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A Comparison of Laser Doppler Fluxmetry and Transcutaneous Oxygen
Pressure Measurement in the Dysvascular Patient Requiring Amputation
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Objective: To determine the predictive power of laser Doppler fluxmetry (LDF), both heated and unheated, as a
preoperative investigation of wound healing potential in dysvascular patients requiring amputation, by comparison with
transcutaneous oxygen pressure measurement (TcpO,) and the limb to chest TcpO, index.

Methods: Thirty-five non-diabetic patients with peripheral vascular disease were investigated before amputation. Heated
and unheated LDF and heated TcpO, measurements were taken on the chest wall and at the routine above-knee, below-
knee and mid-foot amputation levels, Wound healing potential was evaluated against a TcpO, index value of 0.55 and
on clinical outcome.

Results: A heated LDF value of 4.9 arbitrary units (au) was shown by receiver-operator characteristic curve to have the
best predictive power, with an overall accuracy for preoperative prediction of wound healing of 91.4%, and a predictive
value for wound failure of 89%. Based on the heated LDF of 4.9 au, review of 26 amputations performed shows the overall
accuracy for preoperative prediction of wound healing of 92.3%, a predictive value for wound healing of 100%, and a
predictive value for wound failure of 62.5%.

Conclusion: A heated LDF wvalue of 4.9 au appears to be a useful predictor of the potential of an amputation site to heal.
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Introduction

Peripheral vascular disease is the most common cause
of lower limb amputation."” Amputation in these
patients is associated with high morbidity and mor-
tality.’ Primary wound healing is more likely the more
proximally the amputation is performed. While prox-
imal amputation with primary wound healing reduces
initial morbidity, the additional energy cost required
to use a larger and heavier prosthesis makes total
rehabilitation more difficult.* Preservation of the knee
or ankle joint improves the chance of successful re-
habilitation, but increases the risk of delayed or failed
wound healing with consequent morbidity and mor-
tality. The problem facing the surgeon is determination
of the most distal site at which an amputation will
heal.

The benefits to both patients and hospital ad-
ministrations of using routine preoperative evaluation
of amputation wound healing potential have been
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reported.*® Despite this, routine evaluation of pre-
operative wound healing potential has not been widely
implemented. A reason for this is that there is no single
investigation which has gained universal acceptance.
This is not surprising as there are many factors in
addition to the adequacy of regional blood flow which
influence wound healing. Investigations such as
Doppler ankle-brachial pressure indices, Xenon'” skin
clearance, thermography, fluorescein dye angiography,
transcutaneous oxygen pressure measurement (TcpO,)
and laser Doppler fluxmetry (LDF) have been tried.
While each test has its proponents, it has not always
been possible to reproduce the results reported in
different settings.

Of these tests, TcpO, measurement is presently held
to be the most useful investigation of preoperative
wound healing potential.*” The use of the ratio of
TepO, measurement obtained at the amputation level
to that of the anterior chest wall, the TcpO, index, has
improved the sensitivity and specificity of the test.”
The index gives a better indication of oxygen delivery
as it takes into account variation caused by central
factors of oxygen delivery, such as cardiac and res-
piratory function. It has been our practice to use the
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TepO, index to select the most distal amputation site
which will heal by primary intention. An amputation
site with a TcpO, index greater than 0.55 is considered
likely to heal and is associated with an amputation
revision rate of less than 5%.’

Transcutaneous oxygen pressure measurement is
however time consuming. With patient acclimatisation
to the environmental temperature of the laboratory,
probe calibration, and measurement at the four routine
sites, the average test time is approximately 2 h. A test
is required which is as sensitive and specific as the
TcpQ, index, but which can be performed more rapidly.

