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Abstract

Cance asa prognostic measure.

ric evaluation by an automated segmentation method.

more pronounced volume reduction in coma patients.

Background: Sepsis-induced brain dysfunction (SIBD) is often encountered in sepsis patients and is related to
increased morbidity. No specific tests are available for SIBD, and neuroimaging findings are often normal. In this study,
our aim was to analyze the diagnostic value of volumetric analysis of the brain structures and to find out its signifi-

Methods: In this prospective observational study, brain magnetic resonance imaging (MRI) sections of 25 consecu-
tively enrolled SIBD patients (17 with encephalopathy and 8 with coma) and 22 healthy controls underwent volumet-

Results: Ten SIBD patients had normal MRI, and 15 patients showed brain lesions or atrophy. The most prominent
volume reduction was found in cerebral and cerebellar white matter, cerebral cortex, hippocampus, and amygdala,
whereas deep gray matter regions and cerebellar cortex were relatively less affected. SIBD patients with normal MRI
showed significantly reduced volumes in hippocampus and cerebral white matter. Caudate nuclei, putamen, and
thalamus showed lower volume values in non-survivor SIBD patients, and left putamen and right thalamus showed a

Conclusions: Volumetric analysis of the brain appears to be a sensitive measure of volumetric changes in SIBD. Vol-
ume reduction in specific deep gray matter regions might be an indicator of unfavorable outcome.
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Introduction

Advances in the management of critically ill patients suf-
fering from organ dysfunction have demonstrated that
brain is one of the most prominently effected organs dur-
ing critical illness. Acute brain dysfunction is commonly
seen due to sepsis-induced neuroinflammatory processes
and is related to morbidity and mortality in the intensive
care unit (ICU). Survivors of sepsis may undergo long-
term cognitive dysfunction that affects the quality of life
[1-5]. However, there are no specific diagnostic tests and
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treatment methods for sepsis-induced brain dysfunction
(SIBD), and the exact mechanisms of brain involvement
in sepsis is not as yet clear [6].

Unlike other neurologic disorders, the development
of neurologic dysfunction in patients with sepsis and
its relationship to the development of neuroanatomic
abnormalities on computed tomography or magnetic res-
onance imaging (MRI) has not been adequately studied.
Neuroimaging findings of sepsis patients with cognitive
dysfunction are often unremarkable. A variety of findings
may be observed in the acute setting in SIBD patients.
These include ischemic lesions, diffuse leukoencepha-
lopathy, severe vasogenic edema with predominant pos-
terior (parietal/occipital) distribution abnormalities, and
brain atrophy [7-9].


http://orcid.org/0000-0003-0173-3604
http://crossmark.crossref.org/dialog/?doi=10.1007/s12028-019-00759-8&domain=pdf

460

We recently found an association between proinflam-
matory cytokine and complement breakdown products
levels of SIBD patients and occurrence of septic shock,
coma, and mortality [10]. Moreover, in our previous pro-
spective imaging trial of SIBD patients, we reported brain
atrophy in 16.1% of the cases by the visual rating of the
images and voxel-based morphometric analysis showed
loss of volume particularly in certain cortical areas and
deep gray matter regions [11]. Decreased volume of
the hippocampus was also reported in sepsis patients
[12]. Thus, we hypothesized that neuroinflammation is
induced in SIBD patients as a response to endogenous or
exogenous danger signals, thus leading to disruption of
blood-brain barrier and local release of proinflammatory
mediators, enhanced oxidative stress and mitochondrial
dysfunction, and ultimately neuronal death particularly
in widespread cortical areas as well as in subcortical
nuclei [13].

In this study, our primary aim was to analyze the
individual volumes of potentially vulnerable structures
including limbic and subcortical gray nuclei which have
dense connections with cortex as well as volumes of the
cerebral and cerebellar white matter in sepsis patients.
Our secondary aim was to investigate the relevance of
volumetric changes with disease severity and clinical out-
come scores.

