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Abstract

Background: Carotid atheromatosis causes 15-20% of ischemic 
stroke. Interventional treatment is sometimes limited by the risk of 
reperfusion, stroke and other complications. A better knowledge of 
hemodynamic changes along the procedures could help to establish 
the treatment in each patient. We aimed to gain insight into this em-
ploying transcranial Doppler (TCD) monitoring and determine condi-
tions with a higher risk of complications.

Methods: We prospectively recruited 53 patients with ≥ 70% cervi-
cal carotid stenosis or occlusion who underwent carotid angioplasty-
stenting (CAS) (28 patients) or carotid endarterectomy (CEA) (25 pa-
tients). We performed TCD monitoring during the whole procedures.

Results: Frequency of reperfusion syndrome (RS) was similar in both 
procedures, but other complications were more common (P < 0.001) 
in CEA. At baseline, hemodynamic reserve (HR) was correlated with 
asymmetry between mean flow velocity (MV) of middle cerebral ar-
teries (MCAs) (r = -0.582; P = 0.003) and delayed systolic peak (r = 
-0.44; P = 0.02). Over 100% increase in MV after recanalization was 
associated with lower HR, but not to the RS. A more marked change in 
MV was associated with CAS procedure (P = 0.081), lack of orthodro-
mic flow in ophthalmic artery (P = 0.013) and ≥ 95% carotid stenosis.

Conclusions: Baseline asymmetry between MCA MVs and subse-
quent increase in the latter is related to parameters of hemodynamic 
instability, such as critical stenosis, endovascular procedure and loss 
of orthodromic flow in the OF. However, MV alone is not a good pre-
dictor of RS, despite of baseline MVs asymmetry related to impaired 
HR and peak systolic delay. RS is equally frequent in CEA and CAS 

techniques, while other complications are more common in the former.
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Introduction

Atherothrombotic stroke, mostly due to carotid atheromatosis, 
accounts for 15-20% of all ischemic strokes [1, 2]. It often 
affects a large area of brain parenchima and entails a high mor-
bi-mortality and dependence. Treatment of carotid atheroma-
tosis was assessed in several trials (NASCET, ECST, ACAS, 
ACST) [3-6] by comparing medical and surgical approaches, 
although with important methodological differences, particu-
larly involving quantification of carotid stenosis. NASCET 
and ECST established that surgery was better than medical ap-
proach in symptomatic, > 70% carotid stenoses if surgical risk 
was ≤ 6%, while the last two concluded the same for asymp-
tomatic stenoses with a ≤ 3% surgical risk. The landscape of 
possibilities expanded with the development of angiography 
and navigation systems with microcatheters and distal terri-
tory protection devices, which gave birth to a third option, the 
endovascular approach, whose efficacy and security have not 
been well established yet [7-15].

Revascularization approaches intend, on the one hand, to 
remove a plaque which has become a source of arterio-arterial 
embolisms and, on the other hand, to correct the hemodynamic 
deficit cause by a high-grade stenosis. Under normal condi-
tions, brain autoregulation maintains the stability of cerebral 
blood flow despite a proximal stenosis, by means of progres-
sive arteriolar vasodilation as cerebral perfusion pressure de-
creases. However, when adaptation limits are exceeded, cere-
bral blood flow can no longer be maintained, and this decrease 
is deemed predictive of stroke, being more frequent in symp-
tomatic than asymptomatic stenosis [16-18].

Transcranial Doppler (TCD) is an ultrasonographic tech-
nique employed to examine intracranial arteries [19]. It has 
several applications, including the calculation of vasoreactivi-
ty, microemboli monitoring and recording of revascularization 
procedures, and it is useful to explore the pathogenic mecha-
nisms of stroke [20-22].
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We aim to contribute to the knowledge of the brain hemo-
dynamic along carotid revascularization procedures by moni-
toring flows in MCA and registering microembolic signals 
employing TCD. We tried to compare two different modalities 
of intervention and to generate more data about mechanisms 
that take place along these procedures. We also aim to study 
Doppler ability to detect hemodynamic changes and emboliza-
tions, and clinical consequences derived from both techniques, 
not only these related to the reperfusion syndrome (RS), but 
those derived from the techniques themselves. We tried to de-
fine which moments in each procedure imply a higher hemo-
dynamic repercussion and risk of embolization, depending on 
the type of revascularization technique, and to know if there 
are special features in case of employing distal protection de-
vices or revascularizating occlusive carotid, and also taking 
into account clinical features of patients and their influence on 
revascularization method assortment.

