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Abstract

Background: Research shows that older adults can have a decline in three key resting state 

networks: (default mode network, central executive network, and salience network) after total knee 

arthroplasty and that patients’ pre-surgery brain and cognitive integrity predicts decline.

Objectives: First, to assess resting state network connectivity decline from the perspective of 

nodal connectivity changes in a larger older adult surgery sample. Second, to compare pre-post 

functional connectivity changes in mild cognitive impairment (MCI) versus non-MCI.

Methods: Surgery (n=69) and non-surgery (n=65) peers completed a comprehensive preoperative 

neuropsychological evaluation and pre- and acute (within 48 hour) post-surgery/pseudo-surgery 

functional brain magnetic resonance imaging scan. MCI was classified within both (MCI surgery, 

n=13; MCI non-surgery, n=10). Using standard coordinates, we defined default mode network, 

salience network, central executive network, and the visual network (serving as a control network). 

The functional connectivity of these networks and brain areas (nodes) that make up these networks 

were examined for pre-post-surgery changes through paired samples t-test and ANOVA.

Results: There was a decline in RSN connectivity after surgery (p<.05) only in the three 

cognitive networks (not the visual network). The default mode and salience network showed nodal 

connectivity changes (p<.01). MCI surgery had greater functional connectivity decline in DMN 

and SN. Non-surgery participants showed no significant functional connectivity change.
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Conclusion: Surgery with general anesthesia selectively alters functional connectivity in major 

cognitive resting state networks particularly in DMN and SN. Participants with MCI appear more 

vulnerable to these functional changes.
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Introduction

Total knee arthroplasty (TKA) is a common elective surgical procedure for older adults. 

Although this surgery can improve the quality of life for many individuals, the surgery is 

associated with negative post-surgical outcomes such as delirium and cognitive decline [1, 

2]. The neural mechanisms underlying these negative cognitive outcomes still need 

investigation.

Recently, Huang, et al. [3] reported that older adults electing total knee arthroplasty (TKA) 

with general anesthesia show an acute (48 hours post-surgery) decline in three key 

functional resting state networks (RSNs): the default mode network (DMN), the central 

executive network (CEN), and the salience network (SN). Compared to non-surgery peers, 

23% of surgery participants had particularly large connectivity declines in at least one 

network with 15% having large declines across all networks. Additionally, the authors used 

markers of individuals’ brain and cognitive integrity prior to surgery to predict the degree of 

decline in the DMN; individuals who had lower brain and cognitive integrity prior to surgery 

had greater decline in functional connectivity.

While the Huang, et al. [3] study was the first to report changes in major RSNs following 

TKA, it has a number of limitations. First, each RSN was examined through the overall 

connectivity of multiple network nodes or brain regions. Previous studies have shown that 

anesthesia disrupts functional connectivity and blood flow in specific brain regions and 

networks, e.g., the thalamocortical network, resulting in an impairment of integration of 

information [4–7]. This raised the question that surgery may not affect distributed regions 

within an RSN uniformly.

Second, although Huang, et al. [3] showed pre-surgery cognitive status predicts post-surgery 

RSN changes, it is unknown if individuals meeting diagnostic criteria for mild cognitive 

impairment are particularly vulnerable to resting state network change. It is known that 

individuals with mild neurocognitive disorder or mild cognitive impairment (MCI) have 

altered resting state networks [8–11]. Specifically, Lee, et al. [8] found increased DMN 

connectivity in MCI, and Gardini, et al. [10] and Li, et al. [11] found an increase in DMN 

connectivity associated with poorer memory performance in an MCI population. 

Additionally, Rombouts, et al. [9] found less deactivation of the DMN in MCI individuals 

during a visual encoding and nonspatial working memory task when compared to controls. 

To what extent the abnormal patterns of brain networks in MCI foreshadow their reduced 

ability to withstand insults such as major orthopedic surgery remains to be established [12].
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The current study had two objectives. First, we sought to expand upon findings from Huang, 

et al. [3] by focusing on individual regions of resting state networks. A larger sample was 

included to enhance the statistical rigor of the findings. Second, we sought to test the 

hypothesis that MCI patients were vulnerable to surgery-related resting state network 

changes. In particular, the MCI population would show greater decline in DMN connectivity 

after surgery.

Methods

The University of Florida Institutional Review Board in Gainesville, Florida approved this 

study. Each participant signed consents and we conducted the study in accordance to 

principles of the Declaration of Helsinki.

