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Abstract. – OBJECTIVE: Radial artery occlu-
sion is a potential complication of transradial
procedures and its occurrence ranges from 0.8
to 30%. It is virtually always asymptomatic but
the functional and sensorial consequences of a
long acting hand hypoperfusion could go un-
derestimated. CardioWaves is a novel photo-
plethysmograh device that allows us to detect
the pulse wave amplitude of the blood flowing
to the hand. Our objective was to assess in nor-
mal subjects the hand blood flow supplied by
radial arteries and ulnopalmar arches, respec-
tively, by using CardioWaves device during
modified Allen’s test (MAT).

PATIENTS AND METHODS: MAT was per-
formed on both hands of 60 normal subjects,
age ranging 21 to 66 years, without any cardio-
vascular factor risk.

RESULTS: Photoplethysmograh and MAT
showed a high positive linear correlation
(r=0.93). Despite that, MAT tends to give a high-
er reading by between 1.05 and 1.6 sec. 11 of
120 readings (9%) by CardioWaves showed val-
ues of radial/ulnar pulse amplitude ratio more
than mean + 1 SD, suggesting a significant de-
crease in ulnopalmar arterial circulation when
radial blood flow supply would ceased.

CONCLUSIONS: The CardioWaves device al-
lows us an accurate reading of the flow be-
cause of its independency from respiratory
changes. Furthemore, the evaluation of radial
and ulnar pulse wave amplitude and the ratio
between them would reveal an insufficient
blood flow supply by the ulnar artery irrespec-
tive of the MAT results. We suggest that their
assessment before performing coronary an-
giography and interventions may reduce poten-
tial complication of transradial access.
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Introduction

Transradial coronary catheterization is consid-
ered safe, feasible, and effective. However, in or-
der to avoid ischemic hand occurrence, percuta-
neous radial artery cannulation is restricted to pa-
tients with normal hand collateral supply by
ulnopalmar arterial arches as evaluated by modi-
fied Allen’s test (MAT). The prevalence of an ab-
normal MAT in patients undergoing coronary an-
giography ranges from 6.4% to 27%i,ii, but the
definition of a positive result may be overstated
by the proper subjective visual assessment of the
test especially when hand blushing is slow to oc-
cur. Therefore, in absence of radial artery drive
the opening of collateral channels does not nec-
essarily mean the restoration of normal hand per-
fusion. Thus, the qualitative evaluation of the re-
sponse may provide a discrete number of false
positive or false negative results.

Noteworthy, radial artery occlusion is a poten-
tial complication of transradial procedures and its
occurrence ranges from 0,8 to 30%iii-5. It is virtu-
ally always asymptomatic but the functional and
sensorial consequences of a long acting hand hy-
poperfusion could go underestimated. Thus, the
quantitative detection of hand perfusion fall dur-
ing radial compression may be of value in identi-
fying subjects at risk for chronic ischemic signals
when radial occlusion would occur after transra-
dial percutaneous approach.

CardioWaves is a novel photoplethysmograh
device that allows us to detect the pulse wave
amplitude of the blood flowing to the hand. Ac-
cordingly, the damping of pulse tracing during
radial compression may unmask the insufficient
ulnar dependent hand perfusion.
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Figure 1. Pulse wave tracing recorded by CardioWaves during MAT.

Our objective was to assess in normal subjects
the hand blood flow supplied by radial arteries
and ulnopalmar arches, respectively, by using
CardioWaves device during MAT.

Patients and Methods

Population
Sixty normal subjects, age ranging from 21 to

66 years, without any history of systemic hyper-
tension, diabetes and atherosclerotic peripheral
vascular disease were consecutively enrolled. Af-
ter obtaining written informed consent, all sub-
jects underwent modified AT of both right and
left side, thus providing 120 readings.

