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BACKGROUND: Postoperative delirium is the most common postsurgical complication in older 
adults and is associated with an increased risk of long-term cognitive decline and Alzheimer’s 
disease (AD) and related dementias (ADRD). However, the neurological basis of this increased 
risk—whether postoperative delirium unmasks latent preoperative pathology or leads to 
AD-relevant pathology after perioperative brain injury—remains unclear.
METHODS: To investigate potential brain microstructural abnormalities associated with postop-
erative delirium and cognitive function, we analyzed pre- and post-operative Neurite Orientation 
Dispersion and Density Imaging (NODDI) MRI data within the posterior cingulate cortex (PCC) 
from 110 patients aged ≥60 years who underwent non-cardiac/non-intracranial surgery.
RESULTS: We found increased free water (FISO) and decreased neurite density index (NDI) 
and orientation dispersion index (ODI) in the dorsal PCC before surgery among those who later 
developed postoperative delirium (n = 12) versus those who did not (n = 98). Preoperative 
dorsal PCC NDI and ODI values were also positively associated with preoperative attention/
concentration performance, independent of age, education level, and global brain atrophy (NDI: 
β̂ = 0.29 (95% CI, 0.10–0.50), P = .008; ODI: β̂ = 0.29 (95% CI, 0.03–0.44), P = .004). Yet, 
these diffusion metrics were not correlated with cerebrospinal fluid amyloid beta (Aβ) positivity 
or levels.
CONCLUSIONS: These results suggest that preoperative latent brain abnormalities within the 
dorsal PCC may underlie attention/concentration deficits and susceptibility to postoperative 
delirium, yet these dorsal PCC NODDI abnormalities were not significantly associated with 
CSF Aβ levels (a measure of brain Amyloid deposition). Our findings highlight microstructural 
vulnerability within the PCC, a key region of the default mode network, as a neuroanatomic 
locus that can help explain the link between preoperative attention/concentration deficits and 
increased postoperative delirium risk among vulnerable older surgical patients.  (Anesth Analg 
2026;XXX:00–00)

METHODS
Participants
Data were obtained from two previously con-
ducted observational, prospective cohort studies, 
MADCO-PC15,16 (clinicaltrials.gov NCT01993836) and 
INTUIT16–18 (clincaltrials.gov NCT03273335), both of 
which were approved by the Duke University Health 
System institutional review board before study ini-
tiation. Informed consent was obtained from all sub-
jects before study participation in accordance with 
the Declaration of Helsinki. Inclusion criteria for 
both MADCO-PC and INTUIT studies were age ≥ 60 
years, English fluency, and a home address within 
a ~1 hour drive of Duke University Medical Center. 
Exclusion criteria included incarceration, pregnancy, 
and/or active treatment with chemotherapy drugs 
with known cognitive side effects. INTUIT also 
excluded patients on immunomodulatory drugs at 
the time of surgery, since these could potentially 
interfere with the neuroinflammatory markers under 
study in INTUIT.17 Participants were excluded from 
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MRI data collection if they were unsafe to scan (eg, 
those with MRI-incompatible implants/devices). 
Preoperative delirium assessments, cognitive test-
ing and MRI acquisition were all performed 1 month 
before surgery (median = 6 days; range 1–27 days). 
Postoperative images were acquired approximately 6 
weeks after surgery (median = 45 days; range 28–64 
days).

Delirium Assessment
MADCO-PC participants were screened once daily 
for postoperative delirium using the Confusion 
Assessment Method (CAM)19 until discharge. 
INTUIT participants were screened twice daily for 
delirium via the 3-Minute Diagnostic Confusion 
Assessment Method (3D-CAM)20 or the Confusion 
Assessment Method for the Intensive Care Unit 
(CAM-ICU; used for intubated patients)21 on post-
operative days 1 to 5 or until hospital discharge. 
These assessments were completed by study tech-
nicians trained with materials from the Hebrew 
SeniorLife Program/Harvard Medical School 
SAGES study group22 by a licensed clinical neu-
ropsychologist (JNB). For MADCO-PC patients 
who tested negative for inattention the remainder 
of the CAM assessment was not performed; thus, 
delirium severity scores could not be evaluated 
in the MADCO-PC cohort. Additionally, since the 
fluctuating nature of delirium means that it can be 
missed by assessments at single time points, delir-
ium was also assessed via a validated chart review 
method.23 Participants with one or more positive 
CAM, 3D-CAM, or CAM-ICU assessments or a pos-
itive delirium chart review were considered to be 
positive for postoperative delirium. All participants 
were also screened at baseline for delirium. Positive 
baseline assessments were adjudicated to determine 
the presence of other factors (eg, dementia) that may 
contribute to a positive screen, a known assessment 
limitation24 (see Supplemental Methods, https://
links.lww.com/AA/F808 for detailed description). 
To ensure representation of the endpoint of interest 
in the target population, patients with evidence of 
a false-positive delirium screen due to underlying 
neurocognitive disorder(s) were retained for pri-
mary analysis. A subsequent sensitivity analysis to 
rule out any potential effects of including patients 
that screened positive for delirium at baseline was 
performed to confirm if findings from the primary 
analysis were robust.

