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Abstract

Object—Transcranial Doppler (TCD) is frequently used to evaluate peripheral cerebral resistance
and cerebral blood flow (CBF) in the middle cerebral artery prior to and during carotid
endarterectomy (CEA). Patients with symptomatic carotid artery stenosis may have reduced
peripheral cerebral resistance to compensate for inadequate CBF. The authors aim to determine
whether symptomatic patients with reduced peripheral cerebral resistance prior to CEA
demonstrate increased CBF and cognitive improvement as early as 1 day after CEA.

Methods—Fifty-three patients with symptomatic CEA were included in this observational study.
All patients underwent neuropsychometric evaluation 24 hours or less preoperatively and 1 day

postoperatively. The MCA was evaluated using TCD for CBF mean velocity (MV) and pulsatility
index (PI). Pulsatility index < 0.80 was used as a cutoff for reduced peripheral cerebral resistance.

Results—Significantly more patients with baseline Pl < 0.80 exhibited cognitive improvement 1
day after CEA than those with Pl > 0.80 (35.0% vs 6.1%, p = 0.007). Patients with cognitive
improvement had a significantly greater increase in CBF MV than patients without cognitive
improvement (13.4 £ 17.1 cm/sec vs 4.3 £ 9.9 cm/sec, p = 0.03). In multivariate regression model,
a baseline Pl < 0.80 was significantly associated with increased odds of cognitive improvement
(OR 7.32 [1.40-59.49], p = 0.02).

Conclusions—Symptomatic CEA patients with reduced peripheral cerebral resistance,
measured as Pl < 0.80, are likely to have increased CBF and improved cognitive performance as
early as 1 day after CEA for symptomatic carotid artery stenosis. Revascularization in this cohort
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may afford benefits beyond prevention of future stroke. Clinical trial registration no:
NCT00597883 (ClinicalTrials.gov).
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Maintenance of adequate cerebral blood flow (CBF) is achieved by a variety of cerebral
autoregulatory mechanisms. These mechanisms deficient events. In the case of patients with
carotid artery stenosis, cerebral autoregulatory mechanisms will often reduce peripheral
(distal) cerebral resistance to compensate for the reduced CBF and use collateral circulation
to adequately perfuse the ipsilateral hemisphere. However, patients with symptomatic
carotid artery stenosis may lack adequate collateral circulation and experience strokes or
transient ischemic attacks;*21:25-27 these patients rely more heavily on reducing peripheral
cerebral resistance to maintain adequate perfusion of the cerebral hemispheres,20:34.36

Carotid endarterectomy (CEA) is a commonly performed procedure to prevent future stroke,
especially in patients with symptomatic carotid artery stenosis.313.28 Transcranial Doppler
(TCD) ultrasonography is a useful tool that can be used prior to and during CEA to examine
the middle cerebral artery (MCA). Transcranial Doppler ultrasonography collects
information regarding CBF velocity using standard ultrasound technology. This tool also
collects information regarding peripheral cerebral resistance via the Gosling pulsatility index
(P1).82022.33 The P| is determined as the difference between the peak systolic and end-
diastolic velocities divided by the mean velocity of blood flow in the MCA. 22 The Pl is
often documented to be = 1.0 in asymptomatic CEA patients and < 1.0 in symptomatic CEA
patients, indicating reduced peripheral cerebral resistance and likely a degree of cerebral
autoregulatory exhaustion.31:34.36.38 Symptomatic patients with a baseline PI < 1.0 prior to

CEA often demonstrate increased CBF after plaque removal and flow
restoration,5:6:19,20,30,31,34,36-38

