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Despite the significant impact of postoperative delirium on surgical outcomes and the long-term prognosis of older patients, its neural

basis has not yet been clarified. In this study we investigated the impact of premorbid brain microstructural integrity, as measured by

diffusion tensor imaging before surgery, on postoperative delirium incidence and severity, as well as the relationship among presurgical

cognitive performance, diffusion tensor imaging abnormalities and postoperative delirium. Presurgical diffusion tensor imaging scans of

136 older (570 years), dementia-free subjects from the prospective Successful Aging after Elective Surgery study were analysed blind

to the clinical data and delirium status. Primary outcomes were postoperative delirium incidence and severity during the hospital stay,

as assessed by the Confusion Assessment Method. We measured cognition before surgery using general cognitive performance, a

composite score based on a battery of neuropsychological tests. We investigated the association between presurgical diffusion tensor

imaging parameters of brain microstructural integrity (i.e. fractional anisotropy, axial, mean and radial diffusivity) with postoperative

delirium incidence and severity. Analyses were adjusted for the following potential confounders: age, gender, vascular comorbidity

status, and general cognitive performance. Postoperative delirium occurred in 29 of 136 subjects (21%) during hospitalization.

Presurgical diffusion tensor imaging abnormalities of the cerebellum, cingulum, corpus callosum, internal capsule, thalamus, basal

forebrain, occipital, parietal and temporal lobes, including the hippocampus, were associated with delirium incidence and severity, after

controlling for age, gender and vascular comorbidities. After further controlling for general cognitive performance, diffusion tensor

imaging abnormalities of the cerebellum, hippocampus, thalamus and basal forebrain still remained associated with delirium incidence

and severity. This study raises the intriguing possibility that structural dysconnectivity involving interhemispheric and fronto-thalamo-

cerebellar networks, as well as microstructural changes of structures involved in limbic and memory functions predispose to delirium

under the stress of surgery. While the diffusion tensor imaging abnormalities observed in the corpus callosum, cingulum, and temporal

lobe likely constitute the neural substrate for the association between premorbid cognition, as measured by general cognitive perform-

ance, and postoperative delirium, the microstructural changes observed in the cerebellum, hippocampus, thalamus and basal forebrain

seem to constitute a separate phenomenon that predisposes to postsurgical delirium independent of presurgical cognitive status.
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Introduction
Postoperative delirium (also known as acute confusional

state or toxic metabolic encephalopathy) is one of the

most frequent complications of surgical procedures in hos-

pitalized patients over 65 years old, with an incidence ran-

ging from 11% to as much as 51% (Inouye et al., 2014).

Although the attention deficits and cognitive impairment

distinctive of delirium episodes are usually transient, delir-

ium can have disabling and permanent sequelae. Patients

with postoperative delirium showed doubled rehospitaliza-

tion rates and quadrupled mortality rates compared to pa-

tients without delirium (Marcantonio et al., 2005). Their

trajectories of functional and cognitive deterioration

showed faster decline compared to their non-delirious

counterparts (Quinlan and Rudolph, 2011; Saczynski

et al., 2012). Although delirium constitutes a life-threaten-

ing syndrome, it is preventable in 30–40% of cases through

interventions targeting predisposing and precipitating fac-

tors (Inouye et al., 1999; Marcantonio et al., 2001; Milisen

et al., 2001). The prevention and treatment of delirium

remain challenging because the aetiology of delirium is

multifactorial and its pathogenesis poorly understood.

Major precipitating and predisposing factors of delirium

include medical conditions that perturb brain homeostasis

by altering its structure and/or function, including demen-

tia, cerebrovascular diseases, depression, infections, and

psychoactive drugs (Inouye et al., 2014).

To advance understanding of the pathogenesis of delir-

ium, recent neuroimaging studies aimed to characterize the

neuroanatomical substrate of delirium and its predisposing

factors, by measuring quantitative indices of brain path-

ology, such as global and regional atrophy, and white

matter hyperintensity volume (Alsop et al., 2006; Gunther

et al., 2012; Hatano et al., 2013; Root et al., 2013;

Cavallari et al., 2015). Further elucidation of neuroimaging

biomarkers predictive of delirium theoretically would allow

clinicians to emphasize preventive strategies in subjects with

high-risk profiles, and ultimately contribute to understand-

ing the intricate, multifactorial pathogenesis of delirium.

The results of previous neuroimaging studies are inconsist-

ent. Although some studies suggested that brain atrophy and

white matter abnormalities are associated with delirium

(Alsop et al., 2006; Gunther et al., 2012; Hatano et al.,

2013; Root et al., 2013), our prior work in a well-character-

ized cohort of dementia-free subjects with postoperative de-

lirium assessed by MRI before surgery has not found any

association of delirium incidence and severity with white

matter hyperintensity volume, hippocampal or global brain

atrophy (Cavallari et al., 2015). While these measures of

macroscopic structural brain damage were not associated

with occurrence and severity of delirium, we were able to

detect an inverse association of cognitive status, as measured

by general cognitive performance (GCP) before surgery

(Jones et al., 2010), with postoperative delirium incidence

and severity (Cavallari et al., 2015). All of these findings

together suggest that the observed association between

GCP and delirium likely has a different substrate than

macroscopic white matter damage and brain atrophy. It is

conceivable that other MRI biomarkers of structural brain

changes linked to variability in cognitive performance could

be associated with delirium. We hypothesized that premor-

bid brain microstructural abnormalities as measured by DTI

can predispose to delirium under the stress of surgery.