Methods and Material

Patient selection and therapeutic groups

This is a prospective observational study including 53 patients 
with a ≥ 70% cervical carotid stenosis or occlusion, sympto-
matic or not, who underwent a revascularization procedure be-
tween March 2007 and June 2008. Carotid occlusion patients 
were included on behalf of a high clinical severity despite of 
the best medical treatment. Of these patients, 25 were treated 
with CEA and 28 with CAS. The decision to intervene and the 
specific modality were up to the physicians in charge of each 
patient. The only exclusion criterion was the technical limita-
tion for ultrasound monitoring due to absence of bone window.

Analysis is started with the descriptive study of demo-
graphic data. But we also split the sample into two groups, 
according to the interventional procedure, and both therapeu-
tic groups, CEA and CAS, were compared according to their 
demographic, epidemiological and clinical features and neuro-
imaging findings, as well as to the hemodynamic values regis-
tered during TCD procedure monitoring.

TCD monitoring

Regarding hemodynamic parameters, we assessed breath hold-

ing index (BHI), i.e. brain vasoreactivity determined by the 
Apnea test as a measure of hemodynamic reserve, delay of 
systolic peak or flow acceleration, collaterals and MV/pulsatil-
ity index (PI) asymmetry between both MCAs before, during 
and after the intervention, as well as their changes between 
the different stages of the procedure. Calculation formulas are 
depicted in online Fig. 1, included in data supplement.

TCD monitoring was conducted either in the vascular sur-
gery or the neuroradiology operating room. Portable TCD de-
vices with a 2 MHz transduction probe and multichannel reg-
istering were used (SONARA; Cardinal Health, NeuroCare, 
Madison, WI, USA, Software 005.517 version, and SONARA; 
Cardinal Health, NeuroCare, Madison, WI, USA, Software 
005.525 version). A frame attachment was employed to avoid 
changes in angulation or motion artifacts. Such frame was 
placed after anesthetic induction or diagnostic arteriography, 
without interfering in any case with the procedures. Monitor-
ing of both MCAs was performed at a depth of 50 - 55 mm 
through the temporal bone window.

The whole procedures were monitored, but several key 
stages were defined for the appraisal of hemodynamic changes 
and/or microemboli generation, according to the results of a 
pilot study including three patients of each therapeutic group. 
In CEA, such moments were dissection of the artery, clamping 
and its release, and hemostasis. In CAS, they were the place-
ment of the navigation catheter and the distal protection de-
vice, angioplasty, stent placement and its opening, withdrawal 
of navigation systems and angiographic series after the pro-
cedure. A semiquantitative scale of microemboli generation 
was created: no MES, < 5 MES; 5 - 10 MES; 10 - 25 MES; 
moderate: > 25 MES when they still can be spotted one by one 
and do not erase the spectral wave; shower: numerous MES 
which cannot be independently spotted but still not erase the 
spectral wave; curtain: countless MES surpassing and erasing 
the spectral wave.

Statistical analysis

Statistical analysis was performed with the free distribution 
software R.2.10 (www.r-project.org). Quantitative variables 
were characterized by either the mean and standard deviation 
or the median, minimum and maximum values depending on 
whether they were normally distributed or not. The 95% con-
fidence intervals are also reported for the most relevant vari-
ables. For categorical variables, absolute and relative frequen-

Figure 1. Hemodynamic parameter forms. FA: flow acceleration; SV: systolic velocity; DV: diastolic velocity; MV: mean velocity. 
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Table 1.  Epidemiologic and Clinical Characteristics

