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Abstract

Diabetes mellitus (DM) is a growing health problem in the aging population of the western world with prevalence
figures around 6-7%, which are increasing fast. Treatment of this disease is complex and expensive for society. One
of the most feared DM complications is foot ulcerations. As a causative factor for this complication peripheral arterial
disease (PAD) is second only to neuropathy in importance, and screening for PAD is vital to prevent amputation. Toe
blood pressure (TBP) measurements are often used for this purpose and this method is also included in the definition
of critical leg ischemia. Unfortunately, TBP measurements are affected by a high variability and obtained pressures
can be of limited value because of this. Accordingly, the aim of this thesis was to evaluate, standardise and optimise
TBP measurements.

Study I: Photopletysmography (PPG) has been the standard for blood flow detection during TBP assessment. Laser
Doppler (LD) has some theoretical advantage over PPG due to its higher sensitivity. The aim of this study was to
evaluate LD for TBP measurements. It included 36 patients referred for PAD screening, who were examined both
with PPG and LD. The correlation between pressures obtained with the two methods was high (r=0.99). Significantly
(p< .005) higher values were obtained with LD. In a second part of the study TBP measured with LD were able to
categorize 40 patients and control subjects according to the Fontaine classification. In 10 of the patients who had DM,
ankle and TBP values were compared, and two of them had falsely elevated ankle blood pressures (ABP).

Study II: This study aimed to evaluate the importance of vessel wall compliance on blood pressure measurements
with cuff at the ankle and toe level using the hydrostatic pressure (pole test) as gold standard. Twenty-five legs in 23
patients with DM were examined. Due to persistent signal at maximal leg elevation, it was impossible obtain pole test
pressures in all patients, and only 11 at ankle and 19 at toe level could be assessed. The ABP values were higher if
measured with cuff than with pole test (p<.01), but no difference was found in the toe. The conclusion was that falsely
elevated blood pressure in patients with DM probably is of less importance for TBP than ABP.

Study III: The focus of this study was to examine if the cuff size influences TBP values. Eleven patients with DM
without a history of PAD were investigated and compared to six healthy control subjects. In the entire cohort of
subjects (patients and controls) TBP values were significantly higher (p<.01) if measured with a narrow as compared
to a wider cuff. There was no difference between patients and controls, but this could be due to a limited cohort size.
Differences in hallux sizes were one of the determinants of the TBP variability. The conclusion was that the cuff width
does influence the obtained TBP values and needs to be considered when using TBP to screen for PAD.

Study IV: The objective of the study was to determine the optimal cuff width for measuring TBP. Twenty PAD patients
with and without DM were recruited at two centers. Four cuff sizes, 1.5, 2.0, 2.5 and 3.0 cm were used to measure
TBP in the cohort and the values compared with pole test recordings, which were considered to represent the true TBP
value. Values were overestimated when 1.5 and 2.0 cm (p<.001) wide cuffs were used, while 2.5 and 3.0 cm wide
cuff use produced values more in line with the real TBP. The results from this study suggested that a 2.5 cm wide cuff
should be used for all TBP measurements in clinical praxis.

Study V: In this study the general variability of the TBP method was investigated and an automated device’s ability
to measure TBP was evaluated. TBP was recorded in 23 legs of 16 diabetic patients and pressures assessed manually
from perfusion-pressure graphs and by an automated algorithm. The inter- and intra-observer variability of TBP was
less than 10% of the recorded pressure. Automatic assessments of TBP was acceptably accurate for measurement of
TBP <45 mm Hg (SD 4.0 mm Hg), but not for higher pressures. Adjustment of the automatic algorithm to manage the
problem of biphasic wave patterns reduced the difference compared to visual readings from 5.9 to -2.9 mm Hg (SD
from 16.9 to 8.9).

Conclusion

Stiff arteries do not affect TBP measurements as much as ABP in patients with DM, but examinations have to be
standardised to be a reliable. LD can be used as blood flow detector when measuring TBP and is probably the best
alternative when TBP is low. To reflect the hydrostatic pressure the toe cuff width should be 2.5-3 cm or 30% of
the toe circumference. Standardized TBP measurements for skin temperature, flow detector and cuff size produce
pressures with variability below 10%, which probably is less than for ABP. An automated TBP device is reliable for
identification of diabetic patients with foot ulcerations with a risk of having critical limb ischemia.

Key words: lower limb ischemia, diabetes, foot ulcerations, toe blood pressure, ankle blood pressure, biphasic curve
pattern, cuff width, laser Doppler, automatic pressure measurements
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ABI= Ankle brachial index

ABP = Ankle blood pressure

ABP_ . = Ankle blood pressure measured with a sphygomanometer cuff around the

ankle

ABP__ = Ankle blood pressure measured with the pole test method

pole

CLI= Critical leg ischemia

CW-Doppler = continuous wave pen-Doppler
DM= Diabetes mellitus

LD = Laser Doppler

PTA = Percutaneous transluminal angioplasty
PAD = Peripheral arterial disease

PPG= Photopletysmography

SMC= Smooth muscle cell

SPP= Skin perfusion pressure

TBI= Toe brachial index

TBP = Toe blood pressure

TBP,_ . = Toe blood pressure measured with a sphygomanometer cuff around the base

of hallux.

TBP__ = Toe blood pressure measured with the pole test method

pole

TBP, = Toe blood pressure measured with automatic equipment

TcPo, = Transcutaneous oxygen tension measurement



10 HI Pahlsson



General Background 11

General Background

Historical perspective

The word DM has been associated with the Greek physician Aretaeus that lived in the second
century AD, but the first known description of the disease is 1500 years older. Aretacus described
the clinical features of DM. In 1886 Minkowski and von Mering were able to show the role of the
endocrine pancreas for the genesis of DM by performing pancreatectomy in a dog. Thirty-six years
later Banting and Best 1922 isolated insulin.

The special form of non-atheromatous arteriosclerosis with focal calcification of the media layer of
the arterial wall, typical for diabetics, was described by Monckeberg in 1904!' and Bowen et al sug-
gested 1924 that arteriosclerosis in the lower extremities in diabetic patients could be diagnosed
using plain x-ray because of this 2.

TBP was first mentioned in the scientific literature by Formijne who published a report 1934 in
which the systolic TBP was evaluated in patients with PAD?.

One of the fundamental steps for treatment of PAD in DM patients and for reconstructive vascular
surgery was taken in 1948 when the French surgeon Kunlin performed the first free venous trans-
plantation from the femoral artery to the popliteal artery*.

Epidemiology

In Sweden 3-4% of the population suffer from DM, which means 300 000 people. Furthermore,
the prevalence in the population over 80 years is almost 20%?°. Type 1 DM constitutes 10-15%,
which is approximately 0.5 % of the population. It is predominately Type 2 DM that is a growing
epidemic worldwide. In Ontario, Canada, for instance, the age- and sex-adjusted DM prevalence
increased by 69% between 1995 and 2005¢. Because of the late complications DM consumes 8%
of the direct medical and health care costs in Sweden’.

Foot ulcerations are a very common DM complication. It has a reported prevalence of 5-10 % of
patients with DM?. In Sweden 90 % of all amputations are caused by vascular disease and almost
half are performed on patients with DM®. There are studies indicating a decreasing amputation
frequency'® . Still, the amputation incidence is estimated to be 2-8 per 1000 patients per year'?.
These figures are just approximations due to unreliable reports on both the actual number of am-
putations and the uncertainties of the DM diagnosis'.

Most of these diabetic patients have at some point required medical attention because of foot ul-
cerations. At least 70% of the 1400 amputations performed in Sweden every year on patients with
DM are preceded by non-healing foot ulcerations'. In US 75 000 amputations were performed on
patients with DM during 2003'.

According to the annual report of all vascular surgical procedures in Sweden from 2006, the Swed-
ish Vascular Surgery Registry, Swedvasc, 60 % of the 40 000 vascular procedures performed be-
tween 1996-2005 was indicated by leg ischemia, including patients with DM and foot ulcerations'.
Of all procedures performed in leg were 50 % indicated by CLI and 15 % by acute leg ischemia.
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During these ten years the number of vascular procedures performed for acute ischemia and CLI
was roughly constant while procedures performed for claudicatio were decreasing.

Only 60% of the patients treated for acute leg ischemia and 75 % treated for CLI during the pe-
riod 1996-2005 were still alive one year after the operation. Furthermore 5% had one of their legs
amputated within one year after the operation. In the year 2005 19% of the patients undergoing
revascularization for CLI had a failing graft early after their procedure, emphasising the need for
better patient selection methods to surgery.

Classification of DM

Table 1: Classification of DM according to WHO classification from 1998"

DM type Name Cause

A Type 1-DM: Autmmrr_mune and non-autoimmune beta-cell
destruction.

B. Type 2-DM .Varyllng degrees of insulin resistance and
insulin hyposecretion

C. Gestational-DM

DM with known cause e.g. alcohol induced
D. Other types: pancreatitis, DM caused by corticosteroid
treatment etc.

Characteristics of dyslipidemia in patients with DM type 2:

Several theories have been proposed to explain the specific patophysiology causing atheroma de-
velopment in patients with DM. One of the most studied and clinically important ones concerns
the lipid metabolism.