Participants

Participants electing TKA were recruited through University of Florida orthopedic clinics, 

screened for dementia via the Telephone Interview for Cognitive Status (TICS; [13, 14]), 

and enrolled between 2013 and May of 2016 as part of an ongoing federally funded 

investigation. Participants in the non-surgery group were recruited through University of 

Florida orthopedic clinics, community mailings, and locally posted fliers. Non-surgery 

participants were recruited through a yoked review process to “match” individual surgery 

participants on age, education, sex, and ethnicity/race. Non-surgery participants had to 

abstain from surgery for at least one year. Both groups were recruited over the same period 

and were tested and scanned at the same time intervals. All participants met the following 

inclusion/exclusion criteria: 1) aged 60 or older, 2) English as primary language, 3) have 

osteoarthritis or comparable joint pain, 4) have intact activities of daily living, and 5) have 

baseline neuropsychological testing unsupportive for dementia criteria per Diagnostic and 

Statistical Manual of Mental Disorders – Fifth Edition [15]. Additional exclusion criteria 

included: any other major surgery within the study timeline, history of head trauma/

neurodegenerative illness, documented learning or seizure disorder, less than a sixth-grade 

education, substance abuse in the last year, major cardiac disease, chronic medical illness 

known to induce encephalopathy, implantable device precluding an MRI, and an 

unwillingness to complete the MRI. Two doctoral-trained neuropsychologists reviewed the 

baseline data to confirm that test scores met the expected ranges for non-demented 

individuals. We report on some of these participants in other publications [3, 16].

Procedures

Figure 1. Participants completed a phone cognitive screening [14] and a comprehensive 

history/systems interview to confirm inclusion/exclusion criteria, followed by an in-person 

comorbidity rating [17], activities of daily living [18], neuropsychological assessment, and 

brain MRI. The surgery group had TKA and the non-surgery group were assigned a pseudo-

surgery date. This pseudo surgery date served as an anchor for follow-up assessment. Within 

48 hours of surgery or pseudo-surgery date, each participant received a second post-surgery 

brain MRI. The same examiner completed testing for all participants. Trained raters blind to 

group condition scored and double entered all data.
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We determined MCI classification based on the comprehensive criteria discussed in Jak, et 

al. [19]. According to these criteria, an individual meets classification for MCI if they fall 

below one standard deviation in at least two measures within any one domain. This 

comprehensive criteria has association with Alzheimer’s disease biomarkers (apolipoprotein 

E - APOEs4 allele, cerebrospinal fluid amyloid-beta and tau) and ability to detect 

individuals who progress to dementia [19, 20]. Based on the guidelines, MCI was classified 

for patients with impairment in any of the following domains: Attention/Processing Speed 

Domain: Part A of the Trail Making Test (total time) [21], and Wechsler Adult Intelligence 

Scale, 3rd Edition, subtests Letter Number Sequencing (total score) and Digit Span (total 

correct forward [22]); Inhibitory/Executive Domain: Part B of the Trail Making Test (total 

time) [21], Stroop Color Word Test (total correct) [23], Delis-Kaplan Executive Function 

System (D-KEFS) test, subtest Tower Test (total achievement score) [24], and the Language 

Domain: Controlled Oral Word Association (total words) [25, 26] and the Boston Naming 

Task (BNT; total) [27]; Visuospatial Domain: Judgment of Line Orientation (JLO; total 

score) [28], the Rey-Osterrieth Complex Figure Test - copy (Denman score) [29, 30], and 

Matrix-Reasoning (Wechsler Abbreviated Scale of Intelligence – III) (total score), Memory 

Domain: Hopkins Verbal Learning Test - delay (HVLT-delay; total recall sore)[31], the 

Logical Memory Test - delay (total score; Wechsler Memory Scale – third edition [22]), the 

Rey-Osterrieth Complex Figure Test - delay [29, 30]. For further information about these 

neuropsychological measures, please refer to Lezak, et al. [25].

Anesthesia and Surgery Protocol

Protocols were standardized, with surgery participants receiving intravenous midazolam (1–

4 mg) followed by continuous femoral nerve block (CFNB) and single-injection subgluteal 

sciatic nerve block with 20 mL and 30 mL, respectively, of 0.5% ropivacaine as a bolus 

injection. The CFNB was continued with ropivacaine 0.2% at an infusion rate of 10 mL per 

hour. No opioids were added. Propofol (100–750mL), fentanyl (induction:0–150mcg; 

maintenance: 0–225mcg), and rocuronium (0–50mg) were used for anesthesia induction and 

intubation. Patients were ventilated with an air oxygen mixture to maintain an end tidal 

carbon dioxide at 35 ± 5 mm, FiO2 between 0.5 and 0.7; anesthesia was maintained with 

inhaled sevoflurane and intravenous fentanyl and rocuronium. Propofol boluses were 

administered as needed to maintain desirable target BIS range between 40 and 60. Total knee 

replacement surgery was done in a standard manner for all patients by the same surgeon. A 

tourniquet was used for all cases set to 250 mm Hg and inflated prior to incision and 

deflated just prior to closure. Bony preparation was done by intramedullary instrumentation 

for the femoral side and extramedullary for the tibial side. The anterior and posterior 

cruciate ligaments were sacrificed for all patients and implants were fixed to the bone using 

bone cement. Perioperative information, including surgery events (e.g., induction, 

intubation, incision, tourniquet inflation and release, etc.), anesthetic drugs, and 

intraoperative medications, were recorded on a standardized study data collection sheet and 

confirmed with the official anesthesia record.

