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Background: Immediate changes in vascular mechanics during aortic cross-clamping
remain widely unknown. By using a numerical model of the arterial network, vascular
compliance and resistance can be estimated and the time constant of pressure waves can
be calculated and compared with results from the classic arterial waveform analysis.

Methods: Experimental data were registered from continuous invasive radial artery pres-
sure measurements from 11 patients undergoing vascular surgery. A stable set of beats

were chosen immediately before and after each clamping event. Through the arterial

Keywords: waveform analysis, the time constant was calculated for each individual beat and for a

Vascular surgical procedures mean beat of each condition as to compare with numerical simulations. Overall propor-

Abdominal aorta tional changes in resistance and compliance during clamping and unclamping were

Vascular resistance calculated using the numerical model.
Compliance Results: Arterial waveform analysis of individual beats indicated a significant 10% median
Cardiovascular models reduction in the time constant after clamping, and a significant 17% median increase in the

time constant after unclamping. There was a positive correlation between waveform
analysis and numerical values of the time constant, which was moderate (p = 0.51;
P = 0.01486) during clamping and strong (p = 0.77; P < 0.0001) during unclamping. After
clamping, there was a significant 16% increase in the mean resistance and a significant 23%
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decrease in the mean compliance. After unclamping, there was a significant 19% decrease
in the mean resistance and a significant 56% increase in the mean compliance.

Conclusions: There are significant hemodynamic changes in vascular compliance and

resistance during aortic clamping and unclamping. Numerical computer models can add
information on the mechanisms of injury due to aortic clamping.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Aortic cross-clamping is a common strategy during cardio-
vascular surgeries and is essential to some procedures. Yearly,
it is performed in over a quarter of a million patients world-
wide.! However, there is clinical evidence that suggests that
the duration of aortic cross-clamping may be related to post-
operative morbidity and mortality.”® Because abdominal
aortic repair surgeries carry one of the highest postoperative
mortality rates among general elective surgeries,” insights on
the underlying effects of clamping are important for appro-
priate patient management during this critical surgery phase.
Several mechanisms of injury during aortic cross-clamping
have been reported, such as myocardial ischemia,>®
ischemia-reperfusion injury of the lower limbs, and the
gastrointestinal tract’ and systemic inflammatory response
syndrome.®° Recently, attention has been drawn toward the
role of vascular compliance in the risk of rupture of abdominal
1011 the choice of the aortic graft,”® and the
association with postoperative complications of abdominal
aneurysm repair.”>'* However, immediate changes in
vascular mechanics during clamping and unclamping in-
terventions are not well established.

Arterial waveform analysis is commonly used to calculate
the time constant of the diastolic portion of pressure waves.*>
7 However, this method is unable to estimate by itself the
relative contribution of compliance (C ) or resistance (R) to the
time constant (1) (i.e., considering t = RC). By using a numer-
ical model of the arterial network, these important vascular
features, compliance, and resistance can be estimated along
with the time constant.”®' Such a numerical model would
therefore offer an appropriate mean of comparison with
classic waveform analysis, by comparing the estimated time
constants, while offering valuable information on vascular
mechanical properties.

We designed an observational study to validate a numeri-
cal model of the arterial network against arterial waveform
analysis and to evaluate the immediate changes in vascular
mechanics after aortic cross-clamping and unclamping dur-
ing vascular surgeries in adult patients.

aneurysms,

Methods
Study design and patient population

This is a cross-sectional, observational, and analytical study
evaluating the effect of arterial clamping and unclamping of
the abdominal aorta during vascular surgeries. The impact of
these interventions on arterial vascular parameters was esti-
mated through the time constant of the diastolic portion of

invasive radial arterial pressure tracings during each clamp-
ing condition. Patients were evaluated before and after each
clamping/unclamping intervention. This study enrolled adult
patients undergoing peripheral vascular surgery involving
abdominal aortic clamping at the Hépital Universitaire Pitié-
Salpétriére in Paris, France. Exclusion criteria were having (1)
an irregular heart rhythm, (2) waveform diastolic values that
do not fit a single exponential decay, or (3) a reduced left
ventricular ejection fraction (<45%) measured by echocardi-
ography or cardiac magnetic resonance during routine pre-
operative workup.