The elevated risk for vascular diseases in patients with Type 2 DM is associated with alterations in
the plasma lipoprotein profiles (Table 2).

Table 2. Characteristics of dyslipidmia in
patients with DM

s-TG

s-HDL

sdLDL

sdHDL

postprandiell hyperlipidemi

— | |e—|—

Triglycerid rich lipoproteins (TRLs) in plasma are derived from intestine (chylomicrons) and liver
(VLDL). The plasma clearance are depending on two enzymes: lipoprotein lipase (LPL) which is
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responsible for conversion of VLDL to intermediate density lipoprotein (IDL) and hepatic lipase
(HL) which is responsible for the next step, IDL to LDL. In patients with DM type 2 the level of
LPL is low while the level of HL is high which enhance the conversion of IDL to LDL.

VLDL particles can be separated in two subtypes: VLDL and VLDL,. VLDL, is the lager type
and typical for patients with DM type 2 especially in the postprandial phase were insulin fails to
suppress VLDL  release.

The long circulation time of TRLs in the circulation facilitates triglyceride enrichment of both
LDL and HDL particles mediated by cholesterol ester transfer protein (CETP). These triglyceride
rich particles are converted to small dense particles by HL enhanced in patients with DM type 2.
These small dense LDL particles constitute a risk factor for coronary heart disease (CHD)".

Small particle size facilitates the penetration of the intima layer of the arterial wall and small LDL
size has a higher affinity to intimal proteoglycans than larger LDL particles. It has also been pro-
posed that patients with DM type 2 have an increased trans-vascular transport of LDL. The result
is an increased deposition of LDL in the vascular wall. Oxidized LDL in the intima is the trigger
for the processes ending up in macrophage foam cells and plaque formation.

A brief description of the formation of atheroma and plaques in the vessel wall»

Monocytes binds to damaged endothelial cells and migrate into the intima where they are trans-
formed into macrophages. Within the intima, LDL particles are incorporated in the macrophages,
forming foam cells. Fatty streaks are then apparent macroscopically when vessel walls are in-
spected. The next step in the process is proliferation of SMCs and their migration into the intima.
Some SMC are transformed fibroblasts, a fibrous cap is formed, making the intima layer thicker
than normal. Cytokines and metalloproteinases are secreted from the foam cells into the matrix
resulting in digestion of collagen and the vessel wall structure. The consequence is erosion of the
endothelium and plaque rupture. Inflammation is important in all stages of atherogenesis. For ex-
ample during the early stage inflammatory mediators are expressed that guides monocytes to the
injured area, which adhere to the intima. During later stages inflammatory cells is crucial when
necrosis and ulcerations are developed?.

LONG TERM COMPLICATIONS
Vascular complications in respect to organ system

* Nephropathy: Vascular changes in glomeruli, arterioli and the renal artery and its branches are
common lesions in kidneys of diabetic patients®?. Presence of nephropathy is associated with a
high mortality and is the most common etiologic factor of uremia in need of dialysis in Swe-
den’.

* Retinopathy: DM retinopathy is the most common cause of blindness in people younger than 65
years in the western world’. -The pathologic findings can be separated into two categories; back-
ground and proliferative type. The background type is characterised by progressive capillary
destruction and the proliferative lesions by new vessel formation, angiogenesis, and scarring®.
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* Cardiovascular disease: Atherosclerosis causes 80 % of all deaths in patients with DM and
roughly 75% of these are attributed to coronary artery disease?. Compared with patients with-
out DM the prevalence for myocardial infarction is two times higher in men and four times
higher in women’. The risk for myocardial infarction in people with type 2 DM is as high as for
people without DM who already have had a cardiac event previously.

* Cerebrovascular disease: A Swedish study found the mortality from stroke in a diabetic popula-
tion to be 4-5 times higher than in the non-diabetic population®.

» Peripheral arterial disease: The high incidence of PAD associated with DM was clearly dem-
onstrated in the Framingham study”. In female patients with DM there were an excess of non
palpable pedal pulses with 50 % compared with patients without DM. Lack of pedal pulses was
associated with a two fold increase of risk for having coronary heart disease and stroke. This
emphasizes the role of DM for the development of atherosclerosis.

Neuropathic complications

* Neuropathy has a high prevalence among DM patients and is associated with the duration of
DM. In an English multicentre study from 1993%” on patients attending hospital clinics, neurop-
athy was present in 20% of DM patients with less than 5 years of diabetes duration. It could be
compared with 35% in patients with more than 10 years duration. The presence of neuropathy
also increased with age and in patients with DM type 2 over 60 years old the prevalence was
more than 50 %.

The diabetic foot

Neuropathy and PAD are the main etiologic factors making the diabetic foot vulnerable to minor
trauma and ulceration. These ulcerations will, often after infection, progress to deeper ulcerations
and finally to gangrene (Figure 1)*.

In the foot, somatic neuropathy affects sensory nerves which results in symptoms i.e. reduction of
nerve response to pain, temperature and vibration.

Also motor nerves are affected, which leads to waste of small muscles and produces an imbalance
between flexor and extensor muscles. This muscle imbalance gives rise to symptoms like the claw
toe deformity and prominence of metatarsal heads with secondary callus formation. The biome-
chanical imbalance results in increased vertical and horizontal forces on the plantar tissue, which
leads to mechanical stress®.

Most important is the engagement of the autonomic nerves. Reduced sweating results in dry skin,
which is prone to form fissures. Arteriovenous shunting leads in absence of PAD to a warm foot*,
which may reduce the patients” awareness of the disease and make them less interested in ulcera-
tion preventive measures.

The association between the lower leg amputation and neuropathy is clear. In a study from the US
almost 80% of lower leg amputees had impaired sensibility compared with 18 % in a comparable
group who not had undergone amputation®'.

The fraction of purely ischemic foot ulcerations is less than 15% of all. Much more common are
the so called neuroischemic feet. They account for approximately 50% of all patients presenting
at specialised foot clinics®**. Atherosclerotic disease in the lower leg among patients with DM is
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confined to the tibial and peroneal arteries ***°. Some early investigators have reported that foot
arteries of DM patients were less involved in the atherosclerotic process than in non-diabetic pa-
tients*, an important finding when choosing between surgical reconstruction methods. However,
this observation has been questioned by later angiographic studies®’.

insufficiency,
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Neuropathy Angiopathy
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Fig. 1. Schematic pathway for the breakdown of the diabetic foot (based on an idea by A.J.M. Boulton?).

Pathophysiological background to leg ischemia in diabetics

Macroangiopathy

There are two types of calcifications in the wall of leg arteries in patients with DM. The
calcification of the innermost part of the arterial wall, the intima, is similar to atherosclerosis
seen in non-DM patients (the atheroma formation is described above). Radiologically it is
characterised by patchy lesions that narrows the lumen and finally may occlude it.

The other type of morphologic change, arteriosclerosis, is a calcification of the media layer of
the arterial wall. This type of calcification is predominantly seen in patients with DM and end-
stage renal disease®. It is highly correlated to the duration of DM. The media sclerosis does not
narrow or occlude the arterial lumen®, but makes the wall stiff and fragile. This characteristic
makes the usefulness of ankle blood pressure measurements, which is dependent on high wall
compliance, disputable in patients with DM. It is also probable that this type of macroangiopathy
is responsible for the disturbance of vessel autoregulation and blood pressure control common in
patients with DM.
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Microangiopathy

The cutaneous microcirculation contains two main components, thermoregulatory arteriovenous
shunts and nutritive capillaries and its pathophysiology in DM patients is characterised by micro-
vascular sclerosis. The main histological findings observed are hyalinosis of feeding arterioles and
capillary basal membrane thickening. Occlusive lesions, however, are not more common in the
microcirculation of patients with DM than patients without*.

The autonomic neuropathy associated with DM involves the sympathetic fibres, which influence
the thermoregulatory shunts. This disturbance cause an increase in blood flow through the shunts
leading to an elevated skin temperature. It is not entirely clear, however, if a consequence of this
shunting, results in ”steal” from the nutritive capillaries into the shunts*'. There are reports focus-
ing on the toe skin microcirculation in patients with early Type I DM showing showed a reduced
capillary blood velocity (CBV) together with an elevated laser Doppler flux (LDF)*. Since LDF
measures perfusion predominately in the arteriovenous shunts this finding suggests that “steal” ac-
tually occurs in DM. It has for long been known that neuropathy also causes an impaired postural
vasoconstriction with an increase of the microvascular blood flow in the feet when the patients are
sitting or standing®.

A consequence of the disturbance in the microcirculation is a tendency to fluid extravasation and
oedema. This produces an increase of the diffusion distance for oxygen between the capillaries
and surrounding cells®, reducing ulcers’ capability to heal. Another effect is the foot swelling that
makes shoes fit badly, increasing the risk for ulcers.

Methods to manage the diabetic foot

Preventive measures

In Sweden the majority of the patients with DM, especially with Type 2, are managed by the pri-
mary health care system. Under supervision of general practitioners, teams involving specially
trained nurses, dieticians, and podiatrists have worked together to prevent foot ulcers. These teams
have achieved good results in reducing the number of amputations. Patient education is empha-
sised as an important factor both in Swedish and international studies for achieving this goal **.

