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Abstract 

Objective A major challenge for treating diabetic foot ulcers is estimating the severity of 

ischemia, as currently used non-invasive diagnostic techniques provide relatively poor 

prognostic values. Laser Speckle Contrast Imaging (LSCI) is a promising non-invasive 

technique to assess microcirculation. Our aim was to investigate the stability and reproducibility 

of LSCI for the assessment of microcirculation in the diabetic foot, the relation of LSCI results 

to currently used non-invasive blood pressure measurements, and the ability of LSCI to 

discriminate between the degrees of ischemia. 

Approach Thirty-three participants with diabetic foot ulcers were included in this 

prospective, single centre, observational cohort study that was conducted in the Netherlands. 

They were classified as non-ischemic, ischemic or critical-ischemic based on criteria 

formulated in the international guidelines. Two clinicians performed LSCI scans of the foot, 

consisting of baseline measurements, followed by two stress tests (post-occlusion peak and 

elevation test). With 3 measurement conditions and 5 regions of interest of the foot per patient, 

a total of 15 measurements were available for analyses. 

Main results  The intra-observer agreement of LSCI was high (Interclass Correlation 

Coefficient (ICC)=0.711-0.950; p<0.001) for all 15 measurements. The inter-observer 

agreement was high (ICC=0.728-0.861; p≤0.001) for 10 measurements and moderate 

(ICC=0.476-0.570; p≤0.005) for the remaining 5 measurements. The inter-assessor agreement 

was high and significant (ICC=0.857-0.996; p≤0.001) for all measurements. Correlation 

between LSCI and non-invasive blood pressure measurements was low (ICC=-0.272–0.582). 

During both stress tests, microcirculation was significantly lower in critical-ischemic feet 

compared to non-ischemic feet (67.5 Perfusion Units (PU) vs. 96.3PU and 41.0PU vs. 63.9PU; 

p<0.05). 

Significance LSCI is a stable and reproducible technique for assessment of microcirculation 

in people with diabetic foot ulcers and shows significant differences between non-ischemic, 

ischemic and critical-ischemic patient populations. 
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Introduction 

One of the major complications of diabetes mellitus are diabetic foot ulcers, with an annual 

prevalence around 2% and a life-time incidence between 19% and 34% (1–4). Diabetic foot 

ulcers have a high morbidity and mortality, resulting in increasing healthcare costs (5–8) and 

are an important reason to perform lower extremity amputation, especially in the presence of 

ischemia (5). 

Early and accurate diagnosis is the first step in ischemia treatment and outcome 

improvement (2). Primary diagnosis of ischemia currently consists of visual inspection and non-

invasive assessment of blood pressure in the feet (2). Clinical decisions are based on these 

measurements; according to international guidelines, urgent vascular imaging and 

revascularisation are to be considered in patients with a diabetic foot ulcer and either an ankle 

pressure <50 mmHg or an ankle-brachial index (ABI) <0.5, in patients with a toe pressure <30 

mmHg, or in patients with a transcutaneous oxygen pressure (TcpO2) <25 mmHg (2).  

However, these techniques only provide relatively poor indications of the severity of 

ischemia. Furthermore, these values provide relatively poor prognostic values in predicting 

ulcer healing (9). A suggested explanation is that these measurements are not necessarily 

reflecting the situation of ischemia at the site of the ulcer. With different angiosomes providing 

blood supply to the feet, low values in one angiosome may not reflect blood supply at the ulcer 

location (10). Clinical evidence adds to the poor prognostic values; for example, a large 

observational cohort study showed some patients with critical ischemia to heal from their foot 

ulcers without vascular interventions, while some patients with non-ischemic ulcers did not heal 

despite adequate treatment (11).  

Improving assessment of microcirculation in people with diabetic foot ulcers is an 

important area for research, as identified in international guidelines (2). This may overcome the 

disadvantages of currently used non-invasive blood pressure measurements (2). An improved 

diagnostic technique should reflect the situation of ischemia at the ulcer location, be stable (i.e. 

provide a constant signal over time during the measurements) and reproducible (i.e. have high 

intra and inter-user correlation), non-invasive, and differ from currently used non-invasive 

blood pressure measurements. 

