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Abstract

:

Reducing high mechanical stress is imperative to heal diabetes-related foot ulcers. We explored the association of cumulative plantar tissue stress (CPTS) and plantar foot ulcer healing, and the feasibility of measuring CPTS, in two prospective cohort studies (Australia (AU) and The Netherlands (NL)). Both studies used multiple sensors to measure factors to determine CPTS: plantar pressures, weight-bearing activities, and adherence to offloading treatments, with thermal stress response also measured to estimate shear stress in the AU-study. The primary outcome was ulcer healing at 12 weeks. Twenty-five participants were recruited: 13 in the AU-study and 12 in the NL-study. CPTS data were complete for five participants (38%) at baseline and one (8%) during follow-up in the AU-study, and one (8%) at baseline and zero (0%) during follow-up in the NL-study. Reasons for low completion at baseline were technical issues (AU-study: 31%, NL-study: 50%), non-adherent participants (15% and 8%) or combinations (15% and 33%); and at follow-up refusal of participants (62% and 25%). These underpowered findings showed that CPTS was non-significantly lower in people who healed compared with non-healed people (457 [117; 727], 679 [312; 1327] MPa·s/day). Current feasibility of CPTS seems low, given technical challenges and non-adherence, which may reflect the burden of treating diabetes-related foot ulcers.
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1. Introduction


1.1. Global Burden of Diabetes and Foot Ulcers


Diabetes is the most rapidly growing cause of the global disease burden [1], affecting an estimated 537 million people worldwide [2,3]. Diabetes-related foot ulcers are the leading cause of the global diabetes-related hospitalisations, amputations, and disease burden, affecting an estimated 20 million people yearly, with at least another 130 million people at risk [4,5]. These ulcers substantially reduce quality of life and impose a large disease burden on patients and society [5,6,7,8]. Unfortunately, not all factors in the ulcer healing process are completely understood. For instance, the exact role that different mechanical stresses play on plantar tissue in relation to ulcer healing in removable offloading treatments (i.e., devices or footwear) is not completely understood. Currently, this has only been objectively investigated to a limited extent with sensor devices [9]. To reduce this large burden on patients and society, a better understanding of the healing mechanisms involved in diabetes-related foot ulcers is crucial [10].




1.2. Mechanical Stress Is Still Poorly Understood


People with diabetes-related foot ulcers often have high mechanical stresses at the ulcer site that originally caused the ulcer and subsequently delay its healing [6,11]. Offloading the ulcer site to reduce these high mechanical stresses is a cornerstone of treatment to heal foot ulcers [6,12,13]. Plantar pressure is one factor that contributes to mechanical stress that has been known, measured, and investigated for many years. Plantar pressure has been found to be significantly reduced at the ulcer site when using knee-high removable devices compared to ankle-high removable devices [14]. Interestingly, despite this difference in plantar pressure between these removable devices, studies have found no difference in healing outcomes [14]. To better understand why this is the case, we likely need to consider other factors that also contribute to the overall mechanical stresses affecting the ulcer site. This is especially important because removable offloading devices remain the treatment most frequently used in clinical practice [15,16]. Overall mechanical stress is the result of all the vertical (i.e., plantar pressure) and horizontal (i.e., shear) stresses acting on the foot during weight-bearing activities [9]. Additionally, mechanical stress is also dependent on the frequencies of these weight-bearing activities and whether or not an offloading device is used during such activities (i.e., adherence) [9]. Combined, those factors are thought to determine the overall mechanical stress, or “cumulative plantar tissue stress” (CPTS), on a location of the foot, such as the ulcer site [9]. This CPTS concept was first introduced in 2003 by Maluf and Mueller [17], yet only one pilot study has since explored the association of CPTS with diabetes-related foot ulcer healing [18]. This lack of research is somewhat surprising, considering international guidelines that have continually recommended pursuing more studies on CPTS [19]. Therefore, our understanding of the influence of overall mechanical stresses on diabetes-related foot ulcer healing remains poor, and more research is urgently needed [9,19].




1.3. Challenging Equipment of Sensors


A potential explanation for this paucity of research may lie in the sensor equipment required to objectively measure and determine CPTS. There is no single, inexpensive, easy-to-use, and validated sensor-based equipment available to continuously measure all underlying factors and in turn determine CPTS [9]. Thus, each individual factor currently needs to first be measured separately using different sensor devices and software packages. Then, the collected data from each individual factor need to be combined using complex algorithms to eventually determine CPTS [9]. Employing multiple sensor devices with different usability results in different data formats, introducing challenges in the integration of data and the determination of CPTS. Therefore, in addition to more studies being needed to understand the association between CPTS and ulcer healing, insight into the feasibility of measuring CPTS in people with diabetes-related foot ulcers is also needed.




1.4. Aims and Hypotheses


Thus, the aims of this study were as follows: (i) to investigate the association between CPTS with ulcer healing in people with diabetes-related plantar foot ulcers using removable offloading treatments and (ii) to explore the feasibility of measuring CPTS. To investigate this, we combined data from two prospective observational cohort studies that were conducted with similar protocols. Our hypothesis was that ulcer healing is associated with lower CPTS, and that measuring CPTS is feasible in people with diabetes-related foot ulcers.





2. Materials and Methods


2.1. Design and Participants


Two 12-week prospective observational cohort studies investigating CPTS in people with a plantar diabetes-related foot ulcer were used to address the study aims: the Towards an Objective Plantar Stress threshold for Diabetic Foot Ulcer healing study from Australia (“Australian [AU] study”) and the Comprehensive load-capacity model of diabetic foot ulcer healing study from the Netherlands (“Netherlands [NL] study”). The recruitment period of the AU-study was from April 2019 until June 2020 and for the NL-study, from March 2020 until December 2022. These ‘sister studies’ were led by two principal investigators (J.J.v.N. and P.A.L.) who oversaw both study protocols, with both study protocols being as similar as possible, taking into account local equipment availability (see Section 2.3). All study procedures were conducted in accordance with the Declaration of Helsinki, and written informed consent was obtained from all participants prior to inclusion.



In the AU-study, inclusion criteria were ambulant adults with type 2 diabetes mellitus, peripheral neuropathy (using a 10-g monofilament and tuning fork [6]), plantar diabetes-related foot ulcer (i.e., full thickness ulcer on the plantar surface of the foot [20]), and the cognitive ability and willingness to cooperate with the study procedures. In participants with multiple ulcers, the index ulcer, defined as the largest ulcer in surface area, was investigated [21]. Exclusion criteria were treatment with a total contact cast, severe peripheral artery disease (toe pressure < 30 mmHg [22]), moderate or severe foot infection [23], active Charcot neuro-osteoarthropathy or fall risk (>2 falls in past 12 months [24]). Participants were recruited from six diabetic foot clinics in Brisbane, Australia. The Human Research Ethics Committee of Metro North Health (Brisbane, Australia) approved the protocol for this study (registration number: 44098).