Non invasive measures

When an ulcer has developed there is a need for multidisciplinary collaboration to reduce the
number of foot ulcers. If not treated optimally it may progress to deep infections and gangrene'*3246,
The task for the team is to identify limiting factors for ulcer healing and to deal with these factors.
There are two principal management strategies; medical and invasive.

The medical management includes local treatment of the ulcer, eradication of infection, and op-
timised glucose control*’. Other examples are treatment of oedema and anti-smoking measures.
Another important therapy is reduction of pressures against the ulcer area, called offloading meth-
ods, which includes measures such as total-contact casting and local padding. In patients not suit-
able for invasive measures such as revascularization but with a predominately ischemic aetiology,
agents like prostacyclin analoges may improve ulcer healing®®. Occasional reports supporting use
of growth factors that stimulates keratinocyte growth to promote wound healing have also been
published®. Bio-engineered skin has also been proposed in order to facilitate healing. Such meth-
ods may be included in the therapeutic arsenal in the future %.
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Percutaneous methods

Percutaneous transluminal angioplasty (PTA), a balloon catheter procedure, is often regarded as
the first option to reduce arterial stenoses®'** that are obstructing blood flow causing distal ischemia
in the foot. Ideal for this method are proximally located short stenoses, but also lesions located in
the distal calf can be treated successfully®*. In DM patients with CLI and foot ulcerations where
PTA was feasible the outcome was the same as in non-DM patients with 70% ulcer healing one
year after the procedure’. Another recently adapted method is subintimal angioplasty in which a
new vessel lumen is created in the subintimal space along the native artery.

Both these methods have the advantage of being less invasive than open bypass surgery, but have
a less favourable outcome. An advantage, however, is that some patients not offered an open pro-
cedure due to high risk, can be treated this way.

Open surgical methods

A variety of open revascularization procedures to facilitate healing are feasible for patients with
foot ulcerations and severe leg ischemia. The technical aspects and the type of vascular reconstruc-
tions appropriate are similar to patients without DM. As the atherosclerotic disease often is con-
fined to calf arteries there is need for more distal bypass surgery. This includes bypass procedures
landing in the distal peroneal or tibial arteries or down to the dorsal pedal artery in the foot The
results of such distal procedures have improved considerably during the last decades, which may
have increased the limb salvage rate**35%, Overall, however, the patency and limb salvage rate one
year after the procedure is performed is around 40 % and 90 % respectively for such revasculariza-
tions®’.

Methods to identify and select patients for invasive vascular
procedures

Ankle blood pressure

The conventional way to estimate ABP is by compressing the ankle arteries with a cuff placed
proximal to the malleoli. The pulsations in the ankle arteries are insonated with a CW-Doppler.
Identification of the cuff pressure when reappearance of audible flow signals occur during slow
release of an insufflated cuff is a measure of the blood pressure. A disadvantage with the method is
that it only gives adequate approximation of the intraarterial blood pressure when the vessel wall
compliance is high. Unfortunately a substantial part of patients with DM do not have compliant
vessels. For instance, in insulin treated patients referred for evaluation of PAD, stiff arteries have
been reported to occur in 9-18 % of the cases®®*’. The day-to day variability of ABP measurements
has been assessed to 11 mm Hg and the total observer variability to 10 mm Hg (Table 4).

The pole test

To overcome the problem with poor elasticity in the arterial wall of DM patients, the hydrostatic
pressure induced by leg elevation can be used to assess the blood pressure. The principal concept
of the pole test has been employed in clinical praxis for a long time as the “elevation test” or
Ratchoff’s test. It is performed by elevating the extremity during continuous blood flow detection.
The level over the heart where the blood flow not longer can be detected is measured with a pole
from which the method has got its name. When using the simple “elevation test”, skin colour as
a measure of perfusion is assessed instead of blood flow detection, but it is often quite difficult to
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record the level over the heart when perfusion ceases. Therefore, measuring ABP using an objec-
tive method to assess blood flow is preferable.

In 1994 Smith et al found a much higher correspondence between the intraarterial blood pressure
and ABP measured with the pole test method (ABP_ ) than with sphygomanometric cuff (ABP_ )
measurements®.

Also the compressibility in the ankle arteries can be calculated with the pole test. With a cuff
around the ankle, blood pressure measurements are performed at different levels above the heart.
The effective negative hydrostatic pressure superimposed on the blood pressure can thus be cal-
culated. The ankle/brachial pressure index for cuff pressure and hydrostatic pressure is calculated
separately and regressed on each other. If the arterial wall makes no resistance to the cuff compres-
sion, the pole test pressure and the cuff pressure will be the same and the regression line —1°'.

Indices

The ratio of ankle systolic pressure to brachial systolic pressure (ABI) is used as a pressure index.
In healthy individuals this ABI is usually >>1. Absence of palpable ankle pulses and an ABI <<1
suggests the presence of PAD?2. In limbs with a single complete occlusion in the popliteal artery,
or more proximally, the index is usually between 0.5 and 0.8%2. However, these statements are valid
only if a falsely elevated blood pressure can be ruled out. Patients with exclusively proximal dis-
ease, i.e. in distal aorta and common iliac arteries may also have normal ABI in spite of significant
disease.

A method to enhance the diagnostic value of ABI is to perform the blood pressure measurements
after standardised exercise. Unfortunately this method is best suited for patients without DM be-
cause of problems with stiff arteries®.

It is the absolute pressure, however, that provides the driving pressure and today many investiga-
tors find the absolute pressure more relevant than the index for identifying patients with severe
disease and CLI who need invasive treatment®. Indicies can also be used in the toe level and is
then called TBI.

Toe blood pressure

In 1980 it was shown that estimation of TBP was superior to ankle blood pressure in predicting
healing after forefoot amputations®. Subsequent studies showed that TBP is more reliable than an-
kle pressure in assessing the degree of leg ischemia (Table 3)%. A low TBP is one of the strongest
risk factors for the development of gangrene in the lower limb, and eventually amputation, among
patients with DM®. There seems to be no major difference in blood pressure between the hallux
and the second toe while the reproducibility of TBP in the second toe is worse "1,

Several methods for flow detection have been used to estimate the TBP. One method, which was
more common previously, is based on volume changes of the toe. In principle, a mercury strain
gauge is placed around the base of the toe. The increase in toe volume caused by the arterial inflow
can then be detected during slow release of the arterial occlusion induced by a pneumatic cuff®.

Today it is more common to register perfusion as a measure of blood flow and to apply the detector
at the toe pulp. With a cuff around the toe base, the blood flow is halted and then slowly released.
The blood pressure level at which the blood flow reappears is considered to be the TBP. PPG, and
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more recently also LD are additional methods used for blood flow detection. The PPG consists
of a light emitting diode and a phototransistor detector. It registers changes in the reflected light
induced by the blood content®. The principles for LD are described below.

TBP assessments are presently performed at vascular laboratories because of the equipment re-
quired and the need to interpret and read the pressure-flow graphs to obtain a TBP value. In con-
trast, ABP measurements are easily performed by health care personal outside hospitals.

Transcutaneous oxygen measurement

This method uses a TepO, electrode on the skin surface to register the amount of free O, that dif-
fuses from the capillary bed to the surface. Accordingly, it reflects not only the cutaneous blood
flow but also the metabolic activity and oxygen diffusion capability through the tissues’. In cases
where TcpO, is very low, or not possible to register at all, it should not be interpreted as no oxygen
at all reaches the tissue, but rather that all is consumed and no free oxygen reaches the surface. This
explains a TcpO, reading of zero obtained in the presence of a persistent blood flow registered by
LD®*. Not only local factors influence the estimated TcpO, values but also the patients’ cardiovas-
cular and pulmonary status and TcpO, is dependent on the oxygen saturation of the blood. Patients
with hypoxia have a lower TcpO,. For comparison, in clinical trials for instance, a reference elec-
trode is often used to avoid this problem.

TepO, in the foot skin has been reported to have a variability of up to 34% during repeated meas-
urements during 24 hours on the same patients suffering from claudicatio intermittens”. A study
with patients suffering from PAD found the variability for TcpO, higher compared to TBP (using
PPG as detection method)”'(Table 4). Regardless, TcpO, has been used to prospectively grade the
severity of foot ischemia in patients with DM and to select patients to appropriate treatment’™. A
recent published report indicate that the probability for ulceration healing is low when TepO, <25
mm Hgand is an even better indicator for ulceration healing in DM patients than TBP”.

Pulse Oximetry

Pulse oximeters measure the O, saturation in peripheral blood. A reduced blood flow in an extrem-
ity also reduces the O, saturation. This phenomenon can be used to assess perfusion and a differ-
ence >2% in SaO, between finger and toe readings or a decrease >2% in SaO, during leg rise can
be a sign of leg ischemia. This method has been proposed to be a screening tool for leg ischemia
in non-symptomatic patients with DM™.