CEA, n (%) CAS, n (%) P
Sex, male, n (%) 20 (80%) 25 (89%)
Age, mean ± standard deviation 68.1 ± 7.9 70.8 ± 10.3
HT
  No 6 (24%) 7 (26%) 0.80
  Control HT 15 (60%) 17 (60%) 0.80
  Non-control HT 4 (16%) 4 (14%) 0.50
Diabetes mellitus
  No 15 (60%) 17 (60%) 0.80
  Control DM 9 (36%) 8 (29%) 0.70
  Non-control DM 1 (4%) 3 (11%) 0.30
Dyslipemia
  No 12 (48%) 21 (75%) 0.04
  Control DL 12 (48%) 6 (21%) 0.04
  Non-control DL 1 (4%) 1 (4%) 0.70
Chronic lower limb ischemia
  No 20 (80%) 25 (89%) 0.20
  Yes 5 (20%) 3 (11%)
Ischemic heart disease
  No 17 (68%) 19 (68%) 0.90
  Angor 4 (16%) 5 (18%) 0.50
  AMI > 6 m 4 (16%) 4 (14%) 0.50
  AMI < 6 m 0 (0%) 0 (0%)
Arrhythmias
  No 22 (88%) 26 (92%) 0.40
  AF 3 (12%) 1 (4%) 0.30
  PM 0 (0%) 0 (0%)
  Others 0 (0%) 1 (4%)
Cardiomyopathy
  No 25 (100%) 24 (86%) 0.05
  Dilated 0 (0%) 4 (14%)
  Hypertrophy 0 (0%) 0 (0%)
  Other 0 (0%) 0 (0%)
Valvular disease
  No 23 (92%) 27 (96%) 0.40
  AO 0 (0%) 1 (4%)
  MI 1 (4%) 0 (0%)
  Several 1 (4%) 0 (0%)
Cardiovascular disease
  No 25 (100%) 27 (96%) 0.50
  Systemic venous thrombosis 0 (0%) 1 (4%)
Systemic prothrombotic disease
  No 23 (92%) 27 (96%) 0.40
  Hematologic diseases 2 (8%) 1 (4%)
Neoplasm
  No 24 (96%) 21 (74%) 0.03
  Yes 1 (4%) 7 (26%)
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cies were employed.
For comparisons between groups, either parametric (Stu-

dent’s t, ANOVA) or non-parametric tests (Mann-Whitney U, 
Kruskal-Wallis) were employed on quantitative variables de-
pending on Kolmogorov-Smirnov test for normality with Lil-
liefors correction. For categorical variables, X2 test with exact 
significance was used.

Pearson’s coefficient was employed to assess bivariate 
correlation between continuous variables, such as percent MV 
asymmetry and percent change in ipsilateral MV after pro-
cedure. A visual exploration of the scatter plot allows distin-
guishing two separate groups of patients. The relationship of 
the aforementioned variables in each of the groups was ana-
lyzed by means of a linear regression.

Cut-off point for statistical significance was P < 0.05 in 
all cases.

Results

Demographic and clinical features: differences between 
CEA and CAS groups

Most patients in the sample were male, with a similar preva-
lence of vascular risk factors in both therapeutic groups, CEA 
(80%) and CAS (89%). Although mean age was also similar, 
values were more disperse in the CAS group, but non-signifi-
cantly (CAS: 70.8 ± 10.3 (46 - 86); CEA: 68.1 ± 7.; (54 - 80)). 
Detailed information on demographic and clinical features is 
depicted in Table 1. More left carotid stenoses were treated, 
regardless of the technique. Asymptomatic stenoses were more 
common in the CEA group. This group also had a longer delay 
to intervention from the moment of symptoms. Contralateral 
and critical stenoses were more frequent in the CAS group. 
Although the latter are deemed a risk factor for the occurrence 
of RS [23], this was equally frequent in both groups, while 
other complications are more frequent in the CEA group. All 
of these characteristics are shown in Table 2.

As for the situation of brain hemodynamics before revas-
cularization, it was similar for both groups, regarding MV and 
PI asymmetry between both MCAs and brain hemodynamic 
reserve (BHR), except for collateral vessels and intracranial 
signs of contralateral carotid stenoses, which were more fre-
quent in the CAS group (Table 3).

Hemodynamics at baseline and after revascularization

As for other differences between CEA and CAS groups, on 
baseline TCD, there were more functional collateral vessels 
(P = 0.04) and more contralateral stenoses (P = 0.01) in the 
latter group. MV, PI and hemodynamic reserve were similar in 
both. Regardless of the differential hemodynamic conditions 
at baseline, RS was equally prevalent in both groups, while 
other complications were more frequent in the CEA group (P 
< 0.001).

BHR

BRH shows a negative correlation with the degree of carotid 
stenosis and the asymmetry between MV in both MCAs (Pear-
son’s coefficient correlation (PCC) = -0.582, P = 0.003; PCC = 
-0.44, P = 0.02, respectively) (Fig. 2).