Diffusion tensor imaging (DTI) is an MRI technique that

provides indices of microstructural integrity of the brain

parenchyma, such as fractional anisotropy, axial diffusivity,

mean diffusivity and radial diffusivity, by encoding the
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diffusion dynamics of water molecules within the tissue

(Pierpaoli et al., 1996). DTI has been especially applied

to measure structural brain connectivity, and to map re-

gional microstructural damage to white matter fibre tracts

underlying functional impairment in several conditions,

including ageing, dementia and schizophrenia (Thomason

and Thompson, 2011; Sasson et al., 2012; Griffa et al.,

2013). Previous knowledge about DTI abnormalities in

subjects with postoperative delirium is limited to two stu-

dies, which showed fractional anisotropy changes of the

frontal white matter, thalamus, corpus callosum and in-

ternal capsule in subjects with delirium (Shioiri et al.,

2010; Morandi et al., 2012).

In the present study, first we investigated the association

of brain microstructural abnormalities, as assessed by DTI

before surgery, with postoperative delirium incidence and

severity in the same cohort of dementia-free older subjects

undergoing elective surgery on which we reported previ-

ously (Cavallari et al., 2015). Second, we investigated the

relationship between DTI abnormalities, cognitive status

and postoperative delirium. Specifically, by controlling for

presurgical cognitive performance in secondary analysis, we

aimed to differentiate those DTI abnormalities that repre-

sent the neuropathological correlate of the observed asso-

ciation between cognitive performance and delirium, from

those independent from the baseline cognitive status.

Materials and methods

Study design and cohort assembly

Our study population is a subsample of the Successful Aging
after Elective Surgery (SAGES) study, an ongoing prospective
cohort study of older adults undergoing elective major non-
cardiac surgery. The study design and methods have been
described previously (Schmitt et al., 2012). Briefly, eligible
participants were age 70 years and older, English speaking,
scheduled to undergo elective surgery at one of two Harvard-
affiliated academic medical centres and with an anticipated
length of stay of at least 3 days. Eligible surgical procedures
were: total hip or knee replacement, lumbar, cervical, or sacral
laminectomy, lower extremity arterial bypass surgery, open ab-
dominal aortic aneurysm repair, and colectomy. Exclusion cri-
teria included evidence of dementia, delirium, hospitalization
within 3 months, terminal condition, legal blindness, severe
deafness, history of schizophrenia or psychosis, and history of
alcohol abuse. A total of 566 patients were enrolled between 18
June 2010 and 8 August 2013. A subset of approximately one-
third of the enrolled SAGES study participants was recruited to
undergo MRI 1 month before surgery (n = 147). Additional ex-
clusion criteria for the nested cohort MRI study included
contraindications to 3 T MRI (such as pacemakers, and certain
stents and implants). Written informed consent was obtained
from all participants according to procedures approved by the
institutional review boards of Beth Israel Deaconess Medical
Center and Brigham and Women’s Hospital, the two study hos-
pitals, and Hebrew SeniorLife, the study coordinating centre, all
located in Boston, Massachusetts.

Outcome measures

The outcomes of interest were postoperative delirium incidence
(dichotomous outcome) and delirium severity (continuous out-
come) during the hospital stay. We used both the confusion
assessment method (CAM) and a validated chart review
method to detect delirium for each patient. If both, or either
of the two methods indicated that the patient had delirium,
then that patient was defined as having delirium. The CAM is
a widely used, standardized method for identification of delir-
ium that has high sensitivity, specificity and inter-rater reliabil-
ity (Wei et al., 2008), which is described in detail elsewhere
(Inouye et al., 1990). It is based on structured interviews,
including formal cognitive testing, administered to patients
daily during hospitalization by trained interviewers. The
CAM diagnostic algorithm requires the presence of acute
change or fluctuating course, inattention, and either disorga-
nized thinking or an altered level of consciousness to fulfil
criteria for delirium. The validated chart review method
(Inouye et al., 2005; Saczynski et al., 2014) was performed
to enhance sensitivity in detecting delirium episodes across
each 24-h period, as the daily interview period with the
CAM assessment was brief. The chart review method, based
on search for key words and full text review of any episode of
confusion or agitation, has been previously validated and is
widely used. Each chart rating was adjudicated independently
by two experts (geriatrician and neuropsychologist) according
to prespecified criteria to determine possible, probable, definite
delirium, or no delirium. Any discrepancies between the two
reviewers were resolved during a consensus conference.

Delirium severity was assessed by the CAM-S Long Form,
with scores ranging from 0 to 19 (19 = most severe) (Inouye
et al., 2014). Peak CAM-S scores were used in the analyses as
a continuous measure of delirium severity.

Our primary analysis investigated the association of presur-
gical DTI abnormalities with postoperative delirium incidence
and severity, controlling for age, gender and vascular comor-
bidities as potential confounders. In secondary analysis, pre-
surgical GCP score was also used as a covariable to assess the
independent association of DTI indices with delirium incidence
and severity with respect to cognitive performance in a separ-
ate multivariate model (including age, gender and vascular
comorbidity as additional covariables).

Covariables

The following variables were incorporated into our primary
analysis to adjust for potential confounders: age, gender, and
vascular comorbidity status. Age refers to the participant’s age
(years) at the time of surgery. The following conditions were
considered to define vascular comorbidity: confirmed or his-
tory of myocardial infarction, congestive heart failure, periph-
eral vascular disease, diabetes (with or without end organ
damage), cerebrovascular disease (carotid stenosis, history of
stroke or transient ischaemic attack), or hemiplegia. The study
subjects were categorized in two categories (with/without vas-
cular comorbidity), according to the presence or absence of at
least one of the pathological conditions mentioned above. It is
important to note that we were parsimonious in our choice of
covariables for analyses, as we wanted to adjust for important
baseline covariables, yet avoid over-controlling for variables
that might be intermediaries between the DTI parameters
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and delirium (such as medications and hospitalization factors)
(Glymour and Greenland, 2008; Schisterman et al., 2009).