Other Methods

Vital Microscopy

The nutritional capillary bed can directly be investigated with a light microscope 7. With this
method it is possible to quantify parameters such as capillary blood pressure, vessel dimensions
and, the one most commonly used, capillary blood flow velocity’. It can also be combined with a
TV-video system, which facilitates measurements of the blood flow velocity”. DM patients, with-
out macroangiopathy and a normal total microcirculation as evaluated with LD, have a reduced
capillary blood flow of nutritive capillaries®. This method is rarely used for screening purposes for
CLI in DM patients, and should be regarded a primarily a research tool.
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Plain x-ray

The possibility to identify vessel calcification with x-ray has been known since the child-
hood of diagnostic radiology. The method has successfully been used also in mod-
ern time. In one study on diabetic patients with severe PAD, the severity of vascular dis-
ease was better predicted by examining the amount of calcification on plain x-ray than us-
ing ABI ®. Though, it cannot be used as a screening tool for severe ischemia in general.

Angiography

The percutaneous catheter technique has been used to visualise arteries through the direct injec-
tion of water-soluble contrast media since the fifties. The method is the standard imaging modality
for preoperative evaluation of disease and is sometimes still used for diagnosis but should not be
used for diagnosing PAD in DM patients. Previously the technique was plagued by allergic and
toxic reactions to the contrast agents but development of less harmful contrast media has made
severe reactions rare. Intravascular contrast media may still have a nephrotoxic effects, especially
in patients with DM having impaired renal function. If these patients are also treated with the
anti-diabetic drug metformin, lactic acidosis may occur®?. There is also a small risk for bleeding
complications due to the arterial puncture. Since angiography also is time consuming and expen-
sive it has been challenged by other techniques e.g. colour-coded duplex imaging that could serve
as an alternative to angiography in the vast majority of the cases with PAD*. Recently developed
methods, e.g. CAT-angiography (CAT) and MR-angiography (MRA), constitute further alterna-
tives. Even if angiography can be used to stratify patients for different treatment strategies to heal
ulcerations® the above mentioned problems and a poor risk-benefit ratio for screening purposes
favours non-invasive methods.

Measurement of skin perfusion pressure with isotope clearance technique

The skin perfusion pressure can in diabetic patients with lower leg ischemia be estimated
with a spot clearance technique. The procedure includes intra-dermal injection of 99mTc-
pertechnetate on the dorsal aspect of the foot. An external pressure is applied over the injec-
tion spot and the gamma emission is counted with a detector. The external pressure is elevat-
ed until the clearance of the pertechnetate ceases. At an SPP lower than 40 mm Hg no wound
healing can be expected in patients with DM®. This technique, however, has not been wide-
ly used to evaluate PAD in diabetic limbs. The explanation is probably its high cost, and be-
cause measurements are lengthy and uncomfortable for the patients. Instead LD has been used
for skin perfusion measurements and found to correlate well with the radionuclide clearance®.

LD fluxmetry

A low power light beam from a He-Ne laser illuminates a tissue i.e. the skin. The light scatters on
moving red cells up to a depth of 1 mm, and undergoes a frequency shift according to the Doppler
effect. A photo detector collects some of the back scattered light. By signal processing the noise
from external sources can be suppressed and the portion, originated from the moving red cells, can
be enhanced. However, when the detector is held in contact with almost any tissue it will register a
low flux value although there is no perfusion at all. This baseline level is called biological zero.
There is an almost linear correlation between the flux value and a low to moderate volume of mov-
ing blood cells, a fact used when designing flow meters®’.

Because LD values includes non-nutritional subpapillary vessels in the skin, the resting flux can-
not be used for diagnosing PAD. The spatial and temporal variation is considerable. Therefore, the
skin should be warmed to overcome local vascular resistance and to achieve a better correlation to
skin perfusion %%, A special heated probe has been invented for this purpose. Even with the heated
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probe, however, resting LD values has not been evaluated properly for diagnosing PAD in DM
patients.

A special application for the LD device is to use it as a flow detector when performing TBP meas-
urements during slow release of a pneumatic cuff around the base of the toe®. Together with physi-
ologic tests like such as reactive hyperemia it can be used to classify the severity of PAD.

Diagnosing critical limb ischemia in patients with DM

According to the European consensus document from 19923!, CLI, in both diabetic and non-dia-
betic patients is defined by either of two criteria:

» Ischemic rest pain requiring regular adequate analgesia for more than 2 weeks, with an ankle
systolic pressure < 50 mm Hg and/or a toe pressure of <30 mm Hg.

» Ulceration or gangrene of the foot or toes with an ankle systolic pressure < 50 mm Hg and/or
a toe pressure of <30 mm Hg.

For patients with DM it was proposed that also microcirculatory parameters as TcpO, should
be included in the definition. Microcirculatory parameters together with TBP would enhance the
prognostic value of the examinations®.

Consequently, in June 2000 the Trans-Atlantic Inter-society Consensus Document on Manage-
ment of Peripheral Arterial Disease (TASC)" included TcpO, in their recommendations for trial
and reporting standard definition of critical limb ischemia as absolute pressure of either:

* Ankle pressure < 50-70 mm Hg or
* Reduced toe pressure < 30-50 mm Hg or

* Reduced TepO, < 30-50 mm Hg

In January 2007 the Trans-Atlantic Inter-society Consensus Document on Management of Periph-
eral Arterial Disease (TASC II) was published”. In this document, as compared to TASC I, more
focus is on patients with DM and PAD. It is stated that CLI is a clinical diagnosis but should be
supported by objective tests. For patients with DM this should include TBP measurements. The
critical level is defined as <50 mm Hg.

Most management guidelines like TASC II strongly support the use of TBP for evaluation of
ischemia in DM patients. In order to increase the validity of TBP measurements, the method needs
standardisation and scrutiny. This was the aim for this thesis
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Aims of the study

The overall aim of this thesis was to evaluate, standardise and optimise TBP measurements. The
specific aims were:

* To evaluate the LD technique for measuring TBP by comparing pressures obtained with LD
and PPG, and the ability of TBP with LD to diagnose the severity of disease in patients with
PAD with and without DM (Study 1).

* To evaluate if the pole test at the toe level can be used for assessment of arterial insufficiency
in patients with DM (Study 2).

* To evaluate the influence of cuff width on indirect TBP measurements (Study 3).

* To determine the optimal cuff width for toe TBP measurements in patients with PAD
(Study 4).

* To evaluate the validity of an automatic TBP measuring device by comparing the automatic
LD perfusion graph readings with the standard procedure of visual assessment of the Laser
Doppler perfusion graphs (Study 5).
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Methodology

Patients

Study 1: Ten healthy subjects and 76 patients with PAD were included in the study. The study was
divided into two parts. In the first part 36 patients with different stages of PAD referred to vascular
laboratory were included. In the second part 10 healthy subjects were compared with 30 patients
with different symptoms of PAD and to 10 patients with DM.

Study 2: Twenty-five legs in 23 patients with DM and PAD were included.

Study 3: Eleven patients with DM without a history of atherosclerotic events or symptoms and six
age-matched healthy control subjects were examined.

Study 4: A total of 20 patients, 8 with DM and 12 without DM, were recruited into the study. Thir-
teen of these had been referred for vascular examination at the Department of Clinical Physiology,
Karolinska Hospital, Huddinge, Sweden. Seven patients were admitted to the ward for revascu-
larization at the Department of Vascular Surgery, Karolinska Hospital, Solna, Sweden. All patients
were recruited consecutively.

Study 5: Twenty-three legs in 16 patients with DM and PAD were included in the study. The pa-
tients were recruited at the outpatient clinic at the Department of Endocrinology, Metabolism and
Diabetes, at Karolinska University Hospital, Solna (16 legs in 10 patients) and at Department of
Medicine, Danderyd University Hospital, Sweden (7 legs in 6 patients).

Methods and procedures

The brachial blood pressure (Study 1, 2, 3 and 4)

The arm blood pressure was derived from the brachial artery by placing a 12 cm (Study 1) or 15
cm (Study 2) wide pneumatic cuff around the arm immediately above the elbow.

In Study 3 the circumference of the upper arm was measured before starting the blood pressure
measurements. Two cuff widths, 12 and 15 cm were available. The cuff dimension closest to 40%
of the arm circumference was used®.

In both studies the Korotkoft's sounds were detected with a stethoscope placed over the brachial
artery in the cubital region. The procedure was repeated once, (twice in Study 3) and the mean
(Study 1 and 2) or median value (Study 3) was used for the analysis. In study 4 a CW-Doppler was
attached to the wrist to detect blood velocity in the radial artery.

Ankle blood pressure estimated with cuff (ABP_, Study 1, 2 and 3)

A 12 cm (Study 1) or 15 cm (Study 2) wide sphygomanometer was placed just proximal to the
malleoli. In Study 3 the circumference of the lower leg was measured. Three cuff dimensions were
available 15, 12 and 9. The one closest to 40% of the circumference was used. In Study 2 the CW-
Doppler was of the model 811-B (Parks Medical Electronics Inc. Aloha, OR, U.S.A).



28 HI Pahlsson

The cuff was inflated until the Doppler signal disappeared. It was slowly deflated (2-3 mm Hg per
5 seconds) and the pressure in the cuff when the signal reappeared was registered as the systolic
ABP,ABP_ .

The pressures in the three ankle arteries were all measured and the one with the highest pressure
was considered to be the main contributor to the foot circulation. The pressure in the main artery
was measured two times (three times in Study 3) and the mean value (Study 1, 2) or median value
(Study 3) was used for analysis.