Invasive radial artery pressure measurements

Experimental information on arterial pressure changes during
vascular surgeries was obtained from continuous invasive
radial artery pressure tracings of adult patients undergoing
peripheral vascular surgery involving abdominal aortic
clamping, as described before.””?! Briefly, a fluid-filled cath-
eter from the right radial artery was connected to a disposable
pressure transducer (TruWave, Edwards Lifesciences), allow-
ing data registry using an analog-digital converter with in-
ternal hardware filters (low-pass frequency set at 20 kHz,
high-pass frequency set at 0.05 Hz, MP150, BIOPAC Systems
Inc). The AcgKknowledge software was used to record arterial
pressure tracings, interpolating data to a final rate of 1000 Hz.

Arterial waveform analysis

Pressure tracings were analyzed using a custom algorithm
developed in MATLAB (R2018b, The MathWorks, Inc, Natick,
Massachusetts). A stable set of beats from invasive arterial
pressure tracings were chosen throughout 20- to 40-s intervals
immediately before and after each intervention. Data from the
brief transition period (5-30 s) after each clamping/unclamping
event were not considered. The beginning of each individual
beat was automatically identified using local minimum pres-
sure values. To obtain a mean beat, given physiological varia-
tions in the heart rate, the length of each pressure tracing was
normalized to the median length of all pressure tracings in that
interval using 1-D interpolation. The mean beat was then ob-
tained by averaging the pressure values at each time point.
Because two-element Windkessel models show a single
exponential decay during capacitor discharge, we used this
feature to automatically detect the onset of the diastole for
every cycle (Fig. 1). Starting from the end of the beat (iteration
number 0), we evaluated the exponential growth coefficient
(1/7) by sequentially fitting 100-millisecond intervals with 1-
millisecond backward steps. The maximum rate of change
(3(1/7)) of this coefficient was defined as the onset of the
diastole (red triangle, Fig. 1). Finally, pressure data from the
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Fig. 1 — Arterial waveform analysis. The x-axis (time) is
inverted as to represent the analysis sequence. Starting
from the end of the beat (left side of the figure), the
exponential growth coefficient (1/1) of the arterial pressure
curve (dashed, blue) was estimated by fitting 100-
millisecond intervals with 1-millisecond backward steps.
The onset of diastole (red triangle) was obtained from the
local maximum of §(1/:) (dash-point, purple). Pressure data
from the diastolic time interval were fitted to a single
exponential function (dots, green) to obtain the final time
constant (). (Color version of figure is available online.)

entire diastolic period was fitted to a single exponential
function to obtain the final diastolic time constant (green
dotted line, Fig. 1). The time constant of the diastolic portion of
arterial pressure tracings was computed for both individual
beats and for the mean beat of each interval for each patient
under each condition.

Numerical model

Zero-dimensional (0D) models are the very first level of
modeling. These types of models are analogies of electrical
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circuits, in which pressure stands for voltage and flow rate
stands for current, and both quantities are linked through a
time-varying ordinary differential equation. The circuit is
made up of an assembly of resistors and capacitors that have a
physical role: resistors represent the effect of viscous dissipa-
tion, whereas capacitors model the compliant effects of ar-
teries. The most widely used model for simulatingblood flow is
known as the Windkessel model,”” which was originally
composed of only two elements, a resistor (R,) and a capacitor
(C), being able to approximately predict the exponential decay
of arterial blood pressure during the diastole right after the
aortic valve closes (Fig. 2). This model was further improved by
adding another resistor (R;). The time constant (t) can be
calculated from these parameters considering © = R,C.

