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Abstract

Objective—To determine factors affecting cognition and identify predictors of long-term 

cognitive impairment following carotid revascularization procedures.

Background—Cognitive impairment is common in older patients with carotid occlusive 

diseases.

Methods—Patients undergoing carotid intervention for severe occlusive diseases were 

prospectively recruited. Patients received neurocognitive testing before, 1, and 6 months after 

carotid interventions. Plasma samples were also collected within 24 hours after carotid 

intervention and inflammatory cytokines were analyzed. Univariate and multivariate logistic 

regressions were performed to identify risk factors associated with significant cognitive 

deterioration (>10% decline).

Results—A total of 98 patients (48% symptomatic) were recruited, including 55 patients 

receiving carotid stenting and 43 receiving endarterectomy. Mean age was 69 (range 54–91 years). 

Patients had overall improvement in cognitive measures 1 month after revascularization. When 

compared with carotid stenting, endarterectomy patients demonstrated postoperative improvement 

in cognition at 1 and 6 months compared with baseline. Carotid stenting (odds ratio 6.49, P = 

0.020) and age greater than 80 years (odds ratio 12.6, P = 0.023) were associated with a significant 

long-term cognitive impairment. Multiple inflammatory cytokines also showed significant changes 

after revascularization. On multivariate analysis, after controlling for procedure and age, IL-12p40 

(P = 0.041) was associated with a higher risk of significant cognitive impairment at 1 month; 

SDF1-α (P = 0.004) and tumor necrosis factor alpha (P = 0.006) were independent predictors of 

cognitive impairment, whereas interleukin-6 (P = 0.019) demonstrated cognitive protective effects 

at 6 months after revascularization.
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Conclusions—Carotid interventions affect cognitive function. Systemic biomarkers can be used 

to identify patients at risk of significant cognitive decline postprocedures that benefit from targeted 

cognitive training.
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With the aging population, it is expected that more patients experience cognitive 

dysfunction. Cognitive impairment significantly impacts patients, families, and our 

healthcare system.1 Postoperative cognitive decline has been observed in patients 

undergoing surgical procedures,2–6 and patients with severe carotid atherosclerotic disease 

are at the highest risk for cognitive impairment. Carotid revascularization is effective in 

stroke prevention and to improve cortical thinning in appropriately selected patients.7 

However, several studies have detected cognitive decline in a significant number of patients 

who underwent carotid artery interventions, including carotid endarterectomy (CEA) and 

carotid stenting (CAS) procedures.4–6,8 Age and microembolization have been suggested to 

be potentially associated with such declines, but identifying clear risk factors for cognitive 

decline is an important step to mitigate the risks in future patients.

Systemic biomarkers represent a unique opportunity to serve as indicators of clinically 

important outcomes. Previous studies have associated inflammatory biomarkers to poor 

cognitive performance. However, these studies have primarily evaluated relatively healthy 

individuals9,10 or subjects with known causes for severe cognitive impairment, such as 

Alzheimer disease and Parkinson disease.11–13 Increasing evidence supports the ability of 

the central nervous system (CNS) to incite an inflammatory response to a variety of injuries 

including ischemia, trauma, and viral infections.14 Moreover, the leaky blood-brain barrier 

in neurodegenerative diseases has been identified as a route of entry for immune cells to the 

CNS.15 Recently, inflammatory cytokines have been proposed as predictors of postoperative 

surgical outcomes.16,17 Whether systemic biomarkers can be utilized to predict cognitive 

changes after carotid interventions has not been investigated. We have previously identified 

that 40% of patients undergoing carotid interventions for severe occlusive disease experience 

further cognitive decline. In this study, we aim to evaluate the predictive potential of 

systemic cytokines in significant cognitive dysfunction after carotid interventions.

METHODS

Subjects Recruitment

The Stanford University Investigational Review Board (IRB) and the Palo Alto VA Research 

and Development Committee approved this study. A total of 98 patients undergoing CEA or 

CAS interventions at the VA Palo Alto Healthcare System were prospectively recruited. 