Patients can demonstrate cognitive changes after CEA due to the common due to the
common fluctuations in CBF during and after surgery; approximately 20%—-25%
demonstrate cognitive dysfunction823 and approximately 10%-15% demonstrate cognitive
improvement,1:29.11.12.39 hile approximately 60%-70% demonstrate no cognitive
changes.1440 Current unpublished data suggest that patients with reduced CBF velocity
during cross-clamping of the carotid artery are more likely to exhibit cognitive dysfunction 1
day after CEA. A previous study looked at SPECT scans to demonstrate that improvement
in CBF was associated with improvement in cognitive function 1 month after CEA.39
Another study assessed hypercapnia and cerebrovascular reserve with TCD ultrasonography
and found an association between reduced preoperative cerebrovascular reserve and
postoperative cognitive improvement 5 days after CEA.? However, no study has evaluated
reduced peripheral resistance with perioperative TCD ultrasonography in the context of
cognitive dysfunction as early as 1 day after CEA. Given the previous work that identifies
most symptomatic patients as having reduced peripheral cerebral resistance prior to CEA
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followed by increased CBF after plaque removal,5.6.19.20,30,31,34,36-38 it js reasonable to
consider that these patients may be more likely to exhibit cognitive improvement.

In this study, we aim to determine whether symptomatic CEA patients with reduced
peripheral cerebral resistance prior to CEA demonstrate increased CBF after plaque removal
and cognitive improvement as early as 1 day after CEA. We hypothesize that symptomatic
CEA patients with reduced peripheral resistance prior to CEA, in the MCA after plaque
removal and cognitive improvement as early as 1 day after CEA.

Patients, Anesthesia, and Surgery

One hundred twenty-four patients were initially enrolled with written informed consent in an
Institutional Review—Board approved observational single-center study at Columbia
University Medical Center from 1995 to 2012 (clinical trial no: NCT00597883
[ClinicalTrials. gov]). Patients eligible for inclusion in this current study were those
scheduled for elective CEA for carotid artery stenosis, English-speaking with no Axis |
psychiatric disorders, with symptomatic history of stroke and/or transient ischemic attack,
with complete intraoperative TCD ultrasonography records, and with complete
neuropsychometric evaluation performed 24 hours or less preoperatively and 1 day
postoperatively. Fifty-three patients met these criteria and were included in the current
analyses.

All patients received general anesthesia with standard hemodynamic and temperature
monitoring, as previously described.1415:18 No patient received a blood transfusion. The
surgical technique, anesthesia management, and indications for CEA have remained
constant at our institution. Six senior neurological and vascular surgeons performed all of
the procedures. Four neurosurgical anesthesiologists administered general anesthesia; one
anesthesiologist administered the anesthesia in 61.5% of cases.

Cognitive Measures

All patients underwent an extensive battery of neuropsychometric tests 24 hours or less
preoperatively and 1 day postoperatively. The neuropsychometric tests evaluate 4 cognitive
domains: verbal memory (Controlled Oral Word Association Test, Hopkins Verbal Learning
Test, and/or Buschke Selective Reminding Test), visuospatial organization (Rey-Osterrieth
Complex Figure Copy and Recall), motor function (Grooved Pegboard and/or Finger
Tapping Test), and executive action (Halstead-Reitan Trials A and B).

Similar to previous studies,14-1517.18.24 7_scores were generated based on a surgical
reference group’s performance to account for practice effect, trauma of surgery, general
anesthesia, and the overnight hospital stay experience. The surgical reference group
comprised 53 age- and sex-matched patients older than 60 years of age undergoing lumbar-
level laminectomy or microdiscectomy on 2 levels or fewer without fusion, no tumor/cyst,
or blood loss necessitating transfusion. These patients experienced similar surgical and
anesthesia times as well as a similar general anesthetic. The mean difference score of the
surgical reference group was subtracted from the difference score for the CEA patient and
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then divided by the standard deviation of the surgical reference group ([Differencecga —
Mean Difference geferencel/Standard Deviationgeference). Therefore, each test is evaluated in
units of standard deviation of the surgical reference group’s change in performance.

Carotid endarterectomy patient domains were evaluated to account for both focal and global/
hemispheric improvements: 1) > 2 standard deviations better performance than the surgical
reference group in 2 or more cognitive domains or 2) > 1.5 standard deviations better
performance than the surgical reference group in all 4 cognitive domains. The details of each
neuropsychometric test and their respective scoring rubrics have been described in great
detail in previous work.10.14.16.18.29 The syrgical reference group was only used to generate
Z-scores; therefore, the surgical reference patients were not included in any other analysis or
reported otherwise in this study.

