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Background: Cardiac surgery patients frequently experience perioperative neurocognitive disorder. 
Cognitive reserve (CR) is known to mitigate such deficits. Here, we investigate whether global left frontal 
cortex (gLFC) connectivity, a neural proxy of CR, modulates the relationship between postoperative 
inflammation and cognitive recovery. Methods: Twenty-five patients scheduled for heart valve replacement 
surgery were compared to healthy controls using neuropsychological assessments, magnetic resonance 
imaging, and cytokine levels measured at 3 intervals (before surgery and 7 and 30 days after surgery). Linear 
regression analysis was used to examine the relationship between the increase in inflammation markers 
on postoperative day 7 (ΔInflammatory factor[7d-baseline]) and changes in cognition from postoperative 
day 7 to 30 (ΔNeuropsychological assessment[30d-7d]). Moderation analysis combined with Johnson–
Neyman threshold testing was performed to assess how gLFC connectivity across 3 time points moderated 
the relationship between ΔIL-6[7d-baseline] and cognitive change. Results: Patients exhibited significant 
cognitive decline, particularly in executive and memory function, as well as decreased gLFC connectivity 
on postoperative day 7, compared to controls. This decline was followed by recovery on postoperative 
day 30. In patients, ΔIL-6[7d-baseline] was negatively correlated with ΔCorsi block test(30d-7d): β = −0.62, P < 
0.001 and ΔDigit symbol test(30d-7d): β = −0.47, P = 0.017. The interactions of gLFC connectivity at 3 time 
points × ΔIL-6[7d-baseline] were separately significant on postoperative cognitive recovery. Johnson–Neyman 
analysis revealed that the effect of ΔIL-6[7d-baseline] was significant when gLFC connectivity was within a 
specific range. Conclusion: These findings suggest that gLFC connectivity, reflecting CR, may serve as a 
target for interventions to enhance cognitive resilience in cardiac surgery patients.

Introduction

   Perioperative neurocognitive disorder (PND) is a frequent com-
plication that occurs postoperatively, particularly in the first 
week following anesthesia and surgery [  1 ,  2 ]. It is linked to an 
increased risk of Alzheimer’s disease and mortality [  3 ,  4 ]. Early 

intervention to enhance cognitive recovery has shown the poten-
tial to improve long-term surgical outcomes [  5 ,  6 ]. Current stud-
ies demonstrated that the inflammatory response triggered by 
surgical procedures contributes to the occurrence of postopera-
tive cognitive dysfunction [  7 ,  8 ], which may be associated with 
disruptions in functional connectivity [  9 ]. However, it remains 
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unclear whether inflammation affects cognitive recovery after 
cardiac surgery.

   Cognitive reserve (CR) is defined as the brain’s adaptive 
capacity to preserve cognitive function in the presence of neu-
ropathology, achieved through efficient network utilization or 
compensatory mechanisms [  10 ,  11 ]. CR may mitigate the adverse 
effects of surgical stress on cognition through compensatory or 
preexisting cognitive processing strategies [  12 ,  13 ]. Higher CR 
has been shown to predict better postoperative cognitive out-
comes in cardiac surgery patients, likely by bolstering resilience 
against brain pathophysiological alterations [  14 ].

   Thus far, CR has traditionally been measured using static proxies 
based on environmental factors or early life experiences, such as 
years of education [  15 ,  16 ]. However, CR is subject to dynamic 
changes over time in response to brain aging or injury [  17 ]. Recent 
studies have demonstrated that global connectivity of the left frontal 
cortex (gLFC connectivity) serves as a neural substrate of CR in 
Alzheimer’s disease [  18 –  20 ]. It may also serve as an indicator of the 
efficiency of higher-order cognitive networks [  21 ]. This is predi-
cated on the hypothesis that it potentially reflects acute resilience 
to surgery-specific inflammatory responses and helps to bridge the 
gap between chronic neurodegeneration and acute surgical stress. 
However, whether dynamic changes in gLFC connectivity influence 
postoperative cognitive recovery after cardiac surgery is unknown.

   We aimed to investigate (a) dynamic postoperative changes 
in CR through longitudinal gLFC connectivity assessments and 
(b) the interaction between inflammation and CR in postopera-
tive cognitive recovery. We hypothesized that surgery-induced 
inflammation negatively impacts cognitive recovery and that 
higher preoperative and postoperative gLFC connectivity miti-
gates this effect.   