Toe blood pressure estimated with cuff (TBP_ ., Study 1-5)

A pneumatic cuff was wrapped around the base of the toe and the cuff was inflated. Microvascular
perfusion was monitored with a LD probe (Study 1, MBF 3 D, Moor Instruments, UK and Pfld®,
Perimed AB, Sweden, Study 2, MBF 3D, Moor Instruments England, Study 3 and 4 PeriFlux 5000
and 5001, Perimed AB, Sweden, Study 5 Moor Instruments, Ltd PresTo v 2.0) attached to the hal-
lux pulp skin. The cuff was then slowly deflated (2-3 mm Hg per 5 sec) and the value when the flux
signal reappeared or increased more than 10 % above the occlusion value, was recorded as TBP_ ..
In Study 5 results were also presented after a change in the algorithm used to automatically record
TBP. The automatic algorithm was changed to depend on the rise of flux from the occlusive value
without appearance of spikes only if the blood pressure was <45 mm Hg.

In Study 1 the skin circulation was also recorded with a PPG instrument (Electromedicin AB,
Sweden AB) during TBP measurements.

The cuff widths used were 2.0 cm (Study 1 and 2), 2.0 and 2.5 cm (Study 3), 1.5, 2.0, 2.5, 3.0 cm
(Study 4) and 2.5 cm (Study 5).

Skin temperature (Study 1, 3 and 4)

The skin temperature was measured in Study 1 with a termistor probe (Exacon®, Denmark) and
in Study 5 using a (Digital Thermometer, KM330, Kane-May, Taiwan), or standardised to 34°C
(Study 3 and 4) with a thermostatic probe (PF 5020, Perimed AB, Sweden).

The pole test (Study 2 and 4)

When ABP | was evaluated the ankle artery with highest pressure was assessed as dominant and
was insonated with CW- Doppler during leg rise (Figure 2). When the Doppler signal ceased, the
leg was slowly lowered again until an audible Doppler signal reappeared. This height, registered
as the level over the heart’s left ventricle, represented the systolic ABP . The distance obtained
from the pole test, measured in cm, were converted to mm Hg by assuming the density of blood to
be 1.055 g/cm? and mercury to be 13.54 g/cm3°*. Accordingly, the pressure unit 1 cm blood above
the heart corresponded to 0.78 mm Hg (10 mm x 1.055/ 13.54 = 0.78 mm Hg).

LD was used to assess perfusion for the pole test at the toe level (TBPpole). It was measured by
elevating the leg until the LD signal dropped to biological zero. The leg was then slowly lowered
again. The level above the heart where the flux signal reappeared or increased to more than 10%
above the biological zero value was defined as TBP pole*

le
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Pen Doppler

Laser Doppler
Pneumatic toe cuff

Pneumatic ankle cuff

Figure 2. Schematic drawing of the study set up in Study 2.

Automatic toe blood pressure measurement (Study 5)

Two identical automatic TBP devices (Moor Instruments Ltd, PresTo v 2.0) were used and cali-
brated against each other (Figure 3). An LD probe was attached to the hallux toe pulp and a 2.5 cm
wide toe cuff was used to compress the toe base during inflation. A computer software processed
the signals from the LD probe and air pressure units. From that data the software algorithm calcu-
lated the blood pressure value (TBP_ ), which was displayed digitally on the front of the device.
One measurement of TBP took around one minute to complete with the device. The LD and pres-
sure signals were also recorded on a connected PC to enable visual assessment of TBP later.

Two operators, one specially trained nurse and one vascular laboratory technician, performed all
examinations. These persons were trained together to align the procedures as much as possible.
The feet were warmed for ten minutes with a heating blanket wrapped round the foot.

All TBP graphs recorded were distributed, in a randomised order, to three independent examiners.
They individually assessed the graphs and read the resulting TBP values from each graph at two
separate occasions with 4 weeks in-between.

Figure 3. Device for automatic TBP measurement.
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Study 1: This study, which aimed to evaluate LD as a flow detection method for TBP measure-
ments, compared LD and PPG in its first part. It showed that TBP values recorded with PPG were
significantly lower than those obtained with LD (P< 0.01), although the correlation between values
from the two methods was highly significant (Figure 4).

In the second part of the study the capability of TBP measured with LD for grading severity of dis-
ease was studied. The results showed that in patients without DM the worse the PAD state accord-
ing to Fontaine, the lower was the mean TBP and TBI. There was, however, a substantial overlap
between different Fontaine states between the values. In the patients with DM the TBP was a better
detector of PAD than ABP in 3 out of 10 patients (Figure 5).

Accordingly, this study provided some evidence that LD can be used to assess TBP and that TBP
measured this way has the capability to evaluate different PAD stages.
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Figure 4. TBP measured with PPG and LD in 36 patients referred for vascular
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Study 2: Whether TBP is a good reflection of the “true” blood pressure or not was evaluated in
this study. Furthermore, it also examined the characteristics of the pole test at the toe level. The
results showed that in the ankle it was possible to compare ABP . with ABP_ _in only 44% of the
patients. In 13 legs the blood flow was still detectable in one or more of the ankle arteries when
the leg was maximally elevated. One leg had incompressible ankle arteries. In the legs in which it
was possible to compare the two methods, ABP_ was significantly higher than ABP pole (P<0.01)
(Figure 6). Accordingly, ABP_ . was a poor method for assessing the “true” ABP in the ankle level,
and ABPpole has limitations in clinical use because it can only measure very low pressures.

In the toe, on the other hand, the pole test seemed to be slightly more useful. In 76% of the legs it
was possible to measure TBPpole. In four legs there was no detectable perfusion and two legs still
had persistent microcirculation when the leg was maximally elevated. The highest pressure pos-
sible to record with TBPpole was 69 mm Hg. However, in the two patients with remaining perfusion
at maximal leg elevation it was just possible to elevate the leg 65 and 74 cm corresponding to a
mean of 54 mm Hg.

In the legs where both way to measure TBP could be compared there was no significant difference
between the pressures recorded with cuff and pole test (P=0.18). This suggests that the cuff pres-
sure is a better reflection of the true blood pressure at the toe level than in the ankle (Figure 7).
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Figure 6. Blood pressures that could be measured with cuff and the pole
test at ankle level in the same patient (N=11).
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Study 3: The possible impact of cuff size for TBP measurements was evaluated in this study and
the included DM patients without PAD had mean TBP of 158 mm Hg (95% CI 9.4) and 143 mm
Hg (12.0) with the 2.0 and 2.5 cm cuffs, respectively (Figure 8). The difference was significant
(P=0.05). Control subjects also tended to have lower TBP values (P=0.09) with the 2.5 cm cuff,
128 (7.3), as compared to the 2.0 cm cuff, 151 (9.9). When both groups were analysed together
the blood pressure difference between the two cuff sizes was 18 mm Hg (P<0.01). The difference
in TBI values had the same relations as the absolute values, as the arm blood pressure was not
dependent on cuff sized used.

A temporal variability test was also performed with the two cuff sizes. The difference between
TBP values within the same subject was consistently small. There was no significant difference
between the three measurements performed, and the average SD ranged from 2.0 to 6.4 mm Hg.
Also in control subjects with the same toe size the variation was small, when measuring at two
different occasions. The SD for three measurements day 1 and 2 was similar between the cuffs and
ranged from 1.5 to 7.8 mm Hg (mean SD 3.9 mm Hg). TBP values correlated to the toe circumfer-
ence (Figure 9) for the 2.0 cm cuff with r-values of 0.625 (P<0.05) and tended to do so also with
the 2.5 cm cuff, r = 0.530 (P=0.09). Discrepancies between the two cuffs were observed primarily
in patients with smaller hallux sizes.

In summary, this study showed that choosing the correct cuff width is important for obtaining a
valid TBP. This is particularly important for patients with very large or small hallux sizes.
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Figure 8. TBP measured with a 2.0 cm cuff (black circles) and 2.5 cm cuff
(grey circles) in 11 DM patients.
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Study 4: The optimal cuff width for TBP measurements was determined in this study. The patients
in the study had quite severe PAD and the mean TBP for them was 28 mm Hg (range 6-55 mm
Hg, measured with the 2.5 cm cuff, Figure 10). As observed in Study 3 the difference between cuff
sizes was clear also in these patients with PAD. For instance, TBP measured with the 2.0 cm cuff
was 15.6 mm Hg higher (mean, CI 8-23, P<(.01) than the pole-test value, which was considered
to reflect the “true” TBP. This difference was consistent when separately analyzing the groups
recruited at the two hospital sites (P<0.01 and P=0.05, respectively) and in patients without DM
(P< 0.01). No difference was found in patients with DM because a low number of patients. TBP
assessed with cuff tended to be higher than pole test values also when the 2.5 cm cuff was used
(4.5 mm Hg, 18%, CI 0-9, P=0.07). In seven patients in whom additional cuffs were used no dif-
ference was found between TBP measured with a 3.0 cm cuff and pole test values (-2.0 mm Hg,
CI -11-+8, P= 0.68), but the values were 27.0 (CI 13-43) mm Hg higher when using the 1.5 cm
cuff (P=0.02). In the examined patients the TBP values differed significantly between the four cuff
sizes (P<0.01, Figure 11).