Transcranial Doppler Ultrasonography

An ST-3 TCD ultrasonography machine (Spencer Technologies) was used in all 53 cases. A
2-MHz probe was applied over the thinnest portion of the squamous component of the
temporal bone on the operative side of the head. The MCA was located and insonated at an
approximate depth of 50 mm from the scalp. A Marc 600 headframe (Spencer Technologies)
was used to hold the probe in place for the duration of the surgery. The TCD
ultrasonography parameters evaluated in this study were CBF mean velocity (MV) measured
in units of centimeters per second and the Gosling PI, which was determined as the
difference between the peak systolic and end-diastolic velocities divided by the MV of flow
in the MCA, 820,233

Previous studies identified P1 values < 1.0 indicative of reduced peripheral cerebral
resistance in the context of a variety of outcomes (0.87,36 0.78,8 and 0.7734). Based on these
previous studies, baseline Pl < 0.80 was used as a conservative cutoff for reduced peripheral
cerebral resistance prior to CEA in this study.

Prospective recordings were obtained throughout the case. Baseline TCD measurements
were obtained prior to induction of general anesthesia while the patient was still awake, and
the measurements were continuously recorded from the time of induction of general
anesthesia until extubation at the end of each case. The 2 time points evaluated closest in
this study were at baseline and 15 minutes after the plaque removal and flow restoration
through the internal carotid artery. We considered the parameters at 15 minutes after plaque
removal and flow restoration to allow perfusion to stabilize after flow restoration.
Transcranial Doppler ultrasonography was solely used intraoperatively, and as such the 15-
minute time point was the last recording before extubation. Change in CBF MV and PI were
calculated from baseline to 15 minutes after plague removal and flow restoration (that is,
CBF MV 15 minutes = CBF MVpaseline)-

Statistical Analysis

Statistical analysis was performed using JMP 10 software (SAS Institute, Inc.). For
univariate analyses, the Student t-test, Wilcoxon rank sum test, the Fisher exact test, the
Pearson chi-square test, and simple logistic regression were used where appropriate. A
multiple logistic regression model was constructed to identify independent predictors of

J Neurosurg. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Heyer et al.

Results

Page 5

cognitive improvement 1 day after CEA. All factors with p < 0.20 in simple univariate
logistic regression with cognitive improvement were entered into the final model. A p value
< 0.05 was considered significant.

Patient characteristics are presented in Table 1. In the entire cohort of 53 symptomatic CEA
patients, 20 patients (37.7%) had a baseline PI < 0.80. There were no significant differences
in patient characteristics, medication use, medical history, or baseline neuropsychometric
scores between patients with baseline PI < 0.80 and > 0.80.

The TCD parameters are presented in Table 2. In the entire cohort of 53 symptomatic CEA
patients, the average Pl was 0.88 + 0.21 at baseline and 1.11 + 0.22 15 minutes after plaque
removal and flow restoration. Patients with baseline PI < 0.80 trended toward a greater
increase in CBF MV from baseline to 15 minutes after plaque removal, although this did not
reach statistical significance (9.6 £ 12.1 cm/sec vs 3.7 £ 11.1 cm/sec, p = 0.08). The PI 15
minutes after plaque removal was not significantly different between patients with baseline
Pl < 0.80 and > 0.80. However, the change in Pl from baseline to 15 minutes after plaque
removal was significantly greater in patients with baseline PI <0.80 (0.39 £ 0.05vs 0.14 +
0.04, p < 0.001).

Nine patients demonstrated cognitive improvement 1 day after CEA (17.0%). Patient
characteristics and baseline neuropsychometric scores were not different between patients
with and without cognitive improvement. Significantly more patients with baseline Pl < 0.80
had cognitive improvement than patients with baseline Pl > 0.80 (35.0% vs 6.1%, p =
0.007). Patients with cognitive improvement had a significantly greater increase in CBF MV
from baseline to 15 minutes after plaque removal than patients without cognitive
improvement (13.4 £ 17.1 vs 4.3 £ 9.9 cm/sec, p = 0.03). Seven of the 9 patients who
demonstrated cognitive improvement also had baseline Pl < 0.80 as well as an increase in
CBF MV; 1 of the remaining 2 patients had no change in CBF MV while the other had a
baseline P1 of 0.9.

