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Abstract t 

Barefoott plantar pressure measurements are routinely used in the risk evaluation for 

ulcerationn in diabetic patients with neuropathy. The aim was to compare three step-

protocolss commonly used for pressure assessment in these patients. 

Dynamicc barefoot plantar pressures were measured in 14 neuropathic diabetic patients 

(vibrationn perception threshold >35 Volts) contacting a pressure platform on the first, 

secondd or third step after gait initiation. Ten repeated trials per step-protocol were collected. 

Thee 3-step protocol was regarded the reference protocol. Peak pressure, pressure-time 

integrall  and contact time were calculated for each of six anatomical foot regions. Intraclass 

correlationn coefficients (ICC) were calculated to assess reliability in each protocol. 

Regionall  peak pressures and pressure-time integrals were not significantly different 

betweenn protocols. Contact time was significantly different in the heel region between the 

1-stepp and 3-step protocol only (P < 0.05). ICCs for the maximum 10 repeated trials were 

highh (>0.87) and similar between protocols. Reliable estimates (ICC >0.85) of peak 

pressuree were achieved with 3 repeated trials in the 2-step protocol, and 4 in the other two 

protocols;; for pressure-time integral these numbers were 7 (1-step), 4 (2-step), and 5 trials 

(3-step). . 

Barefoott plantar pressures in the diabetic neuropathic foot can be assessed in a reproducible 

mannerr with any of the step-protocols used. For mis purpose, the 1-step and 2-step 

protocolss prove to be valid methods. The use of a 2-step protocol is recommended if both 

peakk pressure and pressure-time integral data are obtained in these patients. If only peak 

pressuree data is of interest to the investigator, a 1-step protocol can also be used. 
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Introductio n n 

Barefoott plantar foot pressure assessments under dynamic conditions have become an 
importantt component of the evaluation of the foot in diabetic patients with peripheral 
neuropathyy since elevated barefoot pressure has been shown to be a major risk factor for the 
developmentt of plantar ulcers in these patients.3;24:29 In these assessments, barefoot pressure 
dataa from multiple repeated trials are normally collected in order to obtain a representative 
estimatee of the true plantar pressures in a given patient. Furthermore, different gait 
protocolss are used. These vary from the 'gold standard' midgait protocol, in which pressure 
iss measured during steady state somewhere halfway a relatively long walkway, to different 
step-protocolss involving fewer steps before contact is made with the pressure platform. The 
midgaitt method requires a relatively large amount of laboratory space and time to complete 
duee to the relatively large number of barefoot steps and the effect of targeting,1S This 
methodd is therefore not recommended for testing 'at risk' diabetic patients. For these 
reasons,, the 1-step and 2-step approach protocols are commonly used in these patients. In 
anyy case, the choice for using a certain protocol or number of repeated trials should be 
basedd on evidence showing that the pressure data collected is reliable and representative of 
thee patients*  usual gait. 

Severall  studies have examined the precision and variability in measuring barefoot plantar 
pressuress for different gait protocols in healthy, predominantly young, non-diabetic 
volunteers.. Rodgers25 found that peak pressures were an average 13% higher using the 
midgaitt protocol when compared with the 1-step protocol, with more pronounced 
differencess present in more proximal foot regions. Morlock and Mittlmeier21 also compared 
thesee two gait-protocols and found significant differences in 26 of their 69 evaluated 
variables.. Wearing et al.30 supported these earlier findings by showing a significant 
differencee in peak pressure at the heel using a 2-step method when compared with a midgait 
protocol.. For peak pressure analysis, Meyers-Rice and coworkers19 found the 2-step 
protocoll  to be more representative of a midgait protocol than the 1-step protocol. More 
recently,, several studies comparing different step-protocols or comparing a 1-step or 2-step 
protocoll  with a midgait method showed no significant differences between protocols in 
regionall  peak pressures and/or pressure-time integrals.4511;18;23 Peters et al.23 recently found 
thee 1-step method to be more reliable than the 3-step method for pressure assessment. 
McPoill  et al.18 suggested that three to five repeated trials are needed for acceptable 
reliabilityy using a 2-step method. All mentioned studies, except the one by Harrison and 
Folland'',, used an EMED pressure platform for barefoot plantar pressures measurement. 