Results

Demographic characteristics and 
neuropsychological assessment outcomes
   At baseline, patients exhibited significantly higher concentrations 
of interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) in 
comparison to healthy controls (HCs) (P < 0.001). However, no 
significant variations were observed in other demographics or 
clinical parameters between the 2 groups (Table  1 ). 

   Table  2  shows a comparison of neuropsychological assessments 
between patients and HCs at the cross-sectional and longitudinal 
levels. At the cross-sectional level, statistical analysis revealed no 
significant baseline differences in cognitive outcomes between the 
patient and control groups. On postoperative day 7 (post 7d), 
patients exhibited significant declines in all cognitive domains com-
pared to HCs. Although cognitive function exhibited partial 

Table 1. Comparison of demographic and clinical characteristics between healthy controls and cardiac surgery patients. Data are presented 
as the mean ± standard deviation, median [25th, 75th], or number (percentage).

Characteristics Patients Healthy controls

P(n = 25) (n = 25)

 Demographic characteristics

  Age (years) 52.0 ± 10.7 52.1 ± 10.0 0.967

  Female 14 (56%) 15 (60%) 0.774

  BMI (kg/m2) 25.2 ± 1.5 25.1 ± 1.3 0.833

  Education (years) 9 [7, 10.5] 9 [7, 11] 0.961

 Clinical characteristics

  History of hypertension 4 (16%) 4 (16%) 1.000

  Diabetes mellitus 3 (12%) 1 (4%) 0.297

  MMSE score 26.4 ± 1.8 27.1 ± 1.8 0.143

  LVEF (%) 55 [52.5, 57] 56 [54.5, 58] 0.166

 Surgical characteristics

  Duration of procedure (min) 185.3 ± 29.0 / /

  Duration of pump CPB (min) 82.2 ± 20.8 / /

 Inflammatory factors IL-6 (pg ml−1)

  Baseline 13.8 ± 1.4 9.3 ± 1.3 < 0.001

  Postoperative day 7 32.2 ± 1.8 / /

  Postoperative day 30 19.0 ± 1.6 / /

 Inflammatory factors TNF-α (pg ml−1)

  Baseline 9.8 ± 1.3 7.0 ± 1.3 < 0.001

  Postoperative day 7 21.0 ± 2.0 / /

  Postoperative day 30 13.6 ± 1.4 / /

BMI, body mass index; MMSE, Mini-Mental State Examination; LVEF, left ventricular ejection fraction; CPB, cardiopulmonary bypass; IL-6, interleukin-6; 
TNF-α, tumor necrosis factor-α
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recovery by postoperative day 30 (post 30d), significant deficits 
remained in the Corsi block test (P = 0.020) and the pegboard 
(dominant hand) tests (P = 0.027). Longitudinally, after Bonferroni 
correction, patients exhibited significant deficits in all cognitive 
domains at post 7d compared to both baseline and post 30d, as 
assessed by the Corsi block, Digit symbol, Trail-Making Test A 
(TMT-A), pegboard (dominant hand), verbal fluency, and paired 
association learning tests. In contrast, the HCs showed no signifi-
cant differences at any of the 3 time points.   

Postoperative gLFC connectivity decline and 
recovery in cardiac surgery patients
   The positive functional connectivity patterns observed in the LFC 
are illustrated in Fig.  1  and Table  S1 . Patients exhibited a significant 
decline in gLFC connectivity compared to HCs (P = 0.004) at post 
7d. At both baseline and the 30-day postoperative follow-up, gLFC 

connectivity values of patients were comparable to those in HCs 
(P > 0.05). Within the patient group, there were significant changes 
in gLFC connectivity across the 3 time points (P = 0.016). After 
Bonferroni correction, gLFC connectivity still significantly 
improved from post 7d to 30 in the patients (P = 0.039).           

Moderation analysis results
   Generalized linear model (GLM) analysis showed that ΔIL-
6(7d-baseline) was only associated with the ΔCorsi block test(30d-7d) 
(β = −0.62, 95% CI: [−0.95, −0.27], P = 0.001) and ΔDigit 
symbol test(30d-7d) (β = −0.47, 95% CI: [−0.85, −0.09], P = 
0.017). No significant relationship was found between changes 
in TNF-α levels and neuropsychological assessments (P > 
0.05). Details were available in Table  S2 .