History of CABG, baseline Pl < 0.80, and CBF MV change from baseline to 15 minutes
after plague removal were included in the final multivariate regression model (Table 3).
Baseline Pl < 0.80 was the only factor significantly associated with greater odds of cognitive
improvement 1 day after CEA (OR 7.32 [1.40-59.49], p = 0.02).

Discussion

Carotid endarterectomy is a commonly performed procedure to prevent future stroke in
patients with symptomatic carotid artery stenosis.313.28 Previous TCD studies have
demonstrated that symptomatic CEA patients exhibit reduced peripheral cerebral resistance
prior to CEA as measured by the Gosling PI of the MCA 5:6.19.20,30,31,34,36-38 gymptomatic
patients rely more heavily on reducing peripheral cerebral resistance to maintain sufficient
perfusion of the hemispheres, likely due to lack of adequate collateral circulation in
conjunction with carotid artery stenosis. Because of a baseline degree of exhausted cerebral
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autoregulation,#19-21,25-27,30,31,34,36,38 symptomatic CEA patients also tend to demonstrate
increased CBF after plaque removal and flow restoration. 5:6:19.30,36-38

Cerebral blood flow and TCD ultrasonography have been previously studied in the context
of cognitive improvement.?-3% However, cognitive improvement was evaluated at 5 days and
1 month after CEA. This study is the first to demonstrate that symptomatic CEA patients
with reduced peripheral resistance measured as Pl < 0.80 prior to CEA are likely to have a
greater increase in CBF velocity after plague removal and are significantly more likely to
exhibit cognitive improvement as early as 1 day after CEA than patients with PI1 > 0.80.
These findings have important implications for patients with symptomatic carotid artery
stenosis and reduced peripheral cerebral resistance.

Prior to CEA, patients with symptomatic carotid artery stenosis are likely to have reduced
peripheral cerebral resistance to compensate for a lack of sufficient collateral circulation in
conjunction with carotid artery stenosis;619.20.30,31,34.36-38 the patients likely have a
degree of cerebral autoregulatory exhaustion. Although these cerebral autoregulatory
mechanisms are actively trying to compensate for the stenosis and lack of collaterals, the
manifestation of stroke and/or transient ischemic attack indicates that the CBF is still less
than is required to adequately perfuse the brain. Therefore, it is reasonable to consider that
after plague removal and flow restoration during CEA, CBF increases and is potentially
manifested as cognitive improvement as early as 1 day after surgery.

The findings in this study demonstrate that prior to CEA and after plague removal, the
absolute CBF velocities are comparable between patients with baseline Pl < 0.80 and those
with Pl > 0.80. However, the change in CBF velocity from before CEA to after plaque
removal are notably different. The patients with baseline Pl < 0.80 experience an almost 3-
fold increase in CBF velocity compared with patients with baseline PI > 0.80. The patients
with baseline PI < 0.80 demonstrated an incidence in cognitive improvement almost 6-fold
that of the patients with baseline P1 > 0.80. Of the 9 patients who demonstrated cognitive
improvement, 8 had an increase in CBF MV while 1 had no change, and 8 had a baseline PI
< 0.80 while 1 had a baseline PI of 0.9. These observations suggest that patients with
reduced peripheral cerebral resistance measured by baseline PI < 0.80 are very likely to have
increased CBF and cognitive improvement after CEA for symptomatic carotid artery
stenosis. These findings suggest that carotid artery revascularization in this cohort may
afford benefits beyond prevention of future stroke.