GCP score was used as a covariable in secondary analysis
using a separate multivariate model (including age, gender and
vascular comorbidity as additional covariables). Cognitive per-
formance was assessed by a neuropsychological test battery
administered before surgery. Median number of days between
cognitive testing and MRI was 5 (interquartile range = 1–8).
We measured cognition using the GCP, a weighted composite
score based on the battery of neuropsychological tests admin-
istered to assess attention, memory, learning and executive
functioning (Jones et al., 2010). The battery includes the
Hopkins Verbal Learning Test (Brandt, 1991), the Visual
Search and Attention Task (Trenerry et al., 1990), the Trail
Making Tests A and B (Trail Making Tests A and B, 1944),
the Digit Symbol Substitution and Copy tests (Wechsler,
1981), the Digit Span forward and backward (Wechsler,
1981), and the 15-item Boston Naming Test (Mack et al.,
1992). A higher GCP score indicates better cognitive perform-
ance. The GCP score in SAGES was scaled to reflect popula-
tion-based norms (Gross et al., 2014) with a mean value of 50
[standard deviation (SD) = 10]. Therefore, a change in 10 units
on the mean GCP score corresponds to a difference in cogni-
tive functioning that is 1 SD from the mean of the age-adjusted
US population.

We also investigated the cross-sectional association of DTI
indices with age and cognitive performance before surgery in
separate, supplementary analysis. Analysis of the association
between DTI indices and age refer to the general linear
model used for our primary analysis (i.e. with delirium sever-
ity, gender and vascular comorbidities as covariables). Analysis
of the association between DTI indices and GCP was adjusted
for age, gender and years of education.

MRI acquisition

All subjects were imaged before surgery (median = 7, inter-
quartile range = 4–13 days) at the Beth Israel Deaconess
Medical Center Radiology Department on a 3 T HDxt MRI
(General Electric Medical Systems) scanner using a standard
8-channel head coil. All participants completed a standard
clinical screening form for MRI safety and contraindications
before the MRI scan.

The complete MRI acquisition protocol included 3D ana-
tomical T1-weighted imaging, high-resolution 3D T2-weighted
imaging, 2D fluid-attenuated inversion recovery, and arterial
spin labelling. Results of these image modalities are being ana-
lysed and reported separately (Cavallari et al., 2015). The
characteristics of the DTI image protocol were:

Echo planar diffusion-weighted imaging, using a double echo
diffusion preparation sequence with repetition time = 16 000 ms,
echo time = 84.4 ms, acquisition matrix = 96 � 96, flip
angle = 90�, field of view = 240 � 240 mm, slice thick-
ness = 2.6 mm and in plane resolution of 2.5 mm. Images were
acquired with a b-value of 1000 s/mm2 at each of 25 optimized
diffusion directions.

DTI analysis

TRACULA (tracts constrained by underlying anatomy) in
FreeSurfer 5.2 was used to preprocess the diffusion-weighted
images, mitigate image distortions due to eddy currents and

magnetic field inhomogeneities, perform skull-stripping, align
the individual’s diffusion-weighted and anatomical T1-
weighted images to one another, resample and align the diffu-
sion images to the MNI space, and extract the eigenvectors
and eigenvalues diffusion maps [i.e. lambda-1 (or axial diffu-
sivity), lambda-2, lambda-3 maps]. The processing workflow
of TRACULA is based on a standardized routine that utilizes
tools available in the software library of FSL (http://fsl.fmrib.
ox.ac.uk/fsl), and is described in detail elsewhere (Yendiki
et al., 2011; https://surfer.nmr.mgh.harvard.edu/fswiki/trac-
all). Briefly, mitigation of distortion due to eddy current and
motion were obtained by registering the diffusion-weighted to
the b = 0 images using FSL’s eddy_correct. Magnetic field
inhomogeneities were corrected using epidewarp.fsl. Skull-
stripping was performed through FSL’s bet. TRACULA used
prior anatomical information derived from cortical parcella-
tion and subcortical segmentation obtained for each subject
by processing the individual T1-weighted images through
FreeSurfer (http://freesurfer.net/). The individual anatomical
T1-weighted images were aligned to the b = 0 images, and
then to the 1 mm resolution MNI-152 atlas through affine
registration using FSL’s flirt. The diffusion maps were obtained
by least-squares tensor estimation using FSL’s dtifit. While
axial diffusivity, fractional anisotropy and mean diffusivity
maps were provided as output of TRACULA preprocessing,
we obtained radial diffusivity maps by averaging the lambda-
2 and lambda-3 maps. To improve alignment between individ-
ual diffusion maps and account for atrophy-related effects on
registration (Keihaninejad et al., 2013), we ran two iterations
of a non-linear normalization routine in Statistical Parametric
Mapping (SPM) 8 (http://www.fil.ion.ucl.ac.uk/spm) to align
the individual resampled 1 � 1 � 1 mm fractional anisotropy
maps to the average fractional anisotropy map obtained from
individual fractional anisotropy maps in MNI coordinate
space. Interindividual alignment between the other diffusion
maps (i.e. axial-, mean- and radial diffusivity maps) was
obtained using the transformation matrices obtained from nor-
malization of the individual fractional anisotropy maps to the
average fractional anisotropy maps. Accuracy of spatial nor-
malization was assessed visually by the operators who per-
formed the analysis by evaluating blurring of the ensemble
mean, as well as alignment of anatomical brain structures be-
tween individual images and the ensemble mean, using the
check registration function of SPM. The diffusion maps were
then smoothed using a Gaussian kernel of 3 mm full width at
half maximum, and voxel-wise analysis of the smoothed dif-
fusion maps was performed using SPM8. General linear mod-
elling was used to estimate the association of DTI values with
delirium incidence and severity. Assumption of normality was
assessed by analysing the histogram plots of the contrast
images provided by SPM using vis (http://tools.robjellis.net).
In our primary analysis, the following covariables were
included in the model: age, gender, and vascular comorbidity.
To assess the independent association between DTI parameters
and delirium after adjusting for GCP, we performed secondary
analysis also including GCP as a covariable in the model (in
addition to age, gender and vascular comorbidity).

