC
and JP) independently for inclusion in the review. In addition, a hand

search was undertaken using the references from journal articles.

3 | RESULTS

The initial electronic search generated 7384 articles of which 2094
were duplicates (Figure 1). In the screening phase, 4750 were ex-
cluded based on their title and a further 466 excluded on title and
abstract leaving 74 articles for full text assessment. We excluded 28
of these articles based on irrelevant study population (n = 12), irrel-
evant study design (n = 4), irrelevant outcome/ intervention (n = 12)
leaving 46 2% included in the final review. As the initial search
was undertaken in July 2016, updated searches were performed
in December 2017 yielding 6918 articles, from which an additional
three studies®®"%® were included and November 2019 yielding 7821

69-73

articles from which a further five studies were included.

3.1 | Data extraction

Dataextraction of included studies was conducted using JBI Meta-Analysis
of Statistics: Assessment and Review Instrument (JBI-MAStARI).”* In this
phase, the general and contextual data were extracted in relation to the
population, study design, interventions (features, design, modifications
and materials of footwear and insoles) and outcomes. In addition, relevant
information was extracted in the results section. Data extraction was car-

ried out by (RC) and checked by the second reviewer (JP).

3.2 | Data analysis and synthesis

In this review, we summarized study findings quantitatively and

pooled study effects in a meta-analysis when appropriate using JBI
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FIGURE 1 Flow diagram of study
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MAStARI.”* Meta-analysis was performed using random-effects
models for continuous variables, calculating mean differences using
the inverse variance method. Meta-analysis was based on changes
from baseline for peak pressure when the mean and SD were re-
ported where any footwear or insole design feature, modification
and material or method could be distinguished. Means and SD’s of
data were required to be included in the meta-analysis; we contacted
four corresponding authors to request this data when not included
in the article; two authors did not respond, and one no longer had
access to the data.

For all estimates, we computed the 95% confidence intervals
(CI's). We quantified statistical heterogeneity using the I-squared
statistic (I?) and considered heterogeneity as low (<25%), moderate
(>25-50%), or high (>50%),”° although we did not pre-specify any

degree of heterogeneity that would preclude meta-analytic pooling.
3.3 | Assessment of study quality
Two reviewers (RC and JP) independently assessed the methodo-

logical quality of the studies using the relevant JBI critical appraisal

tools.”® Disagreements were resolved through consensus meeting.

l |

Records screened by title after duplicates
removed
(n =5290)

Records rejected through
non-relevance
(n =4750)

Records excluded
v (total n = 466)
. No full text (n =1)
Records screened by title Not in English (n = 11)
and abstract > Non-diabetic pop=(n = 41)

(n=540) Not relevant study design (n = 29)
Not relevant outcome/
intervention (n = 386)
v Full-text articles excluded with

reasons total (n = 28)
Not relevant study population
(n=12)
Not relevant study design (n =4)
Not relevant outcome/
intervention (n =12)

Full-text articles assessed for
eligibility >
(n=74)

Updated Dec 2017
(n=3)
Updated Nov 2019
(n=5)

A 4

Studies included in
quantitative synthesis
(n=54)

A study was considered low risk of bias if all criteria was included.
Summaries of the appraisal of study quality are included in Appendix
S2. All studies had some form of bias with standards of reporting
variable across studies and by study design. From the quality assess-
ment of the randomized controlled trials (RCT'’s, all of the RCT stud-
ies had some form of bias (mean percentage of ‘yes’ scores = 65%
+SD 29%). All RCT studies reported inclusion criteria of partici-
pants, p values and participants lost to follow-up. The most frequent
omissions related to the blinding of the assessor and participants,
concealing of treatment allocation and outcomes measurement.
Within all of the cohort studies, some form of bias existed (mean
percentage of ‘yes’ scores = 56% (+SD 31%). The most frequent
omissions related to confounding factors, short follow-up periods
and incomplete follow-up. Within the case-controlled studies, mean
percentage of ‘yes’ scores = 70% (+SD 0%). Omissions related to
confounding factors, lack of sample size justification and different
criteria used for the identification of cases and controls. For the case
series study, percentage of ‘yes’ scores = 60%. Omissions related to
inclusion criteria, reporting of demographics and participants’ char-
acteristics. For the nonrandomized crossover study, percentage of
‘ves’ scores = 75% with omissions relating to confounding factors

and selection bias.
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3.4 | Characteristics of included studies