We acknowledge limitations of this study. This study is a single-center observational trial in
a relatively small cohort of patients; the findings of this study cannot be generalized to the
greater population without more extensive study. Transcranial Doppler ultrasonography has
limitations as it provides indirect measurements of CBF and cerebrovascular reserve; the
measurements of Pl and MV are parameters partially dependent on a variety of factors that
include depth of anesthesia, blood pressure, end-tidal CO5, and ventilatory rate. Although
these factors were not prospectively recorded for every patient, the anesthetic technique and
maintenance remained consistent through-out the study. Patients with symptomatic carotid
artery stenosis may experience embolic or ischemic events prior to CEA;7:27:32.35 the
etiology of the patients’ symptoms were not known in this study. It is unclear whether
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designating patients with embolic or ischemic symptoms differently could have influenced
the findings of this study. Additionally, we acknowledge that the time point of our cognitive
improvement is limited to 1 day; ideally, in future studies we would like to follow up with
patients at further time points to see if the cognitive improvement is sustained after it is
documented at 1 day. However, based on previous studies evaluating similar outcomes,
cognitive improvement is evident in patients who have undergone CEA at 5 days, 8 weeks,
and 1 month.9:39

Conclusions

This study demonstrates that symptomatic CEA patients with reduced peripheral cerebral
resistance prior to CEA, measured by baseline Pl <0.80 on TCD ultrasonography, are likely
to have increased CBF after plaque removal and improved cognitive performance as early as
1 day after CEA for symptomatic carotid artery stenosis. Carotid artery revascularization
may produce benefits beyond those of future stroke prevention in this cohort.

Acknowledgments

The authors were supported in part by the National Institute on Aging (Grant No. R0O1 AG17604-9).

Abbreviations used in this paper

CABG coronary artery bypass graft

CBF cerebral blood flow

CEA carotid endarterectomy

MCA middle cerebral artery

MV mean velocity

Pl pulsatility index

TCD transcranial Doppler
References

1. Antonelli Incalzi R, Gemma A, Landi F, Pagano F, Capparella O, Snider F, et al. Neuropsychologic
effects of carotid endarterectomy. J Clin Exp Neuropsychol. 1997; 19:785-794. [PubMed: 9524874]

2. Baracchini C, Mazzalai F, Gruppo M, Lorenzetti R, Ermani M, Ballotta E. Carotid endarterectomy
protects elderly patients from cognitive decline: a prospective study. Surgery. 2012; 151:99-106.
[PubMed: 21943640]

3. Barnett HIM, Taylor DW, Eliasziw M, Fox AJ, Ferguson GG, Haynes RB, et al. Benefit of carotid
endarterectomy in patients with symptomatic moderate or severe stenosis. N Engl J Med. 1998;
339:1415-1425. [PubMed: 9811916]

4. Baron JC, Bousser MG, Rey A, Guillard A, Comar D, Castaigne P. Reversal of focal “misery-
perfusion syndrome” by extraintracranial arterial bypass in hemodynamic cerebral ischemia. A case
study with 150 positron emission tomography. Stroke. 1981; 12:454-459. [PubMed: 6976022]

5. Barzd P, Voros E, Bodosi M. Use of transcranial Doppler sonography and acetazolamide test to
demonstrate changes in cerebrovascular reserve capacity following carotid endarterectomy. Eur J
Vasc Endovasc Surg. 1996; 11:83-89. [PubMed: 8564493]

J Neurosurg. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Heyer et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

Page 8

. Blohmé L, Pagani M, Parra-Hoyos H, Olofsson P, Takolander R, Swedenborg J. Changes in middle

cerebral artery flow velocity and pulsatility index after carotid endarterectomy. Eur J VVasc Surg.
1991; 5:659-663. [PubMed: 1756882]

. Brott T, Tomsick T, Feinberg W, Johnson C, Biller J, Broderick J, et al. Baseline silent cerebral

infarction in the Asymptomatic Carotid Atherosclerosis Study. Stroke. 1994; 25:1122-1129.
[PubMed: 8202968]

. Dunne VG, Besser M, Ma WJ. Transcranial Doppler in carotidendarterectomy. J Clin Neurosci.

