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ABSTRACT 

Adherence of patients to treatment and appropriate- 
ness of prescribed footwear are mandatory for suc- 
cessful prevention of Diabetic foot ulceration. In a 
Public Healthcare Service, footwear approval is un- 
der the responsibility of the clinician. In some cases 
kinetic measurements are taken inside the shoes to 
support the clinical decision; however, an overall 
agreement is still missing with respect to a simple, 
reliable and effective test protocol based on proper 
threshold values. Authors’ past experiences, specific 
needs of the Diabetic outpatient service, and sugges- 
tions from valuable literature led to an instrumental 
test protocol based on reference peak pressure (PP) 
thresholds and gait line (GL) specific for each level of 
risk. Permission was obtained for one preliminary 
validation session at the Authors’ outpatient service, 
during which 11 patients at high/very high risk of 
ulceration were examined—9 for testing new foot- 
wear, 2 for monitoring 12-month-old footwear. The 
protocol was well accepted by patients and operators, 
fast and easy to be used. Based on the instrumental, 
clinical and visual inspection data; 4 new footwear 
did not pass the test; 5 passed the test but integration 
or minor changes were requested; the 2 old footwear 
were found no more effective. As a first positive feed- 
back, after 4 months of wearing the modified pre- 
scriptions none of the patients had developed plantar 
ulcers or signs of tissue damage. Successive data proc- 
essing proved that in all patients altered PPs and de- 
viated GLs did correlate with alterations of other ki- 
netic parameters. The protocol, which is proved to be 
sensitive and valuable for the Diabetic foot care, may 
have a general validity; the delivered specific PP 

thresholds and reference data, instead, can be reliably 
used if the test is performed with a calibrated Pedar 
Insole System and with the wide Insoles in the range 
UW-YW (EU size 36 - 45).  
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1. INTRODUCTION 

The process of care of the Diabetic neuropathic foot is 
quite complex. Some of the fundamental steps of the 
process, which aims at preventing ulcer formation or 
recurrence, have been deeply investigated and have al- 
ready reached a satisfactory level of maturity and effec- 
tiveness at least in developed countries; some others are 
still debated. Education and training of healthcare opera- 
tors, patients and caregivers, for example, are nowadays 
highly quailfied and effectively delivered on a territorial 
basis; to support this action, official Guidelines for home 
care of the Diabetic foot, personal foot inspection, proper 
selection of shoes and insoles are widely disseminated 
world-wide [1]. As a second fundamental step of the 
process, foot screening and identification of the class of 
risk are well established too: typically, a Diabetic foot is 
classified as a low-medium risk foot, a high risk foot or a 
very high risk foot, and footwear prescription—shoes 
and insoles—is done accordingly to agreed and well es- 
tablished recommendations [2,3]. At least two further 
steps are fundamental in the whole process, which is still 
in a consolidation phase and whose effectiveness is yet 
under investigation: 1) a standardised, objective ap- 
proach for testing and monitoring footwear prescription, 
and 2) an effective approach to increase adherence of 
Diabetic patients to wear the prescribed footwear as 
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much as possible. As for the second point, a recent valu- 
able objective study [4] demonstrated that adherence is 
still too low to render any preventive action effective in 
avoiding ulceration or recurrence of ulceration. How- 
ever, while working to successfully overcome such cru- 
cial issue, a proper testing of footwear prescription is 
equally relevant and worth to be investigated, since it 
implies benefits at different levels: 1) clinically, it allows 
the effective off-loading of foot areas at risk of ulcera- 
tion, keeping the areas healthy or healed for longer time; 
2) at an economical level, the correct footwear prescrip- 
tion and its replacement at the right moment its effec- 
tiveness is lost may entail the optimisation of healthcare 
resources; 3) from the quality perception point of view, a 
more effective footwear might entail a higher patient’s 
compliance and motivation and, hopefully, a greater ad- 
herence to preventive treatments.  

The present study is focussed on the proposal of a 
standardised, objective approach for measuring the per- 
formance of footwear prescriptions during their test at an 
outpatient service for Diabetic foot, so as to deliver an 
objective instrumental support to the clinical decision. 
Several studies, in fact, have already been published on 
the topic, where an instrumental approach is imple- 
mented and kinetic measurements are taken inside the 
shoes to test insoles, shoes or both [5-9]; however, an 
overall agreement is still missing with respect to a rep- 
licable, simple, reliable test protocol which, based on few 
parameters and proper threshold values, may be effective 
and prompt to be used by clinicians to sustain or rebut 
their decision. 

The rationale for the new approach hereby proposed 
relies on multiple factors and experiences, and of course 
on evidence and suggestions from the literature. 

As a starting point, elevated plantar pressures and sig- 
nificant alterations of plantar pressure curve along the 
entire roll-off process of the foot are associated with 
Diabetic neuropathic barefoot gait, the alterations being 
more evident for more severe stages of the disease [10, 
11]. Second, and equally important, is the consolidated 
evidence that high values of peak plantar pressures and 
poor fitting of footwear are recognized as important risk 
factors in the Diabetic foot ulceration process [12,13]. 
Thus, focus should be on the accurate measurement of 
peak plantar pressure and on the identification of proper 
risk threshold. A milestone of the literature in this sense 
is represented by the 2009 paper from Cavanagh and 
coauthors [14]. They started from a clinical point of view, 
on the basis of the following hypothesis: Diabetic neu- 
ropathic patients who had prior foot ulcers that remained 
healed during the observation period (90 days) were 
likely walking with proper footwear so as to avoid any 
risky plantar pressure. In their cohort study on 40 pa- 
tients they thus measured insole plantar pressures dur- 

ing regular walking by means of a Pedar Insole System. 
Notwithstanding the inter-patient variability, they sug- 
gested to adopt the plantar pressure threshold of 200 kPa 
in correspondence with previous ulcer sites.  