Cognitive Assessment
The neurocognitive battery17 included standardized 
assessments of auditory-verbal memory, immedi-
ate and delayed recall of unstructured narrative and 
structured word-list stimuli, information processing 

speed and executive function, immediate and delayed 
recall of visual memory for simple line drawing stim-
uli and auditory-verbal simple and complex atten-
tion (ie, working memory. From study participants 
who had complete baseline cognitive test scores from 
the parent MADCO-PC and INTUIT studies, a factor 
analysis with oblique rotation was performed on the 
14 cognitive variables in the neurocognitive battery.18 
Factor analysis is a dimensional reduction technique 
used to estimate the values of unobserved latent cog-
nitive domains via analysis of correlations between 
observed test scores. In order to provide interpreta-
tion of the resultant factor axes, we used an oblique 
rotation which allows correlation to exist between 
the latent variables, producing a set of related cogni-
tive domains used here for analysis. As previously 
described,25,26 the number of factors was selected 
to explain at least 80% of the variance in cognitive 
test scores. This identified a five-factor solution that 
explained 82% of the variance in the original test scores, 
corresponding to five cognitive domains: structured 
auditory-verbal memory (Hopkins Verbal Learning 
Test – Revised [HVLT-R]27), unstructured auditory-
verbal memory (Short Story module of the Randt 
Memory Test [RMT]28), visual memory (Weschler 
Memory Scale – Revised,29 Visual Reproductions), 
information processing speed/executive functioning 
(Wechsler Adult Intelligence Scale– Revised [WAIS-R] 
Digit Symbol Substitution30) Trail Making Test Parts 
A and B31), and auditory-verbal attention/concen-
tration (WAIS-R Digit Span Subtest30). Individual 
tests and scores by cognitive domain are presented 
in Supplemental Table 1, https://links.lww.com/
AA/F808. Additionally, the average of the five cog-
nitive domain scores was used as a summary metric 
for global cognitive performance, ie, the continuous 
cognitive index (CCI), as described in multiple prior 
publications from our group.17

Imaging Data

Acquisition. Imaging data were acquired at the Duke 
Brain Imaging and Analysis Center (BIAC) on a 3T GE 
Signa MR750 MRI scanner (GE Healthcare, Waukesha, 
WI, USA) equipped with an 8 channel receive-only 
head coil.

Anatomical data consisted of a high-resolution 
T1-weighted fast spoiled gradient-echo image vol-
ume (FSPGR). Whole-brain diffusion-weighted imag-
ing (DWI) data were acquired using a single-shot 
echo planar imaging (EPI) sequence with the follow-
ing parameters: anterior to posterior acquisition, TR 
17 ms, TE 80.8 ms, 90° flip angle, 2 mm slice thickness 
and 2 mm spacing between slices, 128 x 128 matrix, 
with a 256 x 256 reconstructed matrix. Diffusion-
weighted gradients were applied in 25 directions 
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with b values of 1000 s/mm2 with two non-diffusion-
weighted b = 0 images. A reverse phase sequence was 
not obtained.

Processing. Raw DWI data were preprocessed using 
MRtrix332 and FSL (FMRIB Software Library)33 as 
previously described.34 For complete details see 
Supplemental Methods, https://links.lww.com/AA/
F808.

Analysis. To obtain diffusion estimates from specific 
brain regions, we used Gray Matter-Based Spatial 
Statistics (GBSS),35 which adopts a similar framework 
to FSL’s Tract Based Spatial Statistics (TBSS).36 This 
voxel-wise approach skeletonizes the gray matter 
and projects diffusion metrics from the most probable 
local gray matter voxel onto the skeleton to facilitate 
subsequent comparisons between groups. Diffusion 
estimates derived from NODDI include the (1) volume 
fraction of isotropic diffusion (FISO), (2) neurite 
density index (NDI), and (3) orientation dispersion 
index (ODI; see https://links.lww.com/AA/F808).14 
Although these measures are partially correlated, 
they are designed to capture non-redundant features 
of brain microstructure: FISO measures the fraction 
of a voxel occupied by isotropic (free) water that 
can diffuse equally in all directions, NDI represents 
the fraction of a voxel that contains intracellular 
components (ie, neuronal cell bodies, dendrites and/
or axons), and ODI quantifies the variability in the 
orientation of neuronal processes within a voxel, 
reflecting the complexity and angular dispersion 
of the extracellular space around these processes.14 
Thus, although some degree of overlap is expected, 
together these respective NODDI metrics provide 
complementary but separable information about 
distinct neurobiological properties.14

For each participant, the gray matter fraction, 
NDI, and ODI maps were warped to MNI152 space 
using the warp fields estimated by the Advanced 
Normalization Tools buildtemplateparallel.sh script. 
The aligned FISO, NDI, and ODI maps were then pro-
jected onto the mean gray matter skeleton for each 
participant. Lastly, to limit analyses to the key region 
of interest, we multiplied the mean gray matter skel-
eton by a binarized standard MNI defined PCC mask 
(Harvard-Oxford cortical atlas with 50% probability 
and 1 x 1 x 1 mm resolution37). Detailed analysis is 
provided in Supplemental Methods, https://links.
lww.com/AA/F808.