Study characteristics are reported in Table 1. Fifty-four stud-

ies met the inclusion criteria. Study designs included: n = 13
RCT's 23.25:31,3842:49,55,56,61.6270.7377 ' _ 37  cohort stud-

e 20-22,24,26-30,32-37,39-41,43,45,47-49,51-54,57-60,64,66-68,71,72
s

ies n = 2 case-

44,63

control studies, n = 1 nonintervention case series study %¢ and

n = 1 nonrandomized cross-sectional over trial.®> Four authors re-
ported results of the same study in different papers?%22-39:404547:49,50
and therefore results from these studies were described, but
only one set of each results was used within any meta-analysis.
Studies were published between 1975 and 2019, undertaken in US
(n = 17),20:24:33,35.37,42.45-48,51,54,55,58,59.62.65 | ¢ (n = 10),2330,3249,50,67:68
717377 Netherlands (n = 7),21:2226:2736.5264 Germany (n = 4),28:224457
Italy (n = 2),50%1 Australia (n = 3),2>%%>2 Taiwan (n = 3),594043 Spain
(n = 2),°47° Thailand (n = 2),°472 Austria (n = 1),** Sweden (n = 1),%8
Hong Kong (n = 1)°° and India (n = 1).% The number of participants
recruited to treatment groups ranged from seven to 298. Twenty-
seven studies (50%) recruited participants with diabetes mellitus
and peripheral neuropathy whilst 19 studies (35%) recruited par-
ticipants with diabetes mellitus, peripheral neuropathy and history
of foot ulceration; a further two studies recruited participants with
diabetes mellitus and peripheral arterial disease; three studies re-
cruited participants with diabetes mellitus and classified at high risk
of foot ulceration; two studies recruited participants with diabetes
mellitus only; two studies recruited participants with diabetes mel-
litus, peripheral neuropathy and high forefoot pressures; one study
recruited participants with diabetes mellitus, peripheral neuropathy
and foot deformity; one study recruited participants with diabetes
mellitus and foot callus; one study recruited participants with dia-
betes mellitus and taking insulin; one study recruited participants
with diabetes mellitus and classified at low risk of foot ulceration.

Follow-up time periods ranged from no follow-up to five years.

3.5 | Description of outcome measures

29,34,42,54-56,58,61,62,70,77 reported

Twenty per cent (n = 11) of studies
foot lesions and ulceration as the primary outcome measure.
Measurement of this outcome varied across all of the studies, with
only one study®* using a validated wound classification system; six

stud ies34,42,55,62,70,77

used a broad definition of ‘lack of skin integ-
rity through loss of the epidermis and dermis’, and the remaining
studies had no definition of an ulcer or lesion.??5¢:58:61 A|| of these
studies used professional judgement to assess for the presence of

55,62

ulceration, although two of the studies used photographs as

a means of blinded assessment. Four per cent (n = 2) studies®®?
used the presence of callus as the primary outcome measure,
one study®! applied a nonvalidated grading system to assess cal-
lus condition, whilst the other®® measured diameter and thick-
ness of callus lesion. One study®’ reported ground reaction force

(GRF) and electromyographic (EMG) activity of three muscles

as outcome measures. One study®® used temperature (°C) as an
outcome measure, inferring a rise in temperature with increased
risk status when testing the shear reduction device. Seventy-two
per cent (n = 39) of studies?0-2730,32:33:35-41,43-53,57,60,63,64,66-68,71-73
used kinetic outcomes to evaluate the effectiveness of the foot-
wear and insole intervention provided. However, there was con-
siderable inconsistency in the measures amongst these studies,
with mean peak pressure, maximum pressure, maximum mean
pressure, mean total pressure, pressure-time integral and force-

time integral all used.