Too date, different gait-protocols have not been compared in patients with diabetic 
neuropathy,, meaning that the validity and reliability for foot pressure assessment in these 
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patientss are not known. Diabetic patients with neuropathy are known to have problems with 
controll  of balance due to their lack of sensory input from the feet.6:27;28 This may affect the 
variabilityy in plantar foot loading in any protocol used when compared with healthy non-
diabeticc subjects. In particular, variability in the 1-step and 2-step protocols may be affected 
becausee pressure is measured during the initiation phase of gait, which is a destabilizing 
phasee that challenges the balance control system until steady state is achieved at the third 
step.1*17*0 0 

Thee aims of this study were 1) to compare barefoot plantar pressures collected using the 1-
step,, 2-step and 3-step protocols in diabetic patients with peripheral neuropathy, 2) to 
determinee which of these three step-protocols is most reliable for measuring barefoot 
plantarr pressure, and 3) to determine the number of trials needed for each step-protocol to 
obtainn reliable estimates of barefoot plantar pressure. We hypothesized that (a) significantly 
lowerr plantar pressures and longer contact times would be obtained in proximal regions of 
thee foot with fewer steps made before platform contact, (b) more reliable estimates of 
barefoott plantar pressure could be achieved with more steps made before platform contact, 
andd (c) the number of trials needed for an acceptable level of reliability is higher than 
reportedd for healthy non-diabetic volunteers. 

Methods s 

Subjects Subjects 

Fourteenn diabetic patiënte with distal symmetric sensory neuropathy were studied (6 men, 8 
women,, mean (SD) age 58.6 (6.1) years). Neuropathy was indicated by a loss of protective 
sensationn in the foot as measured using quantitative sensory testing. All patients had a mean 
vibrationn perception threshold >35 Volts assessed according to standard methods on the 
dorsall  surface of the hallux using a Biothesiometer (Bio-Medical Instrument Company, 
Newbury,, OH).24 Additionally, all patients were unable to sense the pressure of a 10-grams 
Semmes-Weinsteinn monofilament at, at least, three of six plantar foot sites tested (hallux, 
lesserr toes, first metatarsal head (MTH), fifth MTH, midfoot, and heel). These criteria for 
vibrationn perception threshold and monofilament testing were used to obtain results from 
patientss with severe loss of protective sensation only. Patients with non-diabetic causes of 
neurologicall  deficit, a history of or current plantar ulceration, midfoot Charcot neurö-
osteoarthropathy,, and/or lower-extremity amputation were excluded. Written informed 
consentt was obtained prior to the start of the study, which was approved by the medical 
ethicss committee of the Academic Medical Center of the University of Amsterdam. 
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Procedures Procedures 

AA 27 by 47 cm EMED-NT pressure platform with a spatial resolution of 2 sensors per cm2 

andd measuring at 70 Hz sample frequency was used to obtain barefoot plantar pressures. 
Thee platform was located in the middle of a 6.7-meter wooden walkway. Each subject was 
testedd using three different step-protocols: a 1-step, 2-step and 3-step approach to the 
platformm in which platform contact was made on the first, second, or third step, 
respectively,, after initiation of gait (Figure 1). The sequence of protocols was randomized. 
Subjectss walked at self-selected speeds. In each protocol, subjects were instructed to walk 
untill  the end of the walkway after platform contact. Four test trials per protocol were 
conductedd for the subject to familiarize with the protocol and to determine the starting 
positionn from the platform for successful execution. Subsequently, 10 repeated trials per 
protocoll  were collected. Trials in which the platform was not contacted with the whole foot, 
thee subject targeted for the platform, or substantial gait abnormalities were noticed by the 
investigator,, were not saved for analysis. The pressure platform was calibrated by the 
manufacturerr according to standard procedures. 

1-stepp protoco l 

2-stepp protoco l 

3-stepp protoco l 

Figuree 1. Diagrams of experimental setup for the 1-step (top), 2-step (centre) and 3-step (bottom) protocols. Patients 

startedd with both feet next to each other, hit the platform with the right or left foot and continued walking for three or 

fourr steps until the end of the wooden walkway. 