CSF AβMeasurements
CSF samples were obtained before surgery as pre-
viously described.38 CSF levels of the 42 amino 
acid-form of Aβ(Aβ42) was measured using the 
INNO-BIA AlzBio3 platform [Innogenetics; Ghent, 

Belgium]15 on all available samples (47 of the 50) 
from MADCO-PC subjects, and the Roche Elecsys 
platform [Roche Diagnostics; Basel, Switzerland]17 
on all available samples (53 of the 61) from INTUIT 
subjects. Aβ42concentrations were compared 
against previously described cutoffs for the respec-
tive assays used in each study (Alzbio3 platform in 
MADCO-PC, Roche Elecsys platform in INTUIT). 
Positivity was defined as < 249 pg/mL for samples 
measured via the INNO-BIA AlzBio3 platform and 
< 1000 pg/mL for samples measured via the Roche 
Elecsys platform.39,40

Sample Size Justification
The present study used an existing dataset of 113 
subjects with available neuroimaging data from the 
MADCO-PC and INTUIT studies, 12 of which devel-
oped postoperative delirium. Our sample size was 
determined by data availability rather than a pro-
spective power analysis, as no prior studies have 
examined perioperative NODDI metrics in relation 
to delirium and cognition thus a well-informed a 
priori power/sample size calculation could not be 
performed. Nonetheless, our sample size is compa-
rable to other neuroimaging studies exploring post-
operative delirium associated longitudinal diffusion 
changes (eg, N = 113)41 and changes within the PCC 
(eg, N = 14 with delirium).7 Additionally, prior stud-
ies examining similar NODDI metrics in populations 
with relatively subtle clinical or pathophysiological 
differences (eg, healthy controls versus mild cogni-
tive impairment, or mild cognitive impairment versus 
Alzheimer’s disease, of similar total sample sizes as 
what we have studied here) reported large effect sizes 
(eg, ηp2 > 0.14),42 suggesting that it is reasonable to 
look for differences in NODDI metrics in the sample 
size (N = 100+) studied here.

Primary analyses of NODDI data were assessed 
with threshold-free cluster enhancement (TFCE),43 
a method that enhances cluster-like structures in 
statistical maps without arbitrary cluster-forming 
thresholds. Despite the relatively small sample size, 
TFCE provides a stringent and data-driven approach 
to identify significant effects by accounting for both 
the magnitude and spatial extent of between-group 
differences. This method improves sensitivity while 
controlling for multiple comparisons and is thus well-
suited for exploratory neuroimaging studies with lim-
ited sample sizes. Given the exploratory nature of this 
study, significance was set at P < .05 without multiple 
comparison correction for secondary analyses involv-
ing NODDI values.

Statistical Analysis
To compare baseline characteristics between groups, 
standardized mean differences were calculated for 
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demographic features. Significant group differences 
in diffusion metrics between those who developed 
postoperative delirium and those who did not were 
assessed by voxel-wise analysis limited to the PCC 
region of interest with TFCE, via Randomise (FSL’s 
nonparametric permutation tool44) with 5,000 per-
mutations. Primary analyses used PCC-constrained 
TFCE images thresholded at corrected P < .05 to iden-
tify significant voxels at both pre- and postoperative 
timepoints. Average diffusion metrics among signif-
icant voxels within the PCC region of interest were 
extracted using fslstats and used for subsequent sec-
ondary analyses. Brodmann’s areas (ie, BA23 versus 
BA31)45 as well as functionally derived subregions 
defined in Brodmann’s space46 were superimposed to 
determine PCC subregion localization.

To examine relationships between baseline diffu-
sion metrics and cognitive factor scores, we used mul-
tivariable linear regression models adjusted for age, 
education, and global brain atrophy (ventricle to brain 
ratio), because of their known associations with cog-
nitive performance,47 and to control for the potential 
parallel influence of significant brain volume loss48 on 
diffusion metrics. Relationships between baseline dif-
fusion metrics and cognitive factors or CSF Aβ were 
assessed via Spearman correlation tests. Analysis of 
numeric data for CSF Aβ was restricted to the data 
acquired from the Roche Elecsys platform, due to 
superior analytical performance (ie, reduced variabil-
ity and high reproducibility). Scaled beta coefficients 
reflect a 1-unit SD change interpretation. Finally, to 
assess the stability of the linear regression coefficients 
and evaluate the impact of outliers, we performed 
bootstrapping with 1,000 resamples, which gener-
ates confidence intervals by repeatedly resampling 

the data with replacement and refitting the model for 
each sample.

RESULTS
Sample Characteristics
A nested imaging cohort, comprised of 77 and 86 
patients from the MADCO-PC and INTUIT studies 
respectively, provided 163 participants with peri-
operative imaging. We analyzed MRI data from 113 
subjects who had both preoperative and 6-week post-
operative high quality (ie, acceptable motion, and 
void of artifacts or gross anatomical abnormalities) 
structural and DWI scans. Of these, 111 had analyz-
able diffusion MRI and 109 had available baseline 
cognitive testing data (Figure 1), of whom 12 devel-
oped postoperative delirium (an overall rate of 11%; 
7 (14%) participants from MADCO-PC and 5 (8%) 
from INTUIT). Further, one patient was excluded 
from analysis for a positive delirium screen at base-
line not accounted for by other factors (eg, MCI or 
dementia). Consistent with prior studies5 and based 
on standardized mean differences, patients who 
developed (versus those who did not develop) post-
operative delirium were slightly older (mean (SD): 
71.4 (9.01) vs 68.0 (5.15) years); had fewer years of 
education (median [Q1, Q3]: 15 [12, 16.5] vs 16 [13, 
17] years); and lower baseline cognitive function, evi-
denced by both mini mental state exam (MMSE: 27.5 
[22, 29] vs 29 [28, 30]) and continuous cognitive index 
scores (CCI, −0.83 (0.91) vs 0.17 (0.60)) (Table 1). 
Perioperative factors (Supplemental Table 2, https://
links.lww.com/AA/F808, Supplemental Table 3, 
https://links.lww.com/AA/F808) were similar 
across groups. Surgical time, however, was longer in 
those subjects who went on to develop postoperative 