In the NL-study, inclusion criteria were ambulant adults with type 1 or type 2 diabetes mellitus, peripheral neuropathy (using a 10-g monofilament and tuning fork [6]), and plantar diabetes-related foot ulcer (i.e., full thickness ulcer on the plantar surface of the foot [20]). Exclusion criteria were treatment with a total contact cast, plantar ulcer on the contralateral foot, also having a non-plantar ulcer (on the contra- or ipsilateral foot), severe peripheral artery disease (toe pressure < 30 mmHg [22]), moderate or severe foot infection [23], active Charcot neuro-osteoarthropathy, or an open amputation wound. Participants were recruited from three hospitals in the Netherlands (Amsterdam UMC, ZGT and BovenIJ hospital). This study was registered in the Netherlands trial register (registration number: NL9117) and requirement for ethical review of this study was waived under the Medical Research Involving Human Subjects Act in the Netherlands by the medical ethics committee of Amsterdam UMC (registration number: W19_429#19.495).




2.2. Participant Characteristics


In both studies, the following demographic and medical characteristics were collected at the baseline visit (0 weeks): age, sex, body mass index, diabetes duration, HbA1c, ulcer history, amputation history, peripheral artery disease, nephropathy, and retinopathy [21]. In addition, in the NL-study diabetes type was collected. Furthermore, in both studies the following ulcer characteristics were collected: duration of ulcer before study start, site, size, depth, University of Texas Wound Classification, signs of infection, and ischemia [20,21]. Additionally, the removable offloading device used for the treatment of the plantar ulcer was documented.




2.3. Outcomes of Interest


The outcomes of interest for both studies were CPTS and its underlying factors, consisting of plantar pressure, daily weight-bearing activity, and adherence to using an offloading device plus, in the AU-study, plantar shear stress. See Table 1 for the overview and timing of the outcomes of interest measurements. In both studies, outcomes were measured in two conditions: the condition when the offloading device was used (i.e., in-device condition) and the condition when the offloading device was not used (i.e., non-device condition). In the AU-study, the in-device and non-device condition for the plantar pressure and shear stress measurements were randomly ordered by using computer generated randomisation software. In the NL-study, the order was not randomised.



2.3.1. Plantar Pressure


In both studies, plantar pressures were measured in the in-device condition. To represent the non-device condition, plantar pressures were measured in the AU-study in the participant’s regular footwear and in the NL-study while walking barefoot. To protect the ulcer during the measurements in the non-device condition, a transparent film dressing was placed over the participants’ ulcer, and the number of steps in the non-device condition was kept to a minimum. Plantar pressures in the offloading device and in the regular footwear were measured during walking at a self-selected speed with the validated Pedar-X system at 50 Hz (Novel GmbH, Munich, Germany), using flexible insoles at the sock–insole interface with 99 capacitive sensors [25]. During the measurements, the time and distance were measured to calculate the walking speed, which was maintained constant between trials. At least 12 midgait steps from both feet were needed for a valid measurement [26]. Raw plantar pressure data were analysed using custom-made Matlab scripts (Mathworks, Natick, MA, USA, version R2022b) to calculate peak plantar pressure (PPP) and the pressure–time integral (PTI) at the ulcer site. Barefoot plantar pressures were measured using the validated EMED-X platform with 4 sensors/cm2 at 100 Hz (Novel GmbH, Munich, Germany), according to the validated 2-step protocol [27], repeated four times per foot with the average over four trials used. PPP and PTI were determined using the manufacturer’s software at the ulcer site.




2.3.2. Daily Weight-Bearing Activity


In both studies, daily weight-bearing activities were measured with a validated tri-axial accelerometer (MoveMonitor, McRoberts, The Hague, The Netherlands) at 100 Hz within a range of −6 g to +6 g [28,29]. The accelerometer was worn at the L5 vertebrae for at least 6 days, except during water-related activities. At least 4 valid days with a minimum of 12 h of wearing time were required for the analysis [30,31]. A validated algorithm of McRoberts identified and determined the number of strides [32]. Daily weight-bearing activity was determined as the number of strides per day averaged over valid days.




2.3.3. Adherence to Using an Offloading Device


In both studies, a temperature sensor (Orthotimer, Rollerwerk, Balingen, Germany) was placed in the device to measure the adherence to using the offloading device. This sensor measured absolute temperature every 15 min. The wearing time of the offloading device was determined from the temperature data using the Groningen algorithm, version 2 [33,34,35]. To determine adherence to using the offloading device, data on wearing time and the number of strides as measured with the tri-axial accelerometer (see Section 2.3.2. daily weight-bearing activity) were integrated. Next, the number of strides taken when using and not using the offloading device were determined. Adherence was then determined as the proportion of strides when wearing the offloading device of the total number of strides taken by the participant [36].




2.3.4. Plantar Shear Stress


Given a lack of validated equipment to measure shear stress, in the AU-study plantar shear stress was estimated. For this, the thermal stress response, a surrogate outcome measure for plantar shear stress [37], was measured using the FLIR One infrared camera (FLIR Systems Inc., Wilsonville, OR, USA). In the NL-study, these thermal cameras were not available and hence this estimation of plantar shear stress was not measured. The thermal stress response was calculated by measuring plantar foot temperature pre- and post-walking for the in-device and non-device condition. A validated thermal stress response protocol was used whereby the pre-walk image was taken immediately preceding the walking trial and after five minutes of temperature acclimatization (i.e., non-weight-bearing). The post-walk image was taken immediately after walking [37]. For both images, participants were sitting on a treatment bench with their legs horizontal. The following equation was used to estimate the thermal stress response at the ulcer site and at the similar location on the contralateral foot (Equation (1)):


  T h e r m a l   s t r e s s   r e s p o n s e =    (    p o s t − p r e   p r e    )  i n d e x   f o o t    (    p o s t − p r e   p r e    )  c o n t r a l a t e r a l   f o o t    



(1)









2.4. Cumulative Plantar Tissue Stress Model


CPTS per day was determined at the ulcer site by integrating data on plantar pressure, daily weight-bearing activity, adherence to using an offloading device, and thermal stress response, with the latter only included in the AU-study [9]. In both studies, CPTS was calculated according to CPTS model 1 (Equation (2)) [9].