Too decrease the potential risk for skin breakdown, patients with the highest risk for plantar 

ulcerationn were carefully excluded (see criteria mentioned earlier). Furthermore, efforts 

weree done to limit the number of barefoot steps per subject in each protocol. Only the left 
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oror right foot was tested (randomly assigned), and measurements were obtained in both 

walkingg directions across the platform. After finishing each protocol, both feet were 

inspected.. If changes in skin appearance were present, the experiment was discontinued for 

thatt subject. 

Novel-orthoo and Novel-win software was used to analyze the pressure data. By automated 

maskingg the foot was divided into six anatomical regions: heel, midfoot, MTH1, MTH2-5, 

hallux,, and lesser toes (Figure 2). The MTH1 and hallux regions were defined separately 

sincee these are the most common regions for plantar ulceration to occur in diabetic 

neuropathicc feet.2 For each region, peak pressure, pressure-time integral, and contact time 

weree calculated. 

Figuree 2. Anatomical division of the foot into six regions for regional analysis of peak pressure, pressure-time integral, 

andd contact time. 

StatisticalStatistical analysis 

Basedd on kinematic and mechanical energy analyses of gait initiation showing that steady-

statee walking is achieved between the second and third step after initiation of gait13,17,20, the 

3-stepp protocol was regarded representative of midgait walking and was therefore used as 

'referencee protocol' in the study. Mean values for 10 repeated trials were compared 

betweenn step-protocols using one-way analysis of variance and Tukey post-hoc analysis for 

pairwisee comparisons. Average measure intraclass correlation coefficients (ICC) were 

calculatedd for two repeated trials and for the average of each additional trial (incremental) 

perr step-protocol to determine between-trial reliability for regional peak pressure and 
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pressure-timee integral. An ICC > 0.85 indicated acceptable reliability.15 A significance 
levell  of P < 0.05 was used for all analyses, which were performed using SPSS (SPSS, 
Chicago,, IL). 

Tablee 1. Mean values and standard deviations (in parentheses) for peak pressure, pressure-time integral, and contact 

timetime for 10 walking trials in each of the three step-protocols. 

Foott  regio n 

Peakk pressur e (kPa) 

Heel l 

Midfoo t t 

MTH1 1 

Lesserr  MTHs 

Hallux x 

Lesserr  toes 

1-stepp protoco l 

4Ü22 (126) 

1300 (74) 

415(186) ) 

5599 (174) 

4188 (268) 

1622 (84) 

2-sJepp protoco l 

398(119) ) 

1266 (59) 

406(186) ) 

568(171) ) 

430(250) ) 

164(76) ) 

3-stepp protoco l 

394(113) ) 

1111 (46) 

4233 (227) 

5611 (164) 

4377 (278) 

169(81) ) 

Percen t t 

differenc e e 

11 vs . 3-step 

2.0 0 

17.1 1 

-1.9 9 

-0,4 4 

-4.3 3 

-4.1 1 

Percen t t 

differenc e e 

22 vs. 3-step 

1.0 0 

13,5 5 

-4.0 0 

1.2 2 

-1-6 6 

-3.0 0 

Pressure-4tmee Integral (kPa-s) 

Heell 1254(35.3) 

Midfoott 45.5 (28.5) 

MTH11 144.6(56.7) 

Lesserr MTHs 208.4 (75.3) 

Halluxx 113.8(84.8) 

Lesserr toes 43.6 (23.8) 

107.9(30.6) ) 

42.6(22.6) ) 

142.88 (56.8) 

207.00 (74.3) 

107.88 (69.5) 

45.77 (22.3) 

101.7(27.2) ) 

36.88 (19.6) 

144.8(61.3) ) 

201.55 (70.7) 

107.00 (75.0) 

44.77 (24.4) 

23.3 3 

23.6 6 

-0.1 1 

3.4 4 

6.4 4 

-2.5 5 

6.1 1 

15.8 8 

-1.4 4 

2.7 7 

0.7 7 

2.2 2 

Contactt time (ms) 

Heel l 

Midfoot t 

MTH1 1 

Lesserr MTHs 

Hallux x 

Lesserr toes 

Totall foot 

5655 (91)" 