Methods

Study Design and Population

This prospective observational study was performed in
the adult medical and surgical ICU of the Istanbul Fac-
ulty of Medicine, Istanbul University, Istanbul, Turkey,
and was approved by the Institutional Review Board
(approval number: 2013/98), and the written informed
consent was obtained from all individual surrogates of
the patients. Patients were enrolled at our institution
between February 2013 and June 2017. Critically ill adults
consecutively admitted to the ICU with severe sepsis and
septic shock as defined by 2012 international sepsis crite-
ria [14] who were spending not less than 48 h in the ICU
and had an acute onset of brain dysfunction were consid-
ered for inclusion in this study. Acute brain dysfunction
was defined as acute (occurring over a period of hours or
days) onset of altered mental status (encephalopathy or
coma), clinically or electroencephalographically detect-
able seizures, and focal neurologic deficits [7, 15]. Exclu-
sion criteria included any preexisting central nervous
disease (brain lesions, neurodegenerative, inflammatory,
cerebrovascular disease, central nervous system infec-
tion, and traumatic brain injury), or any contraindication
for MRI. Twenty-two healthy controls were also enrolled
in this study to calculate the qualitative volume stud-
ies. The control group consisted of healthy individuals

matched for age and gender. Participants in the control
group had no history of any systemic, psychiatric, and
neurologic disorder.

Baseline clinical and demographic data were collected
by ICU staff at enrollment in the present study. Patients’
demographic characteristics including age, gender,
comorbidities, the reason for ICU admission, admis-
sion category (medical or surgery), neurologic history,
days in the ICU, duration of hospitalization, and clini-
cal outcome were recorded. The severity of illness was
measured at enrollment using the Acute Physiology
and Chronic Health Evaluation II (APACHE II) score
and Simplified Acute Physiology Score 2 (SAPS2), and
severity of sepsis was evaluated on a daily basis during
the ICU stay using the Sequential Organ Failure Assess-
ment (SOFA) score. Neurologic recovery was assessed
using the Glasgow Coma Scale—Extended (GOSE)
during ICU discharge. From admission to the day of
discharge vital signs, microbiological data, standard lab-
oratory tests, use of steroids, duration of septic shock,
days of mechanical ventilation, and days of sedation
were recorded daily.

Neurologic Examination

Components of our neurologic assessment in the ICU
included the level of consciousness and encephalopathy
assessment. Using the Confusion Assessment Method for
the ICU [16], trained research nurses assessed patients
for encephalopathy twice daily from ICU admission until
death or ICU discharge. Daily sedation discontinuation
protocol was applied in the ICU and sedation interrup-
tion made daily at 7:30 a.m. Level of consciousness was
measured by the Richmond Agitation-Sedation Scale
[17]. Patients with GCS <8 were diagnosed as coma.
Coma was diagnosed if patients showed a state of una-
rousable unresponsiveness in non-sedated patients or
after discontinuation of sedation in previously sedated
patients [18].

Brain MRI

MRI was performed on a 1.5-T scanner (Achieva; Philips,
Eindhoven, The Netherlands). Imaging protocol included
T2-weighted (axial and coronal), T1-weighted (axial and
sagittal), FLAIR (fluid-attenuated inversion recovery;
axial), and diffusion-weighted images with » 0.500 and
1000 m s/mm? and ADC (apparent diffusion coefficient)
map images. A macrocyclic chelate (Dotarem®; Guerbet
Laboratory, Roissy, France) was administered for con-
trast-enhanced imaging. MRI features were investigated
by two neuroradiologists (SS and MB). To determine the
presence of atrophy, subjective visual simple scale was
used. There was no disagreement for MRIs classified as
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normal. In rare cases of disagreement for brain MRIs
showing atrophy and/or lesions, a consensus decision
was made in a meeting attended by all authors.

Image Acquisition and Processing

Since our aim was to analyze the volumes of the certain
limbic structures and deep gray nuclei as well as corti-
cal and white matter volumes of the cerebrum and cer-
ebellum, we utilized an automated segmentation method
(FreeSurfer), which automatically analyzes the individual
volumes of our region of interest areas. High-resolution,
three-dimensional T1-weighted images were acquired
for 25 SIBD patients and 22 control participant using
a 1.5-T scanner with circular polarized eight-channel
head coil. The pulse sequence parameters were: rep-
etition time/echo time=25/4.6 s, flip angle=30, field of
view =240 mm, acquired voxel size=1.00/1.00/1.00 mm
(reconstructed =0.86/0.86/1.00 mm), 150 coronal slices
without gap, and scan duration=5.01 min (per volume).
The acquired images were analyzed with FreeSurfer 4.05
using the same workstation. This procedure, described
previously [19], automatically segmented <40 unique
structures based on their voxel densities and assigned
a neuroanatomic label to each voxel. This assignment
is performed automatically by the algorithm, using the
probabilistic information gathered from a manually
labeled training set of brain volumes. Each segmentation
was then visually inspected for accuracy, and manual edit-
ing was carried out when necessary. Investigators who
assessed brain volumes were blind to patient identity and
all medical information.