A potential technique fulfilling these requirements is single-exposure Laser Speckle 

Contrast Imaging (LSCI). LSCI can measure microcirculation based on changes in the optical 

speckle pattern generated by motion of red blood cells in the skin or ulcers (12). When skin is 

illuminated with coherent laser light, the reflected light will create light and dark areas, a so-

called speckle pattern (12). In perfused skin, moving red blood cells cause a dynamic speckle 
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pattern. The dynamic character of the speckles can be visualized with a camera with an 

integration time longer than the time scale of the speckle fluctuations, causing the speckle 

pattern to be blurred on the recorded image (12–14). Increased perfusion (i.e. increased local 

concentration and/or increased speed of moving red blood cells), result in a reduced spatial 

speckle contrast (12,15). There is a correlation between the speckle contrast and blood 

perfusion. By measuring this contrast, LSCI can be used to estimate blood perfusion in the 

capillary bed at the exact location of the ulcer (12,14).  

LSCI is already successfully applied in the assessment of burns and burn-related wounds 

(16). In people with diabetes, it has been used to assess the microvascular endothelial function 

of the arm in a population with type 1 diabetes (17). A stress test (post-occlusion peak test) was 

performed to differentiate between people with diabetes and a control group. Furthermore, a 

conference paper has reported a pilot study testing LSCI on the feet of 5 patients (3 with 

diabetes) (18). However, no additional clinical baseline information was provided and only 4 

diabetic foot ulcers were measured in the 3 patients. Both studies concluded that LSCI could be 

used for diagnostic screening or monitoring of the capillary blood flow on a regular basis during 

treatment (17,18). However, neither of these studies investigated whether LSCI is a method that 

can be reliably used in people with diabetes. Its stability, reproducibility, reliability and validity 

have not yet been investigated. 

Our aim is to investigate the stability and reproducibility of LSCI for the assessment of 

microcirculation in the diabetic foot and its relation to currently used non-invasive blood 

pressure measurements and stress tests. 

 

Methods 

For this prospective, single centre, observational cohort study, 33 consecutive participants with 

diabetic foot ulcers were recruited from the ‘diabetic foot outpatient clinic’ in Ziekenhuisgroep 

(Hospital Group) Twente, location Almelo, the Netherlands. Sample size calculation was not 

applicable, as no baseline information for LSCI in people with diabetic foot ulcers was 

available. All participants had diabetes mellitus type I or II, were 18 years or older and were 

able to undergo non-invasive blood pressure measurements. Participants with an ulcer on both 

feet or with a foot infection (International Working Group on the Diabetic Foot grade 2-4 (19)) 

were excluded. The study protocol was approved by the medical research ethics committee 

Twente (NL52422.044.15), and was registered in the Dutch Trial Register (NTR5116). All 

participants gave written informed consent before participation in the study.  
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All participants underwent non-invasive blood pressure measurements consisting of 

brachial pressure, ankle pressure, toe pressure (measured at the hallux, or, in case the hallux 

was amputated, at the second toe), and transcutaneous oxygen pressure (TcpO2) measurements 

(Periflux 6000, Perimed AB, Stockholm, Sweden); ankle-brachial index (ABI) and toe-brachial 

index (TBI) were calculated. Participants were classified as non-ischemic, ischemic or critical-

ischemic based on the lowest measured blood pressure using cut-off points based on 

international guidelines (2,20): participants with an ankle pressure <50 mmHg, ABI <0.5, toe 

pressure <30 mmHg, TBI <0.3, or TcpO2 <25 mmHg were classified as ‘critical-ischemic’; 

participants with an ankle pressure 50-70 mmHg, ABI 0.5-0.9, toe pressure 30-50 mmHg, TBI 

0.3-0.7 or TcpO2 25-30 mmHg were classified as ‘ischemic’; non-ischemic participants had 

values above those cut-off points, i.e.: ankle pressure >70 mmHg, ABI >0.9, toe pressure >50 

mmHg, TBI >0.7, and TcpO2 >30 mmHg (2,20).  