Among patients with an impaired hemodynamic reserve 
(BHI < 1.3 ± 0.6, or velocity increase < 20%) [22], > 100% in-
crease in MCA MV occurred after revascularization. However, 
this increase was not associated with the occurrence of RS.

Systolic peak delay

In the ipsilateral MCA, systolic peak delay, which was not re-
lated to the degree of carotid stenosis (P = 0.6), immediately 
disappeared after the intervention in 90% of cases, especially 
in patients with a greater increase in MCA pulsatility after re-
canalization (P = 0.03).

Conversely, in the MCA contralateral to the intervention, 
systolic peak delay did show association with the degree of 
contralateral carotid stenosis (P = 0.02) and a negative correla-
tion with ipsilateral stenosis (P < 0.01) and baseline MCA PI 
asymmetry (PCC = -0.540; P < 0.001).

Collateral vessels

The number of permeable collaterals was associated with the 
degree of carotid stenosis (P = 0.03). Reverse flow through the 
ophthalmic artery was also associated to the number of perme-
able collaterals (P < 0.001) and the existence of a contralateral 

Table 2.  Characterization of Carotid Revascularized Stenosis

CEA, n (%) CAS, n (%) P
Symptomatic stenoses, n (%) 13 (52%) 23 (82.1%) 0.02
Left side (n) 17 19 0.009
Delay time (n symptomatic) (days) mean, median (rank) 13, 59.62, 23 (7 - 210) 23, 24.43, 18 (7 - 90) 0.01
Contralateral significant stenoses (n) 11 24 0.004
Homolateral high-grade stenoses 9 11 0.028
Reperfusion syndrome 2 (8%) 4 (15%) 0.674
Other complications 21 (84%) 5 (18%) < 0.001
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≥ 70% carotid stenosis (P = 0.049).

MV and PI asymmetries before and after revascularization

Baseline MV and PI asymmetries were positively correlated 
(PCC = 0.376; P = 0.008), as were both MV and PI asym-
metries before and after intervention (PCC = 0.699; P < 0.001 
for MV; PCC = 0.507; P = 0.001 for PI) (Fig. 3).

The only exception was observed in patients with preoc-
clusive stenoses (≥ 95%), where MV asymmetry before and af-
ter revascularization showed an inverse correlation (P = 0.05), 
leading to a higher percent change after the procedure.

PI asymmetry before (P < 0.001) and after (P = 0.02) 
revascularization was lower in patients with ≥ 70% contralat-
eral carotid stenosis.

A visual inspection of the scatter plot depicting the re-
lationship between percent MV asymmetry and percent MV 
change after the intervention shows two clearly separate 
groups of patients. The one with a more dramatic change is 
nearly significantly related to the CAS technique (P = 0.081), 
to the lack of an orthodromic ophthalmic artery, particularly 
for changes of MV ≥ 40% (P = 0.013) and to a preocclusive 

carotid stenosis (P = 0.002) (Fig. 4).

Microembolic signals record

Microemboli monitoring was conducted during the whole pro-
cedures, analyzing their patterns in the key moments in which 
they tended to cluster. Table 4 shows details of the matter.

Concerning CEA, during carotid dissection and clamp-
ing scarce embolic signals were registered only in 16% and 
12.5% of patients, respectively. However, the clamping release 
was associated with a massive generation of MES (moderate, 
shower or curtain pattern) in 70.8% of patients (P = 0.003; OR 
= 2.45). Handling of the vessels also promoted MES, albeit 
mostly in mild patterns (6.5%; P = 0.06; OR = 1.7). As for 
CAS, all preselected key moments were associated with MES: 
navigation with catheters (P < 0.001; OR = 13.29); balloon 
swelling before (P < 0.001; OR = 6.14) and after (P < 0.001; 
OR = 4.80) stent placement. But the moments associated with 
a massive release of MES are opening of the distal protection 
device (70% of patients, P = 0.006; OR = 2.3), deflating of 
the balloon before (P < 0.001; OR = 4.56) and after (67%; P 
= 0.02; OR = 2.03) stent placement and opening of the stent 