3.6 | Profile/shape of the insole, shoe upper and
shoe outsole

Two features of insole profile were described in the majority of stud-
ies; arch profile and rocker profile. In total, 69% (n = 37) of stud-
je520-29:34,36-38,41,43-46,48-51,53-56,58-64.66,6873 oported using an arch
profile as a feature of an insole (Appendix S3) and 37% (n = 20) of

Studi6526,28-30,34,35,38,40,48-50,52,54-56,61,64,65,67,70

reported rockers as
an added feature of the shoe outsole (Appendix S4). One study®’
lacked enough clarity in the description of the intervention to de-
termine whether a rocker feature was used in the diabetic footwear.

21,24,36,43,60 measured

Only 10% (n = 5) repeated measure studies
the direct effect of an arch profile on mean peak pressure. According
to the heterogeneity test, high heterogeneity existed (I* = 81%,
X2 =13.6, 72 = 1160, P = .009). Therefore, random-effects modelling
was applied to consolidate the effect value. Figure 2 shows that that
out of 119 participants, the addition of an arch profile reduced peak
pressure by a mean of 37 kPa (MD, -37.5; 95% Cl, -72.29 to -3.61;
P < .03) when compared to a flat insole. For the remaining 31 stud-
£520:22,23,25-29,34,37,38.41,44-46,48-51,53-56,58,59,61-64.66.68 \\ o reported
using the arch profile as a feature of the insole, meta-analysis was
not conducted due to an inability to isolate the effect of this feature
from other features of the insole.

Four studies reported the effect of a rocker profile. One study
reported that in 71%-81% of participants tested an optimum peak
pressure target value of under 200 kPa could be achieved with a
combination of apex position at 52% of shoe length and rocker angle
of 20°.°7 Another study reported no interaction effect when alter-
ing apex angle, apex position and rocker angle compared with the
control shoe.*° A third study reported decreases in peak pressures
and pressure-time integrals in the posterior and anterior, central
lateral and central medial forefoot with a standardized rocker shoe
with apex position (83 mm on medial and 87 mm on lateral from
front of shoe), angle thickness (24 mm maximum thickness at rocker
with 11 mm rocker height at front end) compared to shoe without
rocker.*° A fourth study reported ulcer reoccurrence to be 64% with
a semi-rigid rocker sole compared to 23% with a rigid rocker sole.”®
There was an inability to distinguish the effect of the rocker profile
feature from other features of the footwear and insole for those re-

maining StudieS.26,28,29,34,35,38,48-50,52,54-56,61,64,65
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3.7 | Modifications made to the insole and
shoe outsole

Sixty-five per cent (n = 35) of stud-
je520-22.24,26,31,33,34,37,39,41,43,44.49,50,52-56,58,60-62.6570 yported modi-
fication of footwear, although no separation of this feature from
others would allow a pooled effect analysis to occur (Appendix S5).

20-22,24,26,34,37,41,43,52,56,60-62

Fourteen studies reported using extra-

depth shoes as a modification, five studies used diabetic footwear
31,39.43.49.50 3nd one study ¢° reported patient-specific footwear, cus-
tomized to the individual, but did not report the effect this had on
any outcome measure.
Thirty-threepercent(n=18)ofstudies?12326:27.36-38.45-48,56.62,64.68.71.73
reported the use of metatarsal addition to the insole (Appendix S6). Only

three repeated measure studies?3¢4>

could distinguish the effect of a
metatarsal addition independently from other insole and footwear fea-
tures and were used for the meta-analysis. According to the heterogene-
ity test, high heterogeneity existed (1 = 0%, 3> = 0.34, % = 0, P = .844).
Therefore, random-effects modelling was applied to consolidate the
effect value. Figure 3 shows that out of 70 participants, the use of a
metatarsal addition in an insole reduced mean peak pressure by a fur-
ther 35.96 kPa (MD, -35.96; 95% Cl, -57.33 to -14.60; P < .001) when
compared to an insole without metatarsal addition. There was a lack of
description of the metatarsal addition, and no clear indication of how or
when to utilize it as a modification.