However, as Prof Cavanagh himself commented in a 
2011 interview to the specialized on-line magazine LER 
[15], the level of pressure at which tissue damage occurs 
in a Diabetic neuropathic foot is yet to be defined. Such 
an uncertainty has for sure to be ascribed not only to the 
variability of clinical and treatment conditions, but also 
to the great variability in the performance of in-shoe 
plantar pressure measurement systems. Available devices, 
in fact, perform differently one from the others due to 
several factors, e.g. sensor technology and dimension, 
pressure range, mechanical assembly and cover, sam- 
pling rate, pressure range [9,16]. Furthermore, different 
shoe and insole material and shape, as well as the im- 
plemented protocol and dedicated data processing, 
greatly influence the device pressure outcome [17-19]. 

Preliminary studies conducted at the Authors’ labs 
with a Pedar Insole System and under measurement con- 
ditions comparable with [14] showed that, in some cases, 
the suggested threshold of 200kPa might be not enough 
sensitive for the Authors’ outpatients, thus not helping to 
discriminate among the proposed footwear clinical ef-
fects. In some cases, for example, other kinetic parame-
ters were found altered while peak pressure remained 
under the suggested threshold. Besides this, the gait line 
deviations were found to be extremely relevant, too, for 
the overall footwear performance assessment of Diabetic 
patients, in agreement with reported gait line deviation 
associated with Diabetic neuropathy during barefoot 
walking [20].  

Thus, while taking into account the suggested thresh- 
old [14], a different hypothesis was formulated and a 
different approach followed in the present study. Basi- 
cally, healthy volunteers were recruited who matched as 
much as possible the “typical” patient of the Authors’ 
outpatient Diabetic foot service—as for age, BMI, walk- 
ing speed—but who had no calluses at all under their feet. 
This latter feature was interpreted as a sign of a proper 
mechanical loading for each individual. A reference da- 
tabase was then created by averaging data from the 
healthy volunteers while walking in an adequate, modi- 
fied semi-rigid shoe. Reference peak pressures were 
identified for 4 foot subareas-rearfoot, midfoot, forefoot 
and toes—and some correction factors were applied to 
take into account for the different risk level, and the dif- 
ferent foot sizes which, in the Pedar Insole System, entail 
different areas of corresponding sensors (all relevant 
details of the study are reported and explained in the 
Methods Section). 

Permission was obtained at the Authors’ Hospital for a 
preliminary validation session during one day at the out- 
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patient Diabetic foot service. The protocol, applied to 11 
Diabetic patients, was well accepted by patients and op- 
erators, and resulted fast and easy to be used and inter- 
preted. Footwear test results, obtained as an integration 
of instrumental, clinical and visual inspection data, are 
briefly reported and commented in the paper. Encourag- 
ingly, 4 months after the preliminary validation session, 
none of the patients had developed plantar ulcers or 
showed signs of tissue damage. Thus, the protocol was 
judged not only feasible and well accepted, but also safe 
and helpful in the process of care of the Diabetic neuro- 
pathic foot.  

Aiming at further validating and improving this ap- 
proach, all indications, thresholds and reference data and 
details are reported in the paper to allow everyone the 
correct implementation of the test protocol under com- 
parable conditions. Worth to remember, while the sug- 
gested methodology is of general applicability, the used 
pressure thresholds and reference gait line are to be con- 
sidered valid whenever the footwear test is performed by 
using a calibrated Pedar Insole System, and measure- 
ments are taken by using the wide model of the Pedar 
Insoles in the range UW-YW (i.e. EU size 36 - 45). 

2. MATERIALS AND METHODS 

2.1. Background and Rationale 

The background issues hereby summarized formed the 
basis and the rationale for the choices done in the study 
to build, implement and use the proposed footwear test 
protocol. 
 Instantaneous peak pressure (PP) may be considered 

as one of the most important parameter to be used as 
a risk indicator when dealing with Diabetic foot at 
risk of ulceration [10]. Furthermore, previous studies 
[20] showed that significant changes also occur in the 
trajectory of the center of pressure (COP), here indi- 
cated as gait line (GL). Besides these two parameters, 
few more quantities may be precious in a clinical 
scenario for the identification of abnormalities of 
foot-ground interaction during gait, e.g. maximum 
force normalized to body weight (Max F), force-time 
integral normalized to body weight (FTI), pressure- 
time integral (PTI), stance duration (Stance) [19].  

 The insole pressure measurement system must be 
accurate and reliable; being used for measurements 
addressed to medical purposes, the whole system— 
hardware and software—should be marketed as a 
Medical Device with Measuring Function [17,18]. 
Literature reports about high variability in the per- 
formance and outcomes of the available pressure 
measurement systems in general [16] and, more spe- 
cifically, of wearable systems [9]. Discussing these 
issues is beyond the scope of this paper; they are 

however worth to be kept in mind since each and 
every proposed protocol should be considered valid 
only under very well defined measurement conditions. 
Besides the accuracy, the elasticity/deformation and 
the thickness of the measurement systems, also the 
active surface of the pressure sensors does play a 
special role in detecting peak pressures as close as 
possible to the expected ones. 

 Due to the high intra-variability of each measure- 
ments system responses when working with shoes 
and insoles different as for both material and shape, a 
reference database might be usefully obtained by us- 
ing only one kind of footwear, unless a huge number 
of measurements can be taken under all the expected 
conditions. Barefoot measurements cannot be consid- 
ered comparable with in-shoe measurements and 
should not be used for this specific purpose. 

 When recruiting healthy volunteers to build reference 
databases, attention should be paid to select them, on 
average, as much comparable as possible with the 
expected patients as for age, BMI and walking speed, 
the last two directly interfering with most of the sug- 
gested parameters, especially with FTI and PTI. 