  C P T  S  model 1   =  ∑  c = 1  2    ( P T  I  ulcer   × number   of   strides )  c   



(2)




Note: CPTS = cumulative plantar tissue stress, expressed in Mpa·s/day; c = condition of the foot: in offloading device (i.e., in-device) and without offloading device (i.e., non-device); PTI = pressure–time integral expressed in kPa·s at the ulcer location; number of steps expressed per day.



 



For the AU-study, CPTS was also calculated according to CPTS model 2 (Equation (3)), in which CPTS was weighted for plantar shear stress as estimated based on the thermal stress response.


  C P T  S  model 2   =  ∑  c = 1  2    ( P T  I  ulcer   × number   of   strides × thermal   stress   response )  c   



(3)




Note: CPTS = cumulative plantar tissue stress, expressed in MPa·s/day; c = condition of the foot: in offloading device (i.e., in-device) and without offloading device (i.e., non-device); PTI = pressure–time integral expressed in kPa·s at the ulcer location; number of steps expressed per day.



 



The mean CPTS per day was determined per valid day and subsequently averaged over all valid days.




2.5. Primary Outcomes


In both studies, the primary outcomes were healing of the index ulcer at the 12-week follow-up and ulcer reduction of ≥75% at 4 weeks. A healed ulcer was defined as follows: “intact skin, meaning complete epithelization without any drainage of the previous foot ulcer site” [20].




2.6. Feasibility Outcomes


To assess feasibility, the number of completed CPTS measurements was described, the reasons for non-completion were reported, and characteristics were compared between participants with complete CPTS data versus those without. We hypothesised that certain readily accessible patient characteristics may be associated with those that completed all CPTS measurements compared to those that did not, such as younger age, lower BMI, or decreased ulcer severity (size, depth, ischaemia, and duration). Such findings may mean that participants less likely to complete all CPTS measures could be identified in the future to enable more nuanced clinical discussions with these patients as to the benefits and harms of completing CPTS measures for clinical practice or research studies. We defined the following reasons for non-completion: “non-adherent participant”: a participant that did not adhere to the measurement protocol to obtain valid data for daily weight-bearing activity, one of the underlying CPTS factors; “technical issue”: a technical issue with the plantar pressure equipment, tri-axial accelerometer, temperature sensor device, or study laptop, either due to hardware/software issues or researcher error; “combination”: a combination of a non-adherent participant and technical issue; “participant refusal”: a participant that declined to participate in the (follow-up) measurements; and “drop-out”: a participant dropping-out for another reason than refusal (e.g., hospitalisation).




2.7. Sample Size Calculations


Both studies based the power calculations on an exploratory secondary analysis study of CPTS in people with diabetes-related plantar foot ulcers [18]. In the AU-study, ulcer healing was taken as the primary outcome for the power calculations, with a ~66% healing rate at 12 weeks assumed with best practice treatment [18]. A total of 60 participants were needed to detect a statistically significant difference in CPTS, with an estimated CPTS value of 140 (SD: 137) for healing and of 275 (SD: 209) for non-healing; alpha 0.05, beta 0.90, 2-tailed, and drop-out rate of 20% [18]. In the NL-study, ≥75% ulcer area reduction at 4 weeks was taken as the primary outcome, with an ulcer reduction of ≥75% at 4 weeks assumed with best practice treatment from ~70% of the participants [18]. A total of 40 participants were needed to detect a statistically significant difference in CPTS, with an estimated CPTS value of 140 (SD: 137) for a ≥75% reduction and 275 (SD: 209) for a <75% reduction; alpha 0.05, beta 0.80, 2-tailed, non-adherence rate of 20%, and drop-out rate of 10% [18].




2.8. Statistical Analysis


Baseline characteristics and all outcomes of interest were compared between people who healed versus people who did not heal at 12 weeks and between people who had and did not have CPTS data available using the Student’s t-test (normal distribution) and Mann–Whitney U test (non-normal distribution) for continuous variables and the Chi-square test for categorical variables. In addition, we determined the effect size (r = z-score Mann–Whitney U test/√number of measurements) for the outcomes of interest. The effect sizes for non-normally distributed values were interpreted as follows: ≥0.1 indicated a small effect, ≥0.3 a moderate effect, and ≥0.5 a large effect [38]. All statistical analysis were performed using SPSS Statistics for Windows, version 26 (IBM Corp., Armonk, NY, USA) with a significance level of α < 0.05.





3. Results


3.1. Participant Recruitment


Of the numbers required to recruit to reach adequate power according to our original sample size calculations, the AU-study recruited 13 (22%) of the required 60 participants and the NL-study recruited 12 participants (30%) of the required 40 participants. The primary reason for screened eligible patients not participating in the study was that they declined to consent to multiple follow-up study appointments, as they stated that they were already overwhelmed with their multiple existing clinical appointments. Otherwise, general reasons for not reaching the sample size included impacts from the following: the COVID-19 pandemic during the study period; tight eligibility criteria, such as excluding patients with (moderate-to-severe) infection and those using non-removable offloading devices; no access to the required technical equipment when ready to recruit due to competing planning issues in clinics; and patients’ ulcer having healed before their first study appointment (Figure 1).




3.2. Participant Characteristics and Primary Outcomes


Table 2 shows that participant characteristics were not statistically significantly different between the studies, including demographic, ulcer, and offloading device characteristics (all p > 0.05), except for retinopathy (AU-study: 15% vs. NL-study: 70%, p = 0.009).



Overall, 12 (50%) of the 24 participants’ ulcers (missing data n = 1) healed at 12 weeks. In the AU-study, 7 (54%) of the 13 participants’ ulcers healed, with the only difference in baseline characteristics being more females in the healed group (Healed: 57% vs. Non-healed: 0%, p = 0.026, Table 2). In the NL-study, 5 (45%) of the 11 participants (missing data n = 1) healed, with the only differences being shorter diabetes duration (Healed: 8 vs. Non-healed: 26 years, p = 0.004) and fewer amputations (Healed: 0% vs. Non-healed: 100%, p < 0.001) in the healed group. In the AU-study, three (33%) of the nine participants (missing data n = 4) had ≥75% ulcer surface area reduction at 4 weeks. In the NL-study, 5 (45%) of the 11 participants (missing data n = 1) had ≥75% ulcer surface area reduction at 4 weeks.