The general governing equation of the two-element
Windkessel model that represents the systemic arterial cir-
cuit is the following time-varying ordinary differential
equation:
erRzC%:(}h +R2)Q+R1R2C% (1)

Equation (1) can be discretized with a forward Euler scheme,
where the blood pressure in the systemic vascular circuit (P) is
the unknown variable.

n+1 n
p

N p _ Qn+1 —-Qr
P +ReCE— = =

=(Ry -‘rRz)QVl + R4R,C It

(2)

The unknown variable of Equation (2) is presented as p"™*

(i.e., the blood pressure at time t"*') and p" (i.e., the blood
pressure at time t" before t"*?), with At = t"*! — t" being the
time step. Because pressure P(t) is the unknown variable in
Equation (1), the inlet flow rate (Q(t)) (i.e., the flow of blood
ejected by the left ventricle into the systemic arterial circuit)
needs to be imposed. The flow rates Q" and Q"** correspond to
the inlet flow imposed at times t" and t"™", respectively. To
mimic a beating heart, a common simplified strategy to model
the inlet flow rate is to use half a sine signal.”® As shown in
Figure 2A, an inlet flow rate (Q(t)) such as this can be described
by two parameters: the amplitude of the inlet flow rate (Qo)
and the ejection time (T,;). The ejection time (T,;) is defined as
the percentage of the overall duration of a heart period (T) in

Fig. 2 — Zero-dimensional Windkessel model with three components (two resistors and one capacitor) that accounts for the
systemic arterial network. (A) The inlet flow rate (Q(t)) depends on the amplitude of the flow rate (Qy) and on the ejection
time (T;). (B) Electrical analogy of the Windkessel model, where R, and R, together represent the total resistance and C
represents the capacitance. (Color version of figure is available online.)
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which the left ventricle is ejecting blood into the systemic
vessels. The heart period (T) is fixed by experimental data.
Therefore, the inlet flow rate (Q(t)) can be defined by the
following expression:

s

Q(t) = Qo sin (TEJ_

Q=0

t).
T>1f0<t<Te)-T

fT,T<t<T,

where Qpis the amplitude of the sine, T is the heart period ,and
T, is the ejection time. The stroke volume (i.e., the volume
ejected by theleft ventricle duringeach heartbeat) is defined as
theintegral of theinlet flow rate (Q(t)) over one heart period (T ).

The objective of this analysis was to estimate the values of
the model parameters Ry, R,, and C and T,; from each patient
for preclamp, postclamp, preunclamp, and postunclamp set-
tings. We defined the vector p as the set of parameters
(R1;R2;C;T;). By using an inverse method based on experi-
mental blood pressure data, we were able to study how these
systemic vascular parameters are affected by the action of
aortic clamping. The cost function ] measures the error be-
tween the results of our model, which depend on P, and
continuous experimental pressure data. This cost function is
defined as follows:

AN / (Pos(t) - Pun(F.07t) ) N @

0

where Pe,p is the continuous experimental pressure data and
Phum is the solution of Equation (1), that is, the simulated re-
sults from our model.

The amplitude of the inlet flow rate (Qo) is a parameter that
cannot be estimated because it is related to the total value of
resistance through Ohm’s law. When the capacitor is fully
charged, Equation (1) becomes P = Ry, Q, Where Ry is the total
resistance (Rit = R1+Ry). The chosen value for the amplitude of
the inlet flow rate (Qop) is such that the stroke volume does not
drastically change with aortic clamping. The assumption of
keeping a constant stroke volume throughout aortic clamping
is based on the fact that all enrolled patients had a preserved
left ventricular ejection fraction (>45%), and on published
experimental data.”*”® Normal values for systolic volume are
usually between 70 and 90 mL.

The model parameters were found through the following
optimization process: at each iteration, for an initial set of
parameters p, Equation (1) was solved with the forward Euler
scheme from Equation (2) generating Pum(P, t). The cost
function J(p’,t) from Equation (4) was then calculated and
aimed to be minimized. The method used to minimize the
cost function J was a Basin-Hopping method’®?’ that runs a
gradient-based algorithm L-BFGS-B?® at each iteration. At each
step, the algorithm finds a new set of parameters that
decrease the value of ] so that the value of numerical pressure
would be closer to the value of experimental pressure; then, it
would move on to the next step. When convergence was
finally reached, the optimal patient-dependent set of param-
eters (Ry;R,,C;T,;) were found so that numerical pressure would
resemble experimental pressure (Ppum = Peyp) for preclamp,
postclamp, preunclamp, and postunclamp settings.