 When defining an assessment protocol at an outpa- 
tient service, it is mandatory that patients’ dressing 
and training, data acquisition, data processing and 
data interpretation are as clear, repeatable, easy and 
fast as possible, requirements which are peculiar of 
the specific scenario and which are not necessarily 
fulfilled/foregone in a research setting. 

 Again on the last point: one of the fastest outcomes of 
most pressure measurement systems is the maximum 
peak pressure map, i.e., for each activated sensor, the 
maximum value of pressure the sensor has recorded 
during the entire acquisition period. Attention should 
be paid not to use this outcome for quick data inter- 
pretation: as well known, in fact, a certain number of 
steps—at least twelve—is recommended for reliable 
measurements [21], and the reliable value of peak 
pressure for each individual sensor should be calcu- 
lated by averaging all peak pressure values recorded 
by that specific sensor in the different steps; reasona- 
bly, the averaged peak pressure is lower—and in 
some cases may be much lower—than the maximum 
peak pressure. 

2.2. Measurement Equipment, Hardware and 
Software 

The Pedar-X Insole Measurement System (novel GmbH, 
Munich, Germany) has been used, which is Certified as a 
Medical Device in class I with Measuring Function ac- 
cording to the EU Directives [18]. The system is based 
on insoles of 99 capacitive sensors each, with variable 
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sensor active surface (mean sensor surface is around 1% 
of insole total surface in wide model insoles), embedded 
in a 1.5 mm soft interface (overall thickness 3.4 mm). 
Due to its features, pressure range for in-shoe measure- 
ments is reasonably calibrated in the range 15 - 600 kPa. 
When correctly maintained and used, system has accu- 
racy <2% FS, pressure resolution 2.5 kPa, hysteresis 
<7%. Sampling frequency can go up to 100 samples/s 
but for the purpose of this study it has been limited to 50 
samples/s.  

Insoles are delivered in different sizes as for both 
width and length. Only wide insoles—identified as W 
series—have been used in the study, from EU size 36 to 
45, each insole covering two sizes (Pedar codes from 
UW to YW): it was in fact hypothesized that this range 
does cover most of the expected Diabetic patients’ foot 
size at the Authors’ Hospital. In the used insoles, sensor 
active surface increases from the smallest (UW) to the 
biggest (YW) in a way that maintains sensor shape in- 
variant; sensor surface increase is equal to 11% (VW), 
20% (WW), 28% (XW) and 35% (YW) with respect to 
UW sensors. Since sensors are not rigid, it is reasonable 
to hypothesize that a localized load acting on a surface 
smaller than the sensor surface is smoothed and underes- 
timated, the effect being more evident with wider sensor 
surfaces. Thus, to render measurements from different 
insoles comparable, a normalization factor has been in- 
troduced by considering the UW insole—the one with 
the smallest sensors—as the reference. 

To acquire reference data to be reasonably compared 
with patients’ outcomes, a post-surgery semi-rigid shoe 
was chosen (Terapes by Podartis, Italy): it is wide en- 
ough to accommodate the wide Pedar insoles and most 
foot types of the expected patients; it is rigid enough to 
partly prevent the physiological flexibility of the foot 
during the roll-over process, thus acting like most of 
semi-rigid or rigid prescribed shoes; it has no heel or 
internal support which may further mask the foot-ankle 
behaviour during gait. Before using it, the shoe has been 
modified by smoothing and partly removing the rubber 
sole. Figure 1 shows the hereby described equipment. 

Two software packages have been used which are 
dededicated by the Company to the Pedar System: 1) the 
Pedar Acquisition tool allows for data acquisition and  
 

 
(a)                          (b) 

Figure 1. (a) Pedar-X System wide insole with superimposition 
of sensor map; (b) Smoothed semirigid Terapes shoe used to 
collect reference data. 

some preliminary processing like the identification of 
insole subareas of interest. As said before, it is highly 
recommended not to work on the maximum peak pres- 
sure maps delivered by this tool right at the end of the 
acquisition trial, since they represent an overestimation 
of the averaged peak pressure values: some preliminary 
tests on 20 feet showed that differences between maxi- 
mum peak pressures and averaged peak pressures during 
walking were up to 110 kPa (78 ± 34.5 kPa); 2) the Pedar 
Step Analysis tool allows for the fast processing of all 
the valid steps for each foot, and delivers the averaged 
data necessary for supporting the clinical decision during 
the footwear test—i.e. PP and GL—and for further re- 
search (Max F, PTI, FTI, Stance). 

2.3. Identification of Reference Data and 
Thresholds 

Reference data were collected from 20 healthy volun- 
teers with no present or past lower limb injuries, ortho- 
paedic pathologies, or neurological impairments, selected 
among those healthy volunteers who best resembled the 
expected Diabetic patients as for age (>55 years), BMI 
(>25 kg/m2), long stance phase (>700 ms). Special atten- 
tion was paid in including only volunteers without cal- 
luses under the sole of the foot: absence of calluses was 
in fact assumed as the external proof that the overall 
mechanical stress due to everyday motor activities was 
below any tissue alteration/damage for that specific foot. 
As a consequence, it was assumed that mechanical stress 
during walking was below risk threshold, too. Volunteers 
were equipped with the Pedar Insole System and the 
modified Terapes shoes; after they familiarized with the 
whole equipment and the protocol, at least 20 regular 
steps per foot were acquired during their level walking 
along a straight corridor close to the outpatient Diabetic 
foot service room. 

Proper masks were created for the insoles to detect 
four major areas of the foot: rearfoot (RF), midfoot (MF), 
forefoot (FF), and toes (TO). The masks, which are 
slightly different from the standard ones proposed by 
most systems, were based on Authors’ previous experi- 
ences on footprint masking on the basis of anatomical 
references [22]. Two masks were defined for each insole 
to take into account for the two different foot sizes each 
insole is used for—basically, for the smaller size mask 
the boundaries were moved one sensor back with respect 
to the bigger one. Figure 2 shows the four foot regions 
identified on the insole, with the standard anatomical 
foot superimposed to the insole frame. The Figure is re- 
ferred to the Pedar wide VW Insole; however, regions 
are equally identified in the whole range of used insoles 
(UW-YW). 