Neuroimaging

Structural and resting state functional MRI was conducted both pre- and 48 hours/post-

surgery or post pseudo surgery date. Delirium was screened twice per inpatient day using the 
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Confusion Assessment Method [32]. Participants did not show signs of delirium at the time 

of MRI acquisition.

MRI Acquisition

A 3T Siemens Verio scanner with an eight-channel head coil ran T1-weighted and resting 

state fMRI sequences for each participant and time-point. T1-weighted data were acquired 

with the following parameters: TR: 2500ms; TE: 3.77ms; 176 sagittal 1mm3 slices, 1 mm 

isotropic resolution; 256×256×176 matrix, 7/8 phase partial Fourier, total acquisition time: 

9:22. Resting state fMRI data were acquired with participants’ eyes closed and with the 

following parameters: TR: 2000ms; TE: 30ms; 36 transverse slices; 3.5 mm3 isotropic voxel 

size, 225×225×126 matrix, GRAPPA, total acquisition time: 7:38. Participants provided a 

rating on pain from zero to 100 (100 = max pain) immediately prior to beginning the resting 

state scan with this information included in the statistical model as a covariate (see below).

Functional MRI Data Preprocessing

We preprocessed the resting state fMRI of all participants in the subsequent steps. We 

removed the first six functional scans for each participant to eliminate transients. The 

remaining fMRI images were preprocessed using Statistical Parametric Mapping (SPM; 

www.fil.ion.ucl.ac.uk/spm). Slice timing correction was conducted to compensate for 

acquisition delays across slices. Motion artifacts were corrected by realigning all timing 

corrected functional images to the first image. Motion scrubbing was further applied to 

minimize the negative impact of motion on functional connectivity [33]. Following the 

motion correction, all the functional images were co-registered to the T1 structural image, 

which were then normalized to the standard Montreal Neurological Institute (MNI)152 T1 

template[33]. These slices were resampled at the resolution of 3mm×3mm×3mm resolution. 

We smoothed functional images in the MNI template space with an 8mm full width at half-

maximum isotropic Gaussian kernel.

fMRI Regions of Interest Selection

Four resting state networks (RSNs): default mode network (DMN), central executive 

network (CEN), salience network (SN), and visual network (VN) were chosen according to 

the standard coordinates [34, 35]. The visual network is a resting state network that was not 

expected to be affected by surgery, and therefore was used as a control network. The regions 

of interest (ROIs) for the RSNs included the following: DMN - medial prefrontal cortex 

(mPFC), posterior cingulate cortex (PCC), bilateral angular gyrus (AG), and bilateral lateral 

temporal lobe (TL); CEN - bilateral dorsolateral prefrontal cortex (DLPFC) and bilateral 

inferior parietal lobule (IPL); SN - dorsal anterior cingulate cortex (ACC) and bilateral 

anterior insula (IN); and the VN - bilateral central visual cortex (V1C), bilateral peripheral 

visual cortex (V1P), bilateral extrastriate visual cortex in the central fields (ExC), and 

bilateral extrastriate visual cortex in the peripheral fields (ExP). These ROIs, representing 

different brain regions (heretofore called network nodes), were defined using a five radius 

mm sphere, centered at the coordinates of that region. Table 1 shows ROI coordinates.
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Covariates of Interest

Based on prior research, we considered five covariates of interest when processing the 

resting state differences. These covariates are summarized below with rationale for their 

inclusion.

Age –—Research shows an interaction of age in resting state networks such that increased 

age is associated with decreased connectivity in the DMN, and increased internetwork 

connectivity between the DMN and the anterior cingulate cortex [36].

Education –—Individuals with more education show higher functional connectivity in the 

DMN [37]. Education is widely used a proxy for cognitive reserve [38, 39].

Sex –: There is an interaction of sex in resting state networks in an older population (over 

the age of 65), in that male participants have more increase in internetwork connectivity of 

the DMN and anterior cingulate cortex, at rest, compared to females [36].

Morphine –: Morphine can significantly decrease resting state functional connectivity in the 

DMN and SN when compared to a placebo [40]. We used a published conversion algorithm 

to calculate morphine equivalent dosages (MED) [41]. Due to half-life aspects of the 

medication, MED was considered potentially active if the most recent dose was within six 

hours prior to the post-surgery MRI [42].

Pain –: Degree of pain impacts resting functional connectivity in differing ways [43] [44]. 