Indication for intervention follows the routine practice guidelines, in that patients with >80% 

asymptomatic carotid stenosis or >60% of symptomatic carotid stenosis (based on NASCET 

(North American Symptomatic Carotid Endarterectomy Trial criteria) are eligible for carotid 

revascularization procedures. CAS is reserved for high-risk patients, namely prior neck 
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surgery or radiation, high carotid bifurcation above C2 level, or severe cardiopulmonary 

comorbidities with a reversibility on persantine thallium stress test or home oxygen 

requirement. All patients signed an IRB-approved informed consent. Demographics and risk 

factors were recorded. Preoperative and postoperative magnetic resonance imaging (MRI) 

with diffusion-weighted sequence were performed to identify procedure-related 

embolization. Patients also received a neurocognitive battery from a trained study 

coordinator 2 weeks before, and 1 and 6 months after carotid intervention to assess cognitive 

functions. Blood collection was performed within 24 hours of carotid intervention from an 

arterial line.

Cognitive Assessment

The cognitive assessments tested a wide range of cognitive functions, including attention, 

executive function, verbal memory, verbal fluency, and visuo-spatial memory. Mini-Mental 

State Exam was performed to assess gross cognition and screen patients for severe cognitive 

deficits. The key outcome measure was the Rey Auditory Verbal Learning Test (RAVLT), to 

assess verbal memory. RAVLT is a word -learning test that assesses declarative memory. It 

consists of a list of 15 words read to the patient, with the patient asked to recall as many 

words as possible after the list has been read. This is repeated for 5 trials, with the sum of 

number of words successfully recalled during these trials taken as the outcome score. 

Parallel forms of RAVLT were used to mitigate practice effect. The test battery is consistent 

with recommendations made by the consensus statement on neurobehavioral outcomes after 

cardiovascular surgery,18 and also NINDS.19 Cognitive decline was defined as negative 

change in RAVLTsum of trials from postop to preop tests. Significant cognitive decline was 

defined as >10% decrease in cognitive score compared with preoperative assessment. To 

avoid anesthetic and surgical effects, we evaluated postop change at 1 month after 

interventions. Given our older patient population, a natural age-related decline is expected in 

our cohort. Therefore, a 6-month follow-up was chosen to assess long-term procedure-

related changes.

Plasma Analysis

Plasma was isolated using gradient density centrifugation. Briefly, samples were centrifuged 

at 3000 rpm, at 4°C for 15 minutes, and the plasma layer was removed, aliquoted, and stored 

at −80°C before analysis of complete set of samples. The Luminex magnetic bead-based 

assay from the Human Immune Monitoring Center at Stanford University was used to 

analyze the plasma samples. Human cytokine magnetic-plex were purchased from 

eBiosciences/Affymetrix and used according to the manufacturer’s recommendations. Plates 

were read using a Luminex 200 instrument to measure medium florescence intensity (MFI). 

Cytokine concentration (pg/mL) was calculated with standard controls curve fitting and bead 

counts, using quality control cytokine samples as a reference.

Statistical Analysis

Descriptive analyses were performed, and results were expressed as frequency and 

percentages or mean and range, as appropriate. To compare patients with or without 

cognitive decline, Pearson chi-square test was used for differences between categorical 

variables, whereas unpaired Student t test or Mann-Whitney test was used, when 
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appropriate, for continuous variables. Paired t test was used to compare pre and 

postoperative neurocognitive performance scores. Univariate analysis was performed to 

evaluate association between key risk factors (key demographics, comorbidities, and 

systemic biomarkers) and significant cognitive decline postoperatively. Multivariate logistic 

regression was performed to identify independent associations and a P value <0.05 was 

considered significant. Variables with a P < 0.15, and also those factors of clinical 

significance in the univariate analysis were incorporated in the multivariate logistic 

regression model. Given the general principle of at least 10 events per variable in the 

multivariate model, variable selection was performed using leaps and bound method to 

select the best fit model. The SPSS 22.0 (IBM, Armonk, NY) and STATA version 13.0 

(StataCorp, College Station, TX) statistical packages were used to analyze the data.