Once acquired, force data within each subarea were 
normalized with respect to body weight, stance data were  
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Figure 2. Identification of four 
foot regions on a Pedar wide 
insole VW. 

 
normalized with respect to the whole stance duration; 
successively, all data were averaged within each healthy 
volunteer, and among all volunteers, keeping data of the 
two feet separate. Since sensor configuration is the same 
for all the used insoles, averaged gait line (GL) for each 
volunteer was mapped on a standard wide insole, and 
GLs successively averaged over all volunteers.  

With respect to peak pressure values only, further 
processing was performed to obtain pressure thresholds 
specific for foot size and for Diabetic risk level defined 
from 0 (lowest) to 3 (highest) as in [3]. The following 
steps were thus performed, all addressed to define PP 
thresholds in the most cautious way: 
 Since reference PP data from healthy volunteers were 

mostly referred to VW Pedar insoles (18 volunteers 
out of 20), the mean PP values were assumed as the 
maximum PP acceptable values to be associated with 
VW Pedar insoles and with the low-medium risk 
level (0 - 1); to be more cautious, the lowest PP be- 
tween right and left foot was adopted as a maximum 
threshold, and the 5% - 7% variation upwards ne- 
glected. 

 PP threshold values were progressively reduced, for 
insoles WW, XW and YW, on the basis of the corre- 
sponding % increase of sensor area with respect to 
VW sensors, and increased for UW insoles. 

 For a specific nW insole (n = U to Y), the PP thresh- 
old values were further reduced of 10% in case of 
high risk (risk level 2) and of 20% in case of very 
high risk (risk level 3). Main reason for the estab- 
lished percentage relies in the PP variability found 
within the healthy group, which suggested that any 
evident, clinically relevant difference of PP between 
two groups should be greater than 10%. 

 The last step consisted in fixing the midfoot PP 
threshold at 60 kPa for both risk level 2 and 3 inde-
pendently on the foot size: this arbitrary threshold, in 

some cases lower than the calculated one, was sug- 
gested by Authors’ previous clinical experience, by 
preliminary measurements, and by the observation 
that the Diabetic foot skin in the midfoot area is often 
especially fragile. 

The last step of this long and complex preliminary 
phase consisted in the preparation of 30 types of paper 
sheets to be delivered to the footwear test operator: 10 
sheets were in fact prepared for each of the three risk 
levels, because 2 sheets—1 for the smaller and 1 for the 
bigger size mask—are necessary for each of the 5 Pedar 
wide insole sizes.  

2.4. Protocol  

The present protocol was only applied once at the Au- 
thors’ Hospital as a preliminary validation session. 
However, it is here reported in the form of a routine ac- 
tivity at the Hospital, as it will hopefully become soon.  

When a patient is accepted at the Authors’ outpatient 
service for Diabetic foot, he/she first receives the clinical 
examination and is then introduced to the testing room 
where he is informed on the instrumental assessment and 
asked to sign the informed consent. Once equipped with 
the measurement system and the reference shoe (i.e. the 
modified Terapes shoes), he/she receives further in- 
structions. Few minutes are dedicated to get him/her fa- 
miliar with the equipment, the task and the shoes. Mean- 
while, the operator selects the proper pre-printed paper 
sheet for reporting the main test results, i.e. he/she takes 
the pre-printed paper with PP thresholds associated with 
the Pedar insole size used for the specific patient and 
with his/her level of risk. The patient is then acquired 
while walking at his/her self-selected speed along the 
adjacent corridor until at least 20 valid footprints are 
acquired per foot. The whole process is repeated with the 
patient wearing the prescribed footwear under test. While 
the patient is assisted for removing the equipment, the 
data related to the prescribed footwear are associated 
with the proper insole masks and passed to the Step 
Analysis tool for the requested automatic processing. 
Mean PP values and averaged GL are made immediately 
available on the screen and the operator can take notes 
on the pre-selected paper sheet. Basically, each sheet 
contains a pair of left and right insoles with PP threshold 
values for the four foot regions, and a black trace of the 
reference GL; the operator is asked to fill the paper sheet 
with red circles to mark areas of over-threshold PPs, and 
black crosses to indicate deviations from reference GL. 
A white box fornotes is available on the right side of the 
sheet, to add comments and suggestions for the clinician 
who has to approve or reject the footwear. While the 
clinician takes the decision, all the patient’s acquired and 
processed data are stored for further analysis and for re- 
search.  
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2.5. Preliminary Validation Session 

The Authors’ Hospital gave permission for a first pre- 
liminary validation session which was performed on Oc- 
tober 25th, 2012. The protocol was applied to 11 Diabetic 
patients classified as high (class 2, 6 patients) and very 
high (class 3, 5 patients) risk patients; 9 patients were 
testing new footwear, 2 were monitoring the perform- 
ance of 12-months-old footwear. 

As already explained, PP and GL values referred to 
the prescribed footwear were delivered promptly and 
used by the clinician to support the final decision. 

The whole set of collected data, from both prescribed 
footwear and reference shoes, were further processed and 
analysed to investigate feasibility, safety, appropriateness 
and usefulness of the proposed instrumental test. More 
specifically, prescribed footwear data were investigated 
to verify whether or not the abnormalities highlighted by 
the established PP thresholds and the reference GL were 
associated with concurrent alterations of the other rele- 
vant baropodometric parameters. Furthermore, data as- 
sociated with the reference shoes were examined to ver- 
ify whether the suggested overall equipment is suitable 
to highlight abnormalities of gait performance in Dia- 
betic neuropathic patients with respect to comparable 
healthy volunteers and, even more important, whether it 
is suitable for detecting changes in gait performance due 
to prescribed footwear when compared with reference 
semi-rigid shoes.  