Twenty-two percent (n = 12) of studies?1:22-2¢:27:34:43:48,53,64,68,70.73
modified insoles with the use of a cut out or aperture to target
the site or lesion under the foot of clinical interest (Appendix S7).

However, only two studies?t43

reported the direct effect of this fea-
ture. Arts (2015) reported the reduction of in-shoe peak pressure of
21 kPa from 253 (48) kPa to 232 (54) kPa with the removal of mate-
rial in the insole for a variety of target locations®?; and Lin reported
reductions of MPP at regions of interest (ROI) located in the forefoot
by 72 kPa from 221.4 (50.3) kPa to 149.9 (34.8) kPa with the removal
of 1 cm x 1 cm? plugs from underneath ROI.*

27,31,33,36,42,73,77 used ‘other’

Thirteen per cent (n = 7) of studies
modifications. One study reported a 71% reduction on ulcer in-

cidence when using ‘intelligent’ insoles with pressure detecting

sensors compared to the control group.77 One study reported a
9 kPa reduction in mean peak pressure when adding a custom-made
five degree full length varus and valgus cork posts to the base of
the insole for 20 participants with diabetic peripheral neuropathy

and nondeformed feet.

The remaining studies did not report the
effect of these modifications. One study reported balancing the %
length orthotic with the use of dental acrylic posts at the rearfoot®?
and another study used extra-density padding at the heel, forefoot
and covering the toes as a modification.>® Another study reported
the use of wedge or medial skive on two occasions, prescribed at the
discretion of an orthotist, but no rationale for use provided.73 One
study reported including elastic binders and two nonstick sheets
placed between the upper and lower pad of the insole as part of
their shear resistant insole,*? and one study used substantial heel
cups in the design of their insole, although no specification was
disclosed.?’

3.8 | Fabrication techniques used for the
insole and shoe

Forty-three per cent (n = 23) of stud-
j520-22,25:27,31,37,38,45,48-50,54-56,60,61,63,65,66.68.72.73 | se | casting tech-
niques to fabricate the insole and shoe (Appendix S8), and 20%
(n = 11) of studies?h26:27:3436:43,48,54,56.64.73 ;sad Kinetic informa-
tion to inform the fabrication of the insole or shoe (Appendix S9).
One study used both a ‘traditional’ foam box casting technique and
a weight-bearing foot scan technique.”® Another study** used a
pedorthist to prepare the insoles individually, although no further
information was reported and one study29 reported the manufac-
ture of the shoe by a local shoemaker according to an algorithm, but
did not disclose the technique of the insole fabrication. Three stud-
ies?34930 ysed preformed insoles.

Only one repeated measures study®® reported effects of cast-
ing techniques to manufacture insoles under different loading
conditions. Therefore, pooled analysis was not possible due to the
diversity of techniques and lack of reported outcomes. Tsung et al®®

reported decreases in MPP compared with shoe only condition of

Arch profile No arch insole Mean difference
Study Mean SD Total Mean SD Total Weight, IV, Random, 95% Cl
Lin 2013 1356 319 26 149.9 348 26 »—I——- 24.65% -14.30[-32.45, 3.85]
Arts 2015 239 53 26 258 50 26 -—-—- 22.51% -19.00[-47.01, 9.01]
Guldemond 2007 190 61.6 20 210 584 20 — 20.19% -20.00 [-57.20, 17.20]
Tsung 2004 300 95 28 340 82 28 —+ 17.82% -40.00 [-86.48, 6.48]
Birke 1999 218 83 19 346 102 19 —_— 14.83% -128.00 [-187.13,-68.87]
Total (95% Cl) 119 119 ___ 100.00% -37.95[-72.29, -3.61]

Heterogeneity: °=1160.01, x°=13.6, df = 4 (P = .009) /°= 81

Test for overall effect: Z=-2.17 (P = .03)