Laser Doppler fluxmetry (LDF), a test of skin mi-
croperfusion, has found a place in the evaluation of
diabetic microangiopathy.® It has also been proposed
as a test of amputation wound healing potential.”™ If
the test is performed on unheated skin, readings can
be obtained 3 min after application of the probe and
with the heated probe after 5 min. Routine testing at
the four sites would then take less than 30 min. There
is however controversy as to whether skin heating is
required.””™* In addition, several shortcomings of LDF
are documented.”™ These include problems with zero-
ing, variations in biological zero and the various ways
in which the output of the LDF is expressed, which
range from voltage (mV), arbitrary units, flux units,
to blood flow per cm®. In view of this it is probably
necessary for each laboratory to validate the use of
LDF in its own setting.”

The aim of this study was to compare readings
obtained from both an unheated and heated LDF
with TepO, measurement in non-diabetic patients with
peripheral vascular disease requiring amputation.

Materials and Methods

Thirty-five patients with atherosclerotic peripheral
vascular disease undergoing routine evaluation of am-
putation wound healing potential were studied at the
Non-invasive Vascular Laboratory, King Edward VIII
Hospital. The patients were not diabetic and were
not on vasoactive medication. Informed consent was
obtained and the study was performed with the ap-
proval of the University of Natal, Faculty of Medicine
Bioethics Committee.

Prior to testing, each patient lay supine for 20 min
to acclimatise to the ambient temperature of the
laboratory, which ranged from 20 to 23 °C. To avoid
the possible confounding effects of previous heating
of the skin, laser Doppler measurements were made
before TcpO, measurement.

LDF was performed with a Laserflo BPM2 Blood
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Perfusion Monitor, Vasamedics, St Paul. The laserflo
monitor does not offer a zeroing procedure, but rather
a “user confidence test” which checks that the laser
and photodetector are within specifications. This test
was performed before each series of LDF meas-
urements were made.

Measurement sites were shaved and cleaned with
an alcohol solution when necessary. The laser probe
was attached to the skin by means of a double sided
adhesive ring and the unheated LDF measurements
recorded 3 min after probe application. For the heated
readings, the probe was then heated to 45°C and
recordings made after 5 min of heating. The LDF index,
the ratio of limb to chest LDF reading was calculated
for the amputation sites.

The chest and the below-knee sites were measured
in all patients. Measurements at the foot or above-
knee site was based on the clinical decision required.
Where the choice was between below-knee amputation
and an amputation about the foot, the foot site was
measured and similarly, the above-knee site was meas-
ured when clinically the choice was between a below-
knee and an above-knee amputation. Data were ob-
tained from the foot (n=17), the below-knee site (n=
35), the above-knee site (n=17) and the anterior chest
wall (n =35). One patient presenting with a gangrenous
forefoot, had only a below-knee measurement taken,
and no measurement made at the foot.

Transcutaneous oxygen pressure measurement was
made using a Hewlett Packard Transcutaneous Oxy-
gen Monitor. The monitor was calibrated against air
and a zeroing solution, according to the manfacturers’
instructions. Calibration was performed before use on
each patient. The probe was attached to the skin by a
double sided adhesive ring, over a drop of contact
solution. The heating thermistor was set to 45°C.
Hyperaemic stabilisation occurred within 20 min and
readings were taken after 20 min. TcpO, measurements
were taken at the same sites as the LDF measurements.
The TcpO, index, the ratio of limb to chest TepO, was
calculated for the amputation sites.

Amputations were performed according to stand-
ardised procedures by members of the Vascular Ser-
vice. Although guided by the preoperative assessment
of wound healing potential, the final decision as to
the level of amputation in patients in this study, was
made intraoperatively by the surgeon.

Statistical analysis was performed using Spearman’s
rank correlation. The sensitivity and specificity, and
positive and negative predictive value of LDF relative
to TcpO, were calculated. Sensitivity was defined as
the ability of LDF to predict wound healing failure
and specificity as the ability of the test to predict



Comparison of Laser Doppler Fluxmetry and TcpO, 55

Table 1. TcpO, and laser Doppler values at the chest and amputation levels.