3. RESULTS 

3.1. Reference Data and Thresholds 

Anthropometric data from the 20 healthy volunteers are 
reported in Table 1 together with stance duration, aver- 
aged over the 40 feet of the 20 volunteers. 

Reference baropodometric data for the total foot (TF) 
and for the four foot regions are reported in Table 2. 
They have been obtained by averaging the results from 
the 40 feet, i.e. left and right foot have been treated 
separately for each volunteer. Data are referred to healthy 
volunteers walking slowly with reference semi-rigid 
shoes (modified Terapes); it is worth to note that their 
speed was natural, not artificially slowed down. Most of 
them (18 out of 20) used the VW Insoles, the remaining  
 
Table 1. Healthy volunteers main data. 

 
Age  

(years) 
Height 
(cm) 

Body mass 
(kg) 

BMI 
(kg/m2) 

Stance 
(ms) 

mean 67 165 75 27.3 821 

sd 7.9 8.8 8.1 3.5 101.8 

n 20 20 20 20 40 

two volunteers used the WW and the XW insoles respec- 
tively. 

Figure 3 indicates the reference PP values, kept sepa- 
rate for the left and the right foot, and GL for healthy 
volunteers. As expected, GL was found to be symmetri- 
cal, with the averaged GL variation always remaining 
within each filled sensor. 

As explained in the Methods Section, PP values were 
conservatively reduced by using reasonable factors to 
take into account for the variable sensor surface across  
 
Table 2. Healthy volunteers main baropodometric data. 

 TF RF MF FF TO 

Max F      

mean (%N) 106 66 22 85 16 

sd (%) 1.6 8.2 7.7 12.1 22.6 

PP      

mean (kPa) 248 214 91 249 149 

sd (%) 9.3 8.7 10.7 14.5 20.3 

FTI      

mean (%N*s) 68 24 9 32 4 

sd (%) 7.5 20.8 15.7 10.8 23.4 

PTI      

mean (kPa*s) 140 81 45 88 37 

sd (%) 9.9 18.9 18.0 10.5 18.3 

Stance      

mean (ms) 821 591 677 753 559 

sd (%) 11.4 13.1 10.2 7.9 15.3 

mean (%) 100 72 82 92 68 

 
PP REFERENCE VALUES          REFERENCE GL 

 
[kPa (% sd)] 

(a)                          (b) 

Figure 3. PP reference values (a) and reference GL (b) for the 
four identified foot regions. Data are referred to the 20 healthy 
volunteers while walking with the modified semi-rigid shoes. 
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the used range of insole sizes, and to establish more cau- 
tious thresholds for higher levels of risk of ulceration. 

Furthermore, as already explained, PP threshold for 
the midfoot area was fixed to 60kPa for risk level 2 and 3 
independently on the foot size. 

The obtained reference PP thresholds are reported in 
Table 3. 

3.2. Preliminary Footwear Test Results 

During the preliminary validation session on October 
2012, the protocol was applied to 11 Diabetic outpatients 
who had been referred to the Authors’ Hospital for mon- 
itoring the performance of their 12-month-old footwear 
(2 patients) or to test the new prescribed footwear before 
reimbursement (9 patients). 

Clinical and anthropometric data of the patients are 
reported in Table 4. Patients’ classification as for risk 
level was done as in [3]. VPT and DNI were measured as 
in [20]. 

All patients but one, who suffered from poliomyelitis 
consequences, had off-the-shelf recommended shoes, in  
 
Table 3. PP thresholds within the four foot regions, for all the 
expected-to-be-used Pedar Wide Insoles and for the three levels 
of risk. 

 RF (kPa) MF (kPa) FF (kPa) TO (kPa)

Risk Level 0 - 1     

UW 230 100 270 160 

VW 200 90 240 150 

WW 180 80 220 130 

XW 160 70 200 120 

YW 150 70 180 110 

Risk Level 2     

UW 210 60 240 140 

VW 180 60 220 130 

WW 160 60 200 120 

XW 140 60 180 110 

YW 130 60 160 100 

Risk Level 3     

UW 180 60 220 130 

VW 160 60 190 120 

WW 140 60 180 100 

XW 130 60 160 100 

YW 120 60 140 90 

*New Diabetic footwear test protocol. 

Table 4. Clinical and anthropometric data of the 11 Diabetic 
neuropathic patients examined during the preliminary footwear 
test session. 

 
Age 

(years)
Height 
(cm)

Body 
mass 
(kg)

BMI 
(kg/m2) 

VPT DNI
Risk 
class

P1 74 155 80 33 27 6.0 2 

P2 58 155 89 37 22 5.5 2 

P3 75 155 68 27 50 6.0 2 

P4 56 166 90 33 30 5.0 2 

P5 70 155 59 25 40 6.0 2 

P6 74 168 72 26 40 6.0 2 

P7 74 160 74 29 50 6.0 3 

P8 74 178 87 27 50 6.0 3 

P9 72 157 73 30 40 4.0 3 

P10 74 170 78 27 50 6.0 3 

P11 71 177 99 32 50 6.0 3 

 
some cases slightly adapted to the patient’s needs, and 
custom-made insoles, usually obtained by a plaster mold 
of the patient’s footprint while standing barefoot in the 
upright position. For those patients already treated at the 
Authors’ Hospital, footwear prescriptions had been made 
on the basis of a consolidated procedure [3,23].  

15 minutes were sufficient, on average, to perform the 
whole test protocol and to prepare the test report. In one 
case 10 additional minutes were required since the pa- 
tient, suffering from the consequences of poliomyelitis, 
had the right foot much smaller than the left foot, which 
required a special adaptation of the whole test equipment 
and of processing procedures. All patients reacted posi- 
tively to the test. The operator was able to prepare a clear 
report for each patient including over-threshold PP and 
GL deviations, to interpret it and to transfer the main 
suggestions to the clinician for the final decision.  