Following blood pressure measurements, multiple LSCI scans were performed in each 

participant (PeriCam PSI; Perimed AB, Stockholm, Sweden). Before use the system was 

calibrated with its calibration box, measuring a zero-perfusion area and a colloidal suspension 

of polystyrene particles to set the LSCI values on 0±5 perfusion units (PU) and 250±5 PU 

respectively. Both the dorsal and plantar side of the foot were scanned, but only the ulcerated 

side was used in data analysis. The scans were made with approximately 25 cm distance 

between the system and the foot, a framerate of 10 fps, integration time of 6 ms, a resolution of 

1388x1038 pixels and a measurement area of 25x15 cm. The ulcerated foot was scanned twice 

by the principal investigator to calculate intra-observer variability. For 25 participants, a 

complete additional LSCI scan of the ulcer was performed by a trained health professional 

(registered physician assistant with >10 years of experience in treating diabetic foot disease) as 

second observer to calculate inter-observer variability. 

 Both the non-invasive blood pressure measurement and the LSCI scans were performed 

in a temperature controlled hospital room (21±1oC). All patients underwent wound treatment 

before the perfusion measurements took place, during which procedure the foot was able to 

acclimatize to this room temperature. The LSCI scan methodology is schematically shown in 

Fig. 1. Baseline microcirculation was determined in the first period of the scan, and defined as 

‘no visual changes in the mean LSCI signal value for 30 seconds’. Subsequently, two stress 

tests (post-occlusion peak and elevation test, as described below) were performed, in order to 

increase a potential difference between patient populations and to assess microcirculation and 

endothelial function in more detail. Between and after those stress tests an extra baseline 

measurement of 30 seconds was performed to monitor the stability of LSCI over time.  
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Fig. 1 Top: Schematic overview of different stress tests and Laser Speckle Contrast Imaging signal over time with 

measurement periods shown in black. Baselines and elevation test all had a minimum duration of 30 seconds. 

Bottom: Example of the outcomes of the LSCI scan in one participant, with mean perfusion values for each ROI 

over time. 
 

During the post-occlusion peak test, blood flow in the foot was interrupted with a 

pressure cuff (max 260 mmHg) around the ankle. The pressure was released after 30 seconds. 

The maximum perfusion value during the post-occlusive reactive hyperaemia was measured as 

outcome. During the elevation test, the foot was lifted on a foam block of 30 cm height (with 

the scan paused during placement). Elevation test measurements consisted of a minimum of 30 

seconds of a stable signal in the elevated foot, with its mean value as outcome.  

The scans were quantified by measuring the perfusion of five specified Regions Of 

Interest (ROI), referring to a physical position on the image: ulcer (ulcer location); ulcer edge 

(ulcer edges and surrounding 1 cm); TcpO2 (probe measurement area); hallux (total visible 

hallux, or second toe when hallux was amputated); foot (total visible foot) – see Fig. 2. All 

ROIs were drawn on the scan by the principal investigator using LSCI-software (PIMSoft 

version 1.5; Perimed AB, Stockholm Sweden). Positions of the ROI were adjusted in each 

timeframe by the principal investigator to correct for motion effects. In order to measure the 

influence of the different assessors on the rating of the LSCI scans, for the same 25 participants 

that received an extra scan from the trained health professional an extra analysis was performed 
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by an independent researcher who was not involved in the LSCI scans. This researcher 

quantified the scan from the trained health professional via the method described above.  

 
Fig. 2 Left: Schematic overview of the different Regions of Interest for perfusion measurements; ulcer location 

(edge) varied between participants. Middle and right: outcomes of an LSCI scan in one participant, with colour 

image (middle) and perfusion image (right). 
 

Zero perfusion units from the background were removed from the picture and not used in the 

data analysis, because we excluded all zero-value pixels during calculations. The stability over 

time of the baseline measurements was analysed with linear mixed models. Intra- and inter-

observer correlations were calculated using intra-class correlations between and within 

different observers. Values >0.7 were considered high agreement (21). For the relation of LSCI 

and currently used non-invasive blood pressure measurements, Pearson’s r was calculated. A 

two-way random effect ANOVA was conducted to compare the inter-assessor reliability. One-

way ANOVA was performed to calculate the difference in microcirculation between the three 

patient populations (non-ischemic, ischemic and critical-ischemic), followed by post-hoc 

Bonferroni corrections for multiple comparisons between groups. With 3 conditions and 5 ROIs 

per patient, a total of 15 measurements were available for analyses. The relation between 

baseline measurement and post-occlusive peak or elevation test measurements was calculated 

with a Pearson’s r. Alpha was set at ≤0.05. Analyses were performed using SPSS version 21.0 

(SPSS Inc. Chicago, IL, USA) and Microsoft Excel 2016 (Microsoft Corporation, Redmond, 

WA, USA). 
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Results 

The majority of the 33 included participants were males, mean age was around 64.9±13.6 years, 

and most were diagnosed with type 2 diabetes (Table 1).  