In supplementary analyses we assessed the association be-
tween DTI parameters and age (controlling for delirium sever-
ity, gender and vascular comorbidity), as well as between DTI
parameters and GCP (controlling for age, gender and
education).
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We determined empirically that a one-tailed P-value thresh-
old of 0.05 at the voxel level with cluster size of 5000 voxels
or larger provided significant results (P-value4 0.05 after cor-
rection for multiple comparison within each cluster). In voxel-
based structural MRI analysis (such as DTI) cluster-extent
based correction for multiple comparisons (Friston et al.,
1994) is an established method to account for the number of
statistical tests. This approach basically consists of two steps.
First, an arbitrary voxel-level P-value threshold (P = 0.05 in
our study) defined clusters by retaining those groups of
voxels showing P-values below the set threshold when testing
for the association between delirium and signal intensity of
each voxel. Then, a cluster-level extent threshold, measured
in numbers of contiguous voxels, was used to estimate and
correct for the false positive probability (type 1 error) of the
cluster region as a whole, under the null hypothesis of no
association between delirium and signal intensity of any
voxel of that cluster. This approach was applied to all the
voxel-based analyses included in the manuscript.

We confirmed the features of the voxel-based analysis ob-
tained through SPM with tract-based spatial statistics (TBSS)
analysis using FSL. The results obtained through TBSS analysis
were qualitatively similar to those obtained by SPM (data not
shown).

We also explored the magnitude of the association between
DTI abnormalities and delirium, by performing supplementary
region of interest analysis. We measured the diffusion param-
eters of the whole cerebral white matter by using the individ-
ual white matter masks provided by TRACULA, obtained
from the FreeSurfer cortical parcellation and subcortical seg-
mentation. In addition, regions of interest were defined by ex-
tracting the clusters that showed significant association with
delirium severity in voxel-wise analysis. The mean fractional
anisotropy, and mean-, axial- and radial diffusivity values
within the regions of interest were calculated using MarsBaR
(Brett et al., 2002). We reported and compared those DTI
values in subjects who developed delirium and subjects who
did not. In addition, regression analysis of the association be-
tween the DTI values of the regions of interest and delirium
severity was performed, as explained in detail in the ‘Statistical
analysis’ section below. Given the exploratory nature of this
analysis, which was based on heuristic definition of the regions
of interest rather than a priori, we reported the results as
Supplementary material.

MRI analyses were performed by two operators (M.C.,
W.D.) blind to the demographic and clinical data, including
delirium outcomes.

Statistical analysis

Student’s t-test or Mann-Whitney test was used to assess dif-
ferences in continuous variables between subjects who de-
veloped delirium and subjects who did not, according to the
distribution of the data. Chi-square or Fisher’s exact tests were
used to assess differences in categorical variables between sub-
jects who developed delirium and subjects who did not, as
appropriate. General linear modelling was used to measure
the association of DTI values with delirium incidence and se-
verity in voxel-wise analysis using SPM8, as specified in the
‘DTI analysis’ section. JMP Pro version 11 (www.jmp.com)
was used for statistical analysis of the demographic and clin-
ical variables, as well as for the supplementary region of

interest analysis. Specifically, group comparisons of the
mean DTI indices of each region of interest between subjects
with delirium and subjects with no delirium were assessed by
two-sided Student’s t-test. General linear model was used to
measure the association between delirium severity (outcome
measure) and the mean DTI values of the regions of interest
(regressors), adjusting for age, gender and vascular comorbid-
ity. Separate regression models for each region of interest were
performed.

Results
Of 147 subjects who had MRI prior to surgery, 10 did not

complete the DTI protocol, and therefore were excluded

from this study. DTI failures primarily reflected participant

inability to tolerate the duration of scan, as DTI was the

final sequence of the MRI protocol. The TRACULA regis-

tration algorithm used to perform alignment of the DTI

images failed in one subject due to the presence of ex-

panded retrocerebellar CSF space associated with cerebellar

atrophy, therefore the subject was not included in this

study. Demographic and baseline clinical characteristics of

the 136 subjects included in this study are summarized in

Table 1. The subsample investigated in the present study

presented no overall differences in the baseline characteris-

tics with respect to the whole cohort of subjects who under-

went MRI, on which we reported previously (Cavallari

et al., 2015). No significant differences in age, gender,

Table 1 Baseline characteristics of the study

participants

All

subjects

Delirium No

delirium

P-

value

Number of subjects 136 29 107 –

Age (years, mean � SD) 76 � 4 76 � 4 76 � 5 0.451b

Female gender (n, %) 80 (59%) 20 (69%) 60 (56%) 0.205c

Non-white or

Hispanic (n, %)

12 (9%) 2 (7%) 10 (9%) 1.000d

Education

(years, mean � SD)

15 � 3 14 � 2 15 � 3 0.147b

3MS Score (0–30,

0 most severe;

mean � SD)

26 � 1 26 � 2 27 � 1 0.175b

GCP Score

(externally scaled,

mean � SD)

58 � 7 54 � 7 59 � 7 0.003a

Vascular

comorbidity (n, %)

54 (40%) 12 (41%) 42 (39%) 0.836c

Surgery (n, %)

Orthopaedic 113 (83%) 27 (93%) 86 (80%) 0.325d

Vascular 6 (4%) 0 (0%) 6 (6%)

Gastrointestinal 17 (13%) 2 (7%) 15 (14%)

P-values refer to group comparison no delirium versus delirium by:
aStudent’s t-test;
bMann-Whitney test;
cChi-Squared test; or
dFisher’s exact test

3MS = Modified Mini-Mental State Examination.
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education and vascular comorbidity were found between

subjects with and without delirium. Subjects with delirium

showed significantly lower GCP (Table 1).