   Moderation analysis showed that the interactions of gLFC 
connectivity at all 3 time points (baseline, post 7d, and post 

Table 2. Results of longitudinal neuropsychological assessments of healthy controls and patients over time. Data are presented as mean ± 
standard deviation or median [25th and 75th percentiles]. Ppatient represents P values among patients undergoing cardiac surgery. Pcontrol repre-
sents P values among healthy controls. Pbetween-group represents P values between cardiac surgery patients and healthy controls.

Assessments

Patients

Ppatient

Healthy controls

Pcontrol Pbetween-group(n = 25) (n = 25)

 Corsi block test ﻿ 0.001 a,b ﻿ 0.272 ﻿

  Baseline 47.1 ± 6.2 ﻿ 48.5 ± 8.6 ﻿ 0.503

  Post 7d 39.4 ± 6.2 ﻿ 49.8 ± 8.3 ﻿ <0.001

  Post 30d 44.6 ± 5.4 ﻿ 49.4 ± 8.4 ﻿ 0.020

 Digit symbol test ﻿ <0.001 a,b ﻿ 0.197 ﻿

  Baseline 29 [24, 34] ﻿ 28 [24.5, 32.5] ﻿ 0.386

  Post 7d 18 [10.5, 19.5] ﻿ 28 [23, 31.5] ﻿ <0.001

  Post 30d 28 [20, 29] ﻿ 28 [24, 33] ﻿ 0.089

 Trail-Making Test A  c﻿ ﻿ <0.001 a,b ﻿ 0.779 ﻿

  Baseline 52 [39, 57] ﻿ 52 [40, 59] ﻿ 0.307

  Post 7d 64 [55, 72] ﻿ 52 [40, 58] ﻿ <0.001

  Post 30d 55 [46, 62.5] ﻿ 52 [41, 58] ﻿ 0.113

 Pegboard (favored hand) test  c﻿ ﻿ <0.001 a,b ﻿ 0.319 ﻿

  Baseline 89 [77, 109] ﻿ 94 [73.5, 111] ﻿ 0.900

  Post 7d 111 [95, 120] ﻿ 98 [70, 106.5] ﻿ <0.001

  Post 30d 101 [86, 110] ﻿ 94 [74, 103] ﻿ 0.027

 Verbal fluency test ﻿ <0.001 a,b ﻿ 0.627 ﻿

  Baseline 37 [30.5, 39.5] ﻿ 37 [30.5, 40] ﻿ 0.930

  Post 7d 32 [27, 37.5] ﻿ 37 [32, 41] ﻿ 0.014

  Post 30d 34 [30, 40] ﻿ 37 [32.5, 41] ﻿ 0.239

 Paired association learning test ﻿ <0.001 a,b ﻿ 0.944 ﻿

  Baseline 20 [17, 20] ﻿ 18 [16.5, 19] ﻿ 0.129

  Post 7d 17 [15, 18] ﻿ 18 [16.5, 20] ﻿ 0.009

  Post 30d 18 [16, 19] ﻿ 18 [16.5, 19.5] ﻿ 0.196

Post 7d, postoperative day 7; Post 30d, postoperative day 30
aPost hoc comparisons showed significant differences between baseline and post 7d.
bPost hoc comparisons showed significant differences between post 7d and 30.
cLower scores indicate better performance.
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30d) × ΔIL-6(7d-baseline) were separately significant for the ΔCorsi 
block test(30d-7d) and ΔDigit symbol test(30d-7d), as shown in Table 
 3 . Specifically, the interaction terms were significant for both 

the ΔCorsi block test (baseline: β = 0.39, P = 0.010; post 7d: 
﻿β = 0.56, P = 0.001; post 30d: β = 0.45, P = 0.020) and ΔDigit 
symbol test (baseline: β = 0.40, P = 0.020; post 7d: β = 0.45, 

Fig. 1. Positive functional connectivity maps of the LFC in the healthy controls and cardiac surgery patients over time. (A) Healthy controls at baseline; (B) patients at presurgery; 
(C) patients at postoperative day 7; (D) patients at postoperative day 30; (E) comparisons of mean gLFC connectivity between healthy controls and patients. Results were 
reported using an uncorrected voxel-wise height threshold of P < 0.001 combined with an FWE-corrected cluster-wise threshold of P < 0.05. The violin plot showed the average 
value of gLFC connectivity. LFC, left frontal cortex; RFC, right frontal cortex; LPPC, left posterior parietal cortex; RPPC, right posterior parietal cortex; LITG, left inferior temporal 
gyrus; RITG, right inferior temporal gyrus; PaCiG, paracingulate gyrus; Controls, healthy controls; Post 7d, postoperative day 7; Post 30d, postoperative day 30; FWE, family-
wise error; gLFC connectivity, global left frontal cortex connectivity.
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﻿P = 0.035; post 30d: β = 0.53, P = 0.014). Interaction plots indi-
cated that the negative effects of ΔIL-6(7d-baseline) on cognitive 
outcomes were less pronounced at higher levels of gLFC con-
nectivity at all 3 time points (Fig.  2 ).        