[image: Sensors 24 02411 g001] 





Figure 1. Flowchart of the number of participants, data availability for CPTS, and reasons for non-completion. See Section 2.6 for definitions on reasons. 
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3.3. Outcomes of Interest


Table 3 displays all outcomes of interest findings for both studies. In the AU-study, participants who healed had a lower CPTS than those who did not heal in both CPTS models (median CPTS according to model 1: 369 vs. 526 MPa·s/day, and according to model 2: 457 vs. 679 MPa·s/day), although neither difference was statistically significant (both r = 0.26 and p = 0.800). In the NL-study, CPTS could only be determined for one participant (who did not heal), as that was the only participant for whom all underlying factors were available. CPTS was 8.7 MPa·s/day, but an association with healing could not be investigated.



In the AU-study, of the underlying factors that determine CPTS (available in up to 12 participants), we found, descriptively, that participants who healed had slightly higher PPPs (r = 0.19) and largely higher PTIs (r = 0.51) in their offloading devices, slightly lower PPPs (r = 0.22) and largely lower PTIs (r = 0.61) in their regular footwear, a slightly lower daily number of steps (r = 0.16), slightly higher adherence to using their offloading devices (r = 0.26), and a thermal stress response that was slightly higher in their offloading device (r = 0.17) and moderately lower in their regular footwear (r = 0.44) compared to those who did not heal; although, again, no difference found reached statistical significance. In the NL-study, of the underlying factors (available in up to seven participants), those who healed had moderately higher barefoot PPPs and PTIs (both r = 0.40), a slightly higher daily number of steps (r = 0.13), and no difference in adherence (r = 0.00) compared to those who did not heal; although, again, no difference found reached statistical significance (Table 3).




3.4. Feasibility Outcomes


Figure 1 shows the data completion for CPTS and all underlying factors. In the AU-study, CPTS data were completed for five (42%) participants at baseline and one (8%) participant at week 8. In the NL-study, CPTS data were completed for one (8%) participant at baseline and zero (0%) participants at week 8.



In the AU-study, of the underlying factors at baseline, plantar pressure data were completed for 12 (92%) and 11 (85%) in-device and non-device condition participants, respectively, thermal stress response data were completed for 11 (85%) participants in both conditions, activity data were completed for 9 (69%) participants, and adherence data were completed for 5 (42%) participants. At week 8, plantar pressure data were completed for two (15%) participants, thermal stress response data were completed for three (23%) participants, activity data were completed for five (15%) participants, and adherence data were completed for one (8%) participant. In the NL-study, of the underlying factors at baseline (or at week 2 for plantar pressures), plantar pressure data were completed for three (25%) participants in the device and seven (58%) participants barefoot, activity data were completed for seven (58%) participants, and adherence data were completed for four (33%) participants. At week 2, the NL-study had one (8%) drop-out. At week 8, activity data was completed for one (8%) participant and adherence data for zero (0%) participants.





 





Table 3. Cumulative plantar tissue stress (CPTS) and its underlying factors at the ulcer site.
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	Participants
	Australian Study

(n = 13)
	Healed Ulcer

(n = 7)
	Non-healed Ulcer

(n = 6)
	Effect Size
	Netherlands Study

(n = 12)
	Healed Ulcer

(n = 5) a
	Non-healed Ulcer

(n = 6) a
	Effect Size





	CPTS (MPa·s/day)
	
	
	
	
	
	
	
	



	 -Model
	369.0 [95.8; 514.1] (n = 5)
	369.0 [112.2; 373.2] (n = 3)
	525.6 [118.8; 932.4] (n = 2)
	0.26
	8.7 (n = 1)
	NA
	8.7 (n = 1)
	NA



	 -Model weighted for thermal stress response
	457.4 [24.3; 944.2] (n = 5)
	457.4 [117.0; 726.7] (n = 3)
	679.2 [311.8; 1327.2] (n = 2)
	0.26
	NA
	NA
	NA
	NA



	In-shoe plantar pressure
	
	
	
	
	
	
	
	



	 -PTI in device (kPa·s)
	66.2 [60.0; 74.7] (n = 12)
	74.7 [66.2; 85.9] (n = 6)
	60.4 [59.6; 66.2]
	0.51
	64.7 [48.5, 111.0] (n = 3)
	NA
	64.7 [48.5; 111.0] (n = 3)
	NA



	 -PPP in device (kPa)
	140.6 [110.9; 302.7] (n = 12)
	160.8 [105.4; 287.1] (n = 6)
	140.6 [124.1; 351.3]
	0.19
	119.4 [81.8, 179.8] (n = 3)
	NA
	119.4 [81.8; 180.0-] (n = 3)
	NA



	 -PTI in footwear (kPa·s)
	72.2 [67.2; 86.3] (n = 11)
	87.4 [78.9; 91.6] (n = 5)
	70.4 [50.5; 72.2]
	0.61
	NA
	NA
	NA
	NA



	 -PPP in footwear (kPa)
	178.7 [141.4; 236.4] (n = 11)
	172.4 [134.4; 233.6] (n = 5)
	189.4 [152.4; 243.8]
	0.22
	NA
	NA
	NA
	NA



	Barefoot plantar pressure
	
	
	
	
	
	
	
	



	 -PTI barefoot (kPa·s)
	NA
	NA
	NA
	NA
	495.2 [235.7; 626.1] (n = 7)
	620.1 [327.4; 1062.6] (n = 4)
	325.4 [235.7; 452.8] (n = 3)
	0.40



	 -PPP barefoot (kPa)
	NA
	NA
	NA
	NA
	646.3 [446.0; 923.8] (n = 7)
	836.3 [409.4; 1062.6] (n = 4)
	625.0 [446.0; 641.0] (n = 3)
	0.40



	Weight-bearing activity (per day)
	
	
	
	
	
	
	
	



	 -Number of steps
	7444 [1015; 12,456] (n = 9)
	7444 [988; 10,636] (n = 5)
	7854 [2197; 25,215] (n = 4)
	0.16
	2146 [1400; 4232] (n = 7)
	3075 [1600; 5880] (n = 4)
	2146 [566; 3732] (n = 3)
	0.13



	Adherence to using device (%)
	
	
	
	
	
	
	
	



	 -Strides in device
	50.9 [26.6; 68.7] (n = 5)
	50.9 [37.5; 74.9] (n = 3)
	35.7 [7.5; 63.9] (n = 2)
	0.26
	48.1 [16.8; 85.5] (n = 4)
	54.2 [15.9; 92.4] (n = 2)
	48.1 [17.7, 78.5] (n = 2)
	0.00



	Thermal stress response
	
	
	
	
	
	
	
	



	 -In-device
	0.66 [0.30; 1.07] (n = 11)
	1.35 [−0.19; 3.37] (n = 6)
	0.42 [0.14; 0.71] (n = 5)
	0.17
	NA
	NA
	NA
	NA



	 -Non-device
	1.45 [−0.15; 2.54] (n = 11)
	0.98 [0.66; 1.28] (n = 6)
	1.45 [−0.22; 1.84] (n = 5)
	0.44
	NA
	NA
	NA
	NA







Note: Continuous data are medians [IQ 25th percentile; 75th percentile]. Significant differences are depicted as *** = p < 0.001, ** = p < 0.01, and * = p < 0.05. a = one primary outcome (i.e., healing at 12 weeks) is missing. If data were missing for a variable, the number of available data are shown in superscript. CPTS = cumulative plantar tissue stress, PTI = pressure–time integral, PPP = peak pressure, and NA = not applicable.