Previous research has shown there to be an increase in resting functional connectivity in 

patients with knee osteoarthritis in the insular cortex that is related to intensity of pain, but a 

decrease in resting functional connectivity from the medial prefrontal cortex to posterior 

parts of the DMN [45]. Pain assessment ratings (0–100; 100=worst) were acquired before 

the resting state functional MRI. If a participant was missing a pain assessment rating, a pain 

rating was imputed for him/her based on taking the average of 10 imputed scores from 

participants belonging to the same group (surgery/non-surgery). Imputations were conducted 

in a statistical software program using a regression approach.

Functional Connectivity Analyses—We extracted resting state functional MRI time 

series from all the voxels in each spherical regions of interest (ROI). Nine nuisance signals 

were regressed out including six movement variables and three averaged signals representing 

white matter, cerebrospinal fluid, and global signal. The time series were then filtered with a 

finite impulse response bandpass filter (between 0.01 and 0.1 Hz). The filtered signals were 

averaged across all voxels within a ROI to obtain one signal per ROI. Motion scrubbing, a 

motion censoring procedure [34], was conducted on the blood oxygen level dependent signal 

to minimize the potential adverse effects of movement on functional connectivity. We 

quantified the functional connectivity between each pair of ROIs within each resting state 

network using the Pearson cross correlation between each pair of blood oxygenation level 

dependent (BOLD) signals. To reduce effects of potentially confounding variables on 

functional connectivity values, we regressed out covariates (age, education, sex, morphine, 

pain) from pre-processed functional connectivity Pearson correlation values That is - in a 
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regression model - all covariates were IVs and functional connectivity (correlation 

coefficient) was the DV. Residuals plus the mean from this model were saved and used for 

further analysis.

Two variables were calculated at pre- and post-surgical time point for each participant: 1) 

Mean connectivity: average of cross correlation values of all possible pairs of ROIs within 

each RSN for each participant and 2) node connectivity: the sum of all correlations of a 

given node to all other nodes in the network. This was calculated for each ROI in each RSN.

Statistical Analyses—An independent samples t-test was conducted to compare all 

surgery to all non-surgery participants on demographic variables. Additionally, a two-way 

analysis of variance (ANOVA) was conducted to examine demographic differences between 

groups (MCI surgery, non-MCI surgery, MCI non-surgery, non-MCI non-surgery). Post hoc 

analyses assessed significant interactions between groups to find specific group differences.

Mixed-repeated measures ANOVA assessed group (surgery vs. non-surgery) by time-point 

(pre-post) differences. All significant interactions were explored using pairwise 

comparisons. Paired samples t-test assessed change in node connectivity within surgery 

group, Bonferroni corrected for multiple comparisons. A Cohen’s d statistic was calculated 

for each group using G*power [46, 47] to quantify the magnitude of change.

A paired samples t-test was conducted on mean connectivity pairing pre and post time points 

for MCI surgery, non-MCI surgery, MCI non-surgery, non-MCI non-surgery. A Cohen’s d 
statistic was calculated for each group using G*power [46, 47] to quantify the magnitude of 

change. Paired samples t-test was chosen instead of an ANOVA because of differences in 

sample size between MCI and non-MCI groups.

Results

Surgery and Non-Surgery Group Participants.—A total of 232 surgery patients were 

referred by the study surgeon (HP) and contacted for study inclusion. Of these, 116 agreed 

to consider the study with 73 meeting inclusion and exclusion criteria and completing 

baseline neuropsychological assessment and MRI. Data from four surgery participants were 

excluded due to presence of pre-existing silent strokes (2 participant) and MRI post-surgery 

scanner complications (2 participants). A total of 69 completed baseline assessment and 

pre-/post-surgery imaging sessions. One surgery participant required an imputed pain score 

at the post time-point. For non-surgery orthopedic peers, 104 participants were screened 

with 68 enrolled. Of the 68, two non-surgery peers were withdrawn due to concerns for a 

learning disorder identified during neuropsychological testing and one was excluded for a 

missing RS-fMRI sequence. A total of 65 completed the baseline assessment and pre-post 

pseudo-surgery imaging sessions.

Participant Characteristics.: See Table 2. Surgery and non-surgery groups did not differ on 

age, education, gender, race, pre-surgery MRI pain at time of resting state MRI scan, and 

days between baseline/pre-surgery MRI and post-surgery MRI. Although non-surgery 

participants were selected to match surgery participants demographically and via a thorough 

screening process, the two groups did differ on a telephone cognitive screener (Telephone 
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Interview for Cognitive Status) [14] where the surgery group scored on average 1.84 points 

lower than non-surgery group (p = .006). After surgery, the surgery group reported 

significantly higher pain at time of the resting state scan relative to non-surgery peers (p = <.

001). Although four surgery participants were identified with delirium lasting less than one 

day, no participants had evidence of delirium at the time of the post-surgery MRI; all 

participants were included in the analyses.