5700 (134) 

7155 (127) 

7788 (126) 

6077 (160) 

5833 (159) 

8844 (121) 

508(97) ) 

5322 (128) 

678(117) ) 

729(114) ) 

5844 (128) 

5888 (148) 

8222 (107) 

478(84) ) 

510(108) ) 

6588 (109) 

7011 (106) 

555(134) ) 

5333 (147) 

7899 (100) 

18.2 2 

11.8 8 

8.7 7 

11.0 0 

9.4 4 

9.4 4 

12.0 0 

6.3 3 

4.3 3 

3.0 0 

4.0 0 

5.2 2 

10.3 3 

4.0 0 

'' Significantly different from 3-step protocol (P < 0.05) 
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Tabidd 2. Intraciass correlation coefficients for peak pressure and pressure-time Integral for each number of repeated 

tn'atss using the three step-protocots. 

Numberr  of trial s 

1-stepp protocol 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

2-stepp protocol 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

3-stepp protocol 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

Heel l 

0.83 3 

0,91 1 

0,91 1 

0.93 3 

0.95 5 

0.96 6 

0,97 7 

0.97 7 

0.97 7 

0.90 0 

0.94 4 

0.96 6 

0.97 7 

0.98 8 

0.97 7 

0.97 7 

0.97 7 

0.98 8 

0.87 7 

0.93 3 

0.95 5 

0.96 6 

0.97 7 

0.97 7 

0.98 8 

0.98 8 

0.98 8 

Mid --

foot t 

0.90 0 

0.90 0 

0-87 7 

0.89 9 

0.90 0 

0.81 1 

0.85 5 

0.87 7 

0.87 7 

0.67 7 

0.87 7 

0.93 3 

0.94 4 

0.95 5 

0.95 5 

0.94 4 

0.94 4 

0.95 5 

0.83 3 

0.82 2 

0.86 6 

0.Ö3 3 

0.89 9 

0.90 0 

0.92 2 

0.91 1 

0.92 2 

Peakk pressure 

MTH 1 1 

0.84 4 

0.84 4 

0.90 0 

0.90 0 

0.90 0 

0.92 2 

0.93 3 

0.94 4 

0.95 5 

083 3 

0.88 8 

0.91 1 

0.90 0 

0.89 9 

0.92 2 

0.93 3 

0.94 4 

0.95 5 

0.45 5 

0.75 5 

0,85 5 

0.91 1 

0.93 3 

0.94 4 

0.95 5 

0.97 7 

0.97 7 

MTH H 

2-5 5 

0,96 6 

0.96 6 

0,97 7 

0.97 7 

0.96 6 

0.97 7 

0.98 8 

0.97 7 

0.97 7 

0.87 7 

0.91 1 

0.92 2 

0.93 3 

0.95 5 

0.96 6 

0.96 6 

0.96 6 

0.97 7 

0.83 3 

0.92 2 

0.92 2 

0.94 4 

0.95 5 

0.96 6 

0.96 6 

0.96 6 

0.96 6 

Hallux x 

0.91 1 

0.96 6 

0.96 6 

0.97 7 

0.97 7 

0.97 7 

0.98 8 

0.98 8 

0.98 8 

0.87 7 

0.93 3 

0.96 6 

0.97 7 

0.96 6 

0.97 7 

0.97 7 

0.97 7 

0.98 8 

0.93 3 

0.97 7 

0.97 7 

0.98 8 

0.97 7 

0.98 8 

0.98 8 

0.98 8 

0.98 8 

Toes s 

0.91 1 

0.91 1 

0.93 3 

0,94 4 

0.95 5 

0.96 6 

0.96 6 

0.97 7 

0.97 7 

0.75 5 

0.91 1 

0.94 4 

0.95 5 

0.96 6 

0.96 6 

0.96 6 

0,96 6 

0.97 7 

0.78 8 

0.83 3 

0.86 6 

O.SO O 

0.93 3 

0.94 4 

0.95 5 

0.95 5 

0.95 5 

Heel l 

0.53 3 

0.75 5 

0.66 6 

0.75 5 

0.81 1 

0.85 5 

0.88 8 

0.90 0 

0.89 9 

0.68 8 

0.80 0 

0.88 8 

0.91 1 

0.93 3 

0.91 1 

0.92 2 

0.91 1 

0.92 2 

0.74 4 

0.86 6 

0.87 7 

0.88 8 

