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Impact of arterial cross-clamping during vascular surgery
on arterial stiffness measured by the augmentation
index and fractal dimension of arterial pressure
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Abstract Arterial cross-clamping is a common strategy used in
vascular surgery and its duration is an independent predictor of
surgical outcomes. The impact of arterial cross-clamping on the
viscoelastic properties of the arterial system and its underlying
mechanisms still remain unclear. The aim of this study was to
evaluate the effect of arterial cross-clamping on arterial stiffness.
A cross-sectional, observational, before-after study was designed
to enroll adult patients undergoing vascular surgery. The
Augmentation Index normalized to 75 beats-per-minute
(AIx@75) and Fractal Dimension (FD) –indirect indicators of
arterial stiffness– were calculated from radial arterial pressure
tracings during surgery. The arterial pressure tracings from 8
patients were analyzed. Overall data included 4 aortic and 11
iliofemoral interventions. In both aortic and iliofemoral interven-
tions, after arterial clamping, median AIx@75 rose and FD

dropped significantly; the opposite occurred after arterial
unclamping. Spearman’s correlation suggests a strong significant
negative correlation between median AIx@75 and FD during
each hemodynamic state for aortic interventions. Our results
are consistent at many levels: a) opposite events (i.e., clamping
and unclamping) produce changes in different directions, b) two
different indicators (i.e., AIx@75 and FD) suggest the same
underlying phenomenon, and c) similar results are observed at
different vascular locations (i.e., aortic and iliofemoral). Overall,
our data consistently suggests an increase in arterial stiffness
during clamping and a reduction during unclamping. Despite
the large distance from the aortic or iliofemoral intervention sites,
radial artery pressuremonitoring is still able to detect consistently
these vascular events.

Keywords Augmentation index . Fractal dimension .Arterial
pressure . Vascular surgery . Cross-clamping

1 Introduction

Arterial cross-clamping is a necessary strategy for vascular
surgery procedures, such as aortic aneurysm repair or periph-
eral vascular bypass [1]. Within the human vascular network,
the aorta is the most thoroughly studied vessel during cross-
clamping procedures [2]. Both arterial clamping and
unclamping can produce several clinical disturbances, such
as myocardial infarction, heart failure, acute lung injury, co-
agulopathies, visceral ischemia, acute kidney failure, and
eventually, postoperative multiorgan failure and death [3–7].
In clinical studies, the clamping time of aortic cross-clamping
has shown to be an independent predictor of overall surgical
outcomes [8]. Some of the proposed pathophysiological
mechanisms behind these clinical outcomes are ischemia
and reperfusion injury, oxidative stress damage, systemic
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inflammatory response, and microcirculatory dysfunction
[9–13]. However, the impact of arterial cross-clamping on
the viscoelastic properties of the arterial system and its under-
lying mechanisms remain unclear. Furthermore, the compara-
tive effects of clamping and unclamping common vascular
surgery sites (such as the aorta and the iliofemoral artery) on
the biomechanical characteristics of the vascular system have
not been systematically studied.

We hypothesized that arterial clamping and unclamping
would produce significant changes in the viscoelastic proper-
ties of the vascular system, mainly affecting arterial stiffness.
A practical approach towards studying arterial stiffness is to
analyze the morphology of the arterial pressure wave under
different hemodynamic states. The Augmentation Index (AIx)
and the Fractal Dimension (FD) of arterial pressure are index-
es that are commonly used as indirect measures of wave re-
flections and arterial stiffness [14]. One of the main advan-
tages of these vascular indexes is that they can be assessed
with pressure wave morphology only [15].