Resting State Network Change in Surgery Group (Mixed repeated-measures ANOVA 
(surgery n=69 and non-surgery n=65).: See Table 3. For the DMN, there was a significant 

interaction of group and time point (pre and post) [F(1, 132) = 20.856, p<.001)], where the 

surgery group’s functional connectivity declined more from pre to post-surgery (mean 

difference = −.089, p<.001). There was a significant similar interaction for the CEN [F(1, 

132) = 6.851, p=.010], where the surgery group declined more (mean difference = −.052, p 
= .020), and the SN [F(1, 132) = 15.300, p<.001], where surgery group also declined more 

(mean difference = −.134, p<.001). There was no significant interaction for the VN. Partial 

eta squared values were calculated to assess magnitude of interaction.

Pre-Post-surgery Node Connectivity Change for Surgery.: See Table 4, Figure 2, and 

Supplemental Figure demonstrating magnitude of node changes from pre- to post-surgery. 

All comparisons were Bonferroni corrected.

DMN: After correcting for multiple comparisons (alpha = .008), there was a significant 

decline from pre to post time point in sum correlation for all nodes (p≤.005). The left 

angular gyrus had the greatest magnitude of decline (Cohen’s d = .67) (Supplemental 

Figure).

CEN: After correcting for multiple comparisons, there were no significant differences in 

node connectivity in any ROIs from pre to post time point.

SN: After correcting for multiple comparisons (alpha = .016), there was a significant decline 

from pre to post time point in sum correlation for all nodes (p≤.001). The dorsal anterior 

cingulate cortex had the greatest magnitude of decline (Cohen’s d = .56).

VN: There was no significant change in node connectivity from pre to post time point.

Participants Classified with Mild Cognitive Impairment

Participant Characteristics.: See Table 5. The final groups of participants consisted of 69 

surgery patients (MCI surgery = 13, non-MCI surgery = 56) and 65 non-surgery patients 

(MCI non-surgery = 10, non-MCI non-surgery = 55). Neuropsychological assessment scores 

for each group are listed in Table 6.

Groups did not differ on age, sex, race, baseline pre-surgery pain level at the time of MRI 

scan, and days between baseline/pre-surgery MRI and post-surgery MRI. The MCI surgery 

group had significantly fewer years of education (p = .001), scored lower on the TICS (p= <.

001), and had higher post-surgery MRI pain (p = <.001) than the non-MCI surgery and non-
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MCI non-surgery groups. There were no morphine equivalent dose differences in MCI 

surgery versus non-MCI surgery group after surgery (p=.331).

Within Group MCI Surgery and MCI Non-Surgery Resting State Network Change See 

Tables 7 and 8, and Figure 3. MCI surgery and non-MCI surgery groups showed a 

significant decline in DMN mean connectivity (MCI: t(12) = 2.902, p = .013, d=.802; non-

MCI: t(55) = 4.358, p<.001, d=.579) and SN mean connectivity (MCI: t(12) = 3.871, p = .

002, d= 1.078; non-MCI: t(55) = 3.327, p=.002, d=.446). For both DMN and SN, based on 

effect size, the functional connectivity decline was more severe for the MCI group. There 

were no significant changes for the CEN or VN in either group. Node functional 

connectivity changes were not assessed due to the small sample size for the MCI groups. 

There were no significant pre to post-surgery changes in the MCI non-surgery or the non-

MCI non-surgery groups.

Discussion

This study expanded upon a recent publication by Huang, et al. [3]. With a larger sample 

participant size, we show that within 48 hours following elective total knee arthroplasty 

there is an acute decline in connectivity in three major resting state networks: default mode 

network, salience network, and central executive network. We demonstrate that the neural 

injury caused by surgery is selective to cognitive networks; while the DMN and SN changed, 

the visual network (a sensory network) did not significantly change from pre to post-surgery 

scans. Pre-/post-surgery node-level functional connectivity differences within resting state 

networks reveal further insights into the nature of network change. Within the DMN, 

posterior nodes had a greater decline relative to anterior nodes (See Table 5 and 

Supplemental Figure). Within the SN, the anterior cingulate cortex had the greatest decline. 

There were no node connectivity differences between nodes in the CEN after multiple 

comparison correction. Also expanding on Huang, et al. [3] we show that perioperative 

connectivity changes appear more pronounced for individuals meeting criteria for mild 

cognitive impairment (MCI). The magnitude of mean functional connectivity decline was 

nearly one and a half times larger in the DMN and nearly two and a half times larger in the 

SN post-surgery for the MCI surgery group relative to the non-MCI surgery group.

Surgery Related Resting State Network Change and Within Network Node 
Change—Within our surgery participant group, a large post-surgery functional 

connectivity decline occurred for the DMN, SN and CEN. This is consistent with prior 

literature showing DMN and SN connectivity disruption with general anesthesia [3, 48, 49]. 