RESULTS

A total of 98 patients with a mean age of 69 years (range 54–91 years) were recruited 

including 55 CAS and 43 CEA patients. Demographic information, risk factors, and 

comorbidities are listed in Table 1. Of the cohort, 48% of the patients underwent 

interventions for symptomatic carotid stenosis and 20% had prior stroke. Among them, 86 

patients completed preoperative and 1 month postoperative neurocognitive assessment, and 

61 of those also completed the 6-month postoperative neurocognitive assessment. Rather 

than an expected age-related decline, patients had an overall improvement in cognitive 

measures 1 month after revascularization, with a mean improvement of 4.7% at 1 month and 

1.5% at 6 months postop compared with preop evaluations (Fig. 1A). When comparing with 

CAS patients, CEA patients demonstrated a nonstatistically significant, postoperative 

improvement in cognition at 1 and 6 months compared with baseline (Fig. 1B).

We observed that 32% of the patients experienced significant verbal memory decline (>10%) 

1 month postintervention and 36% had significant decline 6 months after interventions 

compared with the preoperative scores. Our univariate analysis showed that CAS patients 

experienced significantly more decline at both 1 and 6 months after interventions (P = 0.048 

and 0.026, respectively) (Table 2). Interestingly, patients with cognitive decline at 1 month 

were less likely to have preoperative symptoms (P = 0.097). Patients who were symptomatic 

showed a greater improvement between preoperative assessment and 1-month postoperative 

assessment, with an average increase of 7.9% compared with an average increase of 1.9% 

for patients without symptoms. Patients older than 80 years of age and smokers were more 

likely to experience long-term memory decline at 6 months (P = 0.095 and 0.042, 

respectively), and patients with a history of congestive heart failure (CHF) were less likely to 

experience long-term memory decline (P = 0.08) (Table 2).

Plasma inflammatory markers were evaluated to determine association between significant 

cognitive decline and systemic cytokine levels. On univariate and multivariate analyses, 

interleukin (IL)-12p40 was associated with a higher risk of significant memory decline at 1 

month [odds ratio (OR) 1.06, P = 0.041] (Table 3). CAS showed a trend, but not significant 

association with significant decline at 1 month (OR 2.7, P = 0.066). At 6 months after 

intervention, carotid stenting (OR 6.49, P = 0.020), age greater than 80 years (OR 12.6, P = 

0.023), stromal cell-derived factor-1 alpha (SDF-1α; P = 0.004), and tumor necrosis factor 
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alpha (TNF-α; P = 0.006) were independent predictors of significant memory decline 

compared with the preoperative baseline, whereas IL-6 (OR 0.97, P = 0.019) showed a 

protective effect (Table 4).

DISCUSSION

Our study demonstrates that carotid stenting and age are independent predictors for long-

term significant decline in cognitive assessment after carotid interventions. We also show 

that systemic cytokines can provide valuable information on postoperative cognitive 

changes. To our knowledge, this is the largest prospective study to evaluate the predictive 

ability of systemic biomarkers on carotid revascularization-related cognitive changes.

Several studies have evaluated changes in cognitive function after carotid interventions. 

Picchetto et al20 observed significant improvement in RAVLT performance after carotid 

interventions, and Lal et al4 reported an overall improvement in cognitive performance, but 

no significant differences between the CAS and CEA groups, whereas others suggest no 

cognitive change21,22 or decline in cognition.23,24 We have also assessed multiple cognitive 

domains, but we chose to focus on RAVLT as our primary cognitive measure because it has 

been identified to be sensitive in detecting changes after carotid interventions.25 Moreover, 

word-learning tests have been shown to be both sensitive and specific in distinguishing 

between normal aging in healthy older adults and MCI, with sensitivity of 90.2% and a 

specificity of 84.2%.26 To avoid practice effect of cognitive test, we used parallel forms, so 

each test battery has a different word list. Most studies investigate procedure-related 

cognitive changes by examining absolute scores or change scores. We believe that 

percentage of change compared with the baseline more accurately reflects procedure-related 

changes, and that 10% or more decline reflects meaningful cognitive deterioration. In our 

assessment, we observed that more than 30% of patients experienced a significant decline at 

1 and 6 months after interventions. However, there was an overall improvement (albeit not 

statistically significant) in RAVLT performance after carotid interventions, suggesting that 

carotid revascularization procedures benefit cognitive functions overall, but some patients 

are at risk for cognitive deterioration.

Not surprisingly, we observed that patients older than 80 years of age and those who had a 

history of tobacco usage experienced more cognitive decline at 6 months in our univariate 

analysis. We also observed that CEA patients performed better than CAS patients, and that 

CAS is associated with significant verbal memory decline at 6 months after interventions. 