Ethical issues

The study is in accordance with the ethical principles of the
Declaration of Helsinki.?® The study protocol was assessed by
the institutional review board of the Hopital Universitaire
Pitié-Salpétriere. In accordance with French law, because this
is an observational study involving only routine clinical
practices and therefore offering minimal risk for patients, the
need of an informed consent form was waived. The study is
registered with the national French data protection authority
(Commission Nationale de I'Informatique et des Libertés) (N°
20190709113900).

Statistical analysis

A one-way analysis was conducted to assess the distribution
of each covariate. Continuous variables were summarized
using mean and standard deviation for normally distributed
variables and median and interquartile range (IQR) for non-
normally distributed variables. Categorical variables were
summarized with percentages in each category. Group com-
parisons involved the two-tailed paired t-tests for normally
distributed variables, Wilcoxon signed-rank test for non-
normally distributed variables, and chi-square or Fischer’s
exact tests for categorical variables. Normality was assessed
formally by Shapiro—Wilk tests. Correlation was assessed
with Pearson’s correlation coefficient (p) for variables with a
multivariate normal distribution and with Spearman’s corre-
lation coefficient (rs) for variables with a non-normal multi-
variate distribution. Global agreement was assessed by visual
examination of the Bland-Altman plots.*® Bland-Altman
agreement plots represent the difference between two mea-
surements on the y-axis plotted against the average of these
measurements on the x-axis. The mean difference between
the two measurements is called the center of agreement and
is represented by a central horizontal line on the plot. The
upper/lower limits of agreement are +1.96 standard deviation
of the mean difference. The gap between the center of
agreement and the x-axis (corresponding to zero differences)
is called the bias. Normality in the distribution of the differ-
ences was verified formally by Shapiro—Wilk tests. Two-tailed
tests were considered statistically significant at the 0.05 level.
A percentage bias (bias/mean waveform analysis time con-
stant) of 20% or less was considered acceptable. Statistical
analysis was performed using R software version 1.0.136°"
(packages ggplot2,?” BlandAltmanLeh,*> MVN®%).

Results

The invasive arterial pressure measurements of 14 patients
undergoing vascular surgery were assessed; 3 patients were
excluded (2 for having an irregular rhythm and 1 for having
waveforms that did not fit a single exponential decay). There
were 11 patients included in the final study, of which 9 had an
infrarenal abdominal aortic aneurysm and underwent open
repair surgery with either an aorto-aortic tube graft (3 pa-
tients) or an aorto-bi-iliac graft (6 patients). The remaining 2
patients had occlusive artery disease and underwent aorto-
bifemoral bypass surgeries. All selected aortic clamps were
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Table 1 — Patient clinical characteristics.

Patient Age,y Sex DB SMK HT DL Height, m Weight, kg
1 84 M N N Y Y 1.65 57
2 84 M N Y Y Y 1.62 65
3 80 M N Y Y N 1.70 74
4 46 M N Y Y Y 1.61 65
5 81 F N Y Y Y 1.56 48
6 64 M N Y N Y 1.90 110
7 49 F N Y N Y 1.67 71
8 58 F N Y N N 1.59 54
9 67 M Y Y Y Y 1.82 105
10 65 M N Y Y Y 1.75 85
11 78 F N Y N N 1.50 42
Total 69 + 14 63.0% 9.1% 90.9% 63.6% 72.7% 1.67 £0.12 70.5+21.9

Absolute values are presented as mean + standard deviation (SD).