0.90 0 

0.92 2 

0.93 3 

0.94 4 

0.95 5 

Pressure-timee integral 

Mid --

foot t 

0.95 5 

0.92 2 

0.85 5 

0.87 7 

0.89 9 

0.89 9 

0.91 1 

0.93 3 

0,93 3 

0.80 0 

0.92 2 

0.95 5 

0.95 5 

0.96 6 

0.96 6 

0.96 6 

0.95 5 

0.96 6 

0.78 8 

0.83 3 

0.89 9 

0.88 8 

0.91 1 

0.93 3 

0.94 4 

0.94 4 

0.95 5 

MTH 1 1 

0.70 0 

0.67 7 

0.82 2 

0.82 2 

0.84 4 

0.86 6 

0.88 8 

0.91 1 

0.92 2 

0.71 1 

0.78 8 

0.86 6 

0.84 4 

0.84 4 

0,87 7 

0.90 0 

0,91 1 

0.92 2 

0.09 9 

0.68 8 

0.78 8 

0.85 5 

0.89 9 

0.90 0 

092 2 

0.93 3 

0.94 4 

MTH H 

2-5 5 

0.89 9 

0.90 0 

0.93 3 

0.93 3 

0.94 4 

0.95 5 

0.96 6 

0.97 7 

0.97 7 

0.87 7 

0.89 9 

0.92 2 

0.93 3 

0,94 4 

0.95 5 

0.96 6 

0,96 6 

0.97 7 

0.84 4 

0.90 0 

0.93 3 

0.94 4 

0.95 5 

0.96 6 

0.96 6 

0.96 6 

0.96 6 

Hallux x 

0.79 9 

0.92 2 

0.92 2 

0.94 4 

0.95 5 

0,96 6 

0.97 7 

0.97 7 

0.98 8 

0.90 0 

0.94 4 

0.95 5 

0.92 2 

0.92 2 

0.93 3 

0.94 4 

0.95 5 

0.96 6 

0,96 6 

0.97 7 

0.96 6 

0.97 7 

0.97 7 

0.97 7 

0.98 8 

0.97 7 

0.97 7 

Toes s 

0.91 1 

0.90 0 

0.92 2 

0.93 3 

0.95 5 

0.96 6 

0.96 6 

0.97 7 

0.97 7 

0.76 6 

0.89 9 

0:93 3 

0.95 5 

0.95 5 

0,96 6 

0.96 6 

0.97 7 

0.97 7 

0.87 7 

0.88 8 

0.9Ö Ö 

0.93 3 

0.95 5 

0.95 5 

0.96 6 

0.96 6 

0.97 7 

Underlinedd values represent number of trials needed to obtain acceptable reliability per region (ICC > 0,85) 
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Results s 

Patientt acceptance of the barefoot pressure measurement protocol was good; skin changes 
weree not noticed in-between protocols and at conclusion of the experiment in any of the 
testedd subjects. 

Meann values for peak pressure, pressure-time integral, and contact time are shown in Table 
1.. No significant differences in peak pressure and pressure-time integral were present 
betweenn the three step-protocols in any of the six foot regions. Percentage differences 
betweenn protocols for peak pressure were <4.3% iii all regions, except the midfoot. For 
pressure-timee integrals, percentage differences between protocols were <6.4% in the 
forefoott and toe regions, and higher in heel and midfoot (up to 23.6%). There was a general 
trendd towards longer contact times with fewer steps taken before contacting the platform, 
butt the only significant difference present was for contact time in the heel, which was 
longerr in the 1-step protocol when compared with the 3-step protocol (P < 0.05). When 
normalizedd to total contact time, thé differences between protocols for any region were 
<6%. . 