The reasons for not completing the data are shown in Figure 1. At baseline, the reasons mainly included technical issues (AU-study: 31% and NL-study: 50%), followed by non-adherent participants (AU-study: 15% and NL-study: 8%), or a combination of technical issues and non-adherent participants (AU-study: 15% and NL-study: 33%). At follow-up, the main reason was refusal of participants at 4 weeks (AU-study: 31% and NL-study: 33%) and 8 weeks (AU-study: 62% and NL-study: 25%).



Table 4 displays the baseline characteristics of the AU participants for those with and without CPTS data available. In the AU-study, 5 (38%) of the 13 participants had CPTS data available, with the only difference in baseline characteristics being a lower BMI in those with CPTS data available (26 vs. 31 kg/m2, p = 0.006). In the NL-study, only one participant had CPTS data available; therefore, this analysis was not performed for those participants.





4. Discussion


Our aims were to investigate the association between CPTS and ulcer healing in people with diabetes-related plantar foot ulcers using removable offloading treatments and to explore the feasibility of measuring CPTS in this population. We were only able to recruit 25 (25%) participants of the required 100 participants in two observational cohort studies. At 12 weeks, 50% of participants healed from their ulcer. In both studies, the completion of all measures needed to determine CPTS was low, as CPTS could only be determined for five (38%) AU participants and one (8%) NL participant at baseline, and this number declined to one AU participant and zero NL participants during follow-up. The reasons for low completion primarily included the following: (i) technical issues with (sensor) equipment; (ii) non-adherence to use of the weight-bearing activity measurement equipment; and (iii) refusal by patients to undertake follow-up visits. The underpowered findings from the five AU participants showed that CPTS was non-significantly lower in people who healed compared to those who did not heal. In this discussion, we reflect on these underpowered findings and the challenges of measuring CPTS in this population, aiming to advance research in this field by sharing the numerous valuable lessons learned.



4.1. The Association between CPTS and Ulcer Healing


CPTS reflects the interplay of multiple factors thought to influence the overall mechanical stresses on a foot ulcer site, including plantar pressure, shear stress, weight-bearing activity, and adherence to using offloading devices or footwear. In the AU-study, CPTS was non-significantly slightly lower in people who healed compared to people who did not heal at 12 weeks (369 vs. 526 MPa·s/day, or (when weighted for shear stress) 457 vs. 679 MPa·s/day). The direction of results was in line with the exploratory study of van Netten et al. [18] (healed: 155 vs. non-healed: 207 MPa·s/day), but that study used a different CPTS model as it did not have quantifiable data on all underlying factors. In the NL-study, CPTS was very low (9 MPa·s/day) in the only participant in whom CPTS could be determined, due to the extremely low weight-bearing activity of this participant (40 daily steps). For the underlying factors, we found no statistically significant differences between people who healed and those who did not in both studies. Regardless, overall, both studies were underpowered due to the low number of participants we were able to recruit and the low number of participants in whom we could successfully complete all measures to determine CPTS. Thus, these findings are better viewed as those of a second pilot study on CPTS in foot ulcer healing. Larger studies remain needed to investigate the value of CPTS, and the multiple underlying individual factors, and its association with ulcer healing.




4.2. Feasability of Measuring CPTS


Our findings on feasibility showed that measuring CPTS is challenging, reflecting that feasibility is currently poor in this population. In both studies, we encountered the issue of incomplete data on CPTS at baseline, and this incompleteness became worse during follow-up. Although measurement time was not formally included as a feasibility measure, we estimated anecdotally that researchers spent approximately 2 h to measure all the underlying factors to determine CPTS. Patients with a foot ulcer typically need multiple time-consuming multidisciplinary treatments each week [6,7]; therefore, this additional CPTS measurement time may have been too much. This is indicated in many potentially eligible patients who initially declined to participate in this study and in many participants who refused (25–62%) to attend follow-up measurements. Our feasibility findings seem to contradict those from the earlier study [18], where CPTS data were completely available for all participants. However, that study used only two measurements (daily steps and in-device plantar pressures), which were measured only once (at baseline). Additionally, adherence was measured via self-report, which has since been found to be unreliable [36], and barefoot pressures and shear stress were not measured. To improve reliability in this study, we used four sensor devices to measure and determine CPTS in our current studies, and we attempted to collect the data three times during follow-up to investigate changes over time. These follow-up measurements of CPTS are important given, for example, the changes in adherence found in other studies to wearing offloading devices over the course of offloading treatment [39]. In the Netherlands, we conducted a similar study also during COVID-19 in people with diabetes who were at risk of developing a foot ulcer, but did not have one [40]. The methods in both studies in the Netherlands were similar, with the exception of different follow-up intervals: follow-ups every 3 months for 1 year instead of every 4 weeks for 12 weeks. This study successfully recruited the number of powered participants and completed data collection on cumulative plantar tissue stress for 52 out of 60 participants at baseline. With no difference in methods at baseline, this suggests that conducting these measurements in people with diabetes but without a foot ulcer is more feasible. We hypothesise that this may be due to people with diabetes-related foot ulcers having poorer health-related quality of life compared to those who healed from such ulcers [41], as well as the more intensive and frequent multidisciplinary clinical treatments they undergo. We suggest that these factors, including poor quality of life, high burden of clinical care, and more frequent research measurements, contributed to the differences in participation and refusal between the two studies.