   Figure  3  presents the Johnson–Neyman plots, which showed 
the range of gLFC connectivity at 3 time points where the effect 
of ΔIL-6(7d-baseline) on the ΔCorsi block test(30d-7d) and ΔDigit sym-
bol test(30d-7d) was statistically significant. For the ΔCorsi block 
test(30d-7d), significant interactions were observed within the gLFC 
connectivity ranges of [0 to 0.16] at baseline, [0 to 0.12] at post 
7d, and [0 to 0.15] at post 30d. Similarly, for the ΔDigit symbol 
test(30d-7d), significant interactions were noted within the gLFC 
connectivity ranges of [0 to 0.14] at baseline, [0 to 0.11] at post 
7d, and [0 to 0.13] at post 30d. Within these ranges, the higher the 
gLFC connectivity, the less negative the effect of ΔIL-6(7d-baseline) 
on changes in postoperative cognitive outcome, suggesting that 
gLFC connectivity plays a protective role against inflammation-
related cognitive function. All analyses were repeated for the con-
trol regions (RFC, OP, and M1). As expected, no significant effects 
were detected in these 3 control regions. Detailed results are pro-
vided in Tables  S3  to  S5 .            

Discussion
   This study examined the dynamic changes in gLFC connectivity 
in patients following valve replacement surgery. We then explored 
the association between these changes, inflammatory factors, and 
cognitive performance. Our results suggest that higher gLFC con-
nectivity may help protect postoperative cognition related to 
inflammatory factors in patients.

   Existing research has mainly examined the relationship 
between CR and PND development, frequently utilizing static 

proxies reflective of early-life exposures [ 14 ]. However, they 
were limited in their exploration of the dynamic changes 
underlying CR and the underlying neurobiological mecha-
nisms. The present study evaluated the gLFC connectivity 
of patients who underwent cardiac surgery, revealing a novel 
finding of the functional neural mechanism promoting post-
surgery cognitive recovery.

   Consistent with previous studies [ 9 ,  22 ], we found that patients 
exhibited significant cognitive decline within the first 7 days 
after cardiac surgery. This decline affected memory, atten-
tion, executive function, and learning, all of which returned 
to near-baseline levels within 30 days after surgery. Further
more, patients demonstrated dynamic changes in gLFC con-
nectivity, like the change in cognitive function, suggesting 
adaptation to brain injury during the perioperative period. The 
dynamic pattern of gLFC connectivity, with decline at 7 days 
and recovery to preoperative levels by 30 days, closely aligned 
with the cognitive performance trajectories in these surgical 
patients [ 17 ]. Based on this finding, we hypothesized that gLFC 
connectivity may be the key neural substrate for promoting post-
operative cognitive recovery. This is because the LFC, a key 
region in the frontoparietal control network [  23 ,  24 ], is critical 
for brain network resilience to targeted attacks [  19 ,  25 ]. It is par-
ticularly important to regulate the activity of various functional 
networks [  26 ,  27 ]. This may reflect the underlying neuroplasticity 
mechanisms that modulate brain function [  28 ]. Surgery-induced 
modifications in gLFC connectivity underscore the brain’s inher-
ent ability to dynamically reconfigure neural circuits in response 
to perioperative insults. This finding supports the notion of 
dynamic maintenance and preservation of brain function in the 
CR theory, indicating that CR is a static feature of brain structure, 
apart from that which can be optimized through continuous 

Table 3. Moderation effects of change of IL-6 from baseline to postoperative day 7 (predictor) and gLFC connectivity (mediator) on cogni-
tive recovery from postoperative day 7 to 30 (dependent variable). ΔIL-6(7d-baseline), independent variable; postoperative cognitive perfor-
mance, dependent variable; gLFC connectivity at presurgery, postoperative day 7, and postoperative day 30 separately, moderator.