The augmentation index (AIx) is a ratio calculated from the
analysis of blood pressure waveformmorphology. It is defined
as the augmentation pressure (i.e., the difference between the
late systolic pressure shoulder and the early systolic pressure
shoulder) divided by the pulse pressure (i.e., the difference
between the maximum systolic pressure and the end diastolic
pressure), and is usually expressed as a percentage (Fig. 1)
[16]. The AIx is a measure of the relative contribution of wave
reflection to the systolic arterial pressure [17]. Under normal
conditions, the arterial pressure waveform is determined by
the sum of a forward traveling wave coming from the heart,
and backward reflected waves coming from the periphery

vessels. The amplitude and propagation speed of the reflected
waves depend on the peripheral resistance and on the func-
tional and structural characteristics of the arterial network
[18–20]. For example, arterial stiffening increases the speed of
propagation of both forward and backward waves, resulting in an
earlier return of reflectedwaves, a higher degree of overlap among
forward and backward waves, and a change in the morphology
and amplitude of thewaveform [21–23]. Therefore, both themag-
nitude and the sign of the AIx provide information on arterial
pressure wave morphology and, indirectly, on arterial stiffness
and the influence of wave reflections [24].

Arterial pressure waves can be classified into three different
wave types according to wave morphology, which can be quan-
tified through their AIx value (Fig. 1) [25]. A study of the aortic
input impedance (i.e., a measure of effective hemodynamic re-
sistance) in human subjects undergoing catheterism, proposed
that the variations in pressure waveforms are due to differences
in wave reflections in the arterial tree. Type A waves suggest
considerable reflection in the arterial system, while type C waves
imply smaller or more diffuse reflections. Type B waves would
be an intermediate pattern between the two [26].

The Fractal Dimension (FD) of arterial pressure in another
indirect index for arterial stiffness. A fractal is a set of data that
shows self-similarity throughout a certain dimension (e.g.
time or space), which means it has a repeating pattern at every
scale. The vascular system may have a fractal architecture
related to its open tree structure, which is based on repeated
bifurcations [27]. The fractal character of the vascular sys-
tem is produced by a) the fact that the same general rule
or pattern of dichotomous divisions is applied in the
growth of each portion of the tree from the previous

Fig. 1 Classification of arterial pressure waves according to wave
morphology. In type A waves the early systolic pressure shoulder is
lower than the late systolic pressure shoulder and the Augmentation
Index (AIx) has a positive value, which is above 0.12. Type B waves

are similar to type Awaves except for the fact that the AIx has a positive
value below 0.12. In type C waves the early systolic pressure shoulder is
higher than the late systolic pressure shoulder and the AIx has a negative
value
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portion, and b) a self-similarity shown at many different
levels; for example, in the fact that any portion of the tree,
taken as a whole, has the same branching structure as the
overall tree [28]. Similarly, flow distributions in the sys-
temic circulation may also follow a fractal pattern since
its arrangement is heterogeneous, although not random. A
fractal characterization of blood flow may arise from the
logarithmic relation between flow dispersion and element
size, showing an increase in the degree of heterogeneity
as the size of the elements decrease. The fractality of
blood flow could be related to the fact that flow is deliv-
ered through a branching vascular tree, which appears to
have a fractal structure itself [29]. Arterial blood pressure
may also have an underlying fractal structure that could
describe the multiple changes in the waveform complexity
of arterial pressure time series [30, 31].

Daily physiological variations and adjustments of the
cardiovascular system have a complex behavior that is
related to the inherent complexity of its own structure
[32]. A straightforward way of measuring this complex
behavior is by determining the FD of a given time-based
parameter of the cardiovascular system. Conceptually, the
FD is a way of quantifying the self-similarity of a param-
eter (e.g. blood pressure) throughout a dimension (e.g.
time), that is, a measure of resemblance at different ob-
servation scales [33]. Fractal physiological signals –such
as blood pressure– may lose their fractal nature (i.e., de-
crease their FD) in pathological states, thus making FD an
indicator of cardiovascular health. Previous in-vitro stud-
ies show that the loss of fractal complexity of blood pres-
sure is related to an increase in arterial stiffness. [31]
Clinical studies have also suggested that FD may be have
diagnostic and prognostic value in patients with heart fail-
ure and could be a predictor of mortality [32].

The aim of this study is to evaluate the impact of arte-
rial cross-clamping on the biomechanical properties of the
vascular system by using data from continuous radial ar-
terial pressure tracings during vascular surgery. We chose
AIx and FD as indirect indicators of the arterial stiffness
of the vascular network for several hemodynamic states.
We proposed that the clamping and unclamping events during
vascular surgery would have a significant impact on these
indicators. We additionally sought to explore the relationship
between these two indicators throughout the vascular surgery.