Figure 1. STROBE diagram. 
STROBE indicates Strengthening 
The Reporting of Observational 
studies in Epidemiology.
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delirium. Although the mean dexmedetomidine 
dose was higher in the non-delirium group than the 
delirium group (4.45 µg +/- 15.8 vs 2.3 µg +/- 6.0; 
standardized mean difference of 0.18), the majority 
of participants in both groups did not receive dexme-
detomidine: ie 10 of the 12 patients who developed 
postoperative delirium did not receive dexmedeto-
midine, and 82 of the 98 patients who did not develop 
delirium did not receive dexmedetomidine. Further, 
the median and mode dexmedetomidine dose in both 
the delirious and non-delirious groups were both = 
0 µg).

Preoperatively, patients who later developed 
postoperative delirium showed increased FISO 
and decreased NDI and ODI (Figure 2; Table 2, 
Supplemental Figure 1, https://links.lww.com/
AA/F808), primarily in areas functionally defined 
as dorsal subregions of Brodmann’s Area 23 (based 
on Human Connectome Project multi-modal par-
cellation46). Note that there are slight spatial differ-
ences between the posterior cingulate cortex area 
as defined anatomically (ie, by the Harvard-Oxford 
Brain atlas) versus the dorsal and ventral portions 
of the posterior cingulate cortex as defined by the 
Human Connectome Project multimodal parcel-
lation Brain Atlas, which is delineated based on 
distinct patterns of function connectivity and task 
activation.46 Interestingly, only FISO remained sig-
nificantly different among patients with versus 
without postoperative delirium at 6 weeks after 
surgery (Supplemental Figure 2, https://links.lww.
com/AA/F808, Supplemental Table 4, https://
links.lww.com/AA/F808); similar magnitude dif-
ferences between these groups were observed for 
NDI and ODI at 6 weeks after surgery but failed to 

reach statistical significance (P = .052 and P = .059, 
respectively).

Dorsal Posterior Cingulate Cortex 
Microstructure Relates to Preoperative 
Cognition
Next, we explored relationships between baseline 
diffusion metrics that differed among patients who 
later developed (versus did not develop) postopera-
tive delirium, and cognitive function domains across 
the entire sample. Although only a few associations 
reached statistical significance, the directionality of 
effects was highly consistent across auditory-verbal 
memory, unstructured auditory-verbal memory, 
visual memory, information processing speed/
executive functioning, attention and concentration, 
as well as overall cognitive index (P > .05 for each, 
Supplemental Table 5, https://links.lww.com/AA/
F808). Higher NDI values within the dorsal PCC 
subcluster were associated with better performance 
on tasks of processing speed and executive function 
(Spearman’s r = 0.243, P = .011). Similarly, increased 
NDI and ODI were significantly associated with bet-
ter performance on the attention and concentration 
factor (NDI: Spearman’s r = 0.208, P = .031; ODI: 
Spearman’s r = 0.262, P = .006, respectively; Figure 3 
A-B).

Next, we considered the possibility that the 
relationship between these diffusion metrics and 
attention/concentration might reflect potential con-
founding effects from age, education, or brain atrophy. 
Importantly, the multivariable regression analysis 
revealed that the associations of both NDI and ODI, 
but not FISO, with attention/concentration remained 
significant after adjustment for these covariates  

Table 1.  Participant Demographics
Overall No delirium Delirium Standardized mean difference

N 110 98 12
Age (y) 68.32 (5.72) 68.0 (5.15) 71.4 (9.01) 0.61
Sex (%) 0.28
 � Female 50 (45.0%) 46 (46.9%) 4 (33.3%)
 � Male 61 (55.0%) 52 (53.1%) 8 (66.7%)
Race (%) 0.46
 � Black or African American 14 (12.6%) 12 (12.2%) 2 (16.7%)
 � Caucasian/White 96 (86.5%) 86 (87.8%) 9 (75.0%)
 � Other 1 (0.9%) 0 (0.0%) 1 (8.3%)
Education (y) [Q1–Q3] 16 [12–17] 16 [13–17] 15 [12–16.5] 0.48
MMSE [Q1–Q3] 29 [27.5–30] 29 [28–30] 27.5 [22–29] 1.46
Height (cm) 170.49 (10.44) 171 (10.3) 167 (9.9) 0.31
Weight (kg) 86.85 (17.94) 88 (17.8) 76.2 (16.3) 0.67
BMI (kg/m2) 29.91 (5.47) 30.3 (5.58) 27.1 (3.67) 0.58
VBR (%) 2.77 (1.57%) 2.62 (1.2%) 4.09 (3.15%) 0.97
ASA [Q1–Q3] 3.00 [2.00–3.00] 3.00 [2.00–3.00] 3.00 [3.00–3.00] 0.39
APOE4 carrier (%) 37 (33.6%) 33 (33.7%) 4 (33.3%) 0.01

Values are presented as either mean (SD), median [Q1, Q3] or number (percentage); Standardized Mean Difference is calculated as Cohen’s d. Demographic 
characteristics for the whole cohort and stratified by postoperative delirium status (delirium vs no delirium).
Abbreviations: APOE, Apolipoprotein E; ASA, American Society of Anesthesiologists physical status classification system; BMI, Body Mass Index; MMSE, Mini 
Mental State Exam; VBR, Ventricle to Brain Ratio (sum of lateral, 3rd and 4th ventricles/ total parenchymal volume).