Modified AT
After localization and assessment of the radial

pulse, the modified AT was performed on both
hands, with the patient in supine position, as fol-
lows. After vigorous compression of both radial
and ulnar arteries, the patient was asked to force-
fully clench one hand several times to expel
blood from the hand. The hand was then opened,
avoiding wrist and fingers hyperextension, before

release of the ulnar artery compression. The
amount of time to achieve maximal palmar blush
was measured after compression release of the
ulnar artery with continuing occlusive pressure of
the radial artery. The AT responses were defined
as normal, intermediate and abnormal if time to
maximal blushing was within 5 sec, between 6
and 10 sec, or after 10 sec, respectively.

Plethysmography
Plethysmography was recorded by Car-

dioWaves Photopletysmograph (Electron Solu-
tions Ltd, London, UK) with the clamp sensor
applied to the thumb. It allows a very constant
accurate reading of the blood flow. One addition-
al feature of the used photoplethysmograh, when
compared to other photoplethysmopgrahs and
pulse oxymeters, is the repeatability and consis-
tency of the produced waveforms when applied
to the same subject. Pulse waves amplitude were
recorded before test, during compression of both
arteries and immediately after ulnar and radial
artery release with the clamp sensor applied to
the thumb (Figure 1). The displayed signal was
used to measure the time that the blood would
take to start pulsing back throughout the hand
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vessels. Pulse waveform amplitude was mea-
sured on a beat-to-beat basis as the vertical dis-
tance between peak and preceding valley trough
in the waveform and was expressed as arbitrary
units. All tests were repeated after 30 minutes for
the assessment of repeatability of measurements.

Statistical Analysis
All data were expressed as mean SD. The

paired 2-tailed Student t test was used for compar-
ison of values between continuous variable. The
chi square test was used to compare categorical
variable. The time to maximal hand blushing (sec)
measured during MAT and the ulnar stabilise time
after release of ulnar compression (sec) measured
by CardioWaves were used to compare the results
between the two techniques. The linear correlation
coefficient between the two methods and linear re-
gression analysis were calculated according to
standard approach. Agreement between the data
obtained by means of the two techniques was as-
sessed by Bland and Altman method6. Individual
differences between values of time to maximal
hand blushing and ulnar stabilise time were plot-
ted on a graph against the mean values of the two
measurements. The mean of the differences, to-
gether with the corresponding 95% confidence in-
tervals, was also calculated. Furthermore, linear
correlation coefficient and the method of Bland
and Altman were also used to define variability
between CardioWaves measurements to assess
their repeatability. A p value < 0.05 was consid-
ered significant.

Results

The parameters measured by CardioWaves
plethysmograph are depicted in Table I. The rates
of photoplethysmographic readings significantly
differed across the three MAT results. An abnor-
mal Allen’s test was found in 18/120 (15%) read-
ings and an intermediate response was seen in

25/120 (20%) readings. On the contrary, an ab-
normal response by Cardio Waves photoplethys-
mograph was seen in 8/120 (7%) and an interme-
diate response in 20/120 (17%) readings (chi
square 3-92, p<0.05). Overall, the mean time for
maximal blushing measured by MAT was 5-7±4-
4 sec: it was 5-45±4-4 for the right side and 5-
9±4-5 for left side (p=NS). The recovery time of
blood flow as determined by CardioWaves was
significantly shorter than that evaluated by MAT
(p<0.0001). In fact, the mean time for the ulnar
stabilise time after release of ulnar compression
was 4.3±3.7 sec: it was 4.2±3.6 for the right side
and 4.4±3.8 for left side (p=NS).

Variability between CardioWaves measure-
ments was evaluated by repeating photoplethys-
mograph examination 30 min later. The repeata-
bility study (Figure 2) showed an high correla-
tion between the two readings (r=0.97) with a
standard error of estimates 0.14 sec and the 95%
confidence interval 0,04 to 0,6 sec. Photoplethys-
mograh and MAT showed a high positive linear
correlation (r=0.93). Despite that, mean differ-
ence between MAT and plethysmographic mea-
surements was 1.32 sec, with a standard error of
the estimates 0.25 and the 95% confidence inter-
val 1.05 to 1.6 sec (Figure 3). Thus, modified AT
tends to give a higher reading by between 1.05
and 1.6 sec.