Broadly, the DMN is involved in self-referential processes and stimulus-independent 

thought, typically active during internal and/or imagined thought [50, 51]. The DMN can be 

divided into anterior and posterior subsystems, with the mPFC acting as the center of the 

anterior subsystem, and PCC acting as the center of the posterior subsystem [52, 53]. The 

SN is primarily involved in detecting and filtering relevant stimuli as requiring external or 

internal attention, subsequently determining and guiding behavior [54]. CEN activation 

relates to working memory, problem solving, and goal directed decision-making [55–57]. 

Emerging evidence has suggested that the SN is heavily involved in modulating dynamic 

activity and interactions of the DMN and CEN [56, 58].
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Within our surgery participant group, we identified particular nodes only within the DMN 

and SM showing greater resting state network decline following TKA. For the DNM, the 

PCC and bilateral AG, both of which are included in the posterior subsystem, showed 

greater decline in connectivity than other nodes in the DMN following surgery. Surgical 

level sedation from anesthesia is associated with decreased blood flow in the PCC, a region 

known to be involved in internally-directed thoughts [59]. Disruption of connectivity 

between the subcortical and cortical systems of the brain have been associated with loss of 

consciousness [5, 6]. Perhaps, even after arousal, some patients continue to have lingering 

disruption to these connections. For the SN, the anterior cingulate cortex showed a greater 

magnitude of connectivity decline than other nodes in the SN. The ACC is a hub for 

networks involved in attention and cognitive control [54]. Future research now needs to 

understand if acute reduced connectivity of these DMN and SN nodes, brain areas linked to 

numerous brain areas and cognitive functions (e.g., language, visual-naming integration, 

awareness, memory), has implications for longer-term post-surgery cognitive outcome.

In contrast to the DMN and SN, there were no node changes within the CEN. The CEN is 

composed of bilateral DLPFC and bilateral inferior parietal lobes. These areas are largely 

involved in working memory and visuospatial attention [60, 61]. Remarkably, although the 

surgery group had an overall decline in the CEN functional connectivity, at the node level, 

the connectivity change was not sufficiently large to pass the multiple comparison control. 

We now need investigation into why CEN nodes uniformly change (and change in a smaller 

magnitude) relative to other networks at least in non-demented older adults after TKA.

Network Change for Surgery Participants Classified with Mild Cognitive 
Impairment—Within our participant sample, the magnitude of pre to post-surgery mean 

connectivity decline was larger in those with MCI relative to non-MCI surgery participants. 

DMN and SN had largest decline in those with MCI. MCI mean connectivity decline in SN 

was twice as large compared to those without MCI. These findings speak to the potential 

vulnerability of DMN resting state networks in MCI [8–11], abnormal connectivity in the 

SN in MCI and AD patients [62–64], and these patients’ neuronal susceptibility to surgically 

related insults.

Due to MCI sample size limitations we did not examine within network node changes for 

MCI relative to non-MCI peers. We speculate specific brain regions for MCI patients are 

particular vulnerable to surgical insults. DMN and SN anatomical regions of interest include 

the medial temporal cortical areas, anterior cingulate, and insular regions – area vulnerable 

to early onset AD [65, 66], as well as small vessel vascular disease [67, 68]. Future research 

needs to examine node network changes for a larger sample of participant with MCI or AD 

electing surgical procedures with anesthesia.

There is a growing body of research suggesting a breakdown or fragmentation of neural 

networks with general anesthesia [69, 70]. For example, using measurements of local field 

potentials and intracranial electrocorticograms, Lewis, et al. [70] showed a shift in cortical 

dynamics with the onset of propofol-induced unconsciousness. The authors found that slow-

wave oscillations occurred asynchronously throughout the cortex, while spatially close 

(<4mm) neuronal populations were able to maintain spike rates during certain oscillation 
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phase windows. Boveroux, et al. [69] shows a breakdown in connectivity of the DMN in 

individuals under general anesthesia (Propofol) during an fMRI scan. These investigations 

suggest general anesthesia is not benign. For our study, we cannot rule out the possibility 

that anesthesia is a contributing factor to our functional connectivity findings.

We recognize study limitations. First, our study used a functional MRI procedure with eyes 

closed. This procedure was employed to avoid potential difficulties with maintaining focus 

on a fixation point. We recognize an eyes-closed position may not be ideal; participants 

might fall asleep during the resting state sequence acquisition. To minimize this, however, 

we started the resting state sequence within the first three minutes of the scan session and 

participants were spoken to before and after the sequence. We also note that some research 

suggests light sleep does not disrupt resting state networks [71]. Second, we also recognize 

limitations to using a resting state scan. Although previous literature has linked connectivity 

of CEN at rest to working memory performance [72], perhaps CEN node vulnerability 

would have been identified with a task-based functional approach. Third, as noted above, we 

had a small participant sample within the MCI groups and this limited power. These groups 

are well characterized, however, from a comprehensive neuropsychological assessment and 

careful baseline screening. While there was not a significant interaction of MCI group by 

surgery group, substantial differences in the magnitude of the connectivity decline were 

found comparing MCI and non-MCI groups in two of three RSNs using a paired samples t-

test. It is possible our MCI group analysis was too underpowered to detect an interaction of 