Intraclasss correlation coefficients for the average of two repeated trials and each additional 
triall  are listed in Table 2 and shown graphically in Figure 3. In general, the reliability for 
assessingg peak pressure and pressure-time integral increased with a greater number of trials 
collected.. For the maximum 10 collected trials, the 95% confidence intervals of the ICC 
calculatedd for each foot region showed a large overlap between the uaree protocols 
indicatingg that no significant differences were present (Table 3), Acceptable reliability (ICC 
>> 0.85) was achieved in the 1-step protocol with 4 collected trials for peak pressure and 7 
collectedd trials for pressure-time integral. This was the case with 3 and 4 trials, respectively, 
usingg the 2-step protocol, and 4 and 5 trials, respectively, using the 3-step protocol. 

Discussion n 

Remarkablyy similar mean values and no significant differences in regional peak pressure 
andd pressure-time integral between any of the three step-protocols were present in case of 
100 repeated trials per protocol. These results reject hypothesis (a) and show that in 
neuropathicc diabetic patients a 1 -step or 2-step protocol can produce similar data compared 
withh a 3-step protocol, which we regarded representative of the 'gold standard' midgait 
method,, and, thus, of normal walking. The percentage differences for pressure-time integral 
inn the heel and midfoot regions were relatively large between the 1-step and 3-step 
protocolss (23%), presumably caused by differences in contact time in these regions. 
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Althoughh significantly different between the 1-step and 3-step protocols in the heel only, 

longerr contact times were generally found with fewer steps made before platform contact 

withh the foot. Because contact time is related to the speed of gait1;16, these trends can be 

explainedd by slight differences in walking speed between the three step-protocols, with 

higherr speeds generated using a longer approach. In support of this, the difference between 

protocolss for regional contact time reduced to a maximum 6% when normalized to total 

contactt time. 

Peakk Pressur e 

ll  1-step 
ll  2-step 

--  - Heel 3-Step 
tt  1-step 

—«-Midfoo tt  2-step 
-- »- Midfoo t 3-step 
-«—MTH11 1-step 

11 2-step 
-- - MTH1 3-step 

p p 
-o-MTH2-52-ste p p 
-- »  MTH2-5 3-step 
—e—— Hallu x 1-step 
—«-Hallu xx 2-step 
-- «- Hallux 3-step 

oo  Toes 1-step 
—o—— Toes 2-step 
-- o - Toes 3-step 

Numbe rr  of trial s 

Pressure-tim ee integra l 

—«—Heell  1-step 
ll  2-step 

-- - Heel 3-step 
—*—— Midfoo t 1-step 
-«-Mid foo tt  2-step 
-- *'  Midfoo t 3-step 

p p 
- " - M T H 11 2-step 
-- - MTH1 3-step 

55 1-step 
— e -- MTH2-5 2-step 

-- MTH2-53-step 
—«—Hallu xx 1-step 
-« -Ha l lu xx 2-step 
-- « - Hallu x 3-step 
—s—Toess 1-step 
—a——a—ToesToes  2-step 
-- o - Toes 3-step 

Numbe rr  of trial s 

Figuree 3. Intraclass correlation coefficients (ICC) for peak pressure (top) and pressure-time integral (bottom) expressed 

ass a function of the number of repeated trials collected for each step-protocol. 

Thee findings for peak pressure and pressure-time integral agree with several reports on non-

diabeticc subjects showing no significant differences for these variables using a 1-step or 2-

stepp protocol when compared with the midgait method.*11118 Peters et al.23 also found 
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differencess for peak pressure between a 1 -step and 3-step protocol to be non-significant, but 
theirr values for pressure-time integral were significantly higher in the 1-step protocol. In 
agreementt with Peters et al.23, Wearing et al.30 also showed pressure-time integral to be 
significantlyy higher in a 2-step protocol when compared with midgait. These discrepancies 
fromm our data are probably explained by the significantly longer contact times between 
protocolss measured in these studies. The present data contradict findings from other studies 
showingg significant 14-30% reductions in heel peak pressure using the 1-step or 2-step 
protocoll  when compared with the midgait method.21;22:25;30 Because walking speed is 
knownn to affect measured plantar pressures in the foot26, these discrepant results may be 
explainedd by differences in walking speed between subject groups - neuropathic patients 
walkk slower than healthy non-neuropathic subjects*14 - and between protocols - the 1-step 
andd midgait protocols represent the two extremes in generated speed at platform contact, 
whereass the speed differences between the 1-step, 2-step and 3-step methods are suggested 
too be smaller. Alternatively, the concept of first-step overreach may play a role.11 Because 
inn a 1-step protocol the distance to the platform is generally not standardized to, for 
example,, leg length, this protocol may have encouraged subjects to overreach in some 
studiess or to make small steps in others, affecting the magnitudes of plantar pressures 
measured. . 