No correlation was found between the toe circumference and the difference in values between
cuff and pole test TBP for any of the cuff sizes. Using TBI for the analysis did not influence the
results.
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Study 5: This study strived to determine the general variability of TBP measurements and also to
evaluate an automatic device. The studied cohort had a mean TBP, based on visual assessment of
the TBP graphs readings, of 51.0 mm Hg (range 22.4-95.7). The intra-observer variability was 2.3
mm Hg (mean) or 0.9 mm Hg (median) and 5.5 mm Hg (SD) and the inter-observer variability was
3.6 mm Hg (mean), 1.5 mm Hg (median) and 5.9 mm Hg (SD), which is displayed in Figure 12.
Overall this corresponded to a variability of 4 to 9% of the measured values.

When the same TBP graphs were assessed with the automatic algorithm the TBP was estimated to
be 56.4 mm Hg (range 20.5- 92.2), as compared to 51.0 mm Hg when visually read. Accordingly
the TBP_ values were 5.4 mmHg (mean) or 0.64 mm Hg (median) higher with TBP_ than when
visually assessed. The difference between the methods was 7.5 mm Hg (mean), 1.8 (median) with
an SD of 11.4.

The discrepancy between the two methods was lowest in examinations where TBP was lower than
45 mm Hg. In this group the mean TBP, was 35.6 mm Hg and when visually analysed 37.1 mm
Hg. In the examinations with TBP >45 mm Hg the mean TBP_ was 69.1 mm Hg, as compared
to a visually analysed TBP of 59.2 mm Hg. The difference in SD between these two groups was
significant (P<0.01, Figure 13).

The two-minute variability (SD) of TBP_ was 8.1 mm Hg (mean) or 5.0 mmHg (median). The
corresponding data when graphs were read visually were 4.9 and 4.1, respectively. The first and
the last of the three TBP_ examinations did not differ significantly (P=0.36).
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Figure 12. Visually read TBP examinations (N=69) from 23 legs (separated by bars) of patients with DM
and PAD. LD was used as blood flow detector and the LD-flux/blood pressure graphs were visually as-
sessed two times by three independent examiners. SD of the six visual assessments of every graph was 3.9
mm Hg (mean) and 1.9 mm Hg (median).
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Figure 13. The difference between automatically and visually assessed TBP graphs in 69 examinations
correlated to the average TBP. In 48 (70%) of the examinations the difference was <5 mm Hg, and in 10
out of the 69 (14%) the difference was >20 mm Hg. In the 25 examinations with TBP <45 mm Hg the
variability was significantly lower than in the examinations with TBP > 45 mm Hg (P<0.01).

Statistics

(paper 1-5)

Groups are described with mean, median, range, standard deviation (SD) and 95% confidence
intervals (CI). For paired comparisons, when the material was normally distributed, two-tailed
paired t-test is used (Study 1 part A, 5). For non-paired comparisons between normally distributed
independent groups, the independent t-test is used (Study 5). When the data is paired but not can
be assumed to be normally distributed, Wilcoxon signed rank sum test is used (Study 2,3,4). For
comparisons between two independent groups of non-paired data, which not can be assumed to
be normally distributed, the non-parametric Mann-Whitney U test is used (Study 1 part B, 2). The
non-parametric test used for comparing several groups of data was the Kruskal-Wallis test (Study
4). The non-parametric test used for correlation between two sets of data, depending on rank, is
Spearman’s rank correlation coefficient (Study 1 part A, 3, 4). A two way non-parametric analysis
of variance was used for comparing observations repeated in the same object, Friedman's test
(Study 3)

A Bland-Altman plot was made to expose a possible relation between the difference between two
measurements and their mean value” (Study 5).



Discussion 37

Discussion

This thesis focuses on one important method used for identifying DM patients with foot ulcers in
need of more aggressive management such as revascularization to prevent amputation. The reason
why the attention is entirely on TBP and not on other methods is primarily because TBP seem
to have many promising features suggesting that it could be used more extensively for screen-
ing purposes. Examples are its non-invasiveness, the relative simplicity to interpret the values
obtained and that it already is incorporated in treatment guidelines. The main disadvantages are
that TBP measurements are poorly standardised, that the scientific support is limited for the notion
that widespread use does reduce amputations and that TBP is difficult to measure outside vascular
laboratories. By evaluating a current TBP method this thesis have tried to address two of these
major disadvantages.

Identifying DM patients with severe PAD for invasive management

Amputation constitutes a major threat to patients with DM. The amputation incidence is 2-8 per
1000 patients with DM in Western countries®””. The prevalence in Sweden for amputation above
ankle in DM patients was 1-2 %, 2005°. In United States alone nearly 80 000 amputations are
performed on patients with DM each year*. Accordingly, amputation is an enormous problem for
society and DM patients with foot ulcers and emphasise the need for better management.

It is also important that aggressive treatment such as revascularisations not are performed in vain
and that the right patients are selected for surgery®. In Sweden 2005 the 30-day mortality after op-
eration for CLI was 4 % for non-DM and DM patients, and the amputation rate was 5% during that
time. The one-year mortality 2004 was 23 % when operated for CLI and 35 % for acute ischemia
and the amputation risk was about 4% for both groups. Revascularisation are not successful unani-
mously, but better selection may improve outcome. The failure to find the patients who will benefit
the most from vascular procedures may have two different explanations. The wrong parameters
are perhaps gathered for patient selection, and the methods used to measure these parameters may
not be accurate enough.

Distal blood pressure assessment is an important part of this management process in patients with
DM because neuropathy masks pain as a symptom of severe ischemia and CLI. The blood pres-
sure at distal locations is directly correlated to the severity of disease. Blood pressure measure-
ment for evaluating patients with PAD was first established in patients without DM and it can be
questioned if the same parameters and methods used in patients with PAD without DM can be
applied on patients with DM. New methods like laser Doppler heated probe fluxmetry, TcPo, and
vital microscopy have made studies of the haemodynamic situation closer to the capillaries and
the symptomatic organ — the skin - possible 7% 787 None of these, with the possible exception for
TcPo,, has so far been generally used in clinical practice, and blood pressure measurement is still
the method used for patient evaluation in most hospitals and clinics. The reasons for this are prob-
ably that distal pressure methods are well-established and measurements inexpensive to execute.
The different methods have their own specific advantages and drawbacks in predicting healing of
ulcerations and no method can perfectly predict outcome. For example, Apelquist et al showed that
no patient with DM and an ulcer healed if they had an ABP <40 mm Hg but an upper limit above



38 HI Pahlsson

which amputations was not required could not be defined. Most patients healed with a TBP >30
mm Hg, but still a TBP >45 mm Hg was needed for a primary healing rate of 85%'* in that study.
Moreover, Kalani found the positive predictive value for ulceration healing using TcpO, and TBP
to be79% and 67%, respectively (Table 3).

Is TBP the method of choice?

In patients with DM the clinically most useful distal pressure to assess is TBP. This is because pa-
tients with DM often have lesions that obstruct blood flow located distally in the leg and, as men-
tioned previously, that the arteries often are affected by wall stiffness. In contrast to ABP, TBP can
in ischemic patients with DM and foot ulcerations, quite well predict primary wound healing, but
there are no safe blood pressure levels'”'. Even though TBP is recommended in the management
guidelines such as the TASC documents, little attention has been directed to the methodological
problems with this technique. Factors such as cuff size and the blood flow detection method used,
influence the measurements'>'®. The skin temperature is a third important factor that influence
TBP values and should be kept constant during measurements. Several investigators have under-
lined this observation. In healthy young subjects there is a decrease in TBP during body heating
compared to cooling'™. In a study on non-DM patients with intermittent claudication, TBI was
lower after body heating but not after cooling, compared to room temperature in examinations
using PPG for perfusion assessment during the measurements'®. It has been speculated if this reac-
tion could depend on lower resistance in the vascular bed during body warming. Interestingly, the
mean TBP was significantly higher when assessed with a heated LD-probe compared to unheated
PPG in patients referred for evaluation at vascular laboratory in another study. When an unheated
LD-probe was used the TBP values did not differ from unheated PPG'®. These somewhat contra-
dictory findings of the temperature’s influence are difficult to interpret.

It has also been argued that presence of diabetic neuropathy influences the TBP values. In one
study that used ABI as reference method it was proposed that it may cause falsely low TBP values.
Since the population studied were old and had long diabetes duration this finding can be ques-
tioned. ABP based parameters in populations like this one is hardly optimal for reference consider-
ing its problems with stiff arteries'”".

The variability of TBP measurements appears to be quite low, at least in the controlled situation of
research studies. For instance, the inter- and intra-observer variability, when measuring TBP with
strain gauge technique, is slightly lower than for ABP measurements''! (Table 4). Also when using
LD for flow detection during measurements the variability seems to be quite reasonable, in line
with the findings with strain gauge (Study 5). Together these data further support the use of TBP
for PAD assessment in DM patients.

The impact of the flow or perfusion assessment method for TBP measurements

It has recently been demonstrated that ABI changes when different flow detection methods are
used to measure the brachial artery blood pressure'®. In Study 1 we observed that TBP values re-
corded with PPG and LD are very similar and highly correlated. In the lower pressure range, how-
ever, when PPG was used the values obtained tended to be lower than for LD based TBP values.
This finding has to be interpreted with caution because it is based on few observations. In spite of
this it seems that TBP is rather constant regardless if PPG or LD is used for flow detection during
measurements. This is supported in more recent study than ours that come to similar results. In this
study the intraclass correlation coefficient (ICC) was >0.95. Furthermore, the advantage noted in
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our study (Study 1) of using LD compared to PPG for examination of patients with TBP <25 mm
Hg due to higher sensitivity was reinforced in that study’. Unfortunately, there is no study avail-
able that compares strain gauge with neither PPG nor LD for TBP assessment.