2001; 8:140-145. [PubMed: 11484664]

. Fearn SJ, Hutchinson S, Riding G, Hill-Wilson G, Wesnes K, McCollum CN. Carotid

endarterectomy improves cognitive function in patients with exhausted cerebrovascular reserve. Eur
J Vasc Endovasc Surg. 2003; 26:529-536. [PubMed: 14532882]

. Gaudet JG, Meyers PM, McKinsey JF, Lavine SD, Gray W, Mitchell E, et al. Incidence of
moderate to severe cognitive dysfunction in patients treated with carotid artery stenting.
Neurosurgery. 2009; 65:325-330. [PubMed: 19625912]

Ghogawala Z, Amin-Hanjani S, Curran J, Ciarleglio M, Berenstein A, Stabile L, et al. The effect of
carotid endarterectomy on cerebral blood flow and cognitive function. J Stroke Cerebrovasc Dis.
2012 [epub ahead of print].

Gremigni P, Sciarroni L, Pedrini L. Cognitive changes aftercarotid endarterectomy. Monaldi Arch
Chest Dis. 2009; 72:91-97. [PubMed: 19947191]

Halliday A, Mansfield A, Marro J, Peto C, Peto R, Potter J, et al. Prevention of disabling and fatal
strokes by successful carotid endarterectomy in patients without recent neurological symptoms:
randomised controlled trial. Lancet. 2004; 363:1491-1502. [PubMed: 15135594]

Heyer EJ, Adams DC, Solomon RA, Todd GJ, Quest DO, McMahon DJ, et al. Neuropsychometric
changes in patients after carotid endarterectomy. Stroke. 1998; 29:1110-1115. [PubMed:
9626280]

Heyer EJ, Adams DC, Todd GJ, Solomon RA, Quest DO, Steneck SD. Psychometric changes in
patients having carotid surgery. J Neurosurg Anesthesiol. 1996; 8:324. (Abstract).

Heyer EJ, DeLaPaz R, Halazun HJ, Rampersad A, Sciacca RR, Zurica J, et al. Neuropsychological
dysfunction in the absence of structural evidence for cerebral ischemia after uncomplicated carotid
endarterectomy. Neurosurgery. 2006; 58:474-480. [PubMed: 16528187]

Heyer EJ, Mergeche JL, Bruce SS, Ward JT, Stern Y, Anastasian ZH, et al. Statins reduce
neurologic injury in asymptomatic carotid endarterectomy patients. Stroke. 2013; 44:1150-1152.
[PubMed: 23404722]

Heyer EJ, Sharma R, Rampersad A, Winfree CJ, Mack WJ, Solomon RA, et al. A controlled
prospective study of neuropsychological dysfunction following carotid endarterectomy. Arch
Neurol. 2002; 59:217-222. [PubMed: 11843692]

Hino A, Tenjin H, Horikawa Y, Fujimoto M, Imahori Y. Hemo-dynamic and metabolic changes
after carotid endarterectomy in patients with high-degree carotid artery stenosis. J Stroke
Cerebrovasc Dis. 2005; 14:234-238. [PubMed: 17904032]

Howell SJ. Carotid endarterectomy. BrJAnaesth. 2007; 99:119-131.

Klijn CJ, Kappelle LJ, Tulleken CA, van Gijn J. Symptomaticcarotid artery occlusion. A
reappraisal of hemodynamic factors. Stroke. 1997; 28:2084-2093. [PubMed: 9341723]

Michel E, Zernikow B. Gosling’s Doppler pulsatility index revisited. Ultrasound Med Biol. 1998;
24:597-599. [PubMed: 9651969]

Mocco J, Wilson DA, Komotar RJ, Zurica J, Mack WJ, Halazun HJ, et al. Predictors of
neurocognitive decline after carotid endarterectomy. Neurosurgery. 2006; 58:844-850. [PubMed:
16639318]

Moller JT, Cluitmans P, Rasmussen LS, Houx P, Rasmussen H, Canet J, et al. Long-term
postoperative cognitive dysfunction in the elderly ISPOCD1 study. ISPOCD investigators. Lancet.
1998; 351:857-861. [PubMed: 9525362]

Momjian-Mayor I, Baron JC. The pathophysiology of watershed infarction in internal carotid
artery disease: review of cerebral perfusion studies. Stroke. 2005; 36:567-577. [PubMed:
15692123]