2 Methods

2.1 Study design

A cross-section, observational, analytical, before-after study
was designed.We evaluated the effect of arterial clamping and
unclamping during vascular surgery at two different locations

in the vascular network: iliofemoral and infrarenal abdominal
aorta. The effect of these interventions on arterial stiffness was
estimated indirectly by the Augmentation Index normalized to
75 beats-per-minute (AIx@75) and the Fractal Dimension
(FD) of invasive radial arterial pressure tracings during each
clamping condition.

2.2 Patient enrolment

The study enrolled adult patients undergoing peripheral vascular
surgery at the Hôpital Universitaire Pitié-Salpêtrière in Paris,
France. Exclusion criteria were having a) an irregular heart
rhythm, or b) an undetectable pressure notch. The study protocol
was approved by the IRB of the Hôpitaux Universitaires La
Pitié-Salpêtrière. The study is in accordance with the ethical
principles of the Declaration of Helsinki [34].

2.3 Invasive radial arterial pressure measurements

Experimental data were obtained from continuous invasive arte-
rial pressure measurements using a fluid-filled catheter from the
radial artery of adult patients undergoing peripheral vascular sur-
gery. We used a disposable pressure transducer (TruWave,
Edwards Lifesciences®) with a natural frequency of 40 Hz for
a standard kit for measuring blood pressure. Data were registered
using an analogue-digital converter with internal hardware filters
((low pass frequency set at 20 kHz, high pass frequency set at
0.05 Hz, MP150, BIOPAC Systems Inc.) and the
AcqKnowledge software. Data acquisition rate was 100 Hz.

2.4 Waveform analysis

A stable set of beats from radial arterial pressure tracings were
chosen manually throughout a 20-s interval immediately be-
fore and after each clamp and unclamp event. A brief transi-
tional period was allowed after each event. The time values for
end diastolic, end systolic, early systolic shoulder, late systolic
shoulder and maximum pressure were computed for each beat
with a custom software developed in Matlab (R2014b, The
MathWorks, Inc., Natick, Massachusetts). The median heart
rate (HR) was calculated using the foot-to-foot time differ-
ences of the radial arterial pressure.

In order to identify the early and late systolic pres-
sure shoulders, a two-term Gaussian model was used to
separate the first and second components of the systolic
portion of each beat, where the modeled systolic pres-
sure (PS(t)) for each beat was expressed as [35]:

PS tð Þ ¼ a1⋅e
− t−b1

c1

� �2

þ a2⋅e
− t−b2

c2

� �2

This method has shown to yield good results when model-
ing peripheral pressure waveforms [35, 36] In our data, we
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estimated for each beat the coefficient of determination (R2)
between the model and the data. The minimum value for all
beats from all patients in all states was R2 = 0.987.

The time centroids b1 and b2 were recorded and their
difference was established as the time-distance between
the early and late systolic pressure shoulders. The maxi-
mum pressure was assigned to one of the shoulders, de-
pending on the wave morphology (i.e., type A, type B or
type C) (Fig. 1) [26]. The other shoulder was located by
using the time difference between centroids (e.g., in a
type C beat, the maximum pressure matches the early
shoulder, while the late shoulder is found |b2 – b1| seconds
later). This technique produced successful results that
were visually validated, and double-checked using the
method described by Takazawa et al. [14, 37].

The Augmentation Index (AIx) was calculated as follow-
ing:

AIx ¼ Plate−Pearly

Pmax−Ped
⋅100

where Plate, Pearly, Pmax and Ped, are late systolic pressure, early
systolic pressure, maximum systolic pressure, and end diastol-
ic pressure, respectively. All AIx values were normalized to a
heart rate of 75 beats-per-minute (AIx@75), using the well-
known conversion formula [38]:

AIx@75 ¼ AIx−0:39⋅ 75−HRð Þ

The Fractal Dimension (FD) was calculated for each set of
data using a custom software developed in Matlab following
the Higuchi method [39]. The software was validated using
several fractal signals with a known FD, yielding acceptable
mean and SD values (test signal: FD = 1.2; calculated
FD = 1.231 ± 0.069; test signal: FD = 1.5; calculated
FD = 1.514 ± 0.134).