On the basis of the above reports, of each patient’s 
co-morbidities, clinical history and special needs, 4 new 
prescribed footwear did not pass the test; they had PP 
over thresholds (3 out of 4) and excessive GL medial and 
forward deviation (4 out of 4). In all cases specific re- 
quirements and recommendations were added to the pre- 
vious prescription to better address the requested modi- 
fications. The remaining 5 new prescribed footwear 
passed the test; however, minor changes or integrations 
were asked to the orthopedic workshop before reim- 
bursement: in 3 cases a replacement of the off-the-shelf 
shoes was recommended since they were too much in- 
terfering with the patient’s gait, thus leading to an exces- 
sive forefoot pronation or an excessive GL forward shift; 
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in 2 cases a softer and thicker damping cover was re- 
quested to be added to the custom-made insoles; in 1 
case a silicone support for the toes was asked as an addi- 
tional aid. The two 12-month-old footwear proved to be 
no more effective or even dangerous for the patients; a 
new prescription was done in both cases, with specific 
requirements for offloading of midfoot and toes (1 case), 
very high offloading of midfoot (1), control of midfoot 
and forefoot pronation (1 case). 

As an example, the electronic copy of the paper sheet 
for test report is shown in Figure 4. It is referred to a 
footwear test with negative result. 

3.3. Validation Results 

For each patient and each foot region Table 5 indicates 
the baropodometric parameters which were found to be 
higher than the reference values. PP and GL alterations 
are reported together in the first row (in bold), and rep- 
resent the only data the operator took into consideration 
during the footwear test; worth to remember, PP values 
were judged with respect to the specific PP thresholds. 
Max F, PTI, FTI and % Stance were not made available 
to the operator; their alterations had been successively 
highlighted by comparing them with the healthy volun- 
teers reference database.  

As shown in the table, PP and GL alterations were 
well related to alterations of the other relevant parame- 
ters. On these preliminary data set, sensitivity was equal 
to 96.5%, specificity was equal to 51.6%. Only for two 
parameters out of the overall 88 reported in the table, PP 
and GL failed in detecting gait alterations, namely under 
the right toes of Patient 1 and under the left forefoot of 
Patient 6 (patient with poliomyelitis consequences). 

Detailed analysis of averaged regional baropodometric 
parameters under the two testing conditions (i.e. with 
reference shoes and with prescribed footwear) is beyond  
 

 

Figure 4. Instrumental test report of Patient P10. Over-thresh- 
old PPs were found in the rearfoot and in the midfoot, and un- 
der the first metatarsal area. GL was significantly shifted for- 
ward on the rearfoot and medially on the forefoot. 

Table 5. Alterations of gait parameters with respect to healthy 
volunteers reference databases. A red cross indicates a “false 
positive” i.e. alteration of PP or GL not related to other gait 
alterations. A red box indicates a “false negative”, i.e. alteration 
of other gait parameters which was not detected through PP or 
GL alterations. 

  Left foot Right foot 

  RF MF FF TO RF MF FF TO

PP/GL  X X X  X X  

Max F      X   

PTI  X  X    X

FTI  X    X   

P1; R2

% Stance  X X X  X X X

PP/GL  X X   X X  

Max F  X       

PTI  X    X   

FTI  X    X   

P2; R2

% Stance  X    X   

PP/GL  X X X  X X X

Max F      X  X

PTI   X X   X X

FTI    X  X  X

P3; R2

% Stance       X X

PP/GL X X X X X X X X

Max F        X

PTI   X X    X

FTI     X   X

P4; R2

% Stance X X  X X  X X

PP/GL  X X X  X X X

Max F  X    X  X

PTI    X    X

FTI  X  X  X  X

P5; R2

% Stance  X  X  X  X

PP/GL X X  X X X X X

Max F  X      X

PTI  X  X X   X

FTI  X  X X   X

P6; R2

% Stance X X X  X X X X
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Continued 

PP/GL  X X X  X X X

Max F  X  X  X   

PTI    X    X

FTI  X  X  X  X

P7; R3 

% Stance  X  X  X X X

PP/GL X X X X X X X  

Max F  X    X   

PTI  X    X   

FTI  X    X   

P8; R3 

% Stance X X   X X X  

PP/GL  X X X X X X X

Max F        X

PTI  X X X X X  X

FTI  X  X X   X

P9; R3 

% Stance  X X X    X

PP/GL X X X  X X X  

Max F  X    X   

PTI  X X    X  

FTI  X    X   

P10; R3 

% Stance  X X   X   

PP/GL X X X X X X X X

Max F  X    X   

PTI  X   X X  X

FTI  X   X X  X

P11; R3 

% Stance  X X      

 
the scope of this study and may be of limited validity due 
the poor number of patients and the high variability of 
patients’ conditions and footwear. Only the main results 
of a basic statistical analysis are here reported with re- 
spect to PTI, since they may be helpful for a preliminary 
validation of the test. Figure 5 shows mean values, 
standard deviations and statistically significant differ- 
ences (Student’s t-test, p < 0.005) of PTIs calculated with 
respect to the four foot regions in the three groups i.e. the 
20 healthy volunteers walking with the reference shoes 
(group H), the 11 Diabetic patients walking with the 
same reference shoes as healthy volunteers (group PR), 
the 11 patients walking with their prescribed footwear 
(group PF). Data proved that PTI distribution in group  

 

Figure 5. PTI mean values ± sd, associated with the four foot 
regions (RF, MF, FF and TO) in three groups: healthy volun- 
teers (group H), patients with reference shoes (group PR), pa- 
tients with prescribed footwear (group PF). Healthy volunteers 
were examined with the same reference shoes. Healthy refer- 
ence data were averaged over 40 feet, patient data over 22 feet 
in both walking conditions. Differences were investigated by 
using the student’s t-test (p < 0.05). 
 