Table 3.  TCD Hemodynamic Parameters in Both Groups

CEA, median (min - max) ASC, median (min - max) P
MV asymmetry between MCA (% dif.) 16 (-45 - +65) 21.5 (-62 - +68) 0.40
PI asymmetry between MCA (% dif.) 16 (-25 - +62) 17 (-45 - +71) 0.90
Systolic delay
  Homolateral (s) 0.12 (0.05 - 0.20) 0.12 (0.05 - 0.21) 0.50
  Contralateral (s) 0.06 (0.04 - 0.23) 0.06 (0.03 - 0.18) 0.70
Hemodynamic reserve (% MV)
  Homolateral 21.7 (8 - 49) 20.80 (9 - 54) 0.50
  Contralateral 36 (20 - 70) 35.30 (12 - 98) 0.90
Hemodynamic reserve (BHI)
  Homolateral 0.5 (0.2 - 1.2) 0. 5 (0.3 - 1.7) 0.40
  Contralateral 0.9 (0.6 - 1.5) 1.05 (0.3 - 2.4) 0.50

CEA, n (%) CAS, n (%) P
Inverse ophthalmic artery yes/no 8 (65%) 19 (73%) 0.30
No. collaterals (no ophthalmic)
  0 collaterals 2 (15%) 3 (11%) 0.50
  1 collaterals 8 (62%) 9 (35%) 0.20
  2 collaterals 3 (23%) 7 (27%) 0.50
  3 collaterals 0 (0%) 7 (27%) 0.04
Other findings TCD
  No 16 (89%) 13 (52%) 0.05
  Contralateral stenosis 0 (0%) 7 (28%) 0.01
  VB proximal stenosis 1(6%) 4 (16%) 0.20
  Subclavian steel 1 (6%) 1 (4%) 0.60

%dif.: % of difference between both CMA MV; s: seconds; %MV: % of change in MV; BHI: breath holding index.
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Figure 2. (a, b) Brain hemodynamic reserve correlations. Homolat-BHI: homolateral breath holding index; MV: mean velocity; 
Homolat delay: delay in flow acceleration; PCC: Pearson’s coefficient correlation. 
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Figure 3. (a, b, c) MV and PI asymmetries correlations. MV: mean velocity; PI: pulsatility index; PCC: Pearson’s coefficient cor-
relation. 
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Figure 3. (a, b, c) MV and PI asymmetries correlations. MV: mean velocity; PI: pulsatility index; PCC: Pearson’s coefficient cor-
relation. - (continued) 

Table 4.  Percentage of Patients With MES Patterns Register by TCD in Different Moments of CEA and CAS

MES patients % 0 < 5 5 - 10 10 - 25 Moderate Shower Curtain
Dissection 84 16 0 0 0 0 0
Clamp 87.5 8.3 4.2 0 0 0 0
Clamp release 8.3 0 4.2 16.7 16.7 45.8 8.3
Handling 37.5 20.8 12.5 16.7 8.3 4.2 0
Navigators 7.1 28.6 14.3 28.6 21.4 0 0
Filter 0 30 0 0 40 20 10
Swell_1 13.6 18.3 13.6 13.6 27.3 13.6 0
Deflate_1 0 4.5 4.5 9.2 22.8 54.5 4.5
Stent 3.9 0 0 7.7 7.7 61.5 19.2
Swell_2 16.7 20.8 29.2 8.3 20.8 4.2 0
Deflate_2 8.3 0 4.3 20.8 33.3 33.3 0
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(88.4%; P < 0.001; OR = 7.33).
With respect to endovascular procedures, MES occurrence 

was analyzed according to whether a distal protection device 
was employed. Its opening was associated with MES generation 
(P < 0.000001), which reached a massive pattern in 70% of pa-
tients. In pre-stent angioplasty, the lack of such a device was as-
sociated to a more frequent occurrence of massive MES patterns 
during both balloon swelling (P = 0.004) and release (P < 0.001).

Prevalence of massive MES patterns was similar in both 
CEA and CAS groups (P = 0.3). Out of the four preselected 
key moments in the CEA group, one was associated with such 
patterns, while in the CAS group, there were four out of seven. 

Artifactual signals were more frequent in the CEA group (P 
< 0.01). MES registered in the contralateral hemisphere were 
more frequent in the CAS group (P = 0.002; only in two cases 
in the CEA group and 14 in CAS).

No association was encountered between MES presenta-
tion (and MES massive patterns) and RS (P = 0.6), nor between 
use or not of a distal protection device in the CAS group.

Discussion

As we attend to a historical moment with respect to the debate 

Figure 4. (a, b) Groups of patients according to percent MV asymmetry and percent MV change after the intervention. MV: mean 
velocity; CEA: carotid endarterectomy; CAS: carotid angioplasty-stenting.
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on the most suitable carotid revascularization technique, our 
study provides a detailed approach to hemodynamic phenom-
ena taking place during the carotid endarterectomy and angio-
plasty procedures.