Copyright © 2026 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.
6     www.anesthesia-analgesia.org� ANESTHESIA & ANALGESIA

Preop PCC Damage and Postop Delirium

(FISO: β̂ = −0.282 (95% CI, −0.610 to 0.046), P = .091; 
NDI: β̂ = 0.287 (95% CI, 0.077–0.497), P = .008; ODI: β̂ 
= 0.289 (95% CI, 0.096–0.481), P = .004). Bootstrapped 
confidence intervals for the regression coefficients 
indicated that these NODDI metrics were a significant 
predictor of attention and concentration in only 31% 
of samples for FISO (β̂ 95% CI, −.608 to −0.001), but in 
73% of samples for NDI (β̂ 95% CI, 0.100 – 0.496) and 
88% of samples for ODI (β̂ CI, 0.025 – 0.436).

Dorsal Posterior Cingulate Cortex 
Microstructure Does Not Relate to Amyloid 
Status
Lastly, given the known accumulation of Aβ in the 
PCC in early AD,13 we evaluated the potential influ-
ence of Aβ pathology, as assessed by CSF Aβ levels, on 
baseline cognition and postoperative delirium as well 
as preoperative diffusion metrics across subjects. Of 
the 100 participants with available CSF data, 22 (22%) 

were classified as Aβ-positive based on established 
platform-specific cutoffs (<249 pg/mL for INNO-BIA 
AlzBio3; <1000 pg/mL for Roche Elecsys). Aβ posi-
tivity was not associated with postoperative delirium 
(χ2 = 2.03, Fisher’s exact test P = .154). Further, multi-
variable linear regression adjusted for age, education, 
and global brain atrophy revealed no significant rela-
tionship between Aβ positivity and diffusion metrics 
(FISO: β̂  = 0.000 (95% CI, −0.003 to 0.004), P = .941; 
NDI: β̂  = −0.002 (95% CI, −0.005 to 0.001), P = .168; 
ODI: β̂  = 0.001 (95% CI, −0.002 to 0.004), P = .529).

Additionally, in analysis of numeric CSF Aβ levels 
from INTUIT subjects (n = 53), there were no signifi-
cant associations between CSF Aβ levels and cognitive 
performance across domains and global cognitive per-
formance (Supplemental Table 6, https://links.lww.
com/AA/F808), and Aβ levels did not differ between 
those who did versus did not develop postoperative 
delirium. There was also no significant correlation 

Figure 2. Preoperative microstruc-
tural gray matter diffusion differences 
between patients who later developed 
delirium within the posterior cingulate 
cortex (PCC). Each panel (A–J) shows 
a sagittal (x = −3) Montreal Neurologic 
Institute (MNI) standardized anatomical 
brain template image, with colors that 
represent microstructural differences 
present before surgery among patients 
who later developed postoperative 
delirium versus patients who did not 
later develop postoperative delirium. 
Columns represent individual gray mat-
ter diffusion metrics: fraction of isotropic  
diffusion (FISO), represents free water 
diffusion in the extracellular space; 
neurite density index (NDI), reflects the 
density of neurons and dendrites; and 
orientation dispersion index (ODI), is a 
measure of dendritic branching complex-
ity. Rows represent individual statistical 
outputs from the primary, between group 
analysis (A–C) unthresholded voxel-wise 
t-statistic maps showing the magnitude 
of between group differences; (D–F) 
unthresholded TFCE (threshold free clus-
ter enhanced) corrected P-value maps 
showing clusters of significant differ-
ences, and (G–I) suprathreshold (Ptfce < 
0.05) voxel maps showing only signifi-
cant voxels after correction. J, Colorized 
overlay of significant (P < .05) voxels for 
all three diffusion metrics (FISO in blue, 
NDI in red, and ODI in green). White area 
and gray shaded areas represent regions 
identified as dorsal and ventral portions 
of the posterior cingulate cortex region 
(Brodmann’s area 23) as defined by the 
Human Connectome Project (version 
1.0),46 respectively.
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between CSF Aβ levels and any of the diffusion met-
rics in the dorsal PCC subcluster (FISO Spearman’s 
r = −0.007, 95% CI, −0.300 to 0.282, P = .960; NDI 
Spearman’s r = 0.050, 95% CI, −0.220 to 0.303, P = .723; 
ODI Spearman’s r = −0.238, 95% CI, −0.469 to 0.050, 
P = .086) (Figure 4). Similarly, these patterns did not 
change after multivariable adjustment.

Sensitivity Analysis
Adjudication identified one subject who tested posi-
tive for delirium before surgery with a preoperative 
diagnosis for MCI or dementia, so we performed 
a sensitivity analysis to evaluate the robustness of 

our findings excluding this patient. Exclusion of this 
patient did not materially alter the primary results. 
Effect estimates from the sensitivity analysis were 
similar in magnitude (t-statistics) and remained 
statistically significant as in the primary analysis 
(Supplemental Table 7, https://links.lww.com/AA/
F808, Supplemental Table 8, https://links.lww.com/
AA/F808), indicating that findings were not driven 
by this single case.