 

Table 1 Participant characteristics (N=33) 

 

Note: SD = standard deviation; MTP = metatarsophalangeal joint; dig = digitum 

 

We found no significant differences between the three baselines over time (before stress tests 

46.05±13.15 PU, between stress tests 48.33±16.01 PU and after stress tests 47.65±14.64 PU; 

r=0.058). A high and significant intra-observer agreement was found for all 15 measurements 

(r=0.711-0.950; p≤0.001; Table 2).  

 

Table 2: Single measures Intra-class Correlation Coefficient of the microcirculation assessment with Laser 

Speckle Contrast Imaging in the foot for different regions of interest by: (A) one observer; (B) different observers 
and (C) performed by secondary observer and analysed by the principal investigator and independent researcher 

Characteristics Intra-observer 

agreement 

In
tr

a
c
la

ss
 

C
o

r
re

la
ti

o
n

 

C
o

e
ff

ic
ie

n
t 

Inter-observer 

agreement 

In
te

r
cl

a
ss

 

C
o

r
re

la
ti

o
n

 

C
o

e
ff

ic
ie

n
t 

Inter-assessor 

agreement 

In
tr

a
c
la

ss
 

C
o

r
re

la
ti

o
n

  

C
o

e
ff

ic
ie

n
t 

1
st

 

m
e
a
su

re
m

e
n

t 

2
n

d
 

m
e
a
su

re
m

e
n

t 

O
b

se
r
v
e
r 

1
 

O
b

se
r
v
e
r 

2
 

P
r
in

c
ip

a
l 

in
v

e
st

ig
a
to

r 

In
d

e
p

e
n

d
e
n

t 

r
e
se

a
rc

h
e
r 

Foot           

Baseline  46.05 46.76 0.950* 44.75 45.30 0.861* 45.30 45.50 0.990* 

Post-occlusion peak 82.24 80.79 0.761* 78.91 73.90 0.561** 73.90 78.58 0.885* 

Characteristics N % 

Gender   

Male 28 85 

Female 5 15 

   

Age (years)  

mean±SD (range) 

 

64.9±13.6 (38-85) 

 

Diabetes Mellitus 

  

Type 1 2 6 

Type 2 31 94 

 

Ulcer location 
  

MTP1/dig 1 13 39 

MTP2-3/dig 2-3 9 27 

MTP4-5/dig 4-5 8 24 

Other 3 9 

 

Ischemia 

  

Non-ischemic 11 33 

Ischemic 14 42 

Critical-ischemic 8 24 

   
Neuropathic   

Neuropathic impairment 29 88 

No neuropathic impairment 4 12 
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Elevation test 55.03 56.87 0.830* 53.83 54.69 0.825* 54.69 54.33 0.979* 

 

Ulcer  

         

Baseline  103.54 101.57 0.758* 106.05 115.56 0.570** 115.56 116.24 0.956* 

Post-occlusion peak 102.03 102.14 0.750* 104.37 112.24 0.562** 112.24 113.10 0.897* 

Elevation test 101.34 104.50 0.711* 104.90 115.72 0.476** 115.72 108.93 0.857* 

 

Ulcer Edge 

         

Baseline  91.54 94.65 0.900* 93.48 98.25 0.783* 98.25 99.64 0.962* 

Post-occlusion peak 103.94 102.53 0.774* 104.31 105.67 0.728* 105.67 109.74 0.946* 

Elevation test 95.73 100.16 0.784* 98.28 103.17 0.518** 103.17 103.28 0.942* 

 

Toe  

         

Baseline  56.81 57.83 0.953* 52.33 54.92 0.858* 54.92 54.64 0.996* 

Post-occlusion peak 88.71 90.55 0.753* 86.41 84.17 0.714* 84.17 89.07 0.901* 

Elevation test 65.14 67.88 0.936* 63.52 66.01 0.818* 66.01 62.04 0.911* 

 