At baseline, the main reasons for incomplete CPTS data were technical issues with (sensor) equipment, participant non-adherence to using the weight-bearing activity measurement equipment, and a combination of those reasons. The activity monitor used had to be worn in a belt fitted around people’s waist, which differed from the ankle-worn device used in the earlier study. This belt caused inconveniences for various participants, especially for those with higher BMI, which was shown by their incomplete CPTS measurement data. Adherence to, for example, a wristwatch type of activity sensor may have been better in term of practicality; however, some of these sensors are less accurate [28]. The question whether a less accurate sensor with potentially higher adherence is a better option to measure weight-bearing activity is an important one for future research. Further, measuring adherence using temperature sensors in offloading devices also posed challenges. These challenges included the limited data storage capacity of the sensors, instances where the offloading device changed for clinical reasons in the absence of researchers in the clinic, and situations where patients threw away their offloading device (with temperature sensor) as soon as their ulcer healed, rather than returning them to the clinic. As a result, sensors disappeared, and data readings could not take place in time by the researcher. Finally, the laptop used in the NL-study had an unexpected issue, causing some plantar pressure measurements to be lost before a back-up was made. While this was a very specific issue in this study, this stresses the importance of backing-up data. Furthermore, it stresses the fragility of using different software systems and the ever-increasing challenges in using cybersecurity measures that may block adequate functioning of unique device-specific software. Therefore, all these practical and technical challenges should be considered when designing future CPTS studies in this population.




4.3. Strengths and Limitations


A strength of both studies was that these were the first studies designed to prospectively investigate the association between CPTS and its underlying factors with diabetes-related plantar foot ulcer healing in people treated with a removable offloading device. Both studies used validated, objective, and quantifiable methods for all measured underlying factors of CPTS. In addition to the power and feasibility limitations already discussed, we again note the limitation that we were underpowered, with only being able to recruit 25 out of the 100 required participants. We are also limited in not having recorded the exact numbers and reasons for eligible patients who declined to participate in this study, yet the key anecdotal reasons for declining from eligible patients was their reluctance to participate in the multiple follow-ups required to measure CPTS. This seems especially relevant for people with a foot ulcer as CPTS has also been investigated in people without a foot ulcer, where recruitment and data completion was not a problem [40,42]. People without a foot ulcer have limited clinical appointments. This reduces the burden of the extra research-related visits, and may even render these visits a bonus, as they also entail extra foot checks. This is a stark contrast with the clinical burden of people with a foot ulcer. These differences should be taken into account when setting up further research for these populations. In addition, we were challenged by the impact of COVID-19 and related restrictions. Research activities were terminated for multiple months during the COVID-19 pandemic. However, funding for research staff and compensations were not sufficient to continue with the studies, which forced us to terminate the studies before the number of powered participants was reached. During the months that we could recruit participants, tight eligibility criteria and equipment unavailability also hampered adequate participant inflow. Tight eligibility criteria mainly involved excluding patients with moderate-to-severe infection and those using non-removable offloading devices. Up to 50% of people with a foot ulcer develop an infection [23,43], showing that infections are common in this population. However, we had to exclude them because their primary clinical focus is on treating the infection [23]. We excluded non-removable offloading devices because plantar pressure and shear stress measurements cannot be performed in these devices, and these have already been proven as the gold standard treatment [19]. Equipment unavailability concerned the challenge of sharing one Pedar system between research and clinical practice, particularly in the AU-study. This is not unusual: the system is expensive, and for optimal use, it needs to be applied in both settings. However, this requires careful logistic scheduling when (as in our situation) clinics are in different geographical locations. The stress of this scheduling was shown in the errors made, rendering the system, or even patients, unavailable when needed. Because the window for participation in people with a plantar foot ulcer is relatively short due to the primary clinical aim of healing, this also meant some participants were not able to be recruited or followed-up in time, resulting in missing data that cannot be compensated at later time points.



A limitation not related to feasibility was that we based CPTS only on the number of strides, excluding other weight-bearing activities. However, an earlier study showed that standing also significantly affects CPTS [40]; this is supported by the finding that people with diabetes and a plantar foot ulcer stand almost thrice as long as they walk [39]. Because we did not measure plantar pressure during standing or any other weight-bearing activity, we could not determine CPTS with a model that included more activities [40]. This should be considered in future research, even though it does require even more measurements, prolonging the required participation time and associated burdens. In addition, the results of our study may not be generalizable for weight-bearing activity when considering earlier studies. Contrary to the findings from a recent systematic review, we found that people with foot ulcers in a warmer climate (Brisbane, AU) were more active than the people in a moderate climate (NL) [44]. Thus, these participants may not be representative for the larger population; however, variation in weight-bearing activity was large in the systematic review [44]. Further, we had no insight into the tissue properties of ulcers or surrounding skin from our participants. The physical stress theory of Kluding et al. [45] suggests that the stress on the foot can either be too high or too low, and both may lead to poor ulcer outcomes. Moreover, these stress thresholds may differ per individual [45], suggesting that some patients with high tissue stress may heal, while others with low tissue stress may not heal from their ulcer. As a result, skin and tissue quality at the ulcer site likely also affect the association between CPTS and clinical outcomes. Last, the majority of offloading devices used in this study were custom-made insoles or footwear, while the IWGDF guidelines on offloading foot ulcers recommend the use of knee- or ankle-high devices [19]. However, this aligns with large surveys of clinical practice where the prescription of removable offloading devices is still relatively low [46,47].




4.4. Future Directions and Implications


CPTS has been described as a critical concept in the healing and prevention of diabetes-related foot ulcers [9] and is recommended in international guidelines as a potential concept to facilitate clinical decision making in the future [19]. However, since the introduction of this promising concept 20 years ago [17], the observational cohort studies described in this manuscript were the first two studies primarily designed to investigate CPTS in people with a diabetes-related plantar foot ulcer who had all factors underlying CPTS measured objectively. The process to determine cumulative plantar tissue stress is very sensor- and technically driven at this point and hence complex. Despite widespread support for integrating sensors to measure and intervene to improve healing of diabetes-related foot ulcers [48,49,50], our research currently does not support this idea due to low feasibility. We do not recommend taking time-consuming measurements several times within 3 months in people with a diabetes-related foot ulcer. Furthermore, if possible, measurements could be integrated into daily clinical care, taking into account the quality of life of these patients. Ideally, CPTS would be measured in future studies with one sensor device to advance the science and technology of sensor application in people with diabetes-related foot disease. Such a sensor device should measure all the mechanical stresses (i.e., plantar pressure and shear stress) at the foot site of interest and could perhaps even be (temporarily) attached to the foot to measure mechanical stress both while wearing a device and while walking barefoot. Additionally, the sensor should be small enough so that it could be integrated in something that a patient wears (almost) continuously, like within their footwear, their insole, their boot, or their sock. Furthermore, the sensor should incorporate a built-in memory capable of storing data over multiple days. Moreover, the sensor could provide valuable insights into CPTS, plantar pressure, shear stress, level of activity, and adherence of the patient, accessible through a smartphone application. Such a sensor device also gives the advantage of continuous measurement of CPTS, which would enhance generalizability and reduce the number of study visits. Additionally, the sensor device should be easy to use for patients, clinicians, and researchers. Until such a sensor device is available, researchers should use the lessons learned in this study to better balance minimization of participant burdens with maximization of data validity.