FIGURE 2 Forest plot of peak pressure for arch profile
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Favours [Arch profile] Favours [No arch insole]
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Mean difference

Study Mean SD Total Mean SD Total Weight, IV, Random, 95% CI
Lott 2007 98 51 20 140 62 20 i 36.87% -42.00 [-77.18, -6.82]
Guldemond 2007 163 60.4 20 190 616 20 : 31.93% -27.00 [-64.81, 10.81]
Arts 2015 268 72 30 306 79 30 ‘ 31.20% -38.00 [76.25, 0.25]
Total (95% ClI) 70 70 e — 100.00% -35.96 [-57.33,-14.60]
Heterogeneity: =0, x°=0.34, df=2 (P = .844) I’= 0

Test for overall effect: Z=-3.3 (P = .001) ]

[ T T I I ]
-80 -60 -40 -20 0 20

FIGURE 3 Forest plot of peak pressure for metatarsal modification

13.4% when casted non-weight-bearing, 13.8% when casted with
a semi-weight-bearing insole, 8.1% when casted with a full-weight-
bearing insole, and 2.4% with a flat insole.

21,26,27,34,36,43,48,54,56,64,71 used

Twenty per cent (n = 11) of studies
kinetic analysis to inform the design and modification of the insole
(Appendix $9). Only one study>® used ulceration as an outcome mea-
sure, the remainder using kinetic measures. Four repeated measure

Studies26,43,48,64

reported the direct effect of using plantar-based
pressure analysis as a fabrication technique to inform the design and
modification of the insole and shoe in reducing mean peak pressure.
According to the heterogeneity test, high heterogeneity existed
(17 = 93%, %% = 63.98, ©2 = 2565.09, P = 0). Therefore, random-ef-
fects modelling was applied to consolidate the effect value. Figure 4
shows that in 189 participants, MPP in insoles fabricated with the
use of an in-shoe system was reduced by 75.4 kPa (MD, -75.4 kPa;
95% Cl, -127.4 kPa to -23.44 kPa; P < .004) compared with those in-
soles fabricated using traditional techniques not involving pressure
measurement systems.

3.9 | Material type and properties of the insole and
shoe outsole

37) stud-

com-

Sixty-nine per cent (n = of

+1c21-23,25-30,34,36,41-44,46,48-50,52-56,58,60-66,68,70-73

ies used a

bination of materials with diverse properties to manufacture
the insoles or shoe outsole (Appendix S10). Thirty per cent
16) 20,23,27,29,34,35,46,48-50,52,54,55,58,60-62,68

dual density constructs, thirty-nine per cent (n =

iele,22,25,26,28,30,36,41-44,52,53,56,63-66,70,72,73

used
21) of stud-
used tri or multi-density/

n = of studies

layers. Five studies examined the influence of material on reduc-
ing MPP. One RCT %8 of 114 DPN participants directly examined
the effectiveness of CMI’s constructed of different materials.
Comparisons of kinetic variables for a 35 shore ethyl-vinyl acetate
(EVA) CMI with a 55 shore hardness EVA CMI and a prefabricated
insole (GloboTec, Comfort 312750501400) all within a standard-
ized walking shoe were reported. The main pressure reduction be-
tween the CMI and the prefabricated insoles was achieved at the

heel and in the overall peak pressure of 180 kPa with the extra soft

Favours [metatarsal addition] Favours [Insole only]

durometer 35 shore hardness EVA insoles as opposed to 189 kPa for
the soft 55 shore hardness EVA insole. The second study reported
no statistical differences in reducing plantar pressures when com-
paring orthoses constructed of a single density material, Plastazote
(Zotefoams Inc) with a dual density material, Plastazote and Alliplast
(Voltek, Brennia, VA).*¢ The third repeated measures study reported
a significant difference in MPP between different densities of poron
in walking conditions (P < .0001) ?* although another study found
no difference between Poron 96 and Poron 4000 in reducing peak
pressure.32 A fifth study reported the reduction of maximum peak
pressure at the forefoot with the addition of a multifoam top cover
onto the dual density custom-made insole of plastazote and micro-
cellular rubber.”?