The impact of stiff arteries on the TBP value

One reason for advocating TBP instead of ABP when evaluating PAD in patients with DM is the
assumption that calcified arteries is less of a problem in digital arteries than in calf arteries. It is
based on the clinical experience that a substantial number of DM patients have incompressible
arteries when measuring ABP, and a few clinical studies®®. It was unknown if TBP values also
are affected by stiff arteries.

Considering the lack of an appropriate number of cohort studies evaluating the predictive poten-
tial of TBP values for ulcer healing, intra-arterial blood pressure values can be regarded as the
golden standard to which all other methods should be compared for accuracy. Our use of pole test
as an alternative standard method is based on results from Smith et al®’. In that study a good cor-
relation between pole test values measured in the ankle and intra-arterial pressures recorded dur-
ing surgery was reported. This is also the main support for choosing the pole test as the reference
method for Study 4.

A few patients with a suspected falsely elevated ABP was identified in Study 1, but in Study 2 it
was confirmed that erroneously high ABP values is an obvious problem when the blood pressure
is assessed with a cuff in patients with DM and PAD. The difference between simultaneously per-
formed recordings in the same patient of ABP in the cohort was 33 mm Hg, 68 with cuff and 35
with pole test. In the toe the difference was substantially less, only 5 mm Hg. Because the data was
based on few patients the results have to be interpreted with some caution but the problem with
stiff arteries is probably less in the toe.

It was also possible to conclude from that study (Study 3) that the pole test readily can be used for
blood pressure measurements at toe level in patients suffering from PAD, at least when the pres-
sure is lower than 60-70 mm Hg. Above that limit the length of the leg and the mobility of the hip
joint restrict measurements. However, in a study from last year the ability of pole test to detect CLI
in a patient cohort that included 50% with DM was examined. If <50 mm Hg was used as cut off
value the sensitivity was 95% and the specificity 73 %'*®. The main problem, besides the inability
to measure pressures in the higher range, is that the measurements are rather cumbersome to per-
form. Determining the level over the heart where perfusion reappears requires persistence from the
examiner with strong attention to detail and some endurance from the patient.

Cuff size is important for TBP measurements

There are also other potential problems associated with the TBP measurements. One such is the
size of the cuff. It has been known for decades that using too narrow cuffs during arm blood pres-
sure measurements gives higher values than those obtained with wider cuffs'®. Limited scientific
efforts have addressed this problem in the toe and only one study form the 1970-ies have published
data indicating the cuff size’s importance in small digits'®. In Study 3 we observed that in patients
with DM but without PAD the TBP values estimated with 2.0 cm cuffs were significantly higher
compared with 2.5 cm cuffs. The TBP values obtained were also related to the circumference of
the toe and discrepancies between the two cuffs were found predominately in smaller halluxes. The
findings are in accordance with the previously study that compared different cuffs in the thumb'®.
We were not able to confirm this finding in Study 4, where TBP values seemed to be independent
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of the toe’s circumference. In that study, however, hallux sizes were similar and neither as large,
nor as small digits as in Study 3. Overall, it is probable that cuff width appears to be an important

factor affecting the obtained TBP value that needs to be considered when evaluating patients with
DM.

The profound influence of cuff width on the estimated TBP value observed resulted in a new ques-
tion. Which cuff width could be used in clinical practice? This was the main focus in Study 4, its
study design being based on our toe-pole test experiences from Study 2, the report from Smith et
al®, and the findings in Study 3.

There are several theoretical anatomical and technical explanations why the cuff width could influ-
ence the TBP value. First, frictional forces increase the pressure drop if a larger part of the artery
is compressed (Poiseuille-Hagen formula, Figure 14). Second, due to relatively higher grade of
dissipation of cuff pressure into the surrounding tissue a narrow cuff has to be insufflated more
than a larger one. Third, most of a narrow cuff is applied over the diaphysis of the phalang. At this
location the artery is often embedded in soft tissue more than at the epiphysis. Accordingly, the
cuff has to be chosen carefully considering vessel anatomy, circumference and toe length.
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Figure 14. The Poiseuille-Hagen formula regarding the laminar stationary flow @ of incompressible uni-
form viscous liquid through a cylindrical tube. It is defined by: V' is a volume of the liquid, poured in the
time unit #, v the median fluid velocity along the length of the tube, x the direction of flow, R the internal
radius of the tube, P the pressure difference between the two ends, 1 the dynamic fluid viscosity, and L the
total length of the tube in the x direction.

In Study 3 the patients had no signs of PAD the included subjects and the two cuff widths were
compared only against each other. In contrast, the patients in Study 4 were referred for evaluation
of PAD and the estimated cuff pressures were compared with the hydrostatic pressure. This study
confirmed the great influence of cuff width on the measured TBP values, and provided some in-
formation on the great overestimation of TBP that occurs if narrow cuffs are used also in severely
ischemic legs. It may result in false negative examinations, and could lead to underestimation of
the ischemic component obstructing ulcer healing. These observations appear to be valid regard-
less if the patient has DM or not.

Another major finding was that TBP_ . values obtained with 2.5-3.0 cm cuffs concurred best with
the hydrostatic pressure. These widths were about 30 % of the hallux circumference. This obser-
vation is slightly surprising since a cuff width of 40% of the arm circumference has been recom-
mended for brachial blood pressure measurements''’. If this rule was applied to patients in this
study the largest cuff needed should be 4.6 cm wide. However, a cuff of that size interferes with
the flow detector and is not impossible to use. To some extent this was also true for 3.0 cm wide
cuffs in some digits. Our data, while not yet supported by other groups, provides evidence for use
of standardised cuff size for TBP measurements. In clinical trials, for reporting standards and to
enable comparison between studies we propose that a 2.5 cm wide cuff should be used. At least,
the cuff size should be given to enable interpretation and comparison.
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The variability of visually read pressure-flow TBP graphs

Conventional TBP measurements are depending on manually performed visual readings of pres-
sure-perfusion (or volume changes) graphs to determine the actual pressure. When LD is used this
consists of visualising the LDF value during slow release of cuff pressure from a supra systolic
level. These graphs can be assessed instantly on a screen or later if saved on a computer or printed.
In Study 1 the graphs were printed on paper and in Study 2, 3 and 4 they were visually assessed
instantly from the screen of the LD-equipment. An important source of error is of course the indi-
vidual assessor’s ability to correctly evaluate the graphs. It is important that readings do not differ
from time to time or from pressures determined by other assessors. In Study 5 the LD-flux and cuff
pressure graphs were saved and distributed to three assessors. The inter-observer variability from
these readings was 3.6 mm Hg and the intra-observer variability 2.3 mm Hg. These figures can
be compared with TBP measurements using the strain-gauge technique that has an inter-observer
variability of 3.5 mm Hg and an intra-observer variability of 2.7 mm Hg'". Overall this variability
is quite low and less or well in the range of ABP measurements.

One important observation, however, is that the variability in Study 5 was not equally distributed
among the examined legs. Three examinations that derived from the same leg had the highest
variability of all recorded and three additional examinations obtained from another leg also had a
high variability (Figure 15). Both patients had digital ulcerations. When analysed in detail it was
apparent that the LD-graphs with the highest variability between visual readings had a biphasic
curve pattern. The common way of determining the TBP by reading pressure-perfusion LD graphs
is to identify occurrence of pulsatile spikes with subsequent elevation of the LD-flux value or a
non-pulsatile elevation of LD-flux >10-20% from the biological zero value (Figures 16 and 17).
However, in the graphs with a very high SD this point was poorly defined as both conditions were
fulfilled but at separate blood pressure levels (Figure 18). This is probably the explanation for the
high variability observed in some patients. In Table 5 a model for visual readings of TBP from
pressure-LD perfusion graphs addressing the biphasic curve pattern problem is presented.
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Figure 15. The SD of six TBP graphs assessments correlated to the mean TBP in 69 examinations per-
formed on 23 ischemic legs in DM patients. In two legs the SD was remarkably high (encircled)
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Figure 16 Screen print during automatic toe blood pressure assessment. The upper half screen displays
the LD-graph and the lower the concomitant cuff pressure. This is a recording of a healthy person. It is
fairly easy to decide the point at which the pulsatile blood flow returns, in this case 133 mm Hg.
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Figure 17. The upper half of the figure displays the LD-perfusion graph with a slowly elevating rise of the
flux value. The blood flow is considered to have returned when the LD-flux value has elevated 20% from
the biological zero value. The blood pressure read is 38 mmHg.
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Figure 18. The upper half of this figure displays the LD-graph and the lower the concomitant
cuff pressure. If the pressure is read from the beginning of the first elevation of the LD flux
value the TBP is assessed to be 104 mm Hg in contrast to 48 mm Hg when read from the final
elevation.