J Neurosurg. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Heyer et al.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 9

Momjian-Mayor I, Burkhard P, Murith N, Mugnai D, Yilmaz H, Narata AP, et al. Diagnosis of and
treatment for symptomatic carotid stenosis: an updated review. Acta Neurol Scand. 2012;
126:293-305. [PubMed: 22607370]

Moustafa RR, lzquierdo-Garcia D, Jones PS, Graves MJ, Fryer TD, Gillard JH, et al. Watershed
infarcts in transient ischemic attack/minor stroke with > or = 50% carotid stenosis: hemodynamic
or embolic? Stroke. 2010; 41:1410-1416. [PubMed: 20508190]

North American Symptomatic Carotid Endarterectomy Trial Collaborators. Beneficial effect of
carotid endarterectomy in symptomatic patients with high-grade carotid stenosis. N Engl J Med.
1991; 325:445-453. [PubMed: 1852179]

Rasmussen LS. Defining postoperative cognitive dysfunction. Eur J Anaesthesiol. 1998; 15:761—
764. [PubMed: 9884870]

Reinhard M, Roth M, Miiller T, Guschlbauer B, Timmer J, Czosnyka M, et al. Effect of carotid
endarterectomy or stenting on impairment of dynamic cerebral autoregulation. Stroke. 2004;
35:1381-1387. [PubMed: 15087557]

Silvestrini M, Troisi E, Matteis M, Cupini LM, Caltagirone C. Transcranial Doppler assessment of
cerebrovascular reactivity in symptomatic and asymptomatic severe carotid stenosis. Stroke. 1996;
27:1970-1973. [PubMed: 8898800]

Sitzer M, Siebler M, Rose G, Steinmetz H. Cerebral micro-embolism in atherosclerotic carotid
artery disease: facts and perspectives. Funct Neurol. 1995; 10:251-258. [PubMed: 8837988]

Sloan MA, Alexandrov AV, Tegeler CH, Spencer MP, Caplan LR, Feldmann E, et al. Assessment:
transcranial Doppler ultrasonography: report of the Therapeutics and Technology Assessment
Subcommittee of the American Academy of Neurology. Neurology. 2004; 62:1468-1481.
[PubMed: 15136667]

Soinne L, Helenius J, Tatlisumak T, Saimanen E, Salonen O, Lindsberg PJ, et al. Cerebral
hemodynamics in asymptomatic and symptomatic patients with high-grade carotid stenosis
undergoing carotid endarterectomy. Stroke. 2003; 34:1655-1661. [PubMed: 12805504]

Szabo K, Kern R, Hennerici MG. Recent advances in imagingin management of symptomatic
internal carotid artery disease. Int J Stroke. 2007; 2:97-103. [PubMed: 18705960]

Telman G, Kouperberg E, Nitecki S, Karram T, Schwarz HA, Sprecher E, et al. Cerebral
hemodynamics in symptomatic and asymptomatic patients with severe unilateral carotid stenosis
before and after carotid endarterectomy. Eur J Vasc Endovasc Surg. 2006; 32:375-378. [PubMed:
16781876]

Vriens EM, Wieneke GH, Hillen B, Eikelboom BC, Van Huffelen AC, Visser GH. Flow
redistribution in the major cerebral arteries after carotid endarterectomy: a study with transcranial
Doppler scan. J Vasc Surg. 2001; 33:139-147. [PubMed: 11137934]

White RP, Markus HS. Impaired dynamic cerebral autoregulation in carotid artery stenosis. Stroke.
1997; 28:1340-1344. [PubMed: 9227680]

Yamashita T, Ogasawara K, Kuroda H, Suzuki T, Chida K, Kobayashi M, et al. Combination of
preoperative cerebral blood flow and 1231-iomazenil SPECT imaging predicts postoperative
cognitive improvement in patients undergoing uncomplicated endarterectomy for unilateral carotid
stenosis. Clin Nucl Med. 2012; 37:128-133. [PubMed: 22228333]

Yoshida K, Ogasawara K, Kobayashi M, Yoshida K, Kubo Y, Otawara Y, et al. Improvement and
impairment in cognitive function after carotid endarterectomy: comparison of objective and
subjective assessments. Neurol Med Chir (Tokyo). 2012; 52:154-160. [PubMed: 22450480]

J Neurosurg. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Heyer et al.