Tablee 3.95% confidence Intervals of the fntracfass con-elation coefficients calculated for peak pressure and pressure-

timetime integral using 10 trials per step-protocol. 

Foott  region 

Heel l 

Midfoot t 

MTH 1 1 

MTH2- 5 5 

Hallux x 

Toes s 

1-stepp protocol 

0.94-0.99 9 

0.72-0.96 6 

0.90-0,98 8 

0.94-0.99 9 

0.96-0.99 9 

0.94-0.99 9 

Peakk Pressure 

2-stepp protocol 

0.95-0.99 9 

0.89-0.98 8 

0.89-0.98 8 

0.93-Ó.99 9 

0.95-0.99 9 

0.93-0.99 9 

3-stepp protocol 

0.96-0.99 9 

0.82-0.97 7 

0,94-0.99 9 

0.92-0.99 9 

0.96-0.99 9 

0.90-0.98 8 

Pressure-timee integral 

1-stepp protocol 

0.77-0.96 6 

0.85-0.98 8 

0,83-0.97 7 

0.95-0.99 9 

0.95-0.99 9 

0.94-0.99 9 

2-stepp protocol 

0.84-0.97 7 

0.91-0.99 9 

0.84-0.97 7 

00 93-0.99 

0.91-0.98 8 

0.944 -Q.99 

3-stepp protocol 

0.90-0.98 8 

0.68-0.98 8 

0.88-0.98 8 

0.93-0.99 9 

0.94-0.99 9 

0.93-0.99 9 

Thee high ICCs calculated for 10 repeated trials show mat each step-protocol is very reliable 
forr obtaining regional pressure data in neuropathic diabetic patiënte (Table 2). No 
significantt differences in ICCs existed between the three step-protocols. This implies that 
anyy of the three step-protocols can be used for collecting reproducible pressure data. These 
findingss reject hypothesis (b), which was based on the speculation that postural instability 
inn diabetic neuropathy would be more of an issue during gait initiation and would therefore 
increasee variability in the 1-step and 2-step protocols with respect to the 3-step protocol. In 
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explainingg this lack of difference, targeting of the platform, although strictly checked for, 
mayy have been more common with a longer approach to the platform.18;23 Subtle gait 
changess underlying this effort to contact the relatively small sensor surface area may have 
increasedd variability in plantar foot loading in the 3-step protocol*  compensating for the 
smallerr presumed effect of postural instability on gait variability using this protocol. 
Alternatively,, gait behavioral changes may play a role: as a compensatory response to the 
long-termm presence of postural instability, these neuropathic subjects may have adopted a 
moree conservative and stable gait pattern to feel more secure and to avoid risk of falling, 
inherentlyy reducing gait variability regardless of being in the initiation or steady-state phase 
off  gait.*14 

Thee results show that, in general, pressure data averaged from more than two trials is more 
reliablee and, thus, more representative of the true plantar pressure in a neuropathic diabetic 
patientt when compared with obtaining two trials. For reliable estimates of barefoot plantar 
pressuree (ICC > 0.85) in all foot regions, the 2-step method requires the least amount of 
repeatedd trials: 3 for peak pressure and 4 for pressure-time integral. In accordance with 
Harrisonn and Folland11 and Wearing et al.30, the lesser MTHs were generally found to be 
tiietiie most consistently measurable site in the foot, requiring only 2 trials for the 1-step and 2-
stepp methods and 3 trials for the 3-step method for acceptable reliability. The first MTH 
wass the least consistent region, requiring up to 7 trials for reliable pressure-time integral 
dataa in the 1 -step protocol. As Table 2 provides ICCs for each region of interest and each 
numberr of repeated trials for each step-protocol, this table may serve as reference in the 
designn of studies of barefoot plantar pressures in neuropathic diabetic patients if, at least, 
similarr pressure measurement equipment is used. 