ΔCorsi block test(30d-7d) ΔDigit symbol test(30d-7d)

Moderator β (95% CI) P Overall R2 β (95% CI) P Overall R2

 gLFC connectivity at presurgery

  ΔIL-6(7d-baseline) × gLFC connectivity 0.39 (0.10, 0.67) 0.010 0.487 0.40 (0.07, 0.72) 0.020 0.321

  ΔIL-6(7d-baseline)﻿ −0.54 (−0.85, −0.23) 0.002 ﻿ −0.41 (−0.77, −0.06) 0.026 ﻿

  gLFC connectivity −0.04 (−0.35, 0.27) 0.795 ﻿ 0.05 (−0.31, 0.40) 0.783 ﻿

 gLFC connectivity at postoperative day 7

  ΔIL-6(7d-baseline) × gLFC connectivity 0.56 (0.24, 0.87) 0.001 0.575 0.45 (0.04, 0.86) 0.035 0.286

  ΔIL-6(7d-baseline)﻿ −0.49 (−0.79, −0.19) 0.003 ﻿ −0.41 (−0.79, −0.02) 0.040 ﻿

  gLFC connectivity 0.04 (−0.27, 0.35) 0.785 ﻿ 0.12 (−0.28, 0.53) 0.525 ﻿

 gLFC connectivity at postoperative day 30

  ΔIL-6(7d-baseline) × gLFC connectivity 0.45 (0.08, 0.82) 0.020 0.472 0.53 (0.12, 0.95) 0.014 0.344

  ΔIL-6(7d-baseline)﻿ −0.38 (−0.74, −0.03) 0.037 ﻿ −0.26 (−0.66, 0.14) 0.188 ﻿

  gLFC connectivity −0.22 (−0.55, 0.10) 0.165 ﻿ −0.002 (−0.36, 0.36) 0.989 ﻿

ΔIL-6(7d-baseline), change in interleukin-6 from baseline to postoperative day 7; ΔCorsi block test(30d-7d), change in Corsi block test score from postoperative 
day 7 to 30; ΔDigit symbol test(30d-7d), change in Digit symbol test score from postoperative day 7 to 30; CI, confidence interval; gLFC connectivity, global left 
frontal cortex connectivity
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neuroplasticity to alleviate surgery-induced cognitive dysfunc-
tion [ 17 ,  29 ].

   Consistent with a previous study [  30 ], our findings also indi-
cated that ΔIL-6(7d-baseline) was significantly negatively associated 
with cognitive recovery between postoperative 7 and 30 days, 
suggesting that the systemic inflammatory response may be 
associated with impaired cognitive rehabilitation after surgery. 
Surgical trauma activates immune pathways through damage-
associated molecular pattern secretion, leading to a postopera-
tive systemic inflammatory response characterized by elevated 
cerebrospinal fluid cytokine levels and microglial activation 
[  31 ,  32 ]. These higher concentrations of inflammatory markers 
potentially disrupt the integrity of the blood–brain barrier 
[ 7 ,  33 ]. This disruption can result in enhanced trans-signaling 
within the hippocampal CA1 neurons. In turn, this can fur-
ther increase the release of inflammatory cytokines and con-
tribute to postoperative cognitive dysfunction [  34 ].

   Importantly, our results suggest that gLFC connectivity 
plays a crucial role in modulating the association between 

ΔIL- 6(7d-baseline) and postoperative cognitive recovery. Consis
tent with previous studies [ 18 , 19 ], gLFC connectivity in our 
patients protected cognitive function from the negative impacts 
of cardiac surgery. Higher CR attenuates the adverse effects 
of surgery-induced systemic inflammation. If the patient exhib-
its a high CR at either 7 or 30 days postsurgery, the early 
recovery of cognitive function may not be affected, even in the 
presence of elevated inflammatory factors. This resilience can 
be attributed to the brain’s capacity to harness existing cogni-
tive resources more efficiently or to employ compensatory 
mechanisms to mitigate the detrimental impact of heightened 
inflammation on cognitive processes. The Johnson–Neyman 
analysis showed that gLFC connectivity moderates the nega-
tive impact of IL-6 within a certain range. Consistent with 
previous studies [  35 ], enhancing gLFC connectivity is more 
beneficial for patients with lower levels due to a potential 
ceiling effect.