DB = diabetes mellitus; SMK = smoking status; HT = arterial hypertension. DL = dyslipidemia.

infrarenal. No patients had an aortic repair because of graft or
native aortic infection in this series. Most patients with an-
eurysms and all patients with occlusive disease had arterial
calcifications. However, these were mainly restricted to the
iliac arteries, without affecting the femoropopliteal region.
Patients were mostly elder (69 + 14 years-old) males (63.6%)
with hypertension (63.6%) and dyslipidemia (72.7%) who were
current smokers (90.9%). Table 1 shows patients’ full clinical
characteristics. Table 2 indicates patients’ comorbidities and
medication.

Changes in the time constant measured by arterial
waveform analysis

Experimental data involved continuous radial artery pres-
sure tracings from 11 abdominal aortic clamps and un-
clamps. The median values of the time constant of the

diastolic portion of arterial pressure waves from 20- to 40-s
intervals before and after each intervention measured by
the arterial waveform analysis were compared. In all indi-
vidual patients, the median time constant decreased after
clamping and increased after unclamping (Supplementary
table 1). After abdominal aortic clamping, there was a sig-
nificant 10% reduction in the overall median time constant
of the diastolic portion of arterial pressure waves. Before
clamping, the overall median time constant was 2.12 (IQR:
1.54-2.36) seconds, whereas after clamping, it was 1.79 (IQR:
1.48-1.91) seconds; this difference was statistically signifi-
cant (P = 0.0033). After abdominal aortic unclamping, there
was a significant 17% increase in the overall median time
constant. Before unclamping, the overall median time con-
stant was 1.77 (IQR: 1.52-1.99) seconds, whereas after
clamping, it was 1.90 (IQR: 1.73-2.32) seconds; this difference
was also statistically significant (P = 0.0033).

Table 2 — Patient comorbidities and medication.

Patient CAD HF IC Aspirin Statins BB ACEI/ARBs CCB Diuretics
1 N N N Y Y N N Y Y

2 Y N Y Y Y Y Y N N

3 Y N Y Y Y Y Y N Y

4 N N N Y Y N Y N N

5 Y N Y Y Y Y Y N Y

6 Y N N Y Y Y Y N N

7 N N Y Y Y Y Y N Y

8 N N Y Y Y N Y N N

9 Y N Y Y Y Y Y N Y
10 N N N Y Y N N Y N
11 N N N Y Y N Y N N
Total 45.5% 0% 54.5% 100% 100% 54.5% 81.8% 18.2% 45.5%

CAD = coronary artery disease; HF = heart failure; IC = intermittent claudication; BB = beta-blockers; ACEI = angiotensin-converting enzyme
inhibitors; ARBs = angiotensin II receptor antagonists; CCB = calcium channel blockers.
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Comparison between the absolute values of the time
constant measured by the arterial waveform analysis and
by a numerical model

The time constant of the mean beat of each patient before and
after each intervention was calculated using the parameters
of the numerical model (Fig. 3). These values were compared
to the time constant of the mean beat of each patient before
and after each intervention measured by the arterial wave-
form analysis. Both methods suggested that the time constant
decreased after clamping and increased after unclamping
(Fig. 4). There was a positive significant correlation between
the values of the time constant measured by both methods,
which was moderate (p = 0.51; P = 0.01486) during clamping
and strong (p = 0.77; P < 0.0001) during unclamping (Fig. 5).
Bland-Altman plots showed appropriate agreement between
the experimental and numerical values of the diastolic time
constant. In both settings, the bias was small (13.7% for
clamping, 14.7% for unclamping). For nearly all cases, the
differences between the two measurements were within the
limits of agreement (Table 3). However, there was a possible
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systematic bias observed for high values of the diastolic time
constant during aortic unclamping, where numerical values
seemed to overestimate waveform analysis values (Fig. 5).