Postoperative delirium occurred in 29 of 136 subjects (21%)

during hospitalization. Delirium was diagnosed in 24 subjects

by the CAM method, in five subjects by charts review. CAM-

S scores were significantly higher in the delirium group com-

pared to the group without delirium (mean � SD = 8 � 4

versus 2 � 2; Mann-Whitney test, P5 0.0001).

The DTI findings showed significant association of pre-

surgical DTI abnormalities—i.e. decreased fractional anisot-

ropy, and increased axial-, mean- and radial diffusivity—in

a variety of brain regions with postoperative delirium inci-

dence and severity. Delirium severity was associated with a

broader spatial pattern of DTI abnormalities as compared

to that associated with delirium incidence. Our primary

analysis of the association between presurgical DTI indices

and postoperative delirium controlling for age, gender and

vascular comorbidities, showed DTI abnormalities in the

following structures: cerebellum, cingulum, corpus callo-

sum, internal capsule, substantia innominata/basal fore-

brain, thalamus, occipital, parietal and temporal lobes,

including the hippocampus (Fig. 1).

When controlling also for GCP (in addition to age,

gender and vascular comorbidities), DTI abnormalities of

the cerebellum, hippocampus, substantia innominata/basal

forebrain, and thalamus still remained associated with de-

lirium outcomes (Fig. 2).

Among those structures, DTI abnormalities of the cerebel-

lum showed the most significant association with postopera-

tive delirium. The observed cerebellar abnormalities mainly

involved the vermis and neocerebellar structures, such as the

posterior lobes and areas neighbouring the dentate nuclei

and middle cerebellar peduncles. Thalamic DTI abnormal-

ities involved the dorsomedial, ventromedial, and anterior

portion of the thalamus, extending towards the internal cap-

sule. Hippocampal abnormalities were observed bilaterally

in the hippocampal head (as well as portions of the entorh-

inal and perirhinal cortices) and extended caudally in the

dorsal hippocampal body/fimbria and along the left hippo-

campal tail in the fimbria and dorsally into the fornix, as

well as in the subthalamic nucleus (Fig. 3). Prominent effects

were also seen in the bilateral substantia innominata (basal

forebrain) as well as the anterior commissure (Fig. 4).

When comparing visually the results obtained from dif-

ferent DTI indices, mean and radial diffusivity showed

Figure 1 Spatial distribution and significance of association between DTI abnormalities and delirium severity, adjusting for

age, gender and vascular comorbidity. Areas showing decrease in fractional anisotropy (top) and increase in mean diffusivity (bottom) are

overlaid to canonical T1-weighted images. Colours refer to T-values of significant DTI abnormalities (P5 0.05 after correction for multiple

comparison within each cluster, cluster size5 5000) on a scale of 1.5 (red) to 5 (yellow).
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Figure 2 Spatial distribution and significance of association between DTI abnormalities and delirium severity, adjusting for

age, gender, vascular comorbidity and GCP. Areas showing decrease in fractional anisotropy (top) and increase in mean diffusivity (bottom)

are overlaid to canonical T1-weighted images. Colours refer to T-values of significant DTI abnormalities (P5 0.05 after correction for multiple

comparison within each cluster, cluster size5 5000) on a scale of 1.5 (red) to 5 (yellow).

Figure 3 Anatomical detail of the DTI abnormalities of the temporal lobe associated with postoperative delirium. The colour

map indicates significant association between regional mean diffusivity (MD) values and delirium severity in the bilateral temporal lobe, including

hippocampal head and body, fimbria, and fornix, as well as entorhinal and perirhinal cortices (ERC/PRC). Significant associations are also noted in

the subthalamic nucleus (STN) bilaterally and temporal stem white matter as well as dorsomedial thalamus. Colours refer to T-values of significant

DTI abnormalities (P5 0.05 after correction for multiple comparison within each cluster, cluster size5 5000; general linear model adjusted for

age, gender and vascular comorbidity) on a scale of 1.5 (red) to 5 (yellow).
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broader spatial patterns of tissue abnormalities associated

with delirium than axial diffusivity and fractional anisot-

ropy. Results of the associations of all DTI indices with

delirium incidence and severity are shown in

Supplementary Figs 1–4, and summarized in Table 2.

We found no significant association between the DTI in-

dices of the global cerebral white matter and delirium se-

verity (P50.2; general linear model, adjusting for age,

gender and disease duration).

GCP score was associated with a broad spatial pattern of

DTI abnormalities of the frontal, temporal, parietal and

occipital lobes, as well as of the thalamus and corpus cal-

losum (Fig. 5 and Supplementary Fig. 5). Among these

regions, the frontal white matter, temporal lobe (including

the hippocampus), thalamus, and corpus callosum showed

the most significant association with GCP.

Association between age and DTI abnormalities showed

a widespread spatial pattern, including the frontal, parietal,

occipital, and temporal white matter, as well as the thal-

amus and the cerebellum (Supplementary Fig. 6). The thal-

amus, internal capsule, frontal white matter, and

hippocampus were the regions showing the most significant

association between DTI signal abnormalities and age.

In supplementary analyses, we investigated the magnitude

of the observed association between DTI abnormalities and

delirium. Results showed mean differences in DTI indices

Table 2 Summary of DTI abnormalities of the main brain structures associated with delirium incidence and severity

Delirium incidence Delirium severity

AD FA MD RD AD FA MD RD

Cerebellum ns ##
L

"
�,R

""
�,R

"
��,B ns "

��,B
"
��,B

Cingulum ns ##
B ns ns "

B
##

B
"

B
""

B

Corpus callosum ns ## " "" ns ## " ""

Hippocampus ns ns ns ns ""
��,L ns ""

��,B
""
��,B

Internal capsule ns ##
L ns ns ns ##

L
""
��,B

""
�,L

Occipital lobe ns ns ns ns ns ##
R ns ""

B

Parietal lobe ns ns ns ns ns ##
R

"
R

"
R

Temporal lobe ns ns ns ns ""
��,L ns ""

��,B
""
��,B

Thalamus ns ##
L ns ns ""

�,L
##

B
""
��,B

""
��,B

" Indicates significant increase in DTI metric associated with delirium outcome, controlling for age, gender, and vascular comorbidity with P4 0.05.