MCI group and time point. Other potential limitations include the MCI group had 

significantly lower education than non-MCI surgery and non-surgery peers. Fewer years of 

education, but not age, is a critical group distinction that likely indicates differences in 

cognitive reserve between MCI and non-MCI groups [73]. We attempted to control for these 

differences by regressing education out of the fMRI signal. Nevertheless, it is possible that 

education/cognitive reserve had additional effects on post-surgical functional connectivity 

declines that regression could not address. Previous research suggests pain medication 

affects resting state connectivity [43, 44]. While we controlled for morphine equivalent 

medication dose in our analyses, it is possible that the myriad of pain medications have 

heterogeneous effects on resting state connectivity and could have affected connectivity 

beyond our statistical covariation. There were also no statistical differences in 

anticholinergic burden, quantified as a Magellan Score in our surgery or non-surgery group 

at either time point [74].

While this study provides evidence of RSN changes after TKA under general anesthesia, 

there are many directions for future research. Future studies now need to examine if type of 

preoperative cognitive profiles predict type of mean functional connectivity change 

following surgery with general anesthesia. In addition, we do not know if acute resting state 

network change heralds long-term cognitive outcomes after major orthopedic surgery, or if 

RSN changes and specific node vulnerability remains after a period of three months or one 

year. Finally, given that previous research shows anterior/posterior connectivity differences 

for MCI [64], a next step is to examine node functional connectivity for MCI versus non-

MCI within a larger participant sample.
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Conclusion:  Surgery with general anesthesia selectively alters resting state networks and 

particularly specific nodes within the DMN and SN. Participants with MCI appear to be 

particularly vulnerable to these changes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Acronyms

(f)MRI (functional) Magnetic Resonance Imaging

ACC anterior cingulate cortex

AD Alzheimer’s Disease

AG angular gyrus

ANOVA Analysis of Variance

BNT Boston Naming Test

CEN Central Executive Network

Digit Span Digit Span subtest

D-KEFs Delis-Kaplan Executive Function System

DLPFC dorsolateral prefrontal cortex

DMN Default Mode Network

ExC extrastriate central fields

ExP extrastriate peripheral fields

IN insula

IPL inferior parietal lobe

JLO Judgment of Line Orientation

LNS Letter Number Sequencing
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LT lateral temporal

MCI Mild Cognitive Impairment

MED Morphine Equivalent Dosage

MNI Montreal Neurological Institute

mPFC medial prefrontal cortex

PCC posterior cingulate cortex

Rey-O Rey Osterrieth Complex Figure

ROI Region of Interest

RSN Resting State Network

SCWT Stroop Color Word Test

SN Salience Network

TICS Telephone Interiew for Cognitive Status

TKA Total Knee Arthroplasty

TMT Trail Making Test

V1C central visual cortex

V1P peripheral visual cortex
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Figure 1. 
Schematic design of parallel surgery and non-surgery participant timelines.

TKA = total knee arthroplasty.
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Figure 2. 
Surgery group mean node connectivity changes from pre to post time points. Line thickness 

between nodes is weighted by node-to-node correlation. Lowercase “r” and “l” denote right 

and left brain hemispheres, respectively. Node abbreviation is as follows:

DMN: mPFC – medial prefrontal cortex; LT – lateral temporal; AG – angular gyrus; PCC – 

posterior cingulate cortex; SN: ACC – anterior cingulate cortex; IN – insula; CEN: DLPFC 

– dorsolateral prefrontal cortex; IPL – inferior parietal lobe; VN: ExP – extrastriate 
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peripheral fields; V1P – peripheral visual cortex; ExC – extrastriate central fields; V1C – 

central visual cortex
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Figure 3. 
Plot of mean pre and post functional network connectivity values for MCI and non-MCI 

surgery (A) and non-surgery (B) groups. Thinner lines are individual participants (grey are 

non-MCI and dashed black are MCI). Thicker lines represent group means (grey are non-

MCI and dashed black are MCI). Y-Axis is correlation coefficient. 1A = DMN connectivity 

surgery group; 1B = DMN connectivity non-surgery group; 2A = CEN connectivity surgery 

group; 2B = CEN connectivity non-surgery group 3A = SN connectivity surgery group; 3B 

= SN connectivity non-surgery group; 4A = VN connectivity surgery group; 4B = VN 

connectivity non-surgery group.
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Table 1.