TABLE 1
Patient characteristics”
Baseline P11
Characteristic All Patients (n=53) <0.80(n=20) >0.80(n=33) p Valuet
age, yrs 723+8.1 71.4+8.0 72.8+8.3 0.54
sex, male 36 (67.9) 16 (80.0) 20 (60.6) 0.13
education, yrs 141+28 13.7+£2.0 144 +3.1 0.40
BMI in kg/m? 26.7+45 273+438 26.3+4.3 0.42
history of smoking 41 (77.4) 16 (80.0) 25 (75.8) 0.72
aspirin use 46 (86.8) 17 (85.0) 29 (87.9) 0.77
statin use 43 (81.1) 16 (80.0) 27 (81.8) 0.87
diabetes mellitus 9 (17.0) 4 (20.0) 5(15.2) 0.65
hypertension 35 (66.0) 14 (70.0) 21 (63.6) 0.63
PVD 16 (32.0) 6 (33.3) 10 (31.3) 0.88
history of Ml 13 (24.5) 5 (25.0) 8(24.2) 0.95
history of CABG 5(9.4) 2(10.0) 3(9.1) 0.91
op side, rt 30 (56.6) 13 (65.0) 17 (51.5) 0.34

Page 10

Non-p values are the number of patients (%) unless indicated otherwise. Mean values are + SD. BMI = body mass index; MI = myocardial

infarction; PVD = peripheral vascular disease.

+

iP values reported of comparative analyses between patients with baseline Pl <0.80 and >0.80.

The time point prior to induction of general anesthesia.
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TABLE 2

Transcranial Doppler ultrasonography parameters

Baseline Pl

Parameter All Patients (n=53) <0.80(n=20) >0.80(n=33) p Value™
baseline CBF MV (cm/sec) 459+ 14.1 43.7+£13.7 473+ 14.4 0.37
baseline Pl 0.88+0.21 0.68+0.11 1.00+0.16 <0.001
15-min CBF MV (cmisec)t 51.8+13.7 53.2+17.4 509+11.1 0.57
15-min PIT 111+0.22 1.06 £ 0.23 115+0.22 0.19
CBF MV change (cm/sec)t 59+117 9.6+121 37+111 0.08

0.23+0.24 0.39 £ 0.05 0.14 +0.04 <0.001

Pl changei

*
P values reported of comparative analyses between patients with baseline Pl <0.80 and >0.80.

TThetimepointlSminutesafterpIaqueremovaland restoration.

¢Change from baseline to 15 minutes after plaque removal and flow restoration.
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TABLE 3

Univariate and multivariate logistic regression model: cognitive improvement

Characteristic

Univariate OR (95% CI)

p Value

Multivariate OR (95% CI) p Value

age, per yr
sex, male
education, per yr
BMI, per kg/m?
history of smoking
aspirin use

statin use

diabetes mellitus
hypertension

PVD

history of Ml
history of CABG
op side, rt

baseline PI <0.80

CBF MV change (cm/sec)*

0.95 (0.86-1.04)
1.07 (0.20-4.72)
0.93 (0.72-1.22)
1.03 (0.88-1.24)
0.38 (0.02-2.40)
1.14 (0.45-1.46)
1.29 (0.17-6.64)
1.78 (0.27-35.4)
050 (0.07-2.37)
0.40 (0.08-1.94)
0.59 (0.13-3.17)
0.26 (0.04-2.20)
0.60 (0.12-2.59)
8.35 (1.75-61.31)
0.94 (0.87-1.00)

0.29
0.93
0.60
0.75
0.33
0.29
0.78
0.59
0.40
0.25
0.51
0.20
0.50
0.007
0.04

0.30 (0.02-4.94) 0.37
7.32 (1.40-59.49) 0.02
0.96 (0.87-1.03) 0.23

*
Change from baseline to 15 minutes after plaque removal and restoration.
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