Although cluster-level statistics were largely simi-
lar, and the peak location was identical for FISO and 
NDI and shifted only slightly (by a few millimeters) 
for ODI, there was a notable reduction in cluster extent 

Table 2.  Preoperative PCC Diffusion Metric Peak and Cluster Values

Cluster extenta
Peak

T-valueb
Peak sig.c
(p-TFCE) Cluster maximad (x, y, z)

Posterior cingulate cortex (PCC)
 � Fraction of isotropic diffusion (FISO) 20 6.60 0.013 (–3, –42, 29)
 � Neurite density index (NDI) 73 3.52 0.007 (–4, –51, 21)
 � Orientation dispersion index (ODI) 25 3.94 0.023 (–3, –40, 29)

aSize of the cluster in voxels.
bPeak statistical T value within the cluster.
cThreshold-Free Cluster Enhancement corrected significance level (p).
dMontreal Neurological Institute Space (MNI) ICBM nonlinear 6th generation brain atlas coordinates.

Figure 3. Association between PCC diffusion metrics and cognitive function. Scatter plots illustrating the relationships between diffusion 
metrics and attention/concentration cognitive factor (n = 108; 10 with delirium, 98 without delirium). Spearman’s r, 95% confidence intervals 
and p values are provided for each plot. A and B, Neurite Density Index (NDI) and Orientation Dispersion Index (ODI), respectively, derived from 
the primary analysis. C and D, NDI and ODI, respectively, derived from the sensitivity analysis (excluding one participant). Diffusion values 
represent subject-level cluster-wise mean estimates from suprathreshold voxels identified in each respective analysis.
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in this sensitivity analysis. Specifically, suprathresh-
old voxel counts decreased from 20 to 17 for FISO, 72 
to 19 for NDI and 25 to 4 for ODI. This marked limi-
tation in cluster size (< 10 voxels) reduced our abil-
ity to derive robust cluster-wise mean values, despite 
peak effects remaining stable (Supplemental Figure 3, 
https://links.lww.com/AA/F808).

It is important to note that this participant did not 
have complete cognitive data and therefore did not 
directly contribute to the secondary cognitive associa-
tions in the primary analysis. However, this patient’s 
inclusion in the original primary analysis did influ-
ence the derivation of group-level diffusion metric 
means by contributing to cluster extent. As a result, 
this patient’s exclusion in the sensitivity analysis 
affected the spatial definition and size of clusters, and 
consequently individual cluster-wise means, even 
though it did not directly impact the observed asso-
ciations with cognition.

For rigor and completeness, we proceeded with 
analyses of secondary associations between diffusion 
metrics derived from the sensitivity cohort and both 
cognition and Aβ pathology. Although the direction-
ality of associations between diffusion metrics and 
cognitive performance remained largely consistent 
with those of the primary analysis, the magnitude of 
the effect and precision decreased and thus no signifi-
cant associations were identified (Supplemental Table 

5, https://links.lww.com/AA/F808, Figure 3 C-D). 
Similar to that of primary analysis, no statistically 
significant associations were detected between diffu-
sion metrics and either Aβ positivity or CSF Aβ levels 
(Supplemental Figure 4, https://links.lww.com/AA/
F808).

DISCUSSION
Here we show for the first time that older non-cardiac/
non-intracranial surgery patients who developed 
(versus those who did not develop) postoperative 
delirium had higher FISO, and lower NDI and ODI 
values within the dorsal PCC before surgery. These 
diffusion metrics were not significantly related to CSF 
measures of Aβ, suggesting that these microstructural 
markers may represent a distinct vulnerability from 
Aβ neuropathology (as measured by CSF Aβlevels). 
Furthermore, in multivariable analyses controlling for 
demographic and structural brain factors, these alter-
ations in baseline/preoperative PCC microstructure 
remained significantly associated with preoperative 
cognition, specifically the attention/concentration 
cognitive domain score. This demonstrates that the 
relationship between these preoperative diffusion 
metrics and preoperative attention/concentration 
is independent of age, education, or global brain 
atrophy. A sensitivity analysis (excluding the single 
patient in the postoperative delirium group who 

Figure 4. Association between PCC diffusion metrics and amyloid beta pathology. Violin and Scatter plots illustrating the relationships 
between diffusion metrics and cerebrospinal fluid Aβ (n = 99; 10 with delirium, 89 without delirium). A–C, Diffusion metrics by Aβ42 positiv-
ity status. No significant differences were found in diffusion metrics between those with versus those without positive CSF levels of Aβ. D–F, 
Scatter plots for diffusion metrics by numeric levels of Aβ. Spearman’s r, 95% confidence intervals and p values are provided for each plot. 
No significant relationships (P > .05) were identified via Spearman’s (r) between the diffusion metrics. A, and D, Fraction of isotropic diffusion 
(FISO). B and E, Neurite Density Index (NDI). C and F, Orientation Dispersion Index (ODI) with CSF Aβ levels.
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screened positive at baseline) revealed similar results, 
demonstrating that our primary diffusion findings 
were not driven by this case, with similar effect esti-
mates and preserved statistical significance despite 
reduced cluster extent. When we excluded this single 
patient with a positive delirium screen before surgery, 
the secondary associations we had detected between 
NODDI metrics with cognitive performance remained 
similar in magnitude and directionality, though they 
no longer reached statistical significance (likely due 
to decreased statistical power due to the exclusion of 
this patient from the delirium group). Taken together, 
these findings reveal preoperative microstructural 
differences within the PCC that are linked to preop-
erative attention/concentration deficits and may con-
tribute to an increased vulnerability to developing 
delirium after surgery.