PR was different from group H, thus confirming that the 
measurement equipment and protocol can be suitable to 
highlight differences between healthy volunteers and 
Diabetic neuropathic patients. Furthermore, differences 
were evident between performance of Diabetic neuro- 
pathic patients with reference shoes and with prescribed 
footwear, which confirms that the latter may modify the 
gait pattern: PTI reduction in all regions but the toes, in 
fact, can be interpreted as a sign of the desired offloading 
effect due to the synergic action of proper shoes ad in- 
soles. Reasonably, however, averaged data are con- 
founded and statistical meaning partly masked by the 
inclusion of all tested footwear, either accepted or re- 
fused.  

4. DISCUSSION 

Learning from personal and other valuable researchers’ 
experience in the field of research applied to the biome- 
chanics of the Diabetic neuropathic foot, Authors made 
here an attempt to design, build, implement and validate 
an instrumental protocol for supporting clinical decision 
with respect to prescribed Diabetic footwear. Several 
factors played a key-role in the entire process: 1) evi- 
dence from the literature with respect to the role of plan- 
tar peak pressure as a reliable indicator of risky tissue 
damage under the sole of the foot of Diabetic neuro- 
pathic patients; 2) clinical evidence that insole plantar 
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pressures below a certain threshold are strongly related 
to the maintenance of healthy or healed status of the foot; 
3) experimental findings that further specificity of peak 
pressure thresholds may help in better discriminate per- 
formance and appropriateness of prescribed footwear; 4) 
proper knowledge and use of the adopted insole pressure 
measurement system so as to design a test protocol spe- 
cifically tailored to exploit the system peculiarities and to 
cope with its limitations; 5) knowledge of the main needs 
of an outpatient service for Diabetic foot to deliver ade- 
quate clinical decisions with respect to prescribed foot- 
wear acceptance; 6) experience in measuring foot-ground 
interaction under various conditions and knowledge of 
the relevant changes in the outcomes of the main pa- 
rameters of interest.  

The following approach was then followed: 
 A set of 20 healthy volunteers, homogeneous with the 

expected Diabetic population as for age, BMI and 
walking speed was recruited and examined while 
walking with modified semi-rigid shoes (smoothed 
Terapes). 

 Based on the technical features of the used wearable 
pressure measurement system (Pedar-X Insole Sys- 
tem), a set of insoles was defined (wide insoles in the 
range UW-YW, i.e. from EU size 36 to 45); four re- 
gions were identified and adapted to each insole and 
corresponding foot sizes to investigate rearfoot, mid- 
foot, forefoot and toes; averaged reference values 
were calculated for main baropodometric parameters 
i.e. PP, normalized Max F, PTI, normalized FTI and 
% Stance (at least 20 footprints were processed for 
each volunteer, for left and right foot separately). 

 Based on some geometrical data—i.e. the % increase 
of sensor area with the increase of the insole size— 
and the assumption of 10% of PP variation between 
two successive levels of ulceration risk, conservative 
factors have been taken into account and PP threshold 
maps have been created for each foot size and each of 
the three levels of risk; reference PP threshold maps 
and reference GL were created and pre-printed on 
paper sheets to promptly assess prescribed footwear 
in the outpatient service context. 

 During the first validation session, the instrumental 
test protocol was applied to 11 Diabetic patients; data 
were acquired under two walking conditions, i.e. with 
the reference shoes and with each patient’s own pre- 
scribed footwear; only PP and GL from the latter 
were compared with the established thresholds and 
used to support the final clinical decision; special care 
was taken not to refer to the maximum peak pressure 
maps directly available as a first software outcome: 
rather, the step analysis process was performed so as 
to obtain the map of the averaged peak pressures, av- 
erage being referred to at least 20 footprints for each 

foot. 
Preliminary results were encouraging. The instrumen- 

tal test protocol was feasible, and well accepted by pa- 
tients and operators. As a secondary interesting outcome, 
patients were interested in understanding the clinical 
meaning of the measurements, which was interpreted as 
a possible means to further educate and motivate them in 
wearing the proper footwear. As for the involved human 
resources, one week of training had been necessary to 
instruct the operators with basic knowledge of plantar 
pressure measurement and of the specific measurement 
system and protocol, and to allow them to correctly in- 
terpret the main outcomes, to report them on the struc- 
tured pre-printed report, and to finally transfer the main 
findings and suggestions from the test to the clinician in 
charge for the prescribed footwear approval. Until now, 
the instrumental system management, as well as the data 
processing, have been kept under the direct supervision 
of the Authors, but the routine application of the test at 
the Hospital outpatient service, which will be hopefully 
implemented in the next future, will allow the prepara- 
tion of more, qualified operators. One dedicated operator 
and 15 additional minutes were requested, on average, to 
add the instrumental test to the usual clinical examina- 
tion and visual footwear inspection. 

Contribution of the instrumental test to the clinical de- 
cision was of great relevance during the preliminary 
validation session: 1) 4 new footwear did not receive 
approval due to the PP values over the established thres- 
holds; in two of the 4 cases the visual inspection from the 
expert clinician had already raised doubts about the ap- 
propriateness of the insoles, which were confirmed by 
the instrumental test; in the other two cases, the negative 
decision was mainly based on the instrumental test re- 
sults associated with patient’s comorbidities and very 
high level of risk; 2) 5 new footwear were approved but 
minor improvements were asked before reimbursement 
which would have not been requested without the in- 
strumental test; 3) 2 old footwear were proved no more 
effective or even dangerous after 12 months of use; 
likely, a new prescription would have been done in any 
case, due to the Italian Healthcare Service Guidelines; 
however, indeed innovative for the Authors’ outpatient 
service, the instrumental test allowed to add further 
specifications to the usual footwear prescription. 