"" Indicates significant increase in DTI metric associated with delirium outcome, controlling for age, gender, and vascular comorbidity with P4 0.01.

# Indicates significant decrease in DTI metric associated with delirium outcome, controlling for age, gender, and vascular comorbidity with P4 0.05.

##Indicates significant decrease in DTI metric associated with delirium outcome, controlling for age, gender, and vascular comorbidity with P4 0.01.
�Indicates significant association after adjustment for GCP in addition to age, gender, and vascular comorbidity with P4 0.05.
��Indicates significant association after adjustment for GCP in addition to age, gender, and vascular comorbidity with P4 0.01.

ns =No significant association between DTI metric and delirium outcome, controlling for age, gender, and vascular comorbidity.

L/R Indicates unilateral (left/right) DTI abnormalities of the structure of interest (bilateral structures only).

B Indicates bilateral DTI abnormalities of the structure of interest (bilateral structures only). AD = axial diffusivity; MD = mean diffusivity; RD = radial diffusivity; FA = fractional anisotropy.

Figure 4 Detail of the DTI abnormalities of the basal forebrain associated with postoperative delirium. The colour map indicates

significant association between regional mean diffusivity (MD) values and delirium severity in the bilateral substantia innominata (SI) and anterior

commissure (AC). Colours refer to T-values of significant DTI abnormalities (P5 0.05 after correction for multiple comparison within each

cluster, cluster size5 5000; general linear model adjusted for age, gender and vascular comorbidity) on a scale of 1.5 (red) to 5 (yellow).
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between delirium and non-delirium groups ranging from 3%

to 8% (Table 3). Regression analysis showed significant as-

sociation between DTI indices and delirium severity, adjust-

ing for age, gender and vascular comorbidity, with

standardized regression coefficients ranging from 0.4 to 0.7

(Supplementary Table 1 and Supplementary Fig. 7).

Discussion
Despite the significant impact of postoperative delirium on

the prognosis and long-term outcome of older patients, its

neural basis has not yet been clarified. By investigating re-

gional brain abnormalities through DTI, our study aimed

to provide insight into the neural substrate of delirium

while controlling for other relevant predisposing factors,

such as age, gender and vascular comorbidity. Our finding

of an association of premorbid DTI abnormalities with de-

lirium incidence and severity supports the hypothesis that

structural dysconnectivity and microstructural tissue

changes can predispose to delirium under the stress of sur-

gery. DTI abnormalities are considered to reflect axonal

degeneration and/or myelin loss in white matter tracts, as

well as loss of microstructural integrity (e.g. gliosis, den-

dritic stripping), cell swelling or iron accumulation in grey

matter structures at the histopathological level (Budde et

al., 2007; Hasan et al., 2008). Our findings indicate that

structural dysconnectivity involving the interhemispheric

and fronto-thalamo-cerebellar networks, as well as micro-

structural changes of structures involved in limbic and

memory functions are relevant neuroanatomical substrates

of postsurgical delirium.

Postoperative delirium is the expression of a vulnerable

brain that, under the stress of surgery, experiences cognitive

and behavioural dysfunction, especially in activities related

to attention. The spatial distribution of the delirium asso-

ciated DTI abnormalities involves brain structures that are

key connections and nodes of major brain networks includ-

ing the frontoparietal control network (Vincent et al.,

2008) and the default mode network (Raichle et al.,
2001). One explanation for our findings is that pre-existing

damage to the coordinated activity within attentional net-

works makes them more vulnerable to failure under stres-

ses, such as surgery and hospitalization. Those subjects

with such damage are consequently at enhanced risk for

delirium.

Figure 5 Spatial distribution and significance of association between DTI abnormalities and GCP, adjusting for age, gender and

education. Areas showing decrease in fractional anisotropy (top) and increase in mean diffusivity (bottom) are overlaid to canonical T1-weighted

images. Colours refer to T-values of significant DTI abnormalities (P5 0.05 after correction for multiple comparison within each cluster, cluster

size5 5000) on a scale of 1.5 (red) to 5 (yellow).
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The abnormalities of the corpus callosum could be linked

to impairment in integrative functions observed in subjects

with delirium (e.g. disorganized thinking). The finding is

also consistent with previous case reports of transient

signal abnormalities observed on T2- and diffusion-

weighted imaging in the corpus callosum in subjects with

delirium (as reviewed in Alsop et al., 2006).

The DTI abnormalities of the temporal lobe, hippocam-

pus and cingulum are consistent with impairment in

limbic, visuospatial and memory functions, which often

characterize the delirium syndrome (e.g. disorientation, in-

ability to learn or recall information, and perceptual

abnormalities). In particular, the observed DTI abnormal-

ities of the full circuit from entorhinal/perirhinal cortex,

hippocampal head/body, and fimbria/fornix, which to-

gether represent the major outflow tract of the hippocam-

pus, suggest that the abnormal integrity of the medial

temporal lobe memory system is an important contributor

to delirium severity (Fig. 3). Interestingly, while hippo-

campal volume was not significantly associated with delir-

ium in our previous work on this cohort (Cavallari et al.,

2015), DTI measures appeared to be sensitive to detect

hippocampal microstructural abnormalities in subjects

with delirium. This finding is consistent with recent

work on prodromal Alzheimer’s disease, suggesting that

compared to volumetrics, DTI measures of the hippocam-

pus—especially mean- and radial diffusivity—are more

sensitive correlates of cognitive impairment (Müller

et al., 2007; Carlesimo et al., 2010; Zhang et al., 2013).