Comparison between proportional changes in the time
constant measured by arterial waveform analysis and by a
numerical model

The overall proportional change in the diastolic time constant
after each intervention was calculated for each method.
Clamping produced a median 10% (IQR: 8%-21%) decrease in
the time constant measured by the arterial waveform analysis
as compared with a median 16% (IQR: 7%-19%) decrease in the
time constant measured by the numerical model; there were
no significant differences between these estimations
(P = 0.7646). Unclamping produced a median 18% (IQR: 9%-
21%) increase in the time constant measured by the arterial
waveform analysis as compared with a median 21% (IQR: 14%-
30%) decrease in the time constant measured by the numeri-
cal model; again, there were no significant differences be-
tween these estimations (P = 0.2061) (Fig. 4).
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Fig. 3 — Arterial pressure waveform for one representative patient (patient 3) before (A) and after (B) aortic clamping and
before (C) and after (D) aortic unclamping during vascular surgery. Colored + symbols indicate experimental values of
arterial pressure. Black dashed lines indicate simulated arterial pressure values found solving Equation 1 for the numerical
model of the systemic arterial network. (Color version of figure is available online.)
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Overall proportional changes in total vascular resistance
and compliance estimated by a numerical model

Because the total resistance (Riot = R1+Ry) and compliance (C)
of the systemic arterial circuit are model parameters, their
overall proportional changes during clamping and unclamp-
ing were calculated (Supplementary table 2). After abdominal
aortic clamping, there was a significant 16% increase in the
mean total vascular resistance (Ryy) (from 12371 =+
250.2dyn's cm > to 1435.0 + 317.7 dynscm >, P =0.0019) and a
significant 23% decrease in the mean vascular compliance (C)
(from 3.0 + 1.1 mL/mmHg to 2.3 + 0.9 mL/mmHg; P = 0.0002).
After abdominal aortic unclamping, there was a significant
19% decrease in mean the total vascular resistance (Reor) (from
12419 + 234.1 dyn s cm™> to 1003.8 + 221.9 dyn s cm >,
P = 0.0007) and a significant 56% increase in the mean
vascular compliance (C) (from 2.7 + 1.0 mL/mmHg to
4.1 + 1.8 mL/mmHg; P = 0.001952) (Fig. 6).

Discussion

This study indicates that immediate changes in vascular
mechanics after abdominal aortic clamping and unclamping
during vascular surgeries can be estimated by a numerical
model.

One of the first important findings in this study is that the
diastolic time constant of radial arterial pressure waves before
and after aortic cross-clamping and unclamping during
vascular surgeries in adult patients can be calculated by two
different methods: the arterial waveform analysis and using a
mathematical model of the arterial network. Our findings
indicate that the absolute values of the diastolic time constant
seem to differ in some patients when comparing both
methods, thus limiting the value of the numerical model to

make patient-specific estimations. Furthermore, there may be
a systematic overestimation when applying the numerical
model to high values of the diastolic time constant during
unclamping. However, the overall correlation and agreement
between measurements seem appropriate, and the overall
percentage changes in the diastolic time constant estimated
by each method show no significant differences. In addition,
the subset in which there is a possible systematic bias repre-
sents only 9% of all data. These results suggest that although
the numerical model may have limitations for making
patient-specific predictions, it can identify accurately and
with precision the direction and magnitude of proportional
changes in the diastolic time constant as compared with
arterial waveform analysis. Although other studies have
validated the predictions of numerical models with pressure
waveform morphology measured experimentally in human
subjects, the correspondence between model predictions and
actual arterial pressure waves was only qualitatively
assessed.*** On the contrary, in our study, the correlation
and agreement between methods for measuring the diastolic
time constant were systematically assessed and quantified.
The second important finding in our study is that the dia-
stolic time constant decreases 10%-16% during clamping and
increases 18%-21% during unclamping. These results comply
with the only previous study, to our knowledge, that reported
changes in the arterial diastolic time constant during aortic
clamping.®® After abdominal aortic occlusion with a balloon
catheter during 2 min in 7 male dogs, Van den Bos et al. re-
ported a significant 16.6% decrease in the diastolic time con-
stant of arterial pressure waves.® This result is comparable to
ours in the location of the aortic clamping, the duration of the
clamp, and in the magnitude of the reported change. In our
study, the decrease in the diastolic time constant during
clamping and its increase during unclamping were system-
atically found in all patients. In addition, as mentioned pre-
viously, there was a good agreement between both methods,
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() estimated by a numerical model and by the arterial waveform analysis during clamping (A) and unclamping (C),
indicating a moderate (p = 0.51; P = 0.01486) and a strong (p = 0.77; P= <0.0001) positive correlation, respectively. Bland-
Altman agreement plots indicating appropriate agreement between the two methods during aortic clamping (B) and
unclamping (D). The dotted line is the mean difference between methods; the dashed lines are the upper and lower limits of