As in previous studies, in our series there is a majority of 
male patients [3, 4, 24]. Since angioplasty is offered in case 
of contraindication to surgery or clinical instability, the CAS 
group is remarkably heterogeneous. Although there are more 
elderly patients, a priori a more vulnerable cohort, in the CAS 
group, this does not entail a higher prevalence of complica-
tions or a worse evolution, unlike previous results in the very 
old [25]. Vascular risk factors are mostly prevalent in both 
groups. However, there were more asymptomatic cases in the 
CEA group and the delay to intervention for both procedures 
exceeded by far that recommended in clinical practice guide-
lines [26, 27].

On the baseline TCD, a greater number of functioning col-
lateral vessels are shown in the CAS group, which suggests a 
more precarious hemodynamic situation among these patients. 
However, baseline (before undergoing the revascularization 
procedures, as all patients were registered by TCD during pro-
cedures) TCD was available for only 48% of the CEA patients, 
thus limiting our conclusions on this matter. However, there 
were no differences regarding the asymmetry in MV or pul-
satility between both MCAs, and the hemodynamic reserve, 
which is surprising given the expected worse hemodynamic 
situation of CAS patients.

There were several attempts to define different parameters 
able to explain the hemodynamic changes along the revascu-
larization procedures and their clinical repercussion. TCD pro-
vides a functional view in this sense, as we will try to show 
along this discussion. Concerning hemodynamic reserve, a 
trend to lower values with increasing degrees of carotid steno-
sis was observed. The association of diminished hemodynamic 
reserve with greater baseline MV asymmetry and delayed sys-
tolic peak seems also congruent.

Regarding systolic peak flow delay, we did not find any 
association with the number of collateral vessels or degree of 
ipsilateral stenosis, which could be explained by the corrective 
effect of collateral flow. On the contralateral carotid artery, we 
did find such an association between the degree of stenosis and 
the systolic peak delay at the MCA of the same side, probably 
because collateral vessels were not taking part in the mainte-
nance of flow, being supposedly a more stable circulatory bed 
than the one to be intervened. Furthermore, the inverse cor-
relation observed between the contralateral systolic peak delay 
and the homolateral carotid stenosis is thought to reflect the 
contralateral compensatory flow acceleration.

As for collateral vessels, both the number of collaterals 
and the flow inversion at the ophthalmic artery are related to 
the degree of stenosis, which suggests a progressive collateral 
recruitment, once the stenosis becomes hemodynamically sig-
nificant. We also observed that flow inversion at the ophthalmic 
artery is encountered when at least other two collateral arteries 
are patent, thus pointing to a situation of higher hemodynamic 
risk, although it also depends on the individual variability of 
the circle of Willis. Moreover, antidromic ophthalmic artery is 
even more frequent in presence of a significant contralateral 
carotid stenosis.

Spencer demonstrated that patients with an MCA flow ve-
locity < 40% during carotid clamping compared to the base-
line were at a higher risk of developing neurological deficits 
after surgery, due to hypoperfusion [28]. Ackerstaff et al pro-
posed a model for the surgical stroke risk in patients with ≥ 
70% symptomatic carotid stenosis, involving microemboli 
detection during dissection and clamping, a ≥ 90% decrease 
of MCA systolic peak during clamping and ≥ 100% increase 
in PI at clamping release [29]. Orlandi et al performed TCD 
monitoring of CAS procedures, demonstrating that baseline 
MCA velocity was significantly lower in patients suffering a 
neurological deficit after intervention [30]. Our study cannot 
establish conclusions in the same way of the previous authors, 
due to the small sample size and low morbidity, but it is able 
to define parameters suggestive of a precarious hemodynamic 
situation. These parameters are not affected by hemodynamic 
changes among different phases of the procedures which were 
also studied comparing each other, but they are influenced by 
the global changes and baseline flow asymmetries.