Chest Above-knee Below-knee Foot

n=35 n=17 n=35 n=17
TepO, (mmHg) 55.7+11.2 39.2+19.0 36.3+20.3 17.3+13.3
Laser unheated (au) 39421 17411 1.64+0.9 19+1.3
Laser heated (au) 18.1+4.1 10.04+-4.8 79+5.0 52452
TepO, index 0.73+0.37 0.6240.31 0314023
Laser index unheated 0.61+0.41 0.52+0.41 0.53+0.63
Laser-index heated 0.584-0.33 0.46+0.33 0.294-0.30

TepO,, unheated and heated laser Doppler fluxmetry, TcpO, index, and unheated and heated laser
Doppler indices expressed as means and one standard deviation are shown for the different
measurement sites. The indices are the limb to chest ratios. Correlation of the results at each site was
by Spearman’s rank correlation which was considered significant when p<0.05. Significant correlation
was noted between heated LDF and both absolute TepO, and the TepO, index and between the
heated LDF index and the TepO, index at the foot and below-knee sites.

wound healing. Receiver-operator characteristic (ROC)
curves were constructed to determine the LDF value
which would be most useful for preoperative pre-
diction of wound healing.

Results

The absolute LDF and TepO, measurements, and the
LDF index and the TcpO2 index at the different sites
are expressed as means and one standard deviation
are shown in Table 1. The ranges of the readings were,
unheated LDF 0-12 arbitrary units (au), heated LDF
0-27.8 au, TcpO, 0-77 mmlHg, the unheated LDF index
0-2.9, the heated LDF index 0-14, and the TcpO, index
0-1.43. The highest mean readings for LDF and TcpO,
were measured at the chest. Significant correlations
were found between heated LDF and TcpO, absolute
and index values at the foot and below-knee sites.

Pooling the heated LDF data for the various sites
there was a significant correlation between heated LDF
and TepO, (n=104), r=0.63, (p<0.0001), heated LDF
and the TcpO, index, (n=69), r=0.72 (p<0.0001),
heated LDF index and the TcpO, index, (n=69), r=
0.68, (p<0.0001) and between unheated LDF and TcpO,,
with a low correlation co-efficient (n=104), r=0.31,
p<0.001. There was poor correlation between the un-
heated LDF index and the TcpO, index, (n=69), r=
0.21, p=0.08 and between unheated LDF and the
TepO; index (n=69), r=0.18, p=0.21. The relationship
between heated LDF and TcpO, index is shown in Fig.
1.

Various TcpO, values have been suggested as pre-
dictive of amputation wound healing. These range
from 0-40 mmHg."**° Despite a significant correlation
between absolute unheated LDF and TcpO, readings,
the correlation co-efficient is low and there is poor
linearity. There is no unheated LDF level which has a
high predictive power when compared to TcpO,.
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Fig. 1. Scattergram showing the relationship between the TcpO,
index and heated LDF (n=69). The Spearman rank correlation
coefficient is #=0.72, (p<0.0001). The linear regression equation is
y=2.38+9.4x. No amputation site with a TepO, index of less than
0.55 would be expected to heal. A heated LDF value of 4.9 au is
shown as a potential predictive value. '

Receiver-operator characteristic (ROC) curves were
constructed to determine the LDF value which would
be most useful for preoperative prediction of wound
healing.” This is a graphic way of portraying the
trade-offs involved between improving either the LDFs
sensitivity or its specificity. Sensitivity and specificity
were calculated for unheated and heated LDF at TcpO,
indices of 0.50, 0.53, 0.55, 0.57 and 6. Sensitivity was
then plotted against 1-specificity for unheated and
heated LDF against each of the TcpO, indices. The
diagnostic accuracy based on the area under the curve
was also calculated.” For the TcpO, index of 0.55 the
best predictive level was found to be at a heated LDF
of 4.9 au (Fig. 2).

