Infrared imaging in diabetic foot ulceration
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Abstract

Diabetic foot ulcers present a difficult problem in clinical management because of increased risk of soft-tissue infection in diabetes plus impaired local blood supply due to diabetic vascular disease.  Infection of diabetic foot ulcers has particular risk of involvement of the adjacent bone resulting in the serious complication of osteomyelitis.  This needs early aggressive antibiotic therapy to avoid even more serious secondary long-term complications, but unfortunately clinical diagnosis and radiological examination may be unhelpful in early osteomyelitis, when antibiotic therapy is most effective.  Furthermore the large number of patients plus the chronic nature of diabetic foot ulceration precludes routine investigation for early osteomyelitis by X-ray or isotope bone scanning in every case, for logistic, radiation protection, and cost  reasons.  This preliminary study has shown significantly increased temperature on infrared imaging, not only around the ulcer, but in the entire foot in patients subsequently confirmed radiologically as having early osteomyelitis.
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1.  Introduction

Prior to the discovery of insulin and its availability for routine treatment of insulin-dependent diabetes mellitus (IDDM) more than 50% of diabetic patients ultimately died of keto-acidosis.  Today this complication is predictable and accounts for less than 2% of diabetic deaths.  However, the mortality rate is still regrettably high, and there is a high morbidity from other complications.

One of the most important long term sequelae of diabetes mellitus is the development of foot lesions [1,2].  Multiple factors are involved in the aetiology of diabetic foot ulcers, including neuropathy, ischaemia, sepsis and hyperglycaemia [1-3].

Diabetic foot ulcers may develop in spite of an increased skin blood flow [4-7].  This increase in blood flow is thought to be related to peripheral sympathetic denervation, resulting in an increased flow through the arteriovenous anastomoses (AVA) [8-9].  

At room temperature, 80-90% of total skin blood flow passes through the AVA and so bypasses the more superficial localised nutritional capillaries [10].  The massive increase in AVA skin blood flow in patients with peripheral autonomic neuropathy due to diabetes may compromise the nutritive circulation, a hypothesis known as the capillary steal phenomenon [11].  In patients with diabetic neuropathy, reddening of the skin of the foot and venous distension are visible, especially in the dependent position [12], as a result of the diminished venoarteriolar reflex [13,14].  Increased nailfold capillary blood flow in patients with diabetic neuropathy has been shown to be due to a significantly higher number of functioning capillaries and an increased capillary blood-cell velocity (CBV) [1].  Longstanding raised capillary hyperperfusion could induce late structural changes, with the ultimate loss of neurovascular function and consequently relative underperfusion - the haemodynamic hypothesis [1,15,16].

Diabetic feet are more likely to be damaged due  to diminished or absent pain sensation secondary to diabetic neuropathy.   Perforating ulcers typically occur at pressure points on the soles of  the feet such as beneath the tarsal heads at the bases of the toes, or beneath the calcaneum in the heel.  Ulceration can also occur following minor injury from toe-nail cutting or trimming of corns, hot water bottle burns,  and abscesses leading to ulceration can develop in web spaces following infection in a toe cleft.  Obliterative vascular disease in peripheral arteries in older diabetics leads to ischaemia which impairs healing of ulcers, which are prone to infection, particularly if the diabetes is poorly controlled and the blood sugar level is elevated (hyperglycaemia).  Such ulcers provide ideal culture medium conditions for secondary infection.

Neuropathic ulcers, provided there is no secondary involvement of bone (osteomyelitis), can heal rapidly if the sepsis is controlled and all pressure is removed.  However, if osteomyelitis develops, more aggressive antibiotic therapy is required and healing of the ulcer is prolonged and more difficult to achieve.  The ideal in treatment of diabetic foot ulceration is to prevent secondary osteomyelitis; the aim of this study was to evaluate whether infrared imaging could help predict those patients with more significant soft tissue infection adjacent to diabetic foot ulcers, before progression to frank osteomyelitis occurred.  Soft tissue infection provokes an inflammatory reaction with increased skin temperature due to local hyperaemia which can be detected, imaged, recorded and quantitated by infrared imaging. This can be compared with clinical features, blood tests which are markers of infection such as erythrocyte sedimentation rate (ESR), C-reactive protein (CRP) and blood white cell ( leucocyte) count and with radiological changes of osteomyelitis on plain radiographs (X-rays), magnetic resonance imaging (MRI) and isotope bone scans.   

2.  Methods

Using an Aga Thermovision® 782 I-R thermal imaging camera, infrared imaging of the feet of 49 unselected patients with diabetic foot ulcers was performed over a six month period.  The feet and lower limbs were first equilibrated with normal room temperature for 10-15 minutes by positioning the patient supine with both legs fully exposed below knee level, allowing free circulation of room air over the skin of the feet and ankles, away from localised sources of heat or cold such as radiators, direct sunlight or draughts.  Images were then obtained of the soles of the feet and of the dorsum of the foot and the posterior aspect of the heel when appropriate due to the site of the ulcer.  Imaging was performed using 20 , 10 , 5 and 2  C windows.  The temperature range level was adjusted to give the optimum display of the symptomatic foot, with additional imaging to show the contra-lateral foot when necessary due to a large temperature difference between the two feet.  The imaging was performed and evaluated by a single operator (JRH).  Where possible comparison was made with radiographs, MRI  and bone scans which had been independently reported. A small subset of patients have been followed up with repeat infrared imaging and radiographs.   