4 | DISCUSSION

The aim of this review was to identify the best footwear and insoles
design feature for offloading the plantar surface of the foot to pre-
vent foot ulceration in people with diabetes. More specifically, the
objectives were to identify the key design features of footwear and
insoles with regard to profile and shape, material type and proper-
ties, modifications and fabrication techniques.

Heterogeneity was found amongst the profile, modifications,
material and fabrication techniques used in insoles and footwear
design. Footwear and insoles can be viewed as multifaceted inter-
ventions where several features are frequently incorporated into the
design. The studies highlighted the lack of a systematic approach
to combining these features which makes it difficult to distinguish
the effectiveness of individual features in offloading plantar foot
pressures.

Within the review, we revealed variations in outcome measures,
study design and quality. Six different outcome measures were used
amongst the studies which makes meaningful comparison difficult.
Identification of specific design features of footwear and insoles re-
lated to the primary outcome measure of foot ulceration was not
possible. This was because all of the studies using foot ulceration
as the outcome measure employed a combination of footwear and

insole design features. The follow-up time points at which outcomes
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Pressure modific

Traditional design

Mean difference

Study Mean SD Total Mean SD Total Weight, IV, Random, 95% CI
Waaijman 2012 220 61 123 227 67 128 -I~—< 26.73% -7.00[-23.01, 9.01]
Owings 2008 168 53 22 246 63 22 — i 24.48% -78.00 [-112.40,-43.60]
Lin 2013 135.6 319 26 262.5 649 26 —.— 25.43% -126.90 [-154.70,-99.10]
Bus 2011 208 46 18 303 77 18 B 23.36% -95.00 [-136.44,-53.56]
Total (95% Cl) 189 189 — 100.00% -75.43 [127.41,-23.44]
Heterogeneity: 7° = 2565.09, x° = 63.98, df = 3 (P = 0) I°= 93

Test for overall effect: Z = -2.84 (P = .004) ]
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FIGURE 4 Forest plot of peak pressure for pressure designed

were measured varied considerably across studies. The method-
ological quality of the studies was generally poor. Only four studies
21885073 ranorted adherence to the insoles and footwear with one
study excluding participants from analysis where there was a lack of
substantial wear.”® The inclusion criteria contained participants with
diabetes who were at different stages of disease progression, further
adding to the difficulty in making meaningful comparisons between
studies. Some studies included people with no sensory neuropathy;
some studies included those with sensory neuropathy and no pre-
vious foot ulceration and some studies included participants with
sensory neuropathy and previous foot ulceration. Foot complication
severity has been shown to be associated with increased plantar
foot pressures.'® However, this did not appear to influence the foot-

wear or insole feature used.

4.1 | Profile/shape of the insole, shoe upper and
shoe outsole

Two types of profile features were described in this review; an arch
and a rocker. The use of an arch profile replicating the contour of the
plantar surface of the foot has traditionally been the ‘gold-standard’
for insole design for reducing pressure in the diabetic neuropathic
foot.?” This review found that 98% of studies reported using an
arch profile as part of the insole configuration, although inconsist-
ency exists in the reporting of the specifications. Our meta-analysis
provides evidence that an arch profile when added to an insole can
enhance the offloading effect by a further 37 kPa when compared
to an insole without an arch profile. It is postulated that by increas-
ing contact with the plantar surface of the foot, thereby allowing an
increased distribution of force over a greater area of the foot, plantar
foot pressure will be reduced.”® Our review demonstrated that seven
studies incorporating an insole with an arch profile reported that an
increase in surface contact area values correlates with reduced fore-
foot pressures,20:234649.50.53.60 tyq\yever, Paton et al reported that
the increase in total contact area observed at issue, reduced by 50%
after 6 months of insole wear, whilst pressure reduction remained
constant.*”°® The authors suggest that this could be attributed to

the dynamic nature of gait and associated pressure reduction may

Favours [pressure modific] Favours [traditional design]

be associated with changes in foot function, such as the prevention
of foot pronation.w'80