The Higuchi method uses different scales to measure the
length of the curve of a given parameter [39]. The log-log
relationship between the resulting lengths and their corre-
sponding scales is given by:

L kð Þ∝k−FD

where L(k) is the measured length with the scale k.
As in most natural phenomena, FD may not be constant

over all time scales. Instead, there are two ranges in which the
property of self-similarity holds, which are separated by a
critical breaking point [39]. FD was calculated for all scales,
and the critical point where lower and higher ranges break was
detected by optimizing the linear adjustments of the length
L(k). The reported FD value is the median FD for the lower
range scales.

2.5 Statistical analysis

Since FD and AIx@75 distributions deviate from nor-
mal when tested formally (AIX@75 has a skewed dis-
tribution and FD has a logarithmic distribution), data are
presented as median and interquartile range (IQR) and
non-parametric tests were chosen. The statistical analy-
sis involved Wilcoxon matched-pairs signed-ranks test
for before-after testing and Spearman’s rank-order corre-
lation using R studio free statistical software. All statis-
tical tests were two-tailed. Statistical significance was
considered at 5 % (α = 0.05).

3 Results

3.1 Patient clinical data

The radial arterial pressure tracings of 9 patients under-
going vascular surgery were evaluated in this study; one
patient was excluded for having an irregular heart
rhythm. The arterial pressure tracings from a total final
of 8 patients were analyzed. The surgeries involved
were 4 infrarenal abdominal aorta prosthesis placements
and 4 iliofemoral bypass surgeries. Some surgeries re-
quired more than one arterial intervention; overall, there
were 4 aortic and 11 iliofemoral interventions. Mean
age was 69 years. Most patients were non-diabetic
males with hypertension who were current or former
smokers. All patients had a baseline type C waveform.
Of the 60 hemodynamic states analyzed, 58 hemody-
namic states had type C waveforms; only one patient
switched to a type A waveform during two hemodynam-
ic states. Table 1 displays main patient clinical charac-
teristics. Figure 2 illustrates the results of one represen-
tative patient.

Table 1 Patient clinical characteristics

(n = 8)

Age - years 68.9 ± 14.5

Males - no (%) 5 (62.5)

Hypertension 6 (75.0)

Hypercholesterolemia 7 (87.5)

Diabetes 0 (0.0)

Smokers 5 (62.5)

Pack-year among smokers 46.3 ± 24.3

BMI – kg/m2 23.8 ± 3.3

Baseline type C waveform –no (%) 8 (100.0)

Data are presented as mean ± SD. BMI body mass index
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3.2 Augmentation index normalized to 75
beats-per-minute (AIx@75)

Experimental data included continuous invasive radial arterial
pressure tracings from 4 infrarenal abdominal aorta clamps
and unclamps, and from 11 iliofemoral artery clamps and
unclamps.

Table 2 presents the overall results for the median AIx@75
over a 20-s interval before and after aortic clamping and
unclamping for all aortic interventions. After infrarenal ab-
dominal aorta clamping, the median AIx@75 increased sig-
nificantly (−14.8 to −14.2; ΔAIx@75 + 4.1 %; p < 0.01),
while after unclamping, it decreased significantly (−0.142 to
−0.177;ΔAIx@75–24.6%; p < 0.001). Notice that the sign of
the median AIx@75 remained unchanged after both clamping
and unclamping events.

Table 3 presents the overall results for the median AIx@75
over a 20-s interval before and after iliofemoral artery
clamping and unclamping for all iliofemoral

interventions. After iliofemoral artery clamping, the median
AIx@75 increased significantly (−15.9 to −13.9; ΔAIx@75 +
12.6 %; p < 0.001), while after unclamping, it decreased signifi-
cantly (−15.3 to −15.7; ΔAIx@75–2.6 %; p < 0.001). Once
again, the sign of the median AIx@75 remained unchanged after
both clamping and unclamping events.

3.3 Fractal dimension (FD)

Table 4 shows data for the median FD over a 20-s interval
before and after aortic clamping and unclamping for all aortic
interventions. After infrarenal abdominal aorta clamping, the
median FD was reduced significantly (1.039 to 1.027; ΔFD
−1.2 %; p < 0.01), while after unclamping, it increased signif-
icantly (1.031 to 1.040; ΔFD + 0.9 %; p < 0.001).