Statistical Analysis

Sample size of study groups was calculated based on
previous [12] and our own volumetry studies, which
showed 9-15% volume reduction in sepsis patients as
compared to healthy controls in the most frequently
affected brain regions, hippocampus, and cerebral cor-
tex [12, 20]. Sample size required to detect the 9% vol-
ume decrease with a power of 90% and a significance
level of 5% was determined to be 22 patients/study group
using an online calculator (http://biomath.info/power
/). Descriptive statistics were applied to demographic
and clinical variables. Quantitative data are presented as
mean + standard deviation or median and interquartile
range. Qualitative data are presented as frequencies and
percentages. The analysis of covariance was used to com-
pare brain volumes, controlling for age at scan and total
intracranial volume. Tukey’s post hoc test was used for
two-group comparisons. The Spearman’s correlation test
was used to examine the relationship between volumetric
data and disease severity scores. p<0.05 was considered

statistically significant. All statistical analyses were per-
formed using XLSTAT, version 2014.5.03 (AddinSoft,
Inc., NY, USA).

Results

Clinical Features

Twenty-five SIBD patients (14 men and 11 women;
54.61+9.02 year old) and twenty-two age- and sex-
matched healthy controls (11 men and 11 women;
55.7+7.65 year old) were included in this study. Rea-
sons for brain imaging were encephalopathy (n=17) or
coma (n=38). None of the patients had focal neurologic
deficits. All patients underwent mechanical ventilation
and sedation. During their follow-up, 21 (84.0%) patients
developed septic shock, and bacteremia was shown in 6
(24.0%) patients. Steroid treatment was administered to
12 (48.0%) patients, and hemofiltration was performed
to 12 (48.0%) patients. Source of infection was pneumo-
nia in 14, intraabdominal infection in 8, urinary tract
infection in 2, and catheter-related infection in 1 patient.
Culture obtained from the infection source vyielded
gram-negative bacteria (#=21), gram-positive bacteria
(n=1), and mixed bacteria (n=3). Baseline APACHE II,
SOFA, and SAPS2 scores were 22.3+4.4, 8.2+3.6, and
44.3£15.9, respectively. SIBD patients were followed up
for an average duration of 49.2 (£25.3) days. The aver-
age duration in the ICU was 26.0 (£13.8) days. Eleven
patients died during their hospitalization. Demographic
and clinical characteristics of the study population are
presented in Table 1. All imaging procedures were per-
formed during the clinically active stage of SIBD, and the
mean time delay from neurologic signs to the brain scan
was 6.7+6.0 days. SIBD patients were divided accord-
ing to the visual evaluation of their brain MRI as patients
with normal MRI (z=10, 40.0%) and abnormal MRI
(n=15, 60.0%). The second group consisted of patients
with brain lesions (n =8, 32.0%) and patients with brain
atrophy as the predominant pathological finding (n=7,
28%). Brain lesions included acute cerebrovascular
infarct (n=2), non-specific white matter lesions (n=4),
and posterior reversible leukoencephalopathy syndrome
(n=2).

Volumetric Analysis of Brain Regions

Comparison of volumes of several different brain regions
among SIBD patients and healthy controls showed
reduced volume of total cerebral cortex volume, bilat-
erally reduced volumes of cerebral and cerebellar white
matter, cerebral cortex, hippocampus, and amygdala in
SIBD patients. Volumes of brainstem, cerebellar cortex,
and deep gray matter structures had been relatively pre-
served in SIBD patients with the exceptions of left puta-
men and right thalamus which showed more moderate
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Table 1 Demographic and clinical characteristics of the
study population

ariables n=25
Age (years) 546+9.0
Female [n (%)] 11 (44)
APACHE Il at admission 223144
SAPS Il at admission 4434159
SOFA at admission (from 0 to 24) 82436
Maximum SOFA (from 0 to 24) 11.6£42
Admission category [n (%)]

Medical 11 (44)

Surgery 14.(56)
Comorbid medical disorders [n (%)]

Cardiac disease 8(32)

Pulmonary disease 4(16)

Diabetes mellitus 8(32)

Renal disease 4(16)

Cancer 12 (48)
Multiple comorbid disorders [n (%)] 10 (40)
Site of infection

Pneumonia [n (%)] 14 (56)

Intraabdominal [n (%)] 8(32)

Urinary tract infection [n (%)] 2(8)

Catheter-related infection [n (%)] 1(4)
Pathogen

Pure gram negative [n (%)] 21(84)

Pure gram positive [n (%)] 1(4)