Nineteen studies modified the rocker profile of the shoe as a
method of reducing peak pressure. The rigid sole added to the bot-
tom of the shoe is designed to limit the movement at foot joints,
particularly extension of the metatarsophalangeal joints at the pro-
pulsive phase of gait. This prevents movement of tissue across the
plantar aspect of the foot and alters the forefoot loading pattern,
specifically reducing pressure under the metatarsal heads by 30%-
50%.8182 Our review demonstrates the multiplicity of design vari-
ables in terms of rocker angle, placement, height and material. Preece

|767

et al,”” suggested an optimum design of a rocker, but reported fur-

ther adjustments of rocker angle and position reduced pressure on

the forefoot across the participants. Chapman et al*°

reported high
inter-subject variability for apex position in reducing pressure under
the 1st MTPJ and hallux regions with no clear optimal position. Some
consistency was achieved with reducing pressure under the 2nd to
4th MTPJ with an apex position of 50%-60% of shoe length. The
use of a rocker profile could be beneficial in reducing peak pressure
under the diabetic neuropathic foot. However, the effectiveness of
this feature may correlate with an individualized approach in the de-
sign of the rocker angle, placement, height and material, although no
such design algorithm has yet been established.

4.2 | Modifications

The purpose of modifications is to further adapt the footwear
and insole by additional features. Three key modifications of
insole and footwear design features were identified from this
review; extra-depth footwear, metatarsal additions and sinks or
apertures. However, the inability to distinguish the effect of in-
dividual modifications from other insole and design features for
the majority of studies creates uncertainty on the effectiveness
of their usage. Additionally, the assortment of each modification
with variations in design, materials, placement and fabrication
made direct comparison extremely difficult. Despite this het-
erogeneity meta-analyses verified the positive effect of meta-

tarsal pad, cut-outs or apertures in reducing forefoot plantar
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pressures. However, the effectiveness in reducing plantar pres-
sure varies considerably with placement of the modification.

For example, Hastings et al,¥’

established a pattern of increases
or decreases in MPP according to placement of the metatarsal
pad proximal or distal to the metatarsal, although only an ef-
fect on the 2nd metatarsal head was observed. A data-driven ap-
proach using real-time plantar pressure feedback, as utilized by
10 studies,?1:26:27:34.36,.43:48,54.56.64 intimates that the effective-
ness of some modifications could be enhanced by more accurate
siting using appropriate technology, such as real-time pressure

analysis.

4.3 | Fabrication techniques used for the
insole and shoe

Two different fabrication techniques for insoles and footwear
were identified in this review; casting and kinetic informed.
Casting is traditionally used to capture the geometric shape of the
patient's’ foot to ‘customize’ the insole. Only one study examined
the role of three types of casting technique in reducing peak pres-
sure.®® The authors reported an insole formed from a semi-weight-
bearing foot shape offered the greatest peak pressure reduction
compared with full-weight-bearing and non-weight-bearing foot
shapes, but was not statistically significant. The remaining studies
using a casting approach were not able to report any difference in
reducing pressure using this fabrication method. This method of
fabrication is believed to create an arch profile, which has been
demonstrated as altering pressures in the plantar foot as reported
by four studies.?124360 However, one author, Paton et al,’®, dem-
onstrated no difference in reducing MPP and PTI when using a pre-
fabricated insole compared with a customized insole. Therefore,
potentially all insoles with an arch profile, regardless of the casting
technique employed, are effective in reducing plantar pressure in
people with diabetes. This view complements another finding of
this review that suggests an arch profile may optimize the effect
of insoles for diabetic feet.