TcpO2 

         

Baseline  16.03 12.68 0.879* 18.78 13.56 0.820* 42.38 42.12 0.992* 
Post-occlusion peak 25.00 21.74 0.827* 30.16 23.21 0.752* 72.52 78.10 0.900** 

Elevation test 18.00 15.22 0.894* 22.02 18.36 0.877* 57.36 55.53 0.985* 

Note: *p≤0.01; **p≤0.001 

 

We found a high and significant inter-observer agreement for 10 out of 15 measurements 

(ICC=0.728-0.861; p≤0.001), and a moderate and significant inter-observer agreement for the 

remaining 5 measurements (ICC=0.476-0.570; p≤0.005; Table 2). The inter-assessor agreement 

was high and significant (ICC=0.857-0.996; p≤0.001; Table 2). Low correlations were found 

between LSCI and ABI, toe pressure and TcpO2 (range -0.272–0.582; Table 3).  

 

Table 3: Pearson’s R correlations between Laser Speckle Contrast Imaging (LSCI) and non-invasive blood 

pressure measurements of the ulcerated foot for different Regions of Interest (ROI) 

              Blood 

 pressure 

 

ROI 

Arm Ankle Toe TcpO2 

Foot     

LSCI baseline -0.272 0.112 -0.048 -0.066 

Post-occlusion peak -0.162 0.202 0.382* 0.110 

Elevation test -0.018 0.477* 0.488* 0.180 

 

Ulcer 

    

LSCI baseline -0.154 -0.166 0.078 0.036 

Post-occlusion peak -0.047 0.048 0.227 0.070 

Elevation test 0.018 0.228 0.429* 0.245 

 

Ulcer edge 

    

LSCI baseline -0.228 0.062 0.127 -0.007 

Post-occlusion peak -0.188 0.238 0.390* 0.245 

Elevation test -0.062 0.367* 0.533* 0.216 

 

Toe 

  

LSCI baseline    0.233  

Post-occlusion peak   0.500*  

Elevation test   0.582*  
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TcpO2 

LSCI baseline     0.062 

Post-occlusion peak    0.232 

Elevation test    0.242 

Note: *p≤0.05 (two-tailed) 

 

No significant differences in perfusion between the critical ischemic, ischemic and non-

ischemic populations were found during the LSCI baseline measurements (Table 4; Fig. 3). 

 

Table 4: ANOVA measurement with post hoc Bonferroni analysis for all participants with and without (critical-) 

ischemia for foot, hallux, ulcer and ulcer edge region of interest. 

 

 

 

 LSCI values 

Perfusion units 

(mean±SD) 

ANOVA 

p value 

Post hoc analysis  

p value 

Foot      

LSCI baseline Non-ischemic 48.1±14.8 

0.575 

NI - I 1.000 

 Ischemic 46.9±12.7 NI - CI 0.947 

 Critical-ischemic 41.8±12.2 I - CI 1.000 

Post-occlusion peak Non-ischemic 96.3±29.3 

0.044* 

NI - I 0.284 

 Ischemic 79.6±18.4 NI - CI 0.045* 

 Critical-ischemic 67.5±24.7 I - CI 0.791 

Elevation test Non-ischemic 63.9±16.2 

0.003** 

NI - I 0.468 

 Ischemic 56.1±10.0 NI - CI 0.003** 

 Critical-ischemic 41.0±14.1 I - CI 0.046* 

 

Toe 

  
 

  

LSCI baseline Non-ischemic 68.0±28.9 

0.081 

NI - I 0.412 

 Ischemic 54.7±19.0 NI - CI 0.087 

 Critical-ischemic 45.0±11.8 I - CI 0.953 

Post-occlusion peak Non-ischemic 107.4±29.3 

0.007** 

NI - I 0.167 

 Ischemic 86.7±20.2 NI - CI 0.006** 

 Critical-ischemic 66.7±29.6 I - CI 0.268 

Elevation test Non-ischemic 83.0±28.7 

0.001*** 

NI - I 0.196 

 Ischemic 65.6±21.6 NI - CI 0.001*** 

 Critical-ischemic 39.9±12.5 I - CI 0.047* 

 