   Although this study was strengthened using longitudinal 
data, it had some limitations. First, although the sample size 

Fig. 2. Illustration of the interaction effects of gLFC connectivity at baseline, postoperative day 7, and postoperative day 30 with ΔIL-6(7d-baseline) on cognitive recovery after 
surgery. (A) ΔCorsi block test(30d-7d). (B) ΔDigit symbol test(30d-7d). Scatterplots depict the interaction between patients’ gLFC connectivity values and systemic inflammation 
on the recovery of cognitive performance after cardiac surgery. ΔIL-6(7d-baseline), change in interleukin-6 from baseline to postoperative day 7; ΔCorsi block test(30d-7d), change 
in Corsi test score from postoperative day 7 to 30; ΔDigit symbol test(30d-7d), change in digit symbol test score from postoperative day 7 to 30; gLFC connectivity, global left 
frontal cortex connectivity; SD, standard deviation.
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of 25 patients and 25 HCs met the recommended minimum 
of 20 participants to ensure functional magnetic resonance 
imaging (fMRI) reliability [  36 ], future studies should include 
a larger number of participants to increase the generaliz-
ability of the findings. Second, there was no statistically 
significant difference in the patients’ cognitive scores on post 
30d compared with baseline, but certain cognitive subdomains 
(e.g., attention function) did not fully recover within 30 days 
of cardiac surgery, suggesting that extended longitudinal stud-
ies are necessary to delineate the neural mechanisms of cogni-
tive recovery in postsurgical patients.

   In conclusion, this study demonstrated that higher gLFC 
connectivity is associated with resistance to the negative asso-
ciation between inflammatory factors and postoperative cogni-
tive recovery. These findings offer preliminary insight into how 
a higher CR might contribute to cognitive rehabilitation after 
cardiac surgery. Moreover, this study suggests that enhance-
ment of gLFC connectivity during the perioperative period, 
involving cognitive training and/or transcranial magnetic 
stimulation, can facilitate postoperative cognitive rehabilita-
tion, particularly in patients with lower CR per se.   

Materials and Methods

Participants
   This cohort study was approved by the Xuzhou Central Hospital 
IRB (Protocol Code: XZXY-LJ20170818) and registered in 
the Chinese Clinical Trial Registry (ChiCTR-OOC-17012542). 
The protocol complied with the Declaration of Helsinki, and 
written informed consent was obtained from all participants 
prior to enrollment. Patients scheduled for valve replacement 
surgery using cardiopulmonary bypass (CPB) and general 
anesthesia were evaluated for eligibility. Inclusion criteria were 
as follows: Eligible participants were aged 40 to 70 years, had 
completed at least 6 years of education, and had a Mini-Mental 
State Examination (MMSE) score of at least 23. Exclusion cri-
teria were as follows: Participants were excluded if they had 
a history of craniocerebral surgery, cerebrovascular disease, 
hepatorenal failure, chronic inflammatory conditions, psychi-
atric disorders, alcoholism, illiteracy, left-handedness, or MRI-
incompatible metal implants. Finally, there were 42 patients 
and 28 HCs enrolled. Following exclusions due to follow-up 
losses, excessive head movement during scanning, and the 

Fig. 3. Johnson–Neyman results of gLFC connectivity. (A) ΔCorsi block test(30d-7d). (B) ΔDigit symbol test(30d-7d). Graphs showing the conditional effect of ΔIL-6(7d-baseline) (X) 
on the change in neuropsychological assessment score from postoperative day 7 to 30 (Y) as a linear function of gLFC connectivity at baseline and postoperative day 7 and 
30 (W) including the JN transition point (i.e., where the confidence interval around the condition effect crosses zero on the y-axis). ΔIL-6(7d-baseline), change in interleukin-6 
from baseline to postoperative day 7; ΔCorsi block test(30d-7d), change in Corsi test score from postoperative day 7 to 30; ΔDigit symbol test(30d-7d), change in digit symbol test 
score from postoperative day 7 to 30; gLFC connectivity, global left frontal cortex connectivity; JN, Johnson–Neyman.
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presence of cortical infarction or microinfarction, the final 
sample comprised 25 patients (14 women; mean age: 52.0 ± 
10.7 years) and 25 age- and sex-matched HCs (15 women; 
mean age: 52.1 ± 10.0 years).   