Twenty-five readings fall below a heated LDF=
4.9 au and all but one have a TcpO, index of less than
0.55. Of the 44 readings above LDF=4.9au, 40 are
above the TcpO, index of 0.55 and would be expected
to heal. The four sets of readings above LDF=4.9 au
and below a TcpO, of 0.55 would be expected to fail.
This has a sensitivity of 97.6%, specificity of 82.8%,
an LDF >4.9au has a predictive value of 88.9% in
identifying sites that will heal and an LDF <4.9 au has
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Fig. 2. Receiver-operator characteristic curve displaying sensitivity
and 1-specificity of absolute LDF values from 4.5 to 5.2 based on a
TepO, index of 0.55.

a predictive value of 96% in identifying sites that will
fail to heal, with an overall accuracy for preoperative
prediction of wound healing or failure of 91.4%.

Clinical outcome

Of the thirty-five patients, two underwent bypass graft
surgery and were excluded from follow-up, one patient
refused surgery and three patients died peri-
operatively. Three patients were transferred back to
rural hospitals before wound healing was complete
and have been lost to follow-up. Twenty-six am-
putations, four transmetatarsal, 15 below-knee and
seven above-knee amputations were available for
evaluation. Six of these amputations were performed
at sites with a TcpO, index of less than 0.55, five of
which failed to heal and required revision to a more
proximal site. One amputation with a TcpO, index of
0.54 and a heated LDF of 4.7au healed after four
weeks.

A heated LDF of 4.9au had a sensitivity of 100%,
specificity of 90%, and LDF >4.9 au has a predictive
value of 100% in identifying sites that will heal and
an LDF <4.9au has a predictive value of 62.5% in
identifying sites that will fail to heal, with an overall
accuracy for preoperative prediction of wound healing
or failure of 92.3%.

Discussion

The microvascular bed of the skin is composed of
superficial nutritional capillary loops containing ap-
proximately ~5% of the cutaneous bloodflow and the
subpapillary, thermoregulatory vascular bed com-
prised mainly of venules, containing ~95% of the skin
bloodflow.” The TcpO, reading is the reduction current

Eur J Vasc Endovasc Surg Vol 16, July 1998

produced when surplus oxygen molecules diffuse
from the cutaneous nutritional capillary loops under
maximal hyperaemia.* LDF has a measuring depth of
1-2 mm and the predominant part of the signal comes
from the subpapillary thermoregulatory vessels. LDF
therefore evaluates total skin microcirculation while
TepO, evaluates skin nutritional circulation.

The findings of the present study show a significant
but poor correlation between unheated LDF and TcpO,
(r=0.31). Belcaro et al., reported similar results with
the correlation of TcpQ, to resting LDF being r=0.4.°
These findings contradict those of Matsen et al., who
in a relatively small sample found that non-heated
LDF measurements did not correlate with local skin
perfusion.”

The signs and symptoms of peripheral vascular
disease, intermittent claudication, rest pain, ulceration
and finally gangrene are all manifestations of in-
sufficient oxygen and nutrient delivery at a cellular
level, secondary to relative degrees of arterial oc-
clusion. It is therefore expected that tests of perfusion
of both the macro- and microcirculation should reflect
a fall in perfusion as the tests are performed more
distally in the atherosclerotic patient. The magnitude
of the segmental fall in perfusion parameters is de-
pendent on the site and severity of the disease process.
While both the absolute TcpO, measurements and the
TepO, index and the heated LDF reflect a fall in mean
values as the site of measurement moves distally, the
reduction in unheated LDEF results is less apparent
because of the large range of readings.

Unheated LDF readings may be high around the
margin of diabetic ulcers.”*” The rise in LDF in these
patients with microangiopathy has been attributed to
shunting of blood to the thermoregulatory plexus or
the dermal capillary loops. The very wide range of
unheated LDF readings obtained at the foot, 0-10.9 au
may be due to a similar phenomenon. Ischaemia is
associated with increasing peripheral vasodilatation
in an attempt to improve oxygen and nutrient supply
to the tissues. In the ischaemic foot the LDF value may
be high when compensation is successful — maximal
vasodilatation in the presence of an adequate inflow,
or it may be low if the inflow is insufficient despite
maximal vasodilatory compensation.