Mixed bacteria [n (%)] 3(12)
Positive blood culture [n (%)] 6 (24)
Delay from admission to neurologic signs (days) 79438
Delay from septic shock to neurologic signs (days) 50£29
Delay from neurologic signs to MRI (days) 6.71+6.0
Delay from septic shock to MRI (days) 11.2+7.0
Delay from sepsis to MRI (days) 139462
Steroid treatment [n (%)] 12 (48)
Septic shock
Prevalence [n (%)] 21(84)
Duration (days) 6(2-10)
Duration of mechanical ventilation (days) 17 (14.5-25.5)
Hemofiltration [n (%)] 12 (48)
Duration of sedation (days) 16 (9-19.5)
Intensive care unit delirium
Prevalence [n (%)] 17 (68)
Duration (days) 5(2.5-6)
Intensive care unit coma
Prevalence [n (%)] 8(32)
Duration (days) 3(2-6.75)
Days in the intensive care unit 260£138
Duration of hospitalization (days) 492+253
Mortality [n (%)] 11 (44)
GOSE at discharge 424£277

Table 1 (continued)

Quantitative data are presented as mean =+ standard deviation or median
and interquartile range. Qualitative data are presented as frequencies and
percentages

APACHE Il Acute Physiology and Chronic Health Evaluation Il, GOSE Glasgow

Outcome Scale—Extended, MRI Magnetic Resonance Imaging, SAPS2 Simplified
Acute Physiology Score 2, SOFA Sequential Organ Failure Assessment

and unilateral volume reductions. The most prominent
volume reductions were observed in bilateral white
matter and hippocampi (Table 2). When volumes were
compared among healthy controls, SIBD patients with
normal MRI, and those with abnormal (lesion or atro-
phy) MRI, healthy controls showed significantly higher
volume values in most regions. Notably, SIBD patients
with normal MRI displayed moderately increased volume
values in both pallidum nuclei and left caudate nucleus.
However, two-group comparisons did not yield a signifi-
cant difference between patients with normal MRI and
healthy controls in these three regions (Table 3). When
compared to healthy controls, SIBD patients with path-
ological MRI features showed significantly reduced vol-
umes of total cerebral cortex volume, total white matter
volume, bilateral hippocampus, cerebral white matter
and cerebral cortex, left putamen, right cerebellar white
matter, and right thalamus. Notably, SIBD patients with
visually normal MRIs showed significantly reduced total
white matter, hippocampus, and cerebral white matter
volumes as compared to healthy controls. No significant
volume differences could be found among SIBD patients
with and without pathological MRI features (Table 3).

Association of Brain Volumes with SIBD Outcome

Volumetric results of SIBD patients who survived (sur-
vivors, n=14) and died during their hospital stay (non-
survivors, n=11) were compared with each other and
healthy controls. Both survivor and non-survivor SIBD
groups showed significantly reduced right and left hip-
pocampus and right, left, and total cerebral white mat-
ter volumes as compared to healthy controls. Mean right
hippocampus volume of non-survivors was lower than
those of healthy controls and survivor SIBD patients.
Non-survivor SIBD patients also displayed reduced vol-
ume values in both putamen nuclei, right, left, and total
cerebral cortex regions, left amygdala, right thalamus,
and right cerebellar white matter compared to healthy
controls. Notably, volumes of both caudate nuclei of
survivor SIBD patients were higher than those of non-
survivor SIBD patients and healthy controls. Although
non-survivor SIBD patients showed trends toward dis-
playing lower volumes than survivor patients in all
examined brain regions, in this two-group compari-
son, statistical significance could be attained only in left
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Table 2 Mean volumes for various brain regions in sepsis-induced brain dysfunction patients and healthy controls, meas-

ured with an automated volumetric method (FreeSurfer)

SIBD patients (n=25)

L cerebral white matter 21291224+ 27,604.90

1,250-260,124)

Healthy control (n=22) p

L cerebellar white matter 12697.12+2029.17 (8666-18031) 13,787.23+£2166.70 (9138-17183) 0.033
L cerebellar cortex 46,811.364+6987.79 (25,260-58,989) 48,098.41 45806.04 (36,297-57,518) 0394
L thalamus 6598.72 4 730.95 (5293-8065) 6683.36 +788.19 (5146-8938) 0.630
L caudate 329224439792 (2375-4277) 3266.32+364.21 (2745-3982) 0.765
L putamen 479828 £606.26 (3647-6118) 5145.27 £680.11 (3976-6580) 0.010
L pallidum 1483.88 £ 238.37 (1105-2078) 1434.82 + 269.40 (988-2067) 0445
L hippocampus 3624.44 4390.00 (2988-4460) 409841+ 340.93 (3625-4639) <0.0001
L amygdala 1358.12£168.97 (980-1613) 1487.23+144.80 (1185-1723) 0.003
a7
(