Montreal Neurological Institute (MNI) Coordinates of Regions of Interest

ROI X
MNI

Y Z BA

DMN

  PCC 1 −51 29 23

 mPFC −1 61 22 10

  1AG −48 −66 34 39

  1LT −65 −23 −9 21

  rAG 53 −61 35 39

  rLT 61 −21 −12 21

SN

 ACC −1 10 46 6

  1IN −38 14 5 13

  rIN 37 18 5 13

CEN

 1DLPFC −44 27 33 9

  1IPL −53 −50 39 39

 rDLPFC 46 28 31 9

  rIPL 54 −44 43 40

VN

  1V1C −1 3 −100 −8 18

  1V1P −16 −74 7 17

  1ExC −32 −89 −1 18

  1ExP −3 −74 23 18

  rV1C 13 −100 −8 17

  rV1P 16 −74 7 17

  rExC 32 −89 −1 18

  rExP 3 −74 23 18

BA = Broadman’s Area; MNI = Montreal Neurological Institute; R0I=Region of Interest
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Table 2.

Participant Characteristics Separated by Surgery Group.

Demographic Surgery (n = 69)
Mean ± SD

Non-surgery (n = 65)
Mean ± SD

P Value

Age 69.35±7.12 (range: 60–85) 68.37±5.50 (range: 60–83)   0.377

Education 15.23±2.83 (range: 10–23) 16.11±2.64 (range: 12–24)   0.067

Sex (M:F) 33:36 28:37   0.435

Race (W:NW) 61:8 61:4   0.119

TICS 36.71±4.23 (range: 26–47)* 38.55±3.25 (range: 30–44)   0.006

Pre MRI Pain 12.57±19.87 (range: 0–75) 7.67±14.72 (range: 0–70)   0.110

Post MRI Pain 40.10±22.98 (range: 0–100)* 7.05±10.61 (range: 0–40) <0.001

Pre to Post MRI day span 8.77±5.91 (range: 3-41) 7.36±3.16 (range: 2–21)   0.093

MED 11.57±10.87 (range: 0–37.50) --------------------------------

MED = morphine equivalent medication dose; MRI=Magnetic Resonance Imaging; TICS = Telephone Interview Cognitive Status
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Table 3.

Repeated Analysis of Variance for Mean Connectivity By Surgery and Non-Surgery Group

 Network Effect/ Interaction df F p partial η2

DMN

Time point 1, 132 9.288 0.003** 0.066

Group* Time point 1, 132 20.856 <0.001*** 0.136

CEN

Time point 1, 132 1.146 0.286 0.009

Group* Time point 1, 132 6.851 0.010* 0.049

SN

Time point 1, 132 6.906 0.010* 0.05

Group* Time point 1, 132 15.3 <0.001*** 0.104

VN

Time point 1, 132 1.298 0.257 0.01

Group* Time point 1, 132 0.183 0.67 0.001

*
= p<.05

**
= p<.01

***
= p<.001

CEN = Central Executive Network; DMN = Default Mode Network

SN = Salience Network; VN = Visual Network
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Table 4.

Node Connectivity Paired Correlation Coefficients in the Surgery Group

Mean Sum Correlation (SD)

RSN ROI Pre Post t(df) P CI d

DMN

PCC 1.587(.626) 1.142(0.722) 4.442(68) <0.000*** 0.25–0.65 0.54

rAG 1.530(.662) 1.187( 0657) 3.912(68) <0.000*** 0.17–0.52 0.47

1AG 1.790(.549) 1.323(0.641) 5.551(68) <0.000*** 0.30–0.64 0.67

mPFC 1.056(.878) 0.547(0.814) 4.440(68) <0.000*** 0.28–0.74 0.52

rLT 1.031(619) 0.702(0.677) 3.608(68) 0.001** 0.09–0.15 0.44

1LT 1.034(.579) 0.797(0.661) 2.929(68) 0.005** 0.08–0.08 0.35

CEN

1DLPFC 0.753(0.443) 0.663(0.411) 1.645(68) 0.105 −0.02–0.20 0.20

rDLPFC 0.844(0.446) 0.716(0.416) 2.251(68) 0.028 0.01–0.24 0.29

1IPL 0.822(0.438) 0.693(0.421) 2.479(68) 0.016 0.03–0.23 0.27

rIPL 0.934(0.402) 0.794(0.445) 2.340(68) 0.022 0.02–0.26 0.28

SN

ACC 0.587(0.406) 0.347(0.341) 4.647(68) <0.000*** 0.14–0.34 0.56

1AI 0.776(0.291) 0.639(0.277) 3.540(68) 0.001*** 0.06–0.10 0.43

rAI 0.789(0.283) 0.648(0.273) 3.444(68) 0.001*** 0.06–0.22 0.42

Note.

**
= p<.01

***
= p<.001, d=Cohen’s D, CI = Confidence Interval

CEN = Central Executive Network; DMN = Default Mode Network; SN = Salience Network VN = Visual Network Please see acronym table for 
other abbreviations
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