It is theoretically possible that the observed DTI abnorm-

alities involving the hippocampal network reflect early

Alzheimer’s pathology, and therefore their association

with delirium could be explained, at least in part, by the

relationship between Alzheimer’s disease and delirium

(Inouye et al., 2014). As this is an ongoing study, and

we are still acquiring and analysing longitudinal cognitive

data, it is not possible at present to investigate whether

the observed hippocampal DTI abnormalities are asso-

ciated with subsequent evolution to cognitive impairment

or dementia in our study cohort. This will be a subject of

future analysis.

The substantia innominata/basal forebrain is a major

source of ascending cholinergic input to the cortex (e.g.

neurons of the nucleus basalis of Meynert), critical to

Table 3 Mean axial-, mean- and radial diffusivity and fractional anisotropy differences between subjects with and

without delirium in the brain regions showing significant association with delirium

DTI index Region of interest Cluster size Delirium No delirium P-value

AD Cingulum 5386 1.378 (0.106) � 10�3 1.342 (0.059) � 10�3 0.088

Corpus callosum

Left temporal lobe

Left thalamus

11753 1.160 (0.091) � 10�3 1.104 (0.063) � 10�3 0.004

Right temporal lobe 7898 1.372 (0.124) � 10�3 1.310 (0.076) � 10�3 0.015

Right parietal lobe

FA Cingulum 18031 0.315 (0.026) 0.333 (0.023) 0.002

Thalamus

Corpus callosum 18343 0.353 (0.025) 0.370 (0.022) 0.002

Right optic radiation

MD Cingulum 31908 1.050 (0.094) � 10�3 0.998 (0.053) � 10�3 0.008

Corpus callosum

Left thalamus

Left temporal lobe

Left frontal lobe

Left parietal lobe

7535 0.857 (0.099) � 10�3 0.807 (0.051) � 10�3 0.013

Left cerebellum 5150 0.798 (0.063) � 10�3 0.756 (0.048) � 10�3 0.002

Right thalamus 7124 0.816 (0.086) � 10�3 0.786 (0.061) � 10�3 0.092

Right temporal lobe

Right parietal lobe 5748 0.706 (0.059) � 10�3 0.661 (0.045) � 10�3 0.001

Right cerebellum 9206 1.059 (0.118) � 10�3 1.017 (0.080) � 10�3 0.080

Vermis

RD Cingulum 38136 0.706 (0.059) � 10�3 0.661 (0.045) � 10�3 0.001

Thalamus

Frontal lobe 10820 0.894 (0.098) � 10�3 0.838 (0.060) � 10�3 0.006

Parietal lobe

Left cerebellum 5872 0.804 (0.091) � 10�3 0.741 (0.042) � 10�3 0.001

Right cerebellum 8320 0.785 (0.052) � 10�3 0.729 (0.052) � 10�3 0.001

Regions of interest correspond to the clusters that showed significant association with delirium severity in voxel-wise analysis (general linear model controlling for age, gender and

vascular comorbidities). Cluster size is reported as number of voxels within each cluster. DTI indices are reported as mean (SD) within each cluster; fractional anisotropy is a scalar

value between 0 and 1, the other DTI indices are expressed in mm2/s. P-values refer to two-sided Student’s t-test. AD = axial diffusivity; MD = mean diffusivity; RD = radial diffusivity;

FA = fractional anisotropy.
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arousal and attentional networks. The observed DTI

abnormalities in these structures may account for the im-

paired level of arousability and responsiveness, as well as

inattention observed in subjects with delirium.

Although the subthalamic nucleus has been traditionally

regarded as a structure involved in motor control, recent

work supported involvement of this structure in behav-

ioural inhibition and impulsivity (Zavala et al., 2015).

The observed DTI abnormalities of the anterior and

dorsal ‘shell’ of the thalamus may indicate fronto-thalamic

structural dysconnectivity (Schmahmann and Pandya,

2008), which underlie attentional and executive functions

that are often impaired during delirium episodes (e.g.

reduced ability to maintain and shift attention to external

stimuli, and disorganized thinking associated with incoher-

ent, tangential or circumstantial speech).

Among the structures with DTI signal abnormalities, the

cerebellum showed the most prominent association with

postoperative delirium. Although the cerebellum has been

traditionally regarded as a motor structure involved in con-

trol of gait, balance, and voluntary movements, its involve-

ment in cognitive and behavioural functions has been

increasingly acknowledged. Cerebellar lesions with similar

spatial distribution to the DTI abnormalities observed in

our study—i.e. involving the vermis and posterior lobes—

constitute the neuropathological substrate of the cerebellar

cognitive affective syndrome, described in patients with cere-

bellar lesions (such as stroke, tumour and post-infectious

cerebellitis) or cerebellar cortical atrophy (Schmahmann

and Sherman, 1998). Similar to delirium, this syndrome is

characterized by impaired ability to regulate or modulate

cognitive function and behaviour in a manner appropriate

to the context. Structural and functional cerebellar abnorm-

alities have also been reported in other psychiatric disorders

with attentional or executive impairment, such as schizo-

phrenia, mood and attention deficit disorders, and autism

(Schmahmann, 2004; Shakiba, 2014).

Of note, the subject excluded from this study due to failure

of the registration algorithm developed delirium after surgery

and showed MRI abnormalities that are qualitatively similar

to the findings of voxel-wise DTI analyses. Specifically, con-

ventional MRI sequences (T1-weighted, T2-weighted and

FLAIR) of this study participant showed expanded retrocer-

ebellar CSF space associated with cerebellar atrophy, and

evidence of previous right temporal lobe stroke.

Age showed a widespread effect on the microstructure of

both white matter connections and grey matter structures,

including those that appeared to be relevant to delirium in

our study. The findings suggest that age-related factors play

a major role in the development of the DTI abnormalities

observed in subjects with delirium. However, the observed

spatial distribution of the DTI abnormalities associated

with age is quite different from the delirium-associated pat-

tern. This finding, together with the lack of significant as-

sociation between global white matter DTI indices and

delirium, support the regional specificity of the observed

microstructural abnormalities associated with delirium.