agreement (+1.96 SD of the mean difference).

experimental and numerical, regarding the direction and the
magnitude of proportional change. These findings allowed us
to presume that the numerical model of the arterial network
would offer appropriate estimations of the immediate
changes in vascular mechanics after aortic clamping and
unclamping.

The third important finding in our study is that during
abdominal aortic clamping total vascular resistance (Reot) in-
creases and compliance (C) decreases, while the opposite oc-
curs during unclamping. Although we cannot discard the
influence of biological regulatory phenomena, a possible
explanation for the increase in total vascular resistance (Reot)

during clamping is that parallel resistances are being blocked
out of the circuit. Likewise, a probable explanation for the
decrease in compliance (C) during clamping is that the overall
surface of the system gets smaller. During unclamping the
opposite events occur, added to a local vasodilation of
ischemic areas due to the accumulation of adenosine, lactate,
and carbon dioxide during clamping?® This phenomenon
possibly explains why in our study the percentage changes in
vascular resistance, and especially in vascular compliance,
are larger after unclamping than after clamping. Our results
are in agreement with previous studies on the hemodynamic
changes of abdominal aortic clamping.?**>***3° Montenij et al.
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reported that mean vascular resistance increases 16.8% 5 min
after abdominal aortic cross-clamping and decreases 36.3%

Table 3 — Agreement results from Bland-Altman plots.

Estimate Clamping Unclamping  Units 10 min after clamp release in 22 patients undergoing elective
Bias —0.260 ~0.302 S open abdominal aortic aneurysm repair.?® Attia et al. informed
95% CI bias _0.462 to _0.514 to S a significant 7.1% increase in mean vascular resistance 1-
—0.058 ~0.090 3 min after abdominal aortic cross-clamping in 5 male pa-
Percentage bias 13.7 147 % tients.*® Biais et al. described a significant 44.5% increase in the
Upper LoA 0.632 0.635 S median total vascular resistance 10 min after abdominal
aortic cross-clamping in 24 pigs.”* Van Den Bos et al. informed

95% CI upper LoA 0.283 to 0.982 0.268 to 1.002 S . . . .
a 22.7% increase in mean vascular resistance after abdominal
Lower LoA -1152 -1.238 S aortic occlusion with a balloon catheter during 2 min in 7 male
95% Cl lower LoA ’1'525);0 *1'06(;; 1t° e dogs.*® Martin-Cancho et al. went even further to describe the

dynamic changes through time in mean total vascular resis-
Percentage changes are calculated regarding the mean time con- tance following abdominal aortic clamping and unclamping in
stant measured by the arterial waveform analysis. 18 pigs undergoing laparotomy.” These authors report that
CI = confidence interval; LoA = limits of agreement. . . o .

mean total vascular resistance increases 38.0% 30 min after
clamping and 39.1% 60 min after clamping. They also inform
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https://doi.org/10.1016/j.jss.2019.08.009
https://doi.org/10.1016/j.jss.2019.08.009

