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Postoperative cognitive dysfunction (POCD) occurs frequently after both cardiac and non-
cardiac surgery, affecting up to 50% of patients [1,2]. The mechanisms of POCD remains
elusive, although several contributing factors have been proposed including disruption of
the blood brain barrier (BBB) [3]. BBB disruption has been reported in patients undergoing
cardiac surgery with one small study demonstrating a correlation between BBB disruption
and greater global cognitive decline from before surgery to 5 days after surgery [4,5].
However, the longer-term effects of BBB disruption on cognitive function is unknown. In
this pilot study, we assessed BBB permeability changes in the early post-operative period

in patients who underwent either cardiac or non-cardiac surgery under general anesthesia,
and then examined the relationship between permeability changes and neurocognitive scores
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measured at 6 weeks post-operatively. We hypothesized that global and regional increases in
permeability would be associated with cognitive performance at 6 weeks after surgery.

Following approval by the Duke University Health Systems Institutional Review Board
and informed consent, 10 patients undergoing cardiac surgery (coronary artery bypass
graft (CABG), valve, CABG + valve) with cardiopulmonary bypass (CPB) and 8 patients
undergoing non-cardiac surgery with general anesthesia were enrolled between September
2013 and January 2016 (Supplementary Methods S1 and S2). Cognitive testing was
performed at baseline (preoperatively) and at 6 weeks after surgery (Supplementary
Methods S3) in accordance with the consensus statement on assessment of neurobehavioral
outcomes after cardiac surgery [6]. Magnetic resonance imaging (MRI) was performed post-
operatively (on days 1-5, based on clinical stability) on a single 3 T Siemens Magnetom
Trio Trim scanner. We used a variant of the delayed contrast extravasation subtraction
method for determining BBB permeability by comparing variant flip angle 3D FLASH
T1-maps rather than Tq-weighted signal intensity images over time following contrast
administration (Supplementary Methods S4). To characterize cognitive function over time
while minimizing potential redundancy in the cognitive measures, a factor analysis with
orthogonal rotation was performed on the 14 cognitive test scores. Since this was a pilot
study, only the strength of association between cognitive score change at 6 weeks and the
quantitative measures of BBB disruption (globally and by region) was measured using
Pearson or Spearman correlations, as appropriate. Differences in cognitive change for
patients with and without BBB disruption were assessed using #tests or Wilcoxon rank
sum tests (Supplementary Methods S5).

There were no statistical differences in mean age, co-morbid illness, years of education,
or baseline cognitive scores (Supplementary Table 1). The day for MRI acquisition post-
operatively was slightly but significantly higher in cardiac patients (Median 3, interquartile
range = 3—4) versus non-cardiac patients (Median 2, interquartile range = 1-2). Overall,
BBB disruption (positive value relative ratio (RR) = T1 map3 —T1 map1 / T1 mapa Of retained
contrast material in one or more brain regions (cortex, deep gray matter, or cerebellum))
was detected in 8 of 18 (44%) post-operative patients, with evidence of retained brain
enhancement in 5 of 10 (50%) cardiac surgery patients and 3 of 8 (38%) non-cardiac
patients. While the cardiac group had equal or higher values of RR across regions
compared to the non-cardiac group, there were no statistically significant differences in
RR values between surgical groups in this small sample (Fig. 1). The largest difference
between surgical groups was in the cerebellum (mean difference 0.14 + 0.20; p=0.17).
When considering different brain regions, the majority of the patients in both cardiac and
non-cardiac groups with some BBB permeability had evidence of BBB leakage in the
deep gray matter (Fig. 2). Although relative BBB permeability trended higher in deep
gray structures, cortical permeability changes were most strongly associated with a lower
composite cognitive change (cognitive index) score at 6 weeks after surgery (effect size

= 0.65; Pearson rho = -0.21 [-0.61, 0.29], p = 0.40, Supplementary Table 2). There was
also evidence of a trend, toward lower cognitive change scores in patients with a greater
number of regions involved (cortex, deep gray, and cerebellum) (Spearman rho (95% CI)
=-0.39[-0.72, 0.10], p=0.11), and this correlation was strongest in cardiac surgical
patients (Spearman rho = -0.61 [-0.89, 0.07], p = 0.06). With regards to specific cognitive
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domains, consistent inverse correlations were detected between the degree of permeability
in all regions and executive function, with the strongest inverse correlation for the deep
gray structures (effect size = 0.28; Pearson rho = —0.36 [-0.70, 0.11], p= 0.14). There was
also an inverse correlation between the global permeability measure and executive function
(effect size = 0.52; Pearson rho = -0.39 [-0.72, 0.11], p=0.29).

Animal models of surgery-induced neuroinflammation have highlighted a role for BBB
dysfunction and infiltration of immune cells into the brain parenchyma [7]. Orthopedic
surgery contributes to fibrinogen deposition within 24 h after tibial fracture [8] which is
accompanied by disruption of tight junction expression, such as claudin-5, and infiltration
of monocytes into the hippocampus [9,10]. In humans, using MRI, Merino et al. [5]
reported that of 19 patients studied, approximately 50% demonstrated the hyperintense
acute reperfusion marker (HARM - delayed CSF enhancement). Similarly, Abrahamov and
colleagues [4] studied 7 patients with dynamic contrast enhancement MRI preoperatively
and postoperatively on days 1 and 5 after CABG surgery with CPB. BBB disruption

was evident in 71% of patients on POD 1, most commonly in the frontal lobes, but had
completely resolved by POD 5. Potential etiologic factors for BBB disruption during
surgery include hypoperfusion, hypothermia, microembolic showers, and activation of

the systemic inflammatory response resulting in endothelial dysfunction and subsequent
neuroinflammation, breakdown of the extracellular matrix, and impaired expression of tight
junctions [7].

In conclusion, in the first study to examine both cardiac and noncardiac surgical patients
using an MR imaging methodology that evaluates wash out dynamics over time using
internal controls, we found that nearly half of surgical patients experience an increase

in postoperative BBB permeability. Regional variation in the permeability increases were
also detected, and potential relationships with lower cognitive performance were suggested.
These findings should be considered preliminary and require replication in a larger study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Relative relaxivity (RR) comparisons of the two surgical cohorts in the three brain regions
and the combined global area.
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Fig. 2.

Relative relaxivity (RR) in subjects with blood brain barrier disruption demonstrating greater
permeability in the deep gray structures of cardiac surgical patients.
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