After the release of radial compression an in-
crease of pulse wave amplitude was measured in
all but 4 readings. Mean value between radial vs
ulnar pulse amplitude ratio was 2.16 ± 1.54 arbi-
trary units confirming the main role of radial
artery in hand blood flow supply as assessed in
normal subjects.

Noteworthy, irrespective of recovery time of
hand circulation, 11 out of 120 readings (9%)
showed values of radial/ulnar pulse amplitude ra-
tio more than mean + 1 SD, suggesting a signifi-
cant decrease in hand collateral circulation via
the ulnopalmar arteries when radial blood flow
supply would ceased.

Mean ± SD

Ulnar TIME response after release (sec) 1.9 2.3
Ulnar Stabilise Time (sec) 4.4 3.7
Radial TIME response after release (sec) 0.7 0.4
Radial Stabilise Time (sec) 2.6 1.9
Radial/Ulnar Ratio 2 1.3

Table I. Parameters measured by CardioWaves plethysmograph.
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Discussion

This is the first study investigating the safety,
feasibility and measurements repeatability of a
new plethysmograph in assessing hand circula-
tion across the variety of MAT response in a pop-
ulation of normal subjects. Our results can be
summarized as follows.

First, our results confirm the value of plethys-
mographic readings in reducing observer error in

the interpretation of the hand circulatory response
thus avoiding many of the pitfalls of the MAT.

Second, CardioWaves plethysmograph works
irrespective of respiratory variations as observed
in pulse oximetry plethysmographic waveform
amplitude.

Third, the reproducibility of waveform trac-
ings as determined by repeatability study allows
us to identify ongoing variations in pulse perfu-
sion over the time in the same subjects.

Figure 3. Differences between the recovery time of hand circulation by MAT and CardioWaves against the mean of the mea-
surements by two methods.

Figure 2. Assessment of measurements repeatability by CardioWaves.
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So, this could represent a prerequisite for se-
lecting pts who can safely undergo transradial
approach. In fact, the percutaneous radial cannu-
lation for coronary angiography and interven-
tions has been associated with consistent radial
artery occlusion rate7-10.

Given the importance of the ulnar artery and
interosseous collaterals in maintaining hand per-
fusion in the event of radial artery occlusion, a
reliable method of assessing the ulnar artery sup-
ply to the hand before radial artery cannulation is
mandatory. The MAT is a simple qualitative test
that is used for this purpose. Nevertheless, au-
thors have reported that assessment of the ulnar
blood flow is unnecessary, owing to the absence
of ischemic complications11-13 even in patients
with abnormal MAT response, thus, indicating
that MAT does not provide an adequate assess-
ment of hand collateral flow.

As a consequence, a number of methods have
been developed to improve the value of the
Allen’s test in predicting hand ischemia.

Barbeau et al14 used plethysmography and
pulse oximetry to improve the sensitivity of the
MAT.

Based on the morphology of the plethysmog-
raphy tracing, the response to the test was cate-
gorized into 1 of 4 types. Patients with type A
and type B responses have uninterrupted arterial
filling during radial occlusion. At the opposite,
patients with a type D response (1.5% of pa-
tients) do not have pulsatile collateral flow and
have to be excluded from transradial catheteriza-
tion. The delayed appearance of a pulsatile trac-
ing in patients with a type C response probably
depends on the time required for the recruitment
of collaterals. It is conceivable that this pattern of
response is more frequent pts with abnormal
MAT results. The activation of compensatory re-
cruitable collateral arteries might explain the low
rate of ischemic hand complication reported in
the literature10,11,15,16. However, the lack of pub-
lished cases of severe hand ischemia does not
necessarily mean it does not occur. The chronic
hypoperfusion due to the fall of capillary perfu-
sion pressure may result in late claudication or
sensory changes with long lasting functional
hand impairment. Using this system, the authors
report that they have not observed a single case
of hand ischemia in more than 7000 patients un-
dergoing transradial procedures at their institu-
tion. Despite that, pulse oximeter and plethysmo-
graph provide visual signal of the magnitude of
flow that can be recorded without offering a suf-