Ulcer 

  
 

  

LSCI baseline Non-ischemic 113.4±23.7 

0.370 

NI - I 0.490 

 Ischemic 96.3±28.9 NI - CI 1.000 

 Critical-ischemic 102.6±38.0 I - CI 1.000 

Post-occlusion peak Non-ischemic 114.4±18.6 

0.104 

NI - I 0.105 

 Ischemic 92.7±27.2 NI - CI 0.784 

 Critical-ischemic 101.4±26.2 I - CI 1.000 

Elevation test Non-ischemic 123.0±17.5 

0.005** 

NI - I 0.053 

 Ischemic 96.1±27.1 NI - CI 0.005** 

 Critical-ischemic 80.7±35.1 I - CI 0.604 

 

Ulcer edge 

  
 

  

LSCI baseline Non-ischemic 102.8±27.5 

0.181 

NI - I 0.396 

 Ischemic 87.5±19.1 NI - CI 0.288 

 Critical-ischemic 83.2±28.7 I - CI 1.000 

Post-occlusion peak Non-ischemic 123.0±26.5 
0.006** 

NI - I 0.016* 

 Ischemic 96.1±21.5 NI - CI 0.014* 
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 Critical-ischemic 91.5±15.8 I - CI 1.000 

Elevation test Non-ischemic 116.4±21.6 

≤0.001*** 

NI - I 0.039* 

 Ischemic 93.8±19.6 NI - CI ≤0.001*** 

 Critical-ischemic 70.8±23.6 I - CI 0.062 

Note: NI - I = Non-ischemic compared to Ischemic, NI - CI = Non-ischemic compared to Critical-ischemic,  

I - CI = Ischemic compared to Critical-ischemic; *p≤0.05, **p≤0.01, ***p≤0.001 
 

 
Fig. 3: LSCI values (perfusion units, mean±SD) of all participants with and without (critical-)ischemia for foot, 

toe, ulcer and ulcer edge ROIs.  

Note: ANOVA differences between groups are marked with ●(p≤0.05), ●●(p≤0.01), ●●●(p≤0.001); post-hoc 

Bonferroni significant differences between groups are marked with *(p≤0.05), **(p≤0.01), ***(p≤0.001). 
 

The perfusion during both stress tests was significantly higher for the non-ischemic population 

in comparison with the critical-ischemic population (Table 4; Fig. 3). The only exception was 

the post-occlusion peak for the ulcer ROI, which did not differ between populations. Further, 

perfusion was significantly higher in the ischemic vs. the critical-ischemic populations for the 

foot and toe ROIs during the elevation test, and significantly higher for the non-ischemic vs. 

the ischemic populations in the ulcer edge ROI during both stress tests, (Table 4; Fig. 3).  

Moderate to good correlations (range 0.630–0.839; p≤0.001) were found between the 

individual baseline measurements and the post-occlusive peak and elevating test values. 

Correlations for the post-occlusion peak were lower compared to elevation test values for all 

ROIs (Foot: 0.649 vs 0.779; Toe: 0.680 vs 0.833; Ulcer: 0.792 vs 0.798; Ulcer edge: 0.630 vs 



Page 12 of 19 
 

0.839). Correlations between baseline and stress test values for the different patient populations 

(non-ischemic, ischemic and critical-ischemic) show similar results (range 0.381–0.941), where 

post-occlusion peak were lower compared to elevation test values for all measurements except 

the toe values in the critical ischemic group (Fig. 4).  

 

Fig. 4: LSCI baseline values compared to stress test values (post occlusion peak and Elevation test) of all 

participants with and without (critical-)ischemia for the foot, toe, ulcer and ulcer edge ROIs.  

Note: Vertical lines connect corresponding measurements of the same patients.   
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Discussion 

In this prospective cohort study, we investigated the reproducibility and stability of LSCI for 

the assessment of microcirculation in people with diabetic foot ulcers, and its relation with 

currently used non-invasive blood pressure measurements. We found high intra-observer 

agreements, moderate-to-high inter-observer agreements and high inter-assessor agreements; 

low correlations between LSCI and currently used non-invasive blood pressure measurements. 