Table 5 shows data for the median FD over a 20-s interval
before and after iliofemoral artery clamping and unclamping for
all iliofemoral interventions. After iliofemoral artery clamping,

Fig. 2 Average arterial radial pressure tracings over 20-s intervals before
and after each event (clamping/unclamping) for one representative patient
undergoing vascular surgery. The end of diastole, end of systole, early

systole and late systole pressures were detected on arterial pressure
tracings. The Augmentation Index normalized to 75 beats-per-minute
(AIx@75) and the Fractal Dimension (FD) were calculated for each state

Table 2 Changes in
Augmentation Index normalized
to 75 beats-per-minute (AIx75)
following aortic clamp and
unclamp

Pre-clamp Post-clamp

Median IQR Median IQR ΔAIx@75 (%) p

−14.8 −20.7 to −2.9 −14.2 −20.6 to −10.6 +4.1 <0.01

Pre-unclamp Post-unclamp

Median IQR Median IQR ΔAIx@75 (%) p

−14.2 −20.9 to 10.0 −17.7 −34.1 to −07.4 −24.6 <0.001

IQR interquartile range. ΔAIx@75 (%): relative percentage change in AIx
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the median FD was reduced significantly (1.032 to 1.029;ΔFD
−0.3 %; p < 0.01), while after unclamping, it increased signifi-
cantly (1.029 to 1.033;ΔFD+ 0.4 %; p < 0.001).

3.4 Correlation between augmentation index normalized
to 75 beats-per-minute (AIx@75) and fractal dimension
(FD)

In the light of these results, we decided to explore the relation-
ship between the two indicators, median AIx@75 and FD,
during different hemodynamic states through Spearman’s
rank-order correlation. The relation between these variables
was monotonic, though non-linear, as assessed by visual in-
spection of a scatterplot. A strong significant negative corre-
lation between median AIx@75 and FD for each hemody-
namic state was found for aortic interventions ((rs = −0.95;
p < 0.05), though not for iliofemoral interventions nor overall
data. These results are illustrated in Fig. 3.

4 Discussion

The results show that arterial clamping and unclamping dur-
ing vascular surgery have a significant impact on the biome-
chanical properties of the vascular system, as assessed by the
Augmentation Index normalized to 75 beats-per-minute
(AIx@75) and the Fractal Dimension (FD), calculated from
radial arterial pressure tracings. After arterial clamping, medi-
an AIx@75 rises and median FD drops; the opposite occurs
after arterial unclamping. This effect was observed in both
aortic and iliofemoral interventions.

The increase in the median values of AIx@75 during arte-
rial clamping may indicate a higher arterial stiffness during
this hemodynamic state [14, 40]. However, the magnitude of
this effect on median AIx@75 was relatively small (4.1 % in
aortic interventions and 12.6 % in iliofemoral interventions).
Additionally, the sign of the median AIx@75 did not change,
which possibly indicates that the increase in arterial stiffness
was not large enough to change the wave morphology into a
type A or B wave. The decrease in median FD during arterial
clamping also suggests a higher arterial stiffness [31, 33].
Once again, the magnitude of this effect on median FD was
small (1.2 % in aortic interventions and 0.3 % in iliofemoral
interventions). Despite the small effect size, our results are
consistent at many levels: a) opposite events (i.e., clamping
and unclamping) produce changes in different directions, b)
two different indicators (i.e., AIx@75 and FD) suggest the
same underlying phenomenon, and c) similar results are ob-
served at different vascular locations (i.e., aortic and
iliofemoral). Overall, our data consistently suggests an in-
crease in arterial stiffness during clamping and a reduction in
arterial stiffness during unclamping.