Radiological evidence of osteomyelitis was taken as the presence of periosteal reaction, lytic bone lesions and bone and/or joint destruction in the region of the foot ulcer, or any combination of these, usually with adjacent soft tissue swelling with obliteration of the normal soft tissue planes, and sometimes with accompanying soft tissue gas; a previous normal radiograph of the same area, when available, added further evidence.  Increased bone uptake with hypervascularity and hyperperfusion on the vascular and blood pool images of a 3-phase isotope bone scan was also considered evidence of active osteomyelitis.  MRI signs of osteomyelitis were altered bone marrow signal due to increased water content and adjacent changed soft tissue signal due to oedema.    

A positive thermogram on infrared imaging was defined as one in which there was significant, diffusely increased skin temperature of at least 0.50C in the sole of the affected foot compared with the sole of the contra-lateral foot.  Localised increased skin temperature immediately surrounding the foot ulcer was not considered to be a positive thermogram.

3.  Results

The 49 patients with diabetic foot ulcers investigated by infrared imaging of the feet had an age range of 31-86 years with a mean of 61 years.  There were 33 male patients with an age range of 34-86 years (mean 62 years), and 16 female patients with an age range of 31‑84 (mean 60 years). 11 patients had a repeat examination after an interval between 2‑6 months to follow up progress; 4 were at 2 months, 3 at 3 months, 3 at 4 months and 1 at 6 months, with a mean of 3 months.  This resulted in a total of 60 examinations of 96 feet being performed (there were 2 uni-lateral amputees), with 11 follow up examinations.

The foot ulcer was on the right side in 18 cases, the left side in 28 cases, and bilateral in 3 cases.  The ulcer was most commonly situated on the sole of the foot anteriorly beneath the metatarsal heads in 38 cases, most commonly medially, beneath the heel in 10 cases, and overlying the medial and lateral malleoli of the ankle in 1 case.  

A total of 26 patients had positive thermograms; 21 of these had confirmed radiological evidence of osteomyelitis, and 5 had no radiological evidence of osteomyelitis at the time of initial infrared imaging or on follow up.  23 patients had negative thermograms with increased temperature localised to the area immediately around the ulcer, but no diffusely increased temperature in the sole of the foot - none of these had radiological evidence of osteomyelitis [Figure 1]. 

All 21 patients with radiological evidence of osteomyelitis had positive thermograms.  There were no patients with osteomyelitis with negative thermograms.

Of the 11 patients who had follow up infrared scans, 6 had positive infrared scans initially and 5 had negtive infrared scans initially.  4 of the 6 initially positive thermograms remained positive on follow up, 3 of these had radiological evidence of osteomyelitis.  The 2 initially positive thermograms which became normal on follow-up were normal radiologically in one case, and the other had x-ray evidence of resolving osteomyelitis along with clinical improvement.  The 5 negative initial thermograms remained negative on follow-up with normal radiology [Figure 2].

4.  Discussion

Any patient with diabetic foot disease may have increased skin temperature in the foot, with or without the presence of ulceration [1,7].  Further increased skin temperature has been shown to be invariably present immediately surrounding the diabetic foot ulcer, except when healed or in an advanced stage of healing.  A positive thermogram with significantly generalised increased skin temperture in the sole of the affected foot was seen in about half of the patients in this preliminary study.  Over 80% of these were subsequently shown to have or to develop osteomyelitis.  Thus infrared imaging appears to be a very sensitive indicator of the presence, or impending development, of osteomyelitis.  A positive thermogram is not specific for osteomyelitis however, as 19% of patients with positive thermograms did not have radiological evidence of osteomyelitis, though it could be argued that this was due to effective treatment following the positive thermogram, the absence of radiological follow up, or insufficient length of follow up.

The follow-up study of a small subset of 11 patients confirmed the above findings, and also showed change from a positive to a negative thermogram in resolving osteomyelitis following treatment, also with clinical improvement.

A larger controlled trial is now proposed with comparison with radiological investigation for osteomyelitis plus marker blood tests such as ESR, CRP and blood leucocyte count.  When clinically indicated, 3-phase isotope bone scans and MRI scans will also be performed and the results compared.  It is hoped that this will validate the use of infrared imaging as a useful, non-invasive initial investigation to exclude or confirm osteomyelitis or developing osteomyelitis in patients with diabetic foot ulceration. 
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Fig. 1.  Correlation of infrared imaging with osteomyelitis
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Fig. 2.  Patients with follow-up infrared imaging