Our finding of greater preoperative differences in 
NDI and ODI in subjects who went on to develop 
delirium contrasts with NODDI studies of mild cog-
nitive impairment and AD, which have reported 
greater differences between groups (ie, MCI/AD ver-
sus cognitively normal) within multiple brain regions 
in FISO (compared to NDI or ODI).49–52 Our data indi-
cates delirium is associated with alterations in axo-
nal/dendritic density (NDI) and diffusion around 
these processes (ODI), whereas other studies show 
that the ADRD spectrum is more commonly associ-
ated with increases in extracellular free water. These 
findings suggest that there may be distinct types of 
microstructural brain differences within brain regions 
in patients that go on to develop postoperative delir-
ium versus those seen in the ADRD spectrum.

The microstructural differences within the dorsal 
PCC in patients that later developed postoperative 
delirium are interesting because the PCC is a key 
region of the brain’s default mode network (DMN)53 
and is known to play a role in network switching 
and attentional control.54,55 Functional MRI stud-
ies have shown that the PCC is highly active during 
rest and plays a central role in internally directed 
attention, such as during autobiographical memory 
retrieval and self-referential thought.54 Furthermore, 
studies demonstrate that the DMN, and in particu-
lar the PCC, is inversely correlated with both the 
cognitive56 and the dorsal attention network;54 thus, 
suppression of PCC activity is critical for external 
attentional focus and concentration.56,57 Our findings 
of preoperative microstructural damage within the 
dorsal PCC in individuals who went on to develop 
postoperative delirium (versus those who did not) is 
of particular interest given the distinct differences in 
function between ventral and dorsal regions of the 
PCC. Specifically, the ventral PCC supports internally 
directed processes like memory and self-reflection 
via the DMN, whereas the dorsal PCC contributes to 

externally directed attention and cognitive control, 
via connections to both the DMN and attention net-
works.56 Thus, dysfunction of the dorsal PCC could 
conceivably give rise to the deficits in externally 
focused attention seen in patients with postopera-
tive delirium. Studies have also shown that disrup-
tions to the normal, inter-network inverse correlation 
between the PCC and task-positive regions are associ-
ated with postoperative delirium.7,58 Therefore, latent 
PCC microstructural damage (ie, in patients without 
neurologic diagnoses) may indeed disrupt functional 
activity in this brain region, which in turn could lead 
to deficits in attentional control—a key feature of 
postoperative delirium.

The DMN, including the PCC, has also been identi-
fied as the earliest area in which Aβ pathology devel-
ops in AD.13 Parker et al51 found significant changes 
in diffusion metrics within temporal and parietal 
lobe gray matter in patients with early-onset AD, 
and these microstructural changes were associated 
with the magnitude of cognitive impairments. We 
explored the potential relationship between diffusion 
metrics within the PCC and CSF Aβ levels and found 
no significant association. Although speculative, this 
finding may suggest that our novel biomarker of PCC 
microstructural vulnerability represents a predictor 
of the subsequent development of delirium indepen-
dent of amyloid pathology, though these relationships 
require further study.

The debate over whether postoperative delirium 
represents an unmasking of latent preoperative vul-
nerabilities or is itself injurious remains unresolved, 
though these possibilities are likely not mutually 
exclusive. In our data, all three diffusion metrics (ie, 
FISO, NDI, and ODI) differed significantly before 
surgery between those who later developed postop-
erative delirium and those who did not. Similarly, 
by using more traditional diffusion MRI measures 
in patients who subsequently developed postopera-
tive delirium, Cavallari et al.41 identified diffuse pre-
operative white matter microstructural differences 
in parietal, temporal, and occipital cortices, as well 
as in regions such as the cerebellum, thalamus, and 
cingulum. These findings, along with ours, strongly 
support the hypothesis that preexisting/preoperative 
latent brain abnormalities—both in gray and white 
matter—predispose certain patients to postoperative 
delirium. Yet this does not rule out the contribution of 
additional perioperative precipitating factors to delir-
ium risk, which likely act in concert with predispos-
ing factors (such as preoperative localized structural 
abnormalities within the brain), to ultimately lead to 
postoperative delirium.5,59

This work has limitations. First, the number of 
patients who developed delirium in our cohort was 
relatively small (n = 12), limiting in-depth analyses 
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such as mediation and reducing power to detect more 
subtle effects in secondary analyses. However, the 11% 
delirium rate is similar to those of the parent studies 
(MADCO-PC: 11%; INTUIT: 14.7%) and aligns with 
expectations for non-cardiac/non-intracranial surger-
ies in patients ≥60 years.60,61 For example, our sample 
size (N = 110 with diffusion data preoperatively and at 
6 weeks) is comparable to the Cavallari et al.,41 study 
(eg, N = 113, one-year follow-up) and larger than Choi 
et al.,7 (eg, N = 14 with delirium). In contrast, patients 
in the Cavallari et al.,41 and Choi et al.,7 studies were 
older (mean ages 76 ± 4 and 73.6 ± 9.4 years) and since 
increased age is a risk factor for delirium, this likely 
explains why the delirium rates were slightly higher 
in the Cavallari et al., and Choi et al., papers versus in 
our study here (mean age 68.3 ± 5.7 years).