Similar results were published by Armentano et al. by mea-
suring the simultaneous aortic pressure and diameter in 14
conscious dogs before and after occluding the distal descend-
ing aorta with a pneumatic cuff [14]. These authors observed
that, during aortic occlusion, the aortic pressure FD decreased
and the pressure-strain elastic modulus (E) of the aortic wall
increased (i.e., the aorta became stiffer). The magnitude of the
FD drop reported by these authors was −4.7 %, which is only
slightly higher than our own findings, −1.2 % (1.039 to 1.027;
p < 0.01), especially when taking into account that a) our

Table 3 Changes in
Augmentation Index normalized
to 75 beats-per-minute (AIx75)
following iliofemoral clamp and
unclamp

Pre-clamp Post-clamp

Median IQR Median IQR ΔAIx@75 (%) p

−15.9 −19.8 to −11.0 −13.9 −17.3 to −05.5 +12.6 <0.001

Pre-unclamp Post-unclamp

Median IQR Median IQR ΔAIx@75 (%) p

−15.3 −17.5 to −8.8 −15.7 −19.0 to −10.8 −2.6 <0.001

IQR interquartile range. ΔAIx@75 (%):relative percentage change in AIx

Table 4 Changes in Fractal Dimension (FD) following aortic clamp
and unclamp

Pre-clamp Post-clamp

Median IQR Median IQR ΔFD (%) p

1.039 1.006 to 1.154 1.027 1.004 to 1.135 −1.2 <0.01

Pre-unclamp Post-unclamp

Median IQR Median IQR ΔFD (%) p

1.031 1.004 to 1.138 1.040 1.007 to 1.178 +0.9 <0.001

IQR interquartile range.ΔAIx@75 (%):relative percentage change in AIx

Table 5 Changes in Fractal Dimension (FD) following iliofemoral
clamp and unclamp

Pre-clamp Post-clamp

Median IQR Median IQR ΔFD (%) P

1.032 1.005 to 1.154 1.029 1.003 to 1.138 −0.3 <0.01

Pre-unclamp Post-unclamp

Median IQR Median IQR ΔFD (%) p

1.029 1.004 to 1.143 1.033 1.005 to 1.151 +0.4 <0.001

IQR interquartile range. ΔAIx@75 (%): relative percentage change in
AIx
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protocol involved a more distal occlusion site (infrarenal aorta
instead of descending aorta), and b) our protocol involved a
larger distance between the pressure measurement site (i.e.,
radial artery) and the occlusion site (i.e., infrarenal aorta or
iliofemoral artery) whereas Armentano et al. measured the
aortic pressure just proximal to the occlusion site. Therefore,
these results would be in accordance with our own findings.

Given this apparent association between changes in arterial
stiffness and changes in AIx@75 and FD, what remains to be
addressed are the possible underlying mechanisms involved.
Armentano et al. suggest that reflected waves may participate
in changes in FD during arterial occlusion. Through wave
separation analysis, these authors studied the forward and
backward traveling components of the aortic pressure wave
before and after the occlusion of the descending aorta in dogs.
The authors analyzed only the first two heartbeats after aortic
occlusion, as to avoid the participation of regulation mecha-
nisms (which take place around the fifth heartbeat after occlu-
sion) in the resulting waveform. They proposed that, during
total occlusion of the descending aorta, aortic incident waves
reflect almost completely and immediately at the descending
aorta occlusion site, thus overlapping the incident wave with
the reflected wave and increasing overall aortic pressure and
modifying waveform morphology. Since multiple branching
reflection sites are avoided during aortic occlusion, the fractal
complexity of the aortic pressure wave is reduced (i.e., aortic
FD decreases). The authors conclude that arterial pressure
fractality depends highly on the wave reflection [14]. In the
light of these conclusions, in our results, the decrease in me-
dian FD during clamping could be associated to loss in the
complexity of the pressure waveform due to reduced reflec-
tion sites during clamping. Additionally -and since in our own
protocol both AIx@75 and FD were calculated from 20-s
intervals before and after each event- reflex regulation

mechanisms (i.e., reduced heart rate and increased contractile
force) probably pay a contribution to the waveform structure
in our analysis, as in actual real-life patients.