Automatic assessment of TBP

The principal aim in Study 5 was to evaluate an automatic TBP measuring device. This device
has been developed by our research group in collaboration with Moor Instruments Ltd and has
previously been described briefly in 2002 (Figure 3). Its principle is also explained in the Mate-
rial & Methods sections of Study 5. Its main advantage is its versatility and simplicity. It is small
and easy to handle, and even unexperienced persons can perform measurements. Each recording
requires only around one minute to accomplish. Up till now it has not been properly evaluated be-
cause its main innovative feature, the software algorithm, has required extensive adjustment and
development.

It was clear in Study 5 that the software algorithm had the same problem as the visual observers
when dealing with the problem of biphasic LD graphs. This is illustrated by one patient’s pressure-
perfusion graph displayed in Figure 18. In this particular patient the SD for the three examinations
was 31.6 mm Hg when measured with the automatic device and only slightly lower when visually
assessed. Besides this problem the automatic TBP device, relevant for higher TBPs, it appeared to
work well with a variability in line with visual readings. In the 25 examinations where TBP was
<45 mm Hg the mean TBP_ was 35.6 mm Hg, and when visually analysed 37.1 with low SDs.
Candidates for referral and aggressive management usually have a TBP in the range between 30
and 45 mm Hg. This means that the automatic device can be used to readily identify these patients,
and it can be regarded as reliable for identifying patients with a possible CLI.

It would be an advantage if the algorithm also would take the problem with the biphasic curve
pattern into account. The automatic device would then possibly be reliable for the entire range of
TBP values.
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Table 5. A model for how TBP can be assessed, using LD for
flow detection considering the biphasic
flux-pressure response graph.

TBP <45 mm Hg  The occurrence A non-pulsatile

of pulsatile elevation of
spikes with LD-flux value
sequently >20% from the
elevated LD-flux  biological zero
value Or value

TBP>45 mm Hg The occurrence
of pulsatile spikes
with sequently
elevated LD-flux
value.

The principle proposed in Table 5 for TBP determination can also be used for automatic measure-
ments. In Study 5 an evaluation of a new software algorithm is described. For example, the mean
difference to visual readings was only 2.9 mm Hg as compared to 5.9 mm Hg in the previous
one (Figure 19). The new algorithm has a tendency to underestimate the TBP compared to visual
assessment rather than overestimating it as the old one did. The number false negatives with the
new algorithm was <2% as compared to 9% for the old algorithm when a cut off value of visually
determined TBP<45 mm Hg were used. If the cut off level <50 mm Hg is used no false negatives
were found. Accordingly, the performance of this new algorithm and the automtic device on the
whole is most promising, but still needs some further evaluation.
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Figure 19. The result of 69 TBP measurements assessed with two different automatic algorithms and cor-
related to visual assessment. The original algorithm was able to produce a TBP value in 69/69 exami-
nations([]). The upgraded algorithm, considering the biphasic LD curve, was able to assess 66/69 ex-
aminations ([]). The modification reduced the number of examinations differing >20 mm Hg from visual
assessment from 9 to 2 and those >10 mm Hg from 15 to 7. In 10 of the examinations the new algorithm
categorized the signal as unreliable although it produced a value. If these unreliable values are excluded
none of the 56 examinations left differed > 20 mm Hg and only 5 differed more than 10 mm Hg from the
visual value (/).
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Clinical applications of the findings in this thesis

It is certainly a relevant question whether there is a place at all for TBP or TcpO, measurements
in management of severe leg ischemia and CLI. In one study, for instance, a small group of PAD
patients referred to a hospital were randomised to a management strategy involving a clinical
examination and ABP measurements or a strategy were the results from TBP and TepO, measure-
ments also guided treatment. At follow up after 18 months no signs of improved clinical outcome
in the group undergoing TBP and TcpO, was observed. The proportion of patients with DM was
the same in both groups (46%) and could not explain the findings. On the other hand, DM patients
with incompressible arteries, 15 of the 21 with DM in the clinical examination group had TBP
measured for ethical reasons, which also guided management'2. To our knowledge, besides what
is presented in Table 3, there are no further studies evaluating the outcome of foot ulcers managed
by TBP guidance. Overall, in line with the TASC document statement, this means that at least for
DM patients TBP is probably a valuable tool for assessment of leg ischemia.

This thesis has tried to provide some background information for more widespread and more ac-
curate clinical use of TBP. When measuring it, our Study 1 as well as other reports, supports the
use of LD for TBP measurements. As LD was found to be more sensitive than PPG for recording
of lower TBPs, all patients can be assessed and smaller number with an undectable value encoun-
tered. This is helpful for long term comparisons and clinical studies. LD is also easy to make port-
able and a wider use outside vascular laboratories using small simple devices can be expected. The
importance of cuff width standardisation for TBP assessments must also be underlined. In the lit-
erature studies have used a variety of cuff widths, ranging from 1.5 to 3 cm, and in clinical practise
it can be suspected that cuffs with different widths has been used randomly. This has contributed
to a distrust of the TBP method. Our proposal of a general recommendation of using a 2.5 cm wide
cuff or one that is 30 % of the toe circumference needs to be communicated and discussed. Another
source of high variability related solely to TBP examinations with LD are the occurrence of bipha-
sic LD curves. The identification of this problem and the proposal on how to handle it will further
reduce the variability and make the examinations more reliable. It will also facilitate reproducible
automatic TBP measurements.
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Future aspects

In order to further evaluate the management principles of DM patients with foot ulcers there are
many issues and information gaps that still need to be addressed. As mentioned, the most impor-
tant one is probably the value of additional diagnostic work up besides clinical examination and
palpation of foot pulses. It is soon twenty years since Apelquist et al presented their study were
patients with DM and foot ulcers underwent TBP measurements and its prognostic value was as-
sessed (“Table 3). In this study TBP was measured with strain-gauge or LD with unknown cuff
sizes. Skin temperature was not controlled. It would be very valuable to perform a similar new
study including patients with DM and foot ulcers to evaluate the predictive value of TBP per-
formed as optimial as possible as described in this thesis. Our group have recently initiated one
such a study and have so far included almost 20 patients. In this new study the automatic TBP
device is used and patients are excluded if they have palpable pulses to avoid patients with purely
neuropathic ulcers.

Other areas where TBP could be of importance are for epidemiological studies of PAD. It is un-
known if TBP is better or equal to ABP in predicting cardiovascular events in this DM patients.
The development of the automated device has made it possible to consider TBP measurements in
cohort studies on natural history of PAD patients.

Optimized TBP measurements should also be employed in clinical trials evaluating pharmacologi-
cal treatment of PAD, in particular in DM patients.

There are also more technical aspects of TBP measurements that need further consideration. For
example the properties of the biphasic curve patterns could be addressed to further improve TBP
measurements with LD. With reference to the animal studies mentioned in study 5 it can be specu-
lated that this wave form depend on arterial stenosis in arteria iliaca or femoralis. If this hypothesis
is true it would be possible to induce it in healthy individuals by compression of arteria femoralis
in the groin. To make such a study even more interesting TBP could be measured in patients with
DM in whom angiography with femoral access was performed and bleeding managed with a com-
pression device. During stepwise release of the compression applied in groin, TBP with LD could
be assessed repeatedly to disclose any relation between the stenosis and the biphasic wave. To
objectify the degree of the applied stenosis this could be assessed with diagnostic ultrasound.

Another technical aspect of TBP measurements is the influence of temperature. Body warming is
lowering the TBI in non-DM patients while heated LD measurements has been reported to assess
higher TBP values in patients referred for vascular evaluation. It should be valuable to know how
body warming, foot warming and heated probes influence the assessed TBP values in patients with
DM and different ischemic states.
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Conclusions

In summary, TBP is a commonly used method to evaluate the severity of ischemia in patients with
DM and PAD that is supported in management guidelines. In this thesis the TBP measurement
technique has been evaluated and in some circumstances improved and standardised. LD can
safely replace PPG as blood flow detector during measurements, and TBP does reflect a “true”
blood pressure better than ABP. The introduction of the pole test at toe level has made it possible
to estimate the TBP in patients with DM and PAD without any influence from stiff arteries though
falsely elevated blood pressures. The optimal cuff width is important to consider and shall be 30%
of the toe circumference or 2.5 cm wide. TBP assessment with automatic devices is a reliable
method to screen for CLI and if the biphasic curve pattern is handled automatic devices can be
used for TBP measurements all over the scale. These findings may contribute to a more accurate
and widespread use of TBP in the future.

The conclusions for the more specific aims are as follows:

I. LD fluxmetry can be used for flow recordings during assessment of toe blood pressure in
patients with PAD.

II. The pole test can be used at toe level for evaluation of patients with DM and severe PAD.

III. The cuff width used during TBP measurements affects the obtained TBP value and need to
be considered when evaluating patients with DM.

IV. The proper cuff width to use corresponds to 30% of the toe circumference or in most cases
2.5-3.0 cm.

V. An automatic TBP measurement can be used to identify patients with a TBP< 45 mm Hg.
One problem that seems to account for the high variability in TBP measurements in the
higher pressure range for both visual and automatic graph readings using Laser Doppler
is biphasic curve patterns. The biphasic curve pattern can be addressed with a modified
algorithm. The improved algorithm increases the usefulness of TBP measurements with
LD.
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