This observation supports our previous findings that CAS is associated with more 

procedure-related microembolization and that microemboli may affect cognition.5 However, 

CAS is reserved for patients with high surgical and medical comorbidities in our clinical 

practice, and these patients have lower baseline scores. Although it seems intuitive that 

patients with lower baseline cognitive scores and high procedure-related embolization would 

benefit less from carotid revascularization, baseline cognitive score was included in our 

multivariate model, and percentages of changes were measured to count for the baseline 

cognitive differences.
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Apart from assessing the effects of surgical procedures on cognitive changes, we observed 

independent associations between cytokines and procedure-related short and long-term 

cognitive changes. Cytokines are key modulators of inflammatory events, serving as 

mediators of cellular communication in response to injury and infection.27,28 Recently, 

Lappegård et al29 observed that reducing the inflammatory burden improved neurocognitive 

functions in patients with atrial fibrillation. In this study, we show that IL-12p40 is an 

independent predictor of severe cognitive decline at 1 month, and that TNF-α and SDF-1α 
are predictors of long-term decline.

Interleukin-12p40 and TNF-α are known to play important roles in cognition. IL-12p40 is a 

constituent of the active heterodimeric cytokine IL-12, composed of p35 and p40 subunits.30 

The IL-12p40 subunit has been shown to serve as macrophage chemoattractant and to prime 

T-cell activation.31,32 It has also been associated with several neurodegenerative diseases, 

including Alzheimer disease, autism, and multiple sclerosis.33–35 In addition, inhibition of 

IL-12p40 signaling decreased cognitive decline33 and improved spatial memory in 

experimental animals.36 It is important to mention that IL-12p40 has been observed to 

increase with age in serum of older individuals,37 but our analysis controlled for age and 

procedure type, still finding a significant association between IL-12p40 and higher risk of 

cognitive decline at 1 month postop, suggesting that IL-12p40 can serve a risk predictor of 

early cognitive decline for patients undergoing carotid interventions. TNF-α is known to be 

involved in release of chemokines and cytokines, recruitment of immune cells, and 

regulation of apoptosis, healing, and tissue-specific repair mechanisms. Systemic TNF-α 
was found significantly associated with decrease in cognitive measures in patients with 

Parkinson disease, correlating increased levels of TNF-α with worse cognitive 

performance.38 Plasma level of TNF-α was also associated with dementia in older adults39 

and with cognitive decline in patients with dementia.40 Moreover, TNF-α has been shown to 

initiate a proinflammatory cytokine cascade that triggers and maintains postoperative 

cognitive decline in a in an experimental mouse model.41 These clinical findings and in vivo 

investigations are consistent with our observation that plasma TNF-α can serve as an 

independent predictor of long-term decline in cognitive function for patients with carotid 

interventions.

Stromal cell-derived factor-1 alpha is recognized as an important mediator of angiogenesis 

and has also been implied in neurogenesis. Decreased levels of SDF-1α in plasma of 

patients with early Alzheimer disease has been associated with decreased intracellular 

communication in the brain, affecting cognition.42 SDF-1α has also been shown to improve 

functional recovery and behavioral restoration in mice after ischemic brain damage,43 and to 

improve cognition in epileptic rats,44 suggesting that SDF-1α has protective effects. On the 

other hand, IL-6 is involved in immunomodulatory functional properties,45 and it has been 

associated with cognitive decline in the high-functional older individuals.9,46 Unlike these 

observations, our results showed that systemic SDF-1α level was an independent predictor 

of cognitive decline, whereas IL-6 offered cognitive protective effects long-term after carotid 

interventions. It is unclear why our results are contradictory to the literature, but the role of 

these cytokines in predicting cognitive changes in patients with severe carotid disease who 

undergo carotid interventions had not been previously studied. It is possible that patients 

with severe cardiovascular disease exert a different profile than relatively healthy 
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individuals. Our findings will need to be validated in a larger patient cohort with similar 

conditions. It is worth noting that cytokines can change quickly with inflammatory 

conditions; therefore, serial cytokine measures may be more accurate and add more 

insightful information on disease processes.