Threee to five repeated walking trials have consistently been reported to be needed in order 
too obtain reliable pressure data in non-diabetic subjects.l2:l8:3D The present study shows a 
similarr number of 3-5 trials for reliable pressure data in diabetic patients with neuropathy. 
Thiss rejects hypothesis (c) and shows that factors such as postural instability in a group of 
patientss with severe loss of protective sensation (vibration perception threshold >35 Volts) 
doess not result in more variability in plantar loading and a higher number of necessary 
repeatedd trials than in non-diabetic volunteers. A compensatory gait response to postural 
instabilityy as discussed earlier may explain these findings. Alternatively, neuropathic 
patientss may not show increased variability because they do not vary their gait at a 
consciouss level in response to uncomfortable or painful internal or external stimuli.7 In fact, 
considerablee debate exists whether dynamic stability and gait variability are actually 
differentt between neuropathic diabetic patients and non-neuropathic diabetic patients or 
healthyy controls.5;9:I° Based on the high ICCs found, the present results may support the 
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notionn that this is not the case, although we did not include a control group in this study to 
testt this hypothesis. 

Twoo limitations of this study should be addressed. First, we regarded the 3-step protocol 
representativee of the 'gold standard' midgait protocol and used it as reference condition in 
thee study. However, whether neuropathic subjects reach steady-state walking within 3 
steps,, as healthy non-diabetic subjects dol7;20, and show no difference in plantar pressures 
betweenn the midgait and 3-step protocol, remains to be proven. Secondly, we did not assess 
performancee on vision in our neuropathic patients. Due to the long-term presence of 
diabetess in most patients, a significant percentage may have had impaired vision due to 
retinopathy.. This can affect postural instability27 and therefore may have affected 
variabilityy of walking across the pressure platform. 

Becausee the goal of barefoot plantar pressure studies is to obtain reliable and representative 
dataa from the tested subject, outliers or trials with obvious gait deviations are often 
discarded.. However, in case of neuropathic patients at risk for foot ulceration, the outlier 
mayy be, clinically considered, the most interesting data point, as it may be the event causing 
fracturee or trauma in the neuropathic foot. For research purposes, reproducible data will be 
requiredd when the goal is to establish relationships between peak pressures and other 
clinicall  outcomes. But, if evidence is provided in the future that a single or limited number 
off  barefoot steps can cause (pre-)ulceration (for example, walking barefoot in the bathroom 
att night) then the importance of die outlier becomes much more evident, which may alter 
thee way pressure data is collected in the diabetic neuropathic foot. Perhaps, in this respect, 
thee variability in peak pressure or pressure-time integral may prove to be an indicator of 
higherr risk in the diabetic neuropathic foot. 

Inn the present study, we discarded trials with obvious gait deviations. Although this is 
commonn practice in plantar pressure studies, these trials may have increased variability, 
resultingg in a lower calculated ICC and thus reduced reproducibility, in the neuropathic 
subjects.. Reproducibility studies on non-diabetic subjects have used the same 
approachU;18;l9,, so a comparison between these studies and ours remains possible. If, based 
onn the above discussion, the number of barefoot steps made by neuropathic patients needs 
too be further reduced in plantar pressure assessment, attention should be focused towards 
thee number of steps made after platform contact. We are currently investigating the effect 
off  different 'termination' protocols (1-step, 2-step, and 3-step) on plantar pressure, in the 
firstt instance using non-diabetic volunteers. 

Conclusions Conclusions 
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Whenn compared with the 3-step reference protocol, the 1-step and 2-step protocols are valid 
methodss for obtaining barefoot plantar pressure in the diabetic neuropathic foot. From each 
off  the three step-protocols, highly and similarly reproducible pressure data could be 
obtained.. Because the 2-step protocol requires the least amount of trials for obtaining 
reliablee estimates of peak pressure and pressure-time integral measured in the total foot, 
thiss protocol is recommended in the assessment of barefoot plantar pressure data in the 
diabeticc neuropathic foot when both these variables are of interest to the investigator. 
However,, when the focus of study is on particular foot regions or on peak pressure analysis 
only,, the 1 -step protocol may also be used. 
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