596 JOURNAL OF SURGICAL RESEARCH @ DECEMBER 2019 (244) 587—598

changes in mean total vascular resistance following abdom-
inal aortic unclamping: a 55.6% decrease after 5 min, a 42.4%
decrease after 30 min, and a 33.2% decrease after 60 min.
Globally, these studies report changes 3-60 min after clamp-
ing/unclamping events, while our results indicate immediate
effects, generally within the first minute after the event. The
importance of stressing the time at which data are collected,
especially regarding aortic unclamping, is highlighted by the
dynamic changes described by Martin-Cancho et al..*® In
addition, although these previous studies report changes in
total vascular resistance after clamping/unclamping, most fail
to report changes in vascular compliance. Only Attia et al.
inform a 23.2% decrease in vascular compliance 1-3 min after
abdominal aortic cross-clamping in 5 male patients, and Van
Den Bos et al. inform a 17.1% decrease in vascular compliance
after abdominal aortic occlusion with a balloon catheter dur-
ing 2 min in 7 male dogs.***° Both results are in accordance
with the 23% decrease in mean vascular compliance found in
our study. To our knowledge, this is the first study to analyze
immediate changes in vascular compliance in adult patients
after clamping and unclamping using both experimental data
and a numerical model of the arterial network.

The strength of this study resides in the availability of
experimental data from human subjects in a real-world sce-
nario involving vascular surgeries that are analyzed with
appropriate agreement by both arterial waveform analysis
and a numerical model. These results open the possibility of
exploring the clinical implications of these changes for both
patient intraoperative monitoring and vascular prosthesis
safety. Numerical estimations of the immediate hemody-
namic changes related to aortic clamping and unclamping
could help develop clinical predictive models to identify pa-
tients at risk of perioperative ischemic injury. In addition,
information on the immediate changes in the mechanical
properties of the arterial network during vascular surgery
could help improve the design of vascular prosthesis and
surgical instruments, by guiding the selection of materials and
the geometrical configuration of these tools according to the
wide range of mechanical changes that may take place.
However, some limitations in this study must be acknowl-
edged. First, our results are based on the assumption that
stroke volume does not change during clamping and
unclamping interventions. This assumption was made on the
lack of continuous data on stroke volume throughout the
surgery—which is not routine practice during surgical inter-
ventions—or of a numerical heart model to simulate this
variable during clamping/unclamping interventions. Howev-
er, because (1) changes in stroke volume reported in the
literature during aortic cross-clamping are inconsistent,***?
(2) we are interested in studying only the immediate impact
of clamping/unclamping, and (3) all patients had a preserved
left ventricular ejection fraction (i.e., >45%), we assume that
this is a fair assumption to make. Second, the absolute values
of the diastolic time constant found by each method were
slightly different for some patients. This could possibly be due
to intrinsic differences between these two methods because
the numerical estimations arise from fitting the numerical
pressure wave to the entire experimental pressure curve,
whereas estimations from the arterial waveform analysis are
based on an exponential function that is fitted only to the

diastolic part of the experimental pressure curve. In addition,
numerical estimations use a cost function J that is the square
error between the model’s estimations and the experimental
pressure waveform. The fact that the error is squared condi-
tions the cost function J to penalize more a large local error
than it penalizes two small local errors, therefore influencing
the final numerical estimation of the time constant. A third
important limitation to acknowledge is that the number of
subjects considered in this study is small. Because individual
patient-specific characteristics, such as comorbidities and
medication, could have an influence on our results, a larger
clinical study with more patients and enough power to adjust
for relevant clinical characteristics would be necessary to in-
crease the external validity of our conclusions.

In all, this study has validated this numerical model of the
arterial network, and determined the magnitude of change of
both vascular resistance and compliance during aortic
clamping/unclamping. The next step would be to design a
large prospective cohort study to explore the clinical impli-
cations of these immediate changes in vascular mechanics.
This future study would require pre-established clinical out-
comes and enough statistical power to adjust for covariates
and potential confounding. The results of this study could
translate to patient care by contributing to the development of
perioperative risk models and by guiding the design of
vascular prosthesis and surgical instruments.

Conclusion

There are significant hemodynamic changes in vascular
compliance and resistance during aortic clamping, which may
have clinical implications for both patient intraoperative
monitoring and vascular prosthesis safety. Numerical com-
puter models can add information on the mechanisms of
injury due to aortic clamping.
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