ficient analysis of the adequacy of flow. In our
study, the CardioWaves device allows us to de-
tect the pulse wave amplitude of the blood flow-
ing to the hand and to measure the relative con-
tribution of ulno-palmar circulation during
Allen’s test. The release of the radial artery re-
sulted in an immediate increase in pulse tracing
to the principal artery of the thumb in all but 11
readings, probably depending on changes of both
blood volume and perfusion pressure. In a such
cases, the higher changes in pulse amplitude pro-
vides the evidence that the ulnar dependent blood
supply may be inadequate to compensate over
time for occlusion of the radial artery. As a con-
sequence, sensorial symptoms of chronic hypop-
erfusion may appear.

Greenwood et al12 assessed the relative contri-
bution of collateral palmar circulation during ra-
dial artery occlusion. They showed that patients
with an abnormal AT had an immediate reduction
in blood flow to the principal artery of the thumb
by 90%, improving to a 75% reduction after 30
min of arterial occlusion and increased thumb
capillary lactate, compared with patients with a
normal MAT.

The authors assume that the relative reduction
in blood supply has physiological significance,
and that the capillary recruitment in hand circula-
tion is unable to maintain over the time an ade-
quate tissue perfusion. This would suggest inade-
quate thumb perfusion pressure, which could
lead to ischemic complications with prolonged
occlusion. In this context, they affirm that tran-
sradial cardiac catheterization should not be per-
formed in patients with an abnormal Allen’s test.
Nevertheless, relying on this assumption a dis-
crete number of pts with subjective false positive
AT would be denied this approach site.

More recently, Valgimigli et al11 did not find
differences in lactate levels after the procedure
and at follow-up in pts with normal, intermediate
and abnormal MAT response. Moreover, pulse
oximeter plethysmography readings showed an
increase of the prevalence of patterns A and B
over the time at the expenses of pattern C and D
in pts with intermediate and abnormal MAT re-
sults.

This observations support the concept that
anatomically pre-existing capillary reserve can
be functionally recruited during and after transra-
dial percutaneous approach even in patients with
delayed response to MAT, thus reducing the risk
of severe hand ischemia when radial flow supply
would ceased.

G. Tanzilli, G. Truscelli, F. Barillà, N. Cocco, G. Pannitteri, A. Tanzilli, et al.
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Conclusions

Our results confirm the value of plethysmogra-
phy readings in assessing hand collateral circula-
tion, thus avoiding many of the pitfalls of the
MAT. Differently from previous observations, we
also evaluated radial and ulnar pulse wave ampli-
tude of the blood flowing to the hand and the ra-
tio between them as representative of the relative
amount of hand perfusion supplied by radial
artery. Higher values of ratio would reveal an in-
sufficient blood flow supply by the ulnar artery
irrespective of the MAT results and could repre-
sent a prerequisite for selecting pts who can safe-
ly undergo transradial approach.

Therefore, the use of CardioWaves device al-
lows a very constant accurate reading of the
blood flow because of its independency from
respiratory changes. One additional feature of
the used photoplethysmograh, when compared
to other photoplethysmograhs and pulse
oxymeters, is the repeatability and consistency
of the produced waveforms when applied to the
same subject(s). The use of CardioWaves de-
vice is a very original novelty and we suggest
their application before performing coronary
angiography to reduce potential complication
of transradial access.
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