A large variability in resting unheated LDF has been
reported.®” This variability has been attributed to
physiological variation in skin perfusion, the structure
of the anatomical microvasculature under the probe,
% methodological factors (e.g. penetration depth of the
laser, and probe configuration) and environmental
factors.” This wide variation is seen in the values
obtained at an essentially normal segment of the vas-
culature, the anterior chest wall, where the co-efficient
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of variation of the unheated LDF was 74.4%. Heating
reduced the co-efficient of variation to 22.7% which is
similar to that of TcpO,, 23.6%.

Another factor which influences LDF variability is
the biological zero.** The biological zero is the residual
reading, above zero, obtained with LDF when the
blood flow to a limb is occluded with an arterial
tourniquet. The biological zero is thought to be due
to Brownian motion, but may result in part from
retrograde osseous bloodflow. Biological zero varies
with perfusion, vasodilatation, skin temperature and
oedema formation.”> While the interpretation of LDF
readings may be improved by subtraction of the bio-
logical zero from the LDF value, or perhaps by the
evaluation of biological zero itself, this was not done
in this study. In a pilot study, attempts at measuring
biological zero in patients with severe peripheral vas-
cular disease caused pain, and the movement artefacts
which resulted, affected the readings obtained in most
patients.

The addition of cutaneous heating has been reported
to improve the predictive power of LDF when evalu-
ating wound healing.*’*'** Heating of the skin “ar-
terialises” the capillary bed by local vasodilation®
causing maximal hyperaemia. Direct comparisons of
reported LDF values upon which clinical decisions
are made are not possible, because of differences in
temperature protocols and the different units in which
the output of different laser Doppler fluxmeters are
expressed.

In the present study heating the LDF probe to 45 °C
improved the preoperative prediction potential for
evaluating wound healing in PVD patients. Significant
correlation was found between heated LDF and TcpO,;
heated LDF index and TcpO, index, and heated LDF
and TcpO, index, r=0.72, p<0.0001. The degree of the
significance obtained is probably due to the com-
parison being made over the wide range of heated
LDF values obtained.

While there is a low but significant correlation be-
tween unheated LDF and TcpO,, unheated LDF does
not appear to be clinically useful. Heating adds 5 min
to each test and using a heated LDF value of 4.9 au
gives a theoretical overall accuracy for preoperative
prediction of wound healing or failure of 91.4%. In
the clinical study, 92.3% accuracy was achieved.

The theoretical predictive value for wound healing
is 89%, which was exceeded in the clinical study
(100%). Similarly the predictive power of the TcpO,
index for wound healing was 100%, which differs from
our previous experience, of 270 amputations in which
the TcpO, index of >0.55 was associated with +90-95%
predictive power of wound healing over 4 consecutive

years.® This difference is most probably due to the
relatively small sample size.

The theoretical predictive value for wound failure
of 96% would mean that in 4% of cases a limb would
undergo ablation at a site higher than that which has
potential to heal. In practice the predictive power for
wound failure was found to be 62.5%. Again this may
be artificially low because of sample size.

These data suggest that a heated LDF >4.9 au would
be a relatively quick and clinically useful preoperative
evaluation of an amputation sites’ potential to heal.
However, basing evaluation of potential wound failure
at a site on a heated LDF of <4.9 au could result in up
to a third of amputations with a heated LDF <4.9 au
being performed at a site more proximal to that which
has potential to heal.

It must be remembered, that the predictive LDF
value of 4.9 au is based on a TcpO, “gold standard”,
which has its own measurement error. Despite this
limitation, this study suggests that widespread im-
plementation of heated LDF may be as useful as limited
use of TcpO, measurement for preoperative evaluation
of wound healing potential in patients with peripheral
vascular disease.
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