When comparing the DTI values between the subjects

with delirium and those without in supplementary analysis,

we found significant decrease in fractional anisotropy, as

well as increase in axial-, mean- and radial diffusivity in a

variety of brain regions (Table 3). While these measures of

premorbid microstructural abnormalities were associated

with an increased risk of developing delirium after surgery,

the magnitude of the observed differences between the

groups does not seem to be immediately translatable into

plans for individual risk assessment and management in

clinical settings. The definition of the regions of interest,

based on heuristic observation of DTI abnormalities in

brain areas that were then compared and probed as pre-

dictors of delirium in the regression analysis rather than on

a priori hypothesis, may explain the strong association be-

tween DTI indices and delirium observed in the regions of

interest analysis (Supplementary Table 1).

Our findings are consistent with previous DTI studies of

delirium, which showed an association between premorbid

changes of the frontal white matter and thalamus with

postoperative delirium, which occurred in 19 of 116

study subjects after cardiac surgery (Shioiri et al., 2010),

as well as an inverse association of fractional anisotropy of

the internal capsule and corpus callosum at discharge MRI

scan with delirium duration in 47 intensive care unit pa-

tients (Morandi et al., 2012). In both studies only fractional

anisotropy analysis was performed. In addition, those pre-

vious studies present limitations related to the lack of pre-

morbid MRI assessment (Morandi et al., 2012), as well as

clinically relevant age differences between subjects with and

without delirium, and potential methodological pitfalls re-

garding image co-registration (Shioiri et al., 2010). Our

results are based on the largest prospectively acquired

sample analysed thus far to assess the association between

premorbid DTI abnormalities and delirium. The multidi-

mensional, comprehensive assessment of clinical variables

within the SAGES study enabled us to control for potential

confounders, and to investigate the relationship between

premorbid microstructural connection abnormalities and

cognitive performance in subjects with postoperative delir-

ium. In addition, our DTI measures rely on improved

image co-registration to ensure alignment across the indi-

vidual images. By analysing multiple DTI indices (axial-,

mean- and radial diffusivity, in addition to fractional an-

isotropy) we were able to detect a much larger effect of

microstructural brain abnormalities on delirium, which

involved structures that were not previously shown to be

associated with postoperative delirium.

Analysis of the relationship between DTI abnormalities, cog-

nitive status and postoperative delirium allowed us to distin-

guish between two pathological phenomena, which diverged

in their dependence from GCP. Cognitive function is an estab-

lished predisposing factor for postoperative delirium (Rudolph

et al., 2007; Inouye et al., 2014), and we found an association

of GCP score before surgery with delirium incidence and se-

verity in our study population of cognitively normal individ-

uals (Cavallari et al., 2015). DTI abnormalities of the
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cingulum, corpus callosum, occipital, parietal and temporal

lobes were associated with postoperative delirium when con-

trolling for age, gender and vascular comorbidity, but not

when controlling also for GCP (Figs 1 and 2). These findings,

together with the consistent spatial pattern of association be-

tween DTI signal and GCP (Fig. 5), suggest that the DTI

abnormalities observed in those structures constitute the

neural substrate for the association between presurgical cogni-

tive impairment and postoperative delirium. Interestingly, DTI

changes involving the cerebellum, hippocampus, basal fore-

brain and part of the thalamus, appeared to be associated

with delirium incidence and severity, independently from cog-

nitive status, as measured by GCP before surgery. Although

DTI abnormalities of these structures seems to play a major

role in the development of postoperative delirium, we cannot

rule out possible involvement of widespread damage across

more distributed networks, which might not have shown sig-

nificant association with delirium due to limited spatial

specificity.

The association between DTI abnormalities and delirium

severity was overall more significant and showed a broader

spatial pattern compared to delirium incidence. This result

likely reflects the nature of delirium as a spectrum disorder

characterized by a continuum between no symptoms and

delirium syndrome as defined by the full CAM algorithm.

In dichotomizing presence/absence of delirium, inclusion of

subjects with subsyndromal delirium in the group of pa-

tients without delirium may have biased some of the results

towards the null hypothesis (i.e. no association between

DTI indices and delirium).

We acknowledge a number of limitations of this study.

Generalizability of our findings is limited as our study

included only older subjects with no evidence of dementia,

and was based on an elective surgical population in a single

geographic area. Future studies will be needed to verify the

findings in other settings, such as general medicine, inten-

sive care, and post-acute settings, and other populations,

such as subjects with dementia. In prioritizing adjustment

for relevant baseline covariables, we could not account for

other potential confounders, such as factors related to the

surgical experience. This study examined only the role of

presurgical DTI biomarkers for the prediction of delirium.

Interesting lines of future research include longitudinal as-

sessment of DTI changes in subjects with postoperative de-

lirium, and their relationship with cognitive decline over

time. Future DTI studies using more advanced acquisition

(e.g. multi-band parallel EPI acquisition, multi b-value dif-

fusion spectrum imaging) and analysis approaches (e.g.

tractography) are also warranted to improve the anatom-

ical detail of the observed association between DTI

abnormalities and delirium.

The neuroanatomical substrates of delirium remain lar-

gely elusive due to the multiple factors involved in the

pathogenesis of delirium. This study raises the intriguing

possibility that disruptions in interhemispheric, fronto-tha-

lamo-cerebellar, limbic and memory networks constitute

the neural basis of delirium. While the DTI abnormalities

observed in the corpus callosum, cingulum, and temporal

white matter likely reflect regional brain damage that

underlies the association between premorbid cognitive func-

tion and postoperative delirium, the microsctructural

changes observed in the cerebellum, hippocampus, basal

forebrain and part of the thalamus seems to constitute a

phenomenon that predisposes to postsurgical delirium inde-

pendent of baseline cognitive performance.
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