Ten studieSZ1,26,27,34,36,43,48,54,56,64

reported the effect of using
in-shoe pressure measurement analysis to guide the fabrication
of the footwear and insole. The use of a data-driven approach for
insole and footwear design has been heralded as authenticating
plantar foot pressure reduction on an individual basis. Identification
of the vulnerable plantar areas with pressure mapping, guides the
design and alteration of appropriate personalized footwear and in-
soles in terms of materials, geometry and modifications. In addition,
it provides a quantitative assessment of clinical outcome such that
clinicians can be certain of achieving the desired treatment objec-
tive. Our meta-analysis supports this proposition although varia-
tions in methodology with this technique requires a more consistent
approach to limit the inconsistency across clinical areas. Only one
study®* used pressure data to inform the design of the insoles; the

remainder used the kinetic data to inform the modification of the
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insoles by iteratively testing and retesting until optimization was
reached. A lack of standardization existed across all of the studies
for temporal-spatial measurements and gait parameters contributing
to the analysis. The use of different pressure analysis systems with
dissimilar technical specifications and resolution provides additional
inconsistency. Furthermore, it should be acknowledged that foot
plantar pressure values are only considered a surrogate measure of
foot ulceration risk and that no threshold for foot ulceration has yet
been established.®

4.4 | Material type and properties of the insole and
shoe outsole

Material choice is an important feature of any insole or footwear
design. The material used, dependent on its mechanical and physical
properties, will influence the insole or footwear's ability to redistrib-
ute or dampen forces effectively. This review found no consistency
with individual materials used or thickness in the construction of
footwear or insole. Only one study directly assessed the effect of
material hardness in reducing peak plantar pressures.®® Sixty-seven
per cent of remaining studies used either dual or multi-density ma-
terial constructions of footwear and insoles. Closed cell foam mate-
rials were most frequently sited at the interface between foot and
insole and footwear as a top cover; denser materials constituted
the base of the insole, EVA appearing the most popular material of
choice for the base. A less popular material type was thermoplas-
tics, potentially because these materials were traditionally used for
functional devices aimed towards changing gait function and not
reducing pressure. Combining materials of different properties is
suggested as incorporating the desired properties from each ma-
terial to best serve reduction in foot ulceration risk.28¢ However,
the literature does not provide a sufficiently robust evidence base
to inform the selection approach regarding material combination or
thickness for the best offloading. Therefore, selection of materials
is often influenced by the availability of materials locally and anec-
dotal evidence, rather than patient-specific characteristics and ef-
fectiveness of offloading.

5 | LIMITATIONS

The primary limitation of this review is the heterogeneity of study
design and outcome measures of the studies included. Large vari-
ations in the description of footwear and insoles and uncertainty
in the reliability and validity of the assessment and intervention
methods exists. The diversity of features used limits the generaliz-
ability of the results, resulting in variation in the number of studies
and participants included within the meta-analyses. This review was
further limited by the inclusion of only English language studies, not
including trial databases in the search database and exclusion of par-

ticipants with charcot and foot amputation.
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6 | RECOMMENDATIONS

Open Access

A consensus is required regarding how to report and measure
the effectiveness of individual insole and footwear features in
offloading the DPN foot. A core set of outcome measures and
standardized time points would facilitate pooling of results in
meta-analyses to enable more accurate conclusions to be drawn.
Standardization of inclusion criteria is further required to ensure
all participants enrolled in offloading trials of DPN have DPN.
This would also include participants with charcot and foot ulcera-
tion. Improved consistency in the reporting of methodology, in
line with the Consolidated Standards of Reporting Trials guide-
lines and International working group on the diabetic foot, is also
recommended.®®

7 | CONCLUSION

This systematic review highlights the difficulty in differentiating in-
sole and footwear features in offloading the neuropathic diabetic
foot. The amalgamation of features in insole and footwear designs
makes consolidation of the body of knowledge difficult for under-
standing which feature to use at which time point. However, on the
basis of this review, we conclude that metatarsal additions, aper-
tures and arch profiles are effective in reducing plantar pressure in
this population and therefore should be incorporated as footwear
and insole features. Different casting techniques and materials also
appear effective in reducing pressures, but we are unable to rec-
ommend any particular technique or type because of insufficient
evidence. The use of pressure analysis to enhance the effectiveness
of the design of footwear and insoles, particularly through modifi-
cation, is recommended, specifically in patients with diabetes and

peripheral neuropathy.
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