Murgo et al. also studied the aortic pressure waveform after
arterial occlusion [26]. These authors invasively measured
pressure in the ascending aorta of 4 patients undergoing cor-
onary catheterism after the external occlusion of the iliac ar-
tery. These authors describe significant changes in the aortic
waveform related to an increase in the late systolic pressure
shoulder, without observing changes in the end-diastolic pres-
sure. Just as in our protocol, the authors measure the arterial
pressure at a distant site from the vascular occlusion; however,
it is still a central arterial pressure measurement. Therefore,
the effect of reflection waves may be larger than on peripheral
arterial pressure measurements [41]. Through the study of the
impedance spectral patterns, these authors suggest that type A
waveforms are associated to a stiffer vascular profile, with
considerable wave reflections returning from the periphery;
whereas type C waves imply smaller or more diffuse reflec-
tions [26]. Our results are in accordance with these reports,
since clamping increased the magnitude of AIx@75, although
the waveform type did not change.

Cymberknop et al. studied the variation of the complexity
of the arterial pressure waveform in relation to its anatomical
location. The authors compared the continuous arterial pres-
sure waveforms of the carotid and femoral arteries through
non-invasive applanation tonometry in human subjects.
They found that the arterial pressure FD of the carotid artery
was higher than the arterial pressure FD of the femoral artery
(+56.51 ± 13.62 %). Though the authors did not evaluate
clamping or unclamping interventions, these findings could
possibly indicate that the higher pressure FD reported in the
carotid artery is related to a higher waveform complexity, due
to a higher exposure to multiple wave reflection at central
vascular sites. The lower pressure FD reported in the femoral
artery could be related to the loss of complexity at vascular
sites distant from the heart pump, a process often described as
an ‘unwrinkling’ phenomenon [30]. This ‘unwrinkling’ phe-
nomenon or loss of complexity could also possibly occur dur-
ing arterial clamping, and would explain the decrease in pres-
sure FD during clamping and its increase during unclamping.

Finally, although wave reflections occur at multiple loca-
tions in the arterial system, in human subjects the Beffective^
reflection site is the region of the terminal abdominal aorta and
the bifurcation of the iliac and femoral arteries [26, 42, 43].
These vessels would produce reflections that dominate over
those arising from other locations. The fact that the surgical
interventions of our study are located at the dominant reflec-
tion sites suggests that reflection waves could participate in
the observed changes in AIx@75 and FD.

As opposed to others, our results have demonstrated chang-
es in arterial pressure AIx@75 and FD during clamping with
an effect size smaller than previously reported [14, 26].

Fig. 3 Spearman’s rank-order correlation between the Augmentation
Index normalized to 75 beats-per-minute (AIx@75) and the Fractal
Dimension (FD). A strong significant correlation between median
AIx@75 and FD for each hemodynamic state was found for aortic inter-
ventions (rs = −0.95; p < 0.05), though not for iliofemoral interventions
nor overall data
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However, these studies involved intraortic measurements in
invasive animal experiments or in human subjects undergoing
coronary catheterization. Our study analyzed the arterial pres-
sure AIx@75 and FD through a radial artery catheter, which is
a minimally-invasive monitoring instrument that is widely-
used in surgical settings. Despite the large distance from the
event taking place at the aortic or iliofemoral intervention
sites, radial artery pressure monitoring was still able to detect
consistently these vascular events.

The question on the role of FD in hemodynamic monitor-
ing and in the study of the viscoelastic properties of the vas-
cular network is yet to be answered. Due to the influence of
peripheral reflected waves on this index, the FD may be able
to address issues related to peripheral microcirculation, such
as the skin or retinal vessels [44–46]. As a measure of com-
plexity, it may also have a higher capacity than the AIx to
discriminate the incident wave and the reflected wave in the
overall waveform.

In summary, in both the aorta and the iliofemoral artery,
arterial clamping and unclamping significantly modify the
Augmentation Index normalized to 75 beats-per-minute
(AIx@75) and the Fractal Dimension (FD) measured by in-
vasive radial arterial pressure monitoring, suggesting changes
in arterial stiffness. After arterial clamping, median AIx@75
rises and median FD drops; the opposite occurs after arterial
unclamping. A strong significant negative correlation between
median AIx@75 and FD for each hemodynamic state was
found for aortic interventions (rs = −0.95; p < 0.05), though
not for iliofemoral interventions nor overall data. Overall,
our data consistently suggests an increase in arterial stiffness
during clamping and a reduction during unclamping.
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