Second, evidence suggests dexmedetomidine may 
reduce delirium incidence62 and mean dexmedetomi-
dine dose was higher (though not significant) in the 
non-delirium group as opposed to the postoperative 
delirium group. However, given the limited number 
of patients who received dexmedetomidine in each 
group, the primary and secondary analyses were not 
adjusted for dexmedetomidine. We also found no sig-
nificant relationship between CSF amyloid beta lev-
els and postoperative delirium risk. This study was 
not designed to evaluate pharmacologic or biomarker 
predictors of delirium, and given the relatively few 
delirium cases, was likely underpowered to detect 
an association with these factors. Nonetheless, multi-
variable adjustment for potential covariates and con-
founders should be performed in larger future studies 
on this topic that have sufficient size for this multi-
variable adjustment.

Third, although the primary analysis on differ-
ences in NODDI metrics between individuals who 
did (versus did not) develop postoperative delirium 
does not need to be corrected for multiple compari-
sons and does not increase in Type I error risk, our 
secondary correlation analyses were exploratory and 
not corrected for multiple comparisons, thus there is 
an increased risk of Type I error. Additionally, sensi-
tivity analyses excluding the single participant who 
screened positive for delirium at baseline identified 
the same dorsal PCC location, yet the cluster extent 
was substantially reduced (by up to ~85% for some 
metrics). Although effect magnitudes, significance 
and overall directionality were preserved, the marked 
reduction in suprathreshold voxel count limited the 
stability of cluster-wise mean estimates. Thus, the 
loss of statistical significance in secondary associa-
tions with cognition in the sensitivity analysis is not 
altogether unexpected, as deriving robust mean val-
ues from substantially smaller clusters is less reli-
able. These findings further underscore the need for 
larger samples to ensure stable spatial definitions of 

diffusion abnormalities and sufficient power for sec-
ondary association analyses.

Fourth, to examine group differences, we focused 
on the PCC. Larger, higher-powered diffusion imag-
ing studies should validate these findings within this 
region and expand to whole-brain analyses. A much 
larger sample is likely needed to detect PCC differences 
at the whole-brain level using TFCE. Additionally, 
postmortem histology, immunohistochemistry, spa-
tial transcriptomics, and electron microscopy could 
clarify the molecular and cellular underpinnings of 
PCC diffusion abnormalities in delirium.

Lastly, although all three diffusion metrics differed 
preoperatively in the dorsal PCC, only FISO remained 
significant at 6 weeks, although the NDI and ODI 
value differences at 6 weeks postoperatively nearly 
reached statistical significance (p =0.052, p =0.059, 
respectively). The lack of statistically significant NDI 
and ODI differences at 6 weeks after surgery (com-
pared to the significant differences in these metrics 
before surgery) may stem from increased data vari-
ability due to surgical heterogeneity and postopera-
tive trajectories. However, this lack of significance at 
6-weeks may also reflect downstream sequelae of 
postoperative delirium in gray matter microstruc-
tural injury, similar to findings from Fislage et al63 of a 
change in white matter injury 3-months after surgery. 
Larger future studies will likely be needed to provide 
sufficient statistical power to examine these metrics 
at 6 weeks after surgery. Further, future studies may 
benefit from the use of a semi-continuous outcome 
(such as delirium severity) rather than a dichotomous 
outcome (delirium occurrence), which may provide 
increased statistical power for detecting significant 
relationships with these microstructural neuroimag-
ing metrics at 6 weeks after surgery.

Nonetheless, this study also had several strengths. 
First, we used validated delirium assessments, and 
our delirium assessors were all trained by a neuropsy-
chologist. Furthermore, the majority of patients whose 
data is included in this work were from the INTUIT 
study, in which delirium assessments were conducted 
twice daily until discharge. Together, these measures 
decrease subjectivity and increase sensitivity to detect 
postoperative delirium. Second, all patients whose 
data is included in this work underwent detailed 
neuropsychological testing before surgery, provid-
ing a comprehensive measure of preoperative cogni-
tive function. This allowed us to relate preoperative 
neuroimaging metrics with cognitive function before 
the development of postoperative delirium, a novel 
feature of this work. Third, patients in this study 
underwent research lumbar punctures allowing us to 
measure preoperative CSF Aβ levels and to determine 
their association with preoperative diffusion imaging 
metrics in the PCC. Fourth, this is the first study to 
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use NODDI diffusion metrics to identify preoperative 
gray matter microstructural abnormalities in patients 
who later developed postoperative delirium, and our 
results suggest that gray matter abnormalities in the 
PCC represent a novel neuroanatomic locus that may 
predispose some patients to postoperative delirium.

We observed preoperative NDI and ODI differ-
ences between groups were statistically significant; 
however, their immediate clinical significance is less 
clear. Identifying the biological mechanisms underly-
ing these differences will be essential to determining 
their functional relevance and potential as early bio-
markers of delirium susceptibility. Thus, our results, 
together with prior work,7–10,58,64 implicate the PCC as 
a key hub of functional and microstructural abnor-
malities associated with both preoperative cogni-
tive impairment and the subsequent development 
of perioperative neurocognitive disorders in older 
surgical patients. These preliminary findings suggest 
that microstructural abnormalities in the PCC may 
serve as a neural substrate and potential mechanistic 
nexus through which preexisting cognitive vulner-
ability interacts with perioperative stressors to lead 
to postoperative delirium. Thus, this work provides 
foundational insight into the brain systems in which 
dysfunction may heighten risk for delirium, laying 
the groundwork for future studies aimed at under-
standing the brain regions and networks that could 
ultimately be targeted to prevent or mitigate postop-
erative delirium. E
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