Our study proposes that cytokines can be an innovative, cost-effective approach to detect 

evolving cognitive impairment after carotid revascularization. These cytokines obviate the 

need to train specialized personnel to conduct these neurocognitive performance tests, which 

usually take several hours to complete. Furthermore, cytokines can be used to identify 

patients with cognitive decline who may benefit from early intervention to prevent or 

postpone cognitive deterioration. Early cognitive training has been shown to prevent 

progression of dementia in patients with Alzheimer disease.47,48 Cognitive training in older 

adults with mild or early cognitive impairment has been shown to be effective in improving 

general cognitive function, memory, executive function, and everyday problem-solving 

ability.49 In the same vein, several pharmacological cognitive enhancers have been suggested 

to be useful in improving cognition patients in patients with cognitive impairment. However, 

long-term efficacy remains to be determined.50

Our study has several limitations. First, the patients were not randomized, but assigned to 

interventional procedures based on clinical criteria; therefore, our findings on CAS-related 

changes may be biased. Although this is the largest cytokine study in patients with severe 

carotid disease who undergo carotid interventions, our patient population is relatively small. 

A large patient cohort with similar disease-specific conditions is warranted to verify our 

findings and to identify general neurocognitive variation. Given that our cohort is composed 

of older patients with severe carotid occlusive disease who are at the highest risk for natural 

cognitive deterioration, we chose to examine cognitive function at 6 months to identify 

procedure-related long-term changes. However, it is possible that long-term effects in 

cognition were not yet present at 6 months, and longer follow-up may be needed. Although 

RAVLT is shown a reliable and sensitive measure for patients with severe carotid disease, 

other specific neurocognitive dimensions (memory, linguistic ability, concentration, and 

psychomotor executive skills) could further specify the extent of cognitive impairment. 

Notwithstanding these limitations, this study provides compelling evidence that examination 

of biomarkers after surgical intervention can serve as predictors of cognitive decline, and 

these could guide physicians in planning care for patients.

CONCLUSIONS

Our study demonstrates that carotid interventions affect cognitive function. More 

importantly, we have identified systemic biomarkers that can be used to detect patients at 

risk of significant cognitive decline after procedures. Particularly, TNF-α and SDF-1α 
represent promising predictors of cognitive impairment and IL-12p40 of patients at risk.
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FIGURE 1. 
A, Overall percentage of RAVLT changes. Left: preoperative to 1 month; right: preoperative 

to 6 months. B, Percentage of RAVLT changes in CAS and CEA groups at 1 and 6 months 

after interventions.
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TABLE 1

Patient Demographics

Category n = 98 [n (%)]

Age, average yrs (range) 69 (54–91)

Procedure

  CAS 55 (56)

  CEA 43 (44)

Risk factors and comorbidities

  Smoking status

    Never 17 (17)

    Past 51 (52)

    Current 30 (31)

  Diabetes mellitus 42 (43)

  Obesity 42 (43)

  CAD 48 (49)

  Hypertension 92 (94)

  Chronic renal insufficiency 25 (25)

  Congestive heart failure 13 (13)

Key medications

  Antiplatelets 67 (68)

  Anticoagulants 6 (6)

  Satins 85 (87)

Preoperative symptoms

  Symptomatic 47 (48)

  Prior stroke 20 (20)

CAD indicates coronary artery disease.
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TABLE 3

Predictors of Significant Cognitive Decline (>10%) 1 Month After Carotid Revascularization

Odds Ratio 95% CI P

CAS (vs CEA) 2.71 0.93–7.83 0.066

Resistin 0.99 0.99–1.00 0.071

Preop RAVLTsum 2.54 0.89–7.28 0.081

IL-12p40 1.06 1.00–1.12 0.041

Age >80 yrs 2.70 0.67–10.85 0.160
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TABLE 4

Predictors of significant Cognitive Decline at 6 Months After Carotid Revascularization

Odds Ratio 95% CI P

SDF-1α 1.0001 1.00004–1.0002 0.004

TNF-α 1.06 1.02–1.10 0.006

CAS 6.50 1.04–31.28 0.020

Age >80 yrs 12.71 1.43–112.87 0.023

Preop RAVLTsum 4.36 0.87–21.73 0.073

IL-6 0.97 0.95–0.99 0.019
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