LSCI was able to differentiate between non-ischemic, ischemic and critical-ischemic patients, 

especially during elevated blanching. LSCI can be regarded as a suitable technique to assess 

microcirculation in people with diabetic foot ulcers: it is stable and reproducible, non-invasive 

and non-contact, it does not disturb the blood flow, nor causes it damage to the tissues, and it 

can easily be implemented in routine outpatient clinical practice (17,18,22). 

Our findings regarding the intra-observer agreement are in line with other studies on 

LSCI for microcirculation assessment in other clinical populations, such as patients with 

clinical signs of peripheral arterial disease (23) and healthy populations (24,25). In the study 

measured on peripheral arterial disease, perfusion was measured using LSCI in 63 feet of 

patients (23). They investigated reproducibility of 8 measurements, and found no significant 

differences between the measurements. Furthermore, the reproducibility of a post-occlusive 

peak test was measured for LSCI when measured on different days on the forearm of 28 healthy 

volunteers, and was found to be high (25). Finally, in a study on 10 subjects similar results were 

found compared to our work concerning performance of the post-occlusive peak test with LSCI, 

as they also found moderate-to-high inter-observer and intra-observer reproducibility of 

baseline, peak and plateaus (26). 

This study was the first to also investigate inter-assessor agreement. We found high 

correlations, indicating that the influence of different assessors on the ROI placement or the 

removal of movement artefacts in the results is limited. This implies that data extraction from 

scans can be safely done by different technicians. However, it is still a useful avenue for future 

research to automate this step, as the current analyses are time-consuming and thereby a barrier 

for effective clinical implementation.  

The low correlation between LSCI and conventional blood pressure measurements was 

anticipated, and in line with the aforementioned clinical population of 63 peripheral arterial 

disease patients (23). We confirm their conclusion that baseline perfusion values of LSCI are 

not correlated with non-invasive blood pressure measurements (e.g. ABI and tcPO2). This 

suggests that LSCI measurements differ from currently used non-invasive blood pressure 

measurements. This is likely the result of measuring at different area and depth with LSCI in 
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comparison to non-invasive blood pressure measurement. For example, toe and ankle pressure 

(and related indices) or TcpO2 do not necessarily reflect the microcirculatory flow at the ulcer 

site, the ulcer edge or the whole foot. With LSCI, the whole foot can be measured, as well as 

individual ROIs. The penetration depth of LSCI is approximately 0.3mm (26), measuring 

circulation predominantly in the skin arterioles, whereas non-invasive blood pressure is derived 

from arteries. Although non-invasive blood pressure measurements are the current standard for 

initial prediction of diabetic foot ulcer healing tendency (2), we expect that with the 

measurement of microcirculation in the arterioles closer to the ulcer, a better indication might 

be available of the situation at or around the ulcer. This might lead to an improvement of the 

moderate predictions of the healing tendency currently achieved (9).  

A requirement to improve this healing tendency prediction, is that LSCI should 

discriminate between critical-ischemic, ischemic and non-ischemic patients. Although we 

found different perfusion values for each patient population, with non-ischemic patients having 

the highest perfusion values and critical-ischemic the lowest, the differences were not 

significant during the baseline measurements or at the ulcer ROI. Both stress tests enlarged 

these differences and reached statistical significance in most ROIs. This indicates that potential 

usefulness of LSCI lies especially in combination with those stress tests. The increased 

perfusion value during the elevated blanching tests could be explained by the veno-arteriolar 

reflex causing vasoconstriction of the microvascular bed when the foot is lowered (27). It could 

be possible that the lifting of the leg causes a vasodilatation and increases the perfusion values 

and differences between the non-ischemic and critical-ischemic patient population during the 

stress test.  

Differences between the three populations were smaller at the ulcer ROI than at the ulcer 

edge ROI. This could be explained by the angiogenesis and reepithelialisation that form from 

the ulcer edge towards the centre of the ulcer area, and with more microcirculatory activity in 

non-ischemic patients compared to the (critical-)ischemic patient population. The difference in 

LSCI at the ulcer location between non-ischemic and (critical-)ischemic patients was smaller. 