A detailed analysis of data on hemodynamic changes dur-
ing both revascularization procedures allows distinguishing 
two groups of patients according to the changes in MV after 
intervention. There is a trend to more marked changes in CAS 
patients, which may be explained by their baseline characteris-
tics rather than the technique itself. Although such trend did not 
attain statistical significance, probably due to the small sample 
size, only two CEA patients fall in the group defined by a more 
marked change. All patients with orthodromic ophthalmic ar-
tery experiment changes in MV lower than 40%, again pointing 
to antidromic ophthalmic artery as a predictor of hemodynamic 
precariousness. Previous studies have encountered that collat-
eral support through this artery indicates poor prognosis [31, 
32]. Preocclusive carotid stenosis (≥ 95%) is also associated to 
a more marked MV change, probably due to vasoparalysis and 
exhaustion of compensation mechanisms, and consequent poor 
adaptability to abrupt changes in blood flow.

Previous works have found CAS procedure to be associat-
ed to a greater number of both MES [33] and DWI-MRI hyper-
intense signals within 24 h of the intervention [34-37]. How-
ever, results are conflicting regarding the relationship between 
MES number and stroke risk [33, 34, 38-42]. In our series, we 
did not find differences between both techniques (P = 0.3).

Concerning CEA, although surgeons focus mainly on pre-
vention of hemodynamic failure during clamping, most strokes 
related to surgery are of thromboembolic cause [43]. In our 
series, dissection and clamping are associated to scarce MES 
register, unlike previous works [41], while clamping release 
is shown to be the most emboligenic phase. Shunt, a step as-
sociated to a great number of MES [41], was employed in only 
one patient in our study. Handling of the vessels during hemo-
stasis at the end of the procedure is, in our study, the second 
phase according to MES register, although there is a majority 
of mild patterns. Other works have not reported similar results 
on MES during this phase.

Distal protection devices are an important yet controver-
sial issue regarding CAS procedures. Their employment has 
been found to be associated to lower morbidity rates [44, 45]. 
In our series, we found a lower frequency of massive patterns 
during the phase of angioplasty before stent placement in asso-
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ciation to the employment of such devices, but no differences 
were found in other phases. On the other hand, massive MES 
patterns were registered during its opening. Previous studies 
have found a higher number of MES in relation to the use of 
these devices, and no differences in hyperintense signals in 
MR-DWI [46, 47]. So, there is not an unequivocal superiority 
in terms of stroke risk or embolization to support the use of 
protection device undoubtedly.

Artifactual signals are more common in the CEA group, 
probably because of the greater technical difficulty, due to less 
space available, hyperextension and cephalic rotation needed 
for surgery and interferences produced by electrocautery. In 
CAS groups, the main artifact source is contrast, whose signal 
is similar to that of MES. Contralateral emboli detection was 
more common in the CAS group (P = 0.002). This might be a 
consequence of navigation through the aortic arch and arterial 
cannulation [34, 40, 48-50], and it is not described for CEA. 
The two patients in the CEA group with contralateral MES 
register in our series had an occlusive contralateral carotid ar-
tery, so MES would come from the intervened side through 
interhemispheric collateral vessels of the circle of Willis.

Therefore, this study has some weakness that impedes to 
deduce absolute conclusions about what happens in cerebral 
hemodynamics. Its sample is limited, sometimes heterogene-
ous and each patient has some particularities in the vessels that 
make difficult to conclude stable and reproducible situations. 
Nonetheless, despite of these limits, we were able to obtain 
some statistically relationship between several parameters that 
point to uncertain hemodynamic situations, although in our se-
ries morbidity was scarce and we were not able to show a truth 
risk of stroke, RS or other complications according to those 
parameters.

Conclusions

TCD is a useful tool for the overall assessment of cerebral 
hemodynamics, providing information on many different pa-
rameters and allowing identifying patients in a precarious situ-
ation, both in a basal context and as hemodynamics changes 
during carotid revascularization.

Impaired cerebral hemodynamic reserve may be a good 
indicator of precarious hemodynamic situation, but it is de-
pendent on the MV asymmetry between both MCAs and the 
systolic peak delay. On the other hand, the number of patent 
collateral vessels increases with the degree of carotid steno-
sis, but ophthalmic flow inversion only occurs when collateral 
supply through other vessels becomes insufficient and it is re-
peatedly found as a higher hemodynamic risk value, as it is 
absent in preocclusive stenosis, and higher MV asymmetry at 
baseline patients, who experiment more marked MV increase 
after revascularization. Despite of these findings, we were not 
able to show a clinical relevance in terms of interventional 
complications.

MES register is not associated with a specific revasculari-
zation technique or the occurrence of reperfusion symptoms, 
nor with the employment of a distal protection device in the 
CAS procedures.
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