Perioperative management
   All patients received standardized general anesthesia. Induction 
was achieved using sequential administration of midazolam 
(0.05 mg/kg), cisatracurium (0.3 mg/kg), etomidate (0.3 mg/kg), 
and sufentanil (5 μg/kg). Anesthesia maintenance included remi-
fentanil, sevoflurane, and propofol, with bispectral index (BIS) 
values maintained within the range of 40 to 60. Continuous 
hemodynamic monitoring encompassed heart rate, arterial blood 
pressure, respiratory rate, core temperature, end-tidal carbon 
dioxide (PETCO₂), and oxygen saturation (SpO₂). CPB was per-
formed under mild hypothermia (32 °C) via nasopharyngeal and 
rectal temperature probes. Norepinephrine titration-maintained 
perfusion pressure was at 60 to 80 mmHg, while pump flow rates 
were kept at 2.0 to 2.5 L/min/m2. Hematocrit levels were strictly 
controlled (>21% during CPB; >25% perioperatively) with intra-
operative blood salvage. Temperature management included 
α-stat pH regulation and controlled rewarming at 0.25 °C/min. 
Analgesia Protocol: Phase 1: Target-controlled infusion of hydro-
morphone (plasma concentration 2 ng/ml) from intensive care 
unit admission until extubation. Phase 2: Patient-controlled 
analgesia via the CP-E200 system (Zhejiang Sujia Medical Device 
Co., Ltd., Jiaxing, China), delivering 0.3 μg/kg/min continuous 
infusion with optional 0.5 mg bolus hourly, sustained for the first 
48 postoperative hours.   

Clinical assessments
   Neuropsychological assessments were conducted to assess cogni-
tive function in patients at 3 time points: preoperatively (base-
line), post 7d, and post 30d. HCs were conducted at the same 
time intervals. The assessments included the Corsi block test for 
memory, Digit symbol test and TMT-A for attention, pegboard 
(favorable hand) and verbal fluency tests for executive function, 
and paired associative verbal learning test for learning ability. 
Postoperative cognitive recovery was measured as the changes 
in neuropsychological assessment scores between post 7d and 
post 30d (ΔNeuropsychological assessment[30d–7d]).

   Blood samples were collected at all 3 time points for patients, 
while HCs were sampled only once. All samples were uniformly 
obtained at about 8:00 AM under fasting conditions to minimize 
the influence of diurnal variation on inflammatory cytokine levels. 
At baseline, no patients received anti-inflammatory medications. 
Postoperative pharmacological management was standardized 
across all patients to control for potential confounding effects on 
inflammatory markers. The levels of IL-6 and TNF-α were quanti-
fied using enzyme-linked immunosorbent assay kits (ABclonal 
Biotechnology Co., Ltd., Woburn, MA, USA). The change in 
inflammatory markers (ΔInflammatory factor[7d–baseline]) was cal-
culated to assess the inflammatory response following cardiac 
surgery.   

MRI data acquisition
   Imaging was performed using a Siemens Skyra 3 Tesla scanner 
equipped with a 20-channel head coil (Siemens, Erlangen, 
Germany). During scanning, participants were instructed to 
maintain their eyes closed to minimize movement artifacts. 
Cardiac surgery patients underwent resting-state fMRI (rs-fMRI) 

at 3 time points: baseline, post 7d, and post 30d. HCs were 
scanned once at baseline for comparative analysis. The imaging 
protocol included 3 sequences: (a) Rs-fMRI: repetition time 
(TR) = 2,000 ms, echo time (TE) = 30 ms, flip angle (FA) = 
90°, acquisition matrix = 64 × 64, field of view (FOV) = 220 mm × 
220 mm, voxel size = 3.44 × 3.44 × 3 mm3, 35 slices, and 210 
time points; (b) Three-dimensional T1-weighted magneti-
zation-prepared rapid gradient echo: 192 sagittal slices, 1 × 1 × 
1 mm3 voxel size, TR = 2,530 ms, TE = 2.98 ms, FA = 7°, acquisi-
tion matrix = 256 × 256, and FOV = 256 mm × 224 mm; and 
(c) Axial T2-weighted imaging: 18 slices, slice thickness = 6 mm, 
TR = 6,000 ms, TE = 99 ms, acquisition matrix = 320 × 320, 
and FOV = 230 mm × 230 mm.   