After debridement it is possible that fluid, nutrients, and immune-competent cells are 

transported to the ulcer and increase the LSCI signal (28), and all our participants were 

measured after debridement. Other studies have shown similar findings, for example when 

microcirculation in and around diabetic foot ulcers was measured with hyperspectral imaging 

(29,30). They found a significant negative correlation between the hyperspectral imaging signal 

in intact skin adjacent to the edge of the ulcer and ulcer healing (30). We expect that LSCI may 

complement non-invasive blood pressure measurement, to assess the microcirculation in this 
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population. Based on the current results, we suggest that microcirculation in the ulcer edge 

could be the best indicator, and application of different stress test during the measurements is 

needed.  

Different optical imaging techniques are also available to monitor microcirculation in 

diabetic foot ulcers. For example Laser Doppler Perfusion Imaging (LDPI), Hyperspectral 

Imaging (HSI) and Photoacoustic Imaging (31). Each technique has their own advantages and 

disadvantages and can be used to measure different characteristics of the microcirculation in 

tissue or the diabetic foot (31). The non-contact and full field imaging possibilities of LSCI, 

LDPI and HSI are great advantages for clinical measurements. Furthermore, the compact 

design, low cost and short imaging time of the LSCI make it an interesting technique to measure 

perfusion in the diabetic foot and to investigate the feasibility of LSCI in a clinical setting.  

This study has limitations. First, the differentiation between the three patient populations 

was based on non-invasive blood pressure measurements. This is in line with international 

guidelines (2), but still includes the limitations of these non-invasive tests as discussed above. 

Unfortunately, no other non-invasive criteria are currently available. The use of invasive or 

extensive diagnostic techniques, like angiography or duplex, was not desirable in this study. 

We did not want to expose participants to invasive tests when these were not needed for their 

regular treatment. A potential effect of this limitation is dividing participants into the wrong 

category of ischemia, while this could not be checked with invasive diagnostics. This could 

result in a different distribution of the patient populations and may influence the results, as a 

different distribution of patients based on other diagnostic techniques would result in different 

mean LSCI values for each patient population.  

Another limitation was the relatively small study size, and the not entirely equal 

distribution of the number of the non-ischemic, ischemic and critical-ischemic participants. 

However, our total of 33 participants was sufficient to obtain first insights in the use of LSCI, 

and the number of participants is comparable to related studies (23,30). With the variations seen 

between patients with diabetic foot ulcers, assessment of LSCI in larger populations is needed 

in future research (11). Furthermore, no drug related medical background of the patients was 

included in this study. Therefore it was not possible to monitor and measure the potential effects 

of any vasoactive drugs on the measured perfusion values. This could be a confounding factor 

in our results.  

We did not measure the temperature of the foot during each measurement. However, the 

LSCI scans were performed in a temperature controlled hospital room (21±1oC) end the foot 
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had sufficient time to acclimatise to this room temperature, but we cannot correct for possible 

differences in skin temperate between individual patients.  

Another limitation was the neuropathic status of the patients. We measured the 

neurological impairment of all patients based on loss of protective sensation and were not  able 

to perform a statistical analysis due to the small patient population without neurological 

impairment. Furthermore, we think that a better scaling and measurement of the degree of 

neurological impairment could be useful to show a better correlation between measured 

perfusion and neuropathic status. For example, a quantitative scaling method could give more 

insight in the correlation between measured perfusion and neurological impairment instead of 

measuring only the presence or absence of neurological impairment as we did in the current 

study. 

This study provides first insights in the potential of LSCI in the assessment of 

microcirculation in the diabetic foot. Future research should examine the added diagnostic value 

of LSCI in clinical practice. As the aim of this study was to investigate the feasibility of LSCI, 

we did not investigate clinical outcomes in the current study. For this, a larger cohort of patients 

is needed that is followed over time, to link microcirculation assessment with clinical outcomes 

The ability of LSCI to show significant differences between different patient groups indicates 

that threshold baseline LSCI-values to predict wound healing might be derived from such future 

research and could be used to predict healing outcome and help with diagnoses and the choice 

in adequate treatment options. 

 

Conclusion 

LSCI is a stable and reproducible technique for the assessment of microcirculation in people 

with diabetic foot ulcers and its result using various stress tests show significant differences 

between non-ischemic, ischemic and critical-ischemic patient populations. LSCI provides a 

new assessment method for microcirculation in this population and may complement non-

invasive blood pressure techniques.  
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