Despite the challenges encountered in our study, current exploratory findings from this study and from the earlier pilot study [18] seem to suggest that CPTS is lower in people whose plantar foot ulcer healed when treated with a removable offloading device compared to those who did not heal. We therefore suggest that it remains important to continue investigations in CPTS and its association with healing outcomes in people treated with removable offloading devices because plantar pressure measurements alone do not sufficiently elucidate the underlying mechanisms of ulcer healing in this population [14]. If objective thresholds for ulcer healing can be determined based on CPTS or any of its underlying factors, this could be useful in clinical decision making. Additionally, this may potentially lead to being able to develop new treatments for a CPTS target or facilitate smart devices that could warn people to take preventative action when thresholds are reached [51].





5. Conclusions


We found that the feasibility of measuring CPTS is currently low in people with a diabetes-related plantar foot ulcer using removable offloading treatment. This is primarily the result of the challenges of having to use multiple sensor devices, with multiple and long measurements, to measure CPTS in this population. The burden of being treated for a diabetes-related foot ulcer while simultaneously participating in research was reflected in a high refusal rate to participate in study measurements. The value of CPTS, and its association with diabetes-related ulcer healing, remains to be investigated in future larger studies taking into account the feasibility findings from the two studies reported here.
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Table 1. Overview of the outcomes of interest measurements.






Table 1. Overview of the outcomes of interest measurements.





	
Measurements

	
0 Weeks

	
2 Weeks

	
4 Weeks

	
8 Weeks

	
12 Weeks






	
Plantar pressure

	
AU

	
NL

	
AU

	
AU

	




	
Plantar shear stress

	
AU

	

	
AU

	
AU

	




	
Daily weight-bearing activity

	
AU, NL

	

	
AU, NL

	
AU, NL

	




	
Wearing time of offloading device

	
AU, NL

	
------------------------------------------------------------->




	
Adherence to offloading device

	
AU, NL

	

	
AU, NL

	
AU, NL

	








Note: AU = Australian study and NL = Netherlands study.













 





Table 2. Baseline characteristics.






Table 2. Baseline characteristics.














	Participants
	Australian Study

(n = 13)
	Healed Ulcer at 12 Weeks (n = 7)
	Non-Healed Ulcer at 12 Weeks (n = 6)
	Netherlands Study

(n = 12)
	Healed Ulcer at 12 Weeks (n = 5) a
	Non-Healed Ulcer at 12 Weeks (n = 6) a





	Age (years)
	60.0 [49.0; 72.5]
	64.0 [52.0; 75.0]
	54.0 [45.3; 66.5]
	66.0 [61.3.; 75.0]
	67.0 [61.5; 71.5]
	63.5 [60.5; 75.5]



	Sex (% (n))
	
	*
	*
	
	
	



	 -Female
	31 (4)
	57 (4)
	0 (0)
	17 (2)
	0 (0)
	17 (1)



	 -Male
	69 (9)
	43 (3)
	100 (6)
	83 (10)
	100 (5)
	83 (5)



	Body mass index (kg/m2)
	28.4 [26.2; 31.9]
	27.5 [26.0; 30.3]
	30.8 [27.8; 41.3]
	34.0 [26.5; 36.2]
	34.6 [34.0; 37.1]
	29.9 [26.0; 37.7]



	Diabetes type (% (n))
	
	
	
	
	
	



	 -Type 1
	0 (0)
	0 (0)
	0 (0)
	17 (2)
	0 (0)
	33 (2)



	 -Type 2
	100 (13)
	100 (7)
	100 (6)
	83 (10)
	100 (5)
	67 (4)



	Diabetes duration (years)
	15.0 [7.0; 20.0] (n = 11)
	17.0 [10.0; 21.8] (n = 6)
	7.0 [7.0; 20.0] (n = 5)
	15.5 [8.0; 29.0]
	8.0 [5.3; 11.5] **
	26.0 [19.0; 41.0] **



	HbA1c (mmol/mol)
	7.4 [6.3; 9.0] (n = 9)
	7.5 [6.5; 8.7] (n = 4)
	7.4 [6.1; 9.4] (n = 5)
	7.3 [6.7; 8.5] (n = 10)
	7.3 [6.6; 7.9]
	8.3 [7.2; 10.4] (n = 4)



	Ulcer history (% (n))
	
	
	
	
	
	



	 -Yes
	92 (12)
	86 (6)
	100 (6)
	83 (10)
	80 (4)
	100 (6)



	 -No
	8 (1)
	14 (1)
	0 (0)
	17 (2)
	20 (1)
	0 (0)



	Amputation history (% (n))
	
	
	
	
	***
	***



	 -Yes
	46 (6)
	29 (2)
	67 (4)
	50 (6)
	0 (0)
	100 (6)



	 -No
	54 (7)
	71 (5)
	33 (2)
	50 (6)
	100 (5)
	0 (0)



	Peripheral artery disease (% (n))
	
	
	
	(n = 11)
	
	(n = 5)



	 -Yes
	8 (1)
	14 (1)
	0 (0)
	18 (2)
	0 (0)
	40 (2)



	 -No
	92 (12)
	86 (6)
	100 (6)
	82 (9)
	100 (5)
	60 (3)



	Nephropathy (% (n))
	
	
	
	(n = 11)
	
	(n = 5)



	 -Yes
	15 (2)
	14 (1)
	17 (1)
	18 (2)
	20 (1)
	20 (1)



	 -No
	85 (11)
	86 (6)
	83 (5)
	82 (9)
	80 (4)
	80 (4)



	Retinopathy (% (n))
	**
	
	
	** (n = 10)
	(n = 4)
	(n = 5)



	 -Yes
	15 (2)
	29 (2)
	0 (0)
	70 (7)
	100 (4)
	60 (3)



	 -No
	85 (11)
	71 (5)
	100 (6)
	30 (3)
	0 (0)
	40 (2)



	Ulcer duration before study (weeks)
	6.0 [3.0; 24.0] (n = 12)
	6.5 [1.8; 72.0] (n = 6)
	6.0 [3.8; 29.0]
	2.5 [2.0; 5.8]
	2.0 [1.0; 12.5]
	2.5 [1.5; 4.3]



	Ulcer site (% (n))
	
	
	
	
	
	



	 -Hallux
	23 (3)
	14 (1)
	33 (2)
	33 (4)
	80 (4)
	17 (1)



	 -Forefoot
	62 (8)
	71 (5)
	50 (3)
	50 (6)
	20 (1)
	50 (3)