MRI data preprocessing
   Rs-fMRI data processing was carried out using MATLAB DPABI 
v7 [  37 ] and CONN v22a [  38 ]. To stabilize signal fluctuations, the 
initial 10 functional volumes were removed, leaving 200 images 
for further analysis. Subsequent preprocessing steps involved cor-
recting for slice-timing differences and realigning images to reduce 
head motion artifacts. Participants with excessive motion 
(>3.0 mm translation or >3° rotation) were excluded. The adjusted 
images were then co-registered with T1-weighted anatomical scans 
and normalized to the MNI template using segmentation-based 
transformation, with resampling to a voxel dimension of 3 × 3 × 
3 mm3. Spatial smoothing was achieved with a 6-mm full-width 
at half-maximum isotropic Gaussian kernel, while temporal 
filtering (0.008 to 0.09 Hz) was applied to suppress physiologi-
cal noise. Artifact detection procedures confirmed that over 
90% of the scans remained valid. Finally, denoising was per-
formed by regressing out 6 motion parameters along with their 
derivatives, applying CompCor-based regression for white matter 
and cerebrospinal fluid signals [  39 ], and incorporating linear 
detrending to enhance data robustness for subsequent analyses.   

Assessment of gLFC connectivity
   According to a previous study [ 24 ], gLFC connectivity was 
assessed using seed-to-voxel connectivity analysis in the CONN 
toolbox. The left frontal cortex (LFC) region of interest (ROI) 
was defined at MNI coordinates (−42, +6, +28) with an 8-mm 
radius. Fisher’s r-to-z-transformed Pearson correlation coef-
ficients were computed between the LFC time series and gray 
matter voxels. Voxel-wise GLMs were applied to global LFC 
maps for whole-brain comparisons. Results were reported with 
an uncorrected threshold of P < 0.001 and an FWE-corrected 
cluster threshold of P < 0.05. Positive correlations were aver-
aged across time points to derive gLFC connectivity values. 
To assess the regional specificity of the gLFC findings, con-
nectivity was additionally examined in 3 control ROIs. These 
comprised the following: (a) the right frontal cortex (RFC; 
+42, +6, +28), serving as the homotopic region to evaluate 
hemispheric lateralization; and (b) 2 functionally distinct 
regions: the occipital pole (OP; –19, –102, –3) and the primary 
motor cortex (M1; –38, –22, +56). Group-level rather than 
subject-specific ROIs were employed for these analyses due to 
the lack of an established standard for defining individualized 
functional seed regions.   

Statistical analysis
   The sample size was determined based on data availability within 
a hypothesis-driven study design. Given that our previous study 
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demonstrated fMRI connectivity differences between 17 patients 
and 18 controls [ 9 ], we anticipate that our sample size is sufficient 
to identify factors influencing cognitive performance in patients 
undergoing cardiac surgery.

   Continuous variables were analyzed as mean ± standard 
deviation. Between-group comparisons (patients vs. HCs) 
employed independent t tests, while within-group temporal 
comparisons utilized repeated-measures analysis of variance 
(ANOVA) with Bonferroni correction. Nonnormal continu-
ous data are presented as median (interquartile range) and 
analyzed using nonparametric tests for intergroup compari-
sons and Friedman tests with post hoc adjustments for intra-
group comparisons. Categorical variables are expressed as n 
(%), with intergroup differences assessed via χ 2 tests.

   To observe the impact of cardiac surgery on patients’ gLFC 
connectivity, we extracted gLFC connectivity values from fMRI 
data at 3 time points for the patient group: baseline, post 7d, 
and post 30d. We also extracted the HCs’ gLFC connectivity 
values at baseline. We first conducted a 2-sample t test to exam-
ine intergroup differences. A Bonferroni-adjusted ANOVA was 
conducted to assess gLFC connectivity among cardiac surgery 
patients across 3 time points.

   To comprehensively explore the relationship among gLFC 
connectivity, inflammatory factors, and cognitive function, 
we initially performed a linear regression analysis (GLM) to 
investigate the association between changes in inflammatory 
markers and cognitive recovery outcomes. The independent 
variable was the change in inflammatory factors (Δinflammatory 
factor[7d-baseline]). The dependent variable was the change in neuro-
psychological assessments (ΔNeuropsychological assessment[30d-7d]). 
Further analysis of the moderating effects was conducted based 
on the significance of the results of the GLM. We investigated 
the separate moderating effects of patients’ gLFC connectivity 
at baseline, post 7d, and post 30d on the impact of cardiac 
surgery. All the variables were transformed into z-scores. Then, 
we conducted Johnson–Neyman analyses to identify signifi-
cant boundaries for the moderator [  40 ]. Analyses were con-
ducted using R version 4.3.3 (R Foundation for Statistical 
Computing, 2023) and SPSS version 26, with a significance 
level of α = 0.05.    
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