As reasonable, the true effectiveness of the proposed 
instrumental test could not been quantified yet; even, the 
modified prescriptions could not be tested with the same 
protocol to check for the proper implementation of the 
suggestions; however, as a first feedback, after 4 months 
none of the 11 examined patients showed plantar ulcera- 
tion or sign of tissue damage. Furthermore, the analysis 
of the entire set of the relevant baropodometric parame- 
ters highlighted that the test, based on the PP specific 
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thresholds and the reference GL deviations, was highly 
sensitive (96.5%). Thus it can be considered safe and 
suitable for its inclusion in the clinical routine of the out- 
patient service, even though it may be considered too 
much conservative (specificity = 51.6%).  

Even though they have not a general validity, and a 
wider population should be examined and monitored, the 
baropodometric outcomes averaged over these prelimi- 
nary 11 patients were encouraging, since they showed 
the potential of the whole measurement equipment and 
protocol in detecting the main alterations of the Diabetic 
neuropathic patients’ gait, and the main effects due to the 
use of the preventive footwear. 

The hypotheses and the assumptions which formed the 
basement for the design of the proposed test protocol are 
quite new: 1) reference healthy data should only be ex- 
tracted from healthy volunteers who did not show any 
sign of tissue damage, thus demonstrating that the me- 
chanical stress applied during the regular daily activities 
was appropriate for the foot; 2) healthy data acquisition 
under conditions as close as possible to those of the ex- 
pected Diabetic population may allow to reliably use not 
only reference peak pressures or force data, but also 
pressure-time integrals, force-time integrals, and %stance 
phases; 3) PP thresholds, while keeping in mind the up- 
per threshold of 200kPa as reported in the qualified lit- 
erature, should be tailored to the specific technical fea- 
tures of the measurement systems and to the specific 
level of risk of ulceration: while the former requirement 
can be managed on the basis of sensor geometry, the 
latter can be approached with assumptions related to the 
higher fragility of the Diabetic foot skin and to some 
experimental observations.  

Test Protocol Applicability and Limitations 

The proposed protocol proved to be feasible, safe, highly 
sensitive and at least useful in supporting the clinical 
decision with respect to prescribed footwear aimed at 
preventing ulceration or recurrence of ulceration in Dia- 
betic neuropathic patients. While the overall methodol- 
ogy may have a general validity and may be applied in 
association with other insole measurement systems, the 
reference data and the established PP thresholds and GL 
pattern can be considered valid only in case a calibrated 
Pedar-X Insole measurement system is used, in associa- 
tion with Pedar wide insoles in the range UW-YW. 

To obtain evidence of the protocol effectiveness a 
wider population needs to be examined and monitored 
during time; hopefully, the implementation of the same 
protocol under comparable conditions at the Authors’ but 
also at other Hospital outpatient services will help in 
better investigating not only the crucial issue of clinical 
effectiveness but also the important aspect of cost-effec- 
tiveness and optimization of healthcare resources. 

One strong limitation of the protocol are the assump- 
tions done to arbitrarily decrease of 10% the PP thresh- 
old for each increasing level of risk, and to arbitrarily 
limit the PP midfoot threshold at 60 kPa for risk 2 and 3 
(high and very high risk) independently on foot size. 
These thresholds, always below the recommended thres- 
hold of 200 kPa [14], proved to be highly sensitive in the 
preliminary test session when used in conjunction with 
reference GL (96.5%) but, at the same time, they showed 
a moderate specificity (51.6%). Reasonably, the PP 
thresholds will deserve deeper investigation in future 
studies.  

Another important “limitation”, for those who are in 
search of completely automated assessment protocol, is 
the essential contribution of operator and clinician’s ex- 
pertise and knowledge of patient’s clinical history and 
concurrent pathologies in reaching the final decision. 
Some aspects will likely be automated in future process- 
ing tools and very simple expert-system; however, Au- 
thors’ strongly believe in the high added value of human 
independent decision and numbers interpretation. 

5. CONCLUSIONS 

Aiming at improving the foot care of Diabetic neuro- 
pathic patients, a simple, reliable, fast and easy-to-use 
instrumental test protocol has been here proposed to sup- 
port clinical decision with respect to the approval, the 
rejection or the modification of prescribed footwear for 
ulcer prevention. Major strengths of the protocol, quite 
innovative with respect to the instrumental test scenario, 
are: the adaptation of the relevant indicators and thresh- 
old values to the technical features of the used pressure 
measurement system and to the specific level of risk; the 
identification of only four major foot regions and only 
two indicators, i.e. PP threshold and GL pattern, for the 
prompt use of outcomes; the compliance with the spe- 
cific needs of an outpatient Diabetic foot test service.  

Encouraging feedback came from the preliminary 
validation session: the protocol was well accepted by 
patients and operators, fast and easy to be used; properly 
integrated with clinical and visual inspection data, it 
seems to effectively contribute to the improvement of 
footwear prescription, test and monitoring during their 
lifetime (none of the 11 tested patients developed ulcers 
or tissue damage in the successive 4 months); it proved 
to be sensitive and valuable for the Diabetic foot care, 
even though further studies are needed to improve its 
specificity. The protocol itself, hereby reported in detail, 
has a general validity; regardless of the test equipment 
and software used, it is only recommended to never use 
the maximum PPs which are promptly made available by 
all commercial systems but rather to compare thresholds 
with PP averaged over a proper number of steps (opera- 
tors must be properly trained about this specific “pitfall”). 
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However, the hereby delivered specific PP thresholds 
and reference data maintain their validity only when the 
test is performed under the same instrumental conditions, 
i.e. with a calibrated Pedar Insole System and with the 
wide Insoles in the range UW-YW (EU size 36 - 45). 
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