	 -Midfoot
	0 (0)
	0 (0)
	0 (0)
	17 (2)
	0 (0)
	33 (2)



	 -Rearfoot
	15 (2)
	14 (1)
	17 (1)
	0 (0)
	0 (0)
	0 (0)



	Ulcer size (mm2)
	12.0 [5.5; 77.0]
	9.0 [4.0; 20.0]
	23.0 [7.0; 62.0]
	20.5 [4.9; 177.5]
	16.0 [4.1; 37.5]
	134.0 [5.9; 550.0]



	Ulcer depth (mm)
	1.0 [1.0; 2.5]
	1.0 [1.0; 3.0]
	1.0 [1.0; 2.0]
	1.0 [1.0; 2.0] (n = 9)
	1.0 [1.0; 1.8] (n = 4)
	2.0 [1.3; 2.0] (n = 4)



	Texas classification (% (n))
	
	
	
	(n = 11)
	
	(n = 5)



	 -Superficial (1)
	100 (13)
	100 (7)
	100 (6)
	82 (9)
	92 (11)
	80 (4)



	 -Penetrate to tendon or capsule (2)
	0 (0)
	0 (0)
	0 (0)
	18 (2)
	8 (1)
	20 (1)



	 -Penetrate to bone (3)
	0 (0)
	0 (0)
	0 (0)
	0 (0)
	0 (0)
	0 (0)



	Mild infection (% (n))
	
	
	
	(n = 11)
	
	(n = 5)



	 -Yes
	0 (0)
	0 (0)
	0 (0)
	18 (2)
	20 (1)
	20 (1)



	 -No
	100 (13)
	100 (7)
	100 (6)
	82 (9)
	80 (4)
	80 (4)



	Ischemia (% (n))
	
	
	
	(n = 11)
	
	(n = 5)



	 -Yes
	8 (1)
	14 (1)
	0 (0)
	0 (0)
	0 (0)
	0 (0)



	 -No
	92 (12)
	86 (6)
	100 (6)
	100 (11)
	100 (5)
	100 (5)



	Offloading device used (% (n))
	
	
	
	
	
	



	 -Removable knee-high
	15 (2)
	29 (2)
	0 (0)
	8 (1)
	0 (0)
	17 (1)



	 -Removable ankle-high
	23 (3)
	14 (1)
	33 (2)
	17 (2)
	20 (1)
	17 (1)



	 -Custom-made insoles or footwear
	62 (8)
	57 (4)
	67 (4)
	75 (9)
	80 (4)
	67 (4)







Note: Continuous data are medians [IQ 25th percentile; 75th percentile] and discrete data are percentages (number of). a = one primary outcome (i.e., healing at 12 weeks) is missing. Significant differences are depicted as *** = p < 0.001, ** = p < 0.01, and * = p < 0.05. If data were missing for a variable, the number of available data are shown in superscript.













 





Table 4. Baseline characteristics compared between participants for whom we had and did not have CPTS data available.
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Participants

	
CPTS Available (n = 5)

	
CPTS Not Available (n = 8)

	
p-Value






	
Age (years)

	
56.0 [47.5; 75.5]

	
61.5 [47.5; 68.5]

	
1.000




	
Sex (% (n))

	

	

	
0.569




	
 -Female

	
40 (2)

	
25 (2)




	
 -Male

	
60 (3)

	
75 (6)




	
BMI (kg/m2)

	
26.2 [23.3; 27.4]

	
30.9 [28.6; 36.7]

	
0.006 **




	
Diabetes type (% (n))

	

	

	
NA




	
 -Type 1

	
0 (0)

	
0 (0)




	
 -Type 2

	
100 (5)

	
100 (8)




	
Diabetes duration (years)

	
17.5 [9.0; 25.3] (n = 4)

	
13.0 [7.0; 19.0] (n = 7)

	
0.315




	
HbA1c (mmol/mol)

	
6.6 [6.1; 8.4] (n = 4)

	
7.9 [6.9; 9.4] (n = 5)

	
0.190




	
Ulcer history (% (n))

	

	

	
0.188




	
 -Yes

	
80 (4)

	
100 (8)




	
 -No

	
20 (1)

	
0 (0)




	
Amputation history (% (n))

	

	

	
0.135




	
 -Yes

	
20 (1)

	
63 (5)




	
 -No

	
80 (4)

	
38 (3)




	
Peripheral artery disease (% (n))

	

	

	
0.188




	
 -Yes

	
20 (1)

	
0 (0)




	
 -No

	
80 (4)

	
100 (8)




	
Nephropathy (% (n))

	

	

	
0.052




	
 -Yes

	
40 (2)

	
0 (0)




	
 -No

	
60 (3)

	
100 (8)




	
Retinopathy (% (n))

	

	

	
0.052




	
 -Yes

	
40 (2)

	
0 (0)




	
 -No

	
60 (3)

	
100 (8)




	
Ulcer duration before study (weeks)

	
24.0 [5.5; 185.0] (n = 4)

	
3.5 [2.3; 15.5]

	
0.073




	
Ulcer site (% (n))

	

	

	
0.231




	
 -Hallux

	
0 (0)

	
38 (3)




	
 -Forefoot

	
80 (4)

	
50 (4)




	
 -Midfoot

	
0 (0)

	
0 (0)




	
 -Rearfoot

	
20 (1)

	
13 (1)




	
Ulcer size (mm2)

	
7.0 [3.0; 20.0]

	
19.0 [8.3; 148.5]

	
0.127




	
Ulcer depth (mm)

	
2.0 [1.0; 5.0]

	
1.0 [1.0; 1.0]

	
0.171




	
Texas classification (% (n))

	

	

	
NA




	
 -Superficial (1)

	
100 (5)

	
100 (8)




	
 -Penetrate to tendon or capsule (2)

	
0 (0)

	
0 (0)




	
 -Penetrate to bone (3)

	
0 (0)

	
0 (0)




	
Infection (% (n))

	

	

	
NA




	
 -Yes

	
0 (0)

	
0 (0)




	
 -No

	
100 (5)

	
100 (8)




	
Ischemia (% (n))

	

	

	
0.188




	
 -Yes

	
20 (1)

	
0 (0)




	
 -No

	
80 (4)

	
100 (8)




	
Offloading device used (% (n))

	

	

	
0.296




	
 -Removable knee-high

	
20 (1)

	
13 (1)




	
 -Removable ankle-high

	
0 (0)

	
38 (3)




	
 -Custom-made insoles or footwear

	
80 (4)

	
50 (4)








Note: Continuous data are medians [IQ 25th percentile; 75th percentile] and discrete data are percentages (number of). Significant differences are depicted as *** = p < 0.