L cerebral cortex 207,144.68 4+ 18,645.07
R cerebellar white matter

R cerebellar cortex

R thalamus 6093.68 £ 724.90 (4834-7380)
R caudate 331140439252 (2580-4163)
R putamen 4529.84+633.29 (3633-5772)
R pallidum 1392.50+224.12 (963-1792)

R hippocampus
Ramygdala 1480.83 £ 185.24 (1221
R cerebral white matter

R cerebral cortex
Brainstem

Total white matter volume

Total cerebral cortex volume

171,943-235,120)
12,755.2042114.30 (8439-17,935)
47,670.72+7026.83 (26,331-57,131)

1392.50£403.40 (2995-4534)

428,624.72 1 53,765.85 (353,472-530,050)
41799548 +£41,179.92 (342,662-485,228)

225,828.714+20,816.1
13,959.77 £1987.1

177,545-273,188) 0.001
10,477-17,037) 0.013
49,467.86£ 5211 39,897-59,132) 0218
6529.361+766.31 (5101-8413) 0.017
3380.86377.05 (2811-4110) 0451
477245+ 645.68 (3650-5986) 0.109
1320.27 £ 223.06 (849-1709) 0.193
4128.14+£345.1

3315-4641)

(
(
(
(
(
(
(
(
235,873.13+27,761.75 (183,673-289,690)  <0.0001
3(
2(
28 (
6
(
(
(
1( <0.0001
(

( -1910) 1565.50=+ 180.09 (1081-1830) 0.047
215,712.48 £26,495.74 (179,184-269,926)
210,850.80423,007.65 (170,719-257,370)
20,297.48 +2564.45 (16,391-26,327)

(

(

239,292.48+27,927.57 (182,312-289,457)  <0.0001
227,170.51421,550.58 (172,246-274,522) 0.008
20,720.86 £ 2484.92(16,134-25,085) 0.387
475,165.60 & 55,519.64 (365,98-78,594) <0.0001
452,999.22 +42,228.58 (349,791-547,710) 0.003

Values are given as mm?>

Data are expressed as the mean =+ standard deviation (range)

ANCOVA analysis of covariance, L left, SIBD sepsis-induced brain dysfunction, R right

2 For each neuroanatomic volume, ANCOVA is performed with intracranial volume and age as covariates

b pvalue of Tukey’s post hoc test

caudate, right caudate, and right hippocampus regions
(Table 4). Volumes of both hippocampi; right, left, and
total cerebral white matter regions; and right, left, and
total cerebral cortex were reduced in SIBD patients with
coma or encephalopathy as compared to healthy con-
trols. Although SIBD patients with coma showed trends
toward exhibiting lower volumes than patients with
encephalopathy for all brain regions, these differences did
not reach statistical significance. However, when com-
pared to healthy controls, SIBD patients showed reduced
volumes in more diverse brain regions than patients with
encephalopathy. SIBD patients with coma had the lowest
volume values in both cerebellar white matter, left puta-
men, left amygdala, and right thalamus regions, whereas
SIBD patients with encephalopathy showed the lowest
volume values in right cerebral cortex only (Table 5).
No significant correlation was found among volumes
of different brain regions versus APACHE II, SAPS2,
SOFA, and GOSE (at discharge) scores (p values ranging
between 0.111 and 0.982 and R coefficient values ranging

between —0.303 and 0.326). Significant differences were
observed between discharge GOSE scores of patients
with normal (5.60+2.55) and abnormal (3.3042.61)
MRI (p=0.022) and survivors (6.14+ 1.66) versus non-
survivor (1.82+1.83) patients (p=0.000), but no dif-
ference was observed in patients with encephalopathy
(4.18 £2.67) versus coma (4.38 +3.16) (p =0.440).

Discussion

In this study, we investigated volume alterations of dif-
ferent brain regions of SIBD patients. Most prominent
volume differences were found in hippocampus, amyg-
dala, and cerebral white matter regions, whereas cerebel-
lar white matter and cerebral cortex regions were also
affected to a lesser degree in SIBD patients. By contrast,
deep gray matter regions and cerebellar cortex were rela-
tively preserved. Moreover, a more pronounced volume
loss in deep gray matter was associated with coma and
death during the hospital stay. Thus, the present study
confirmed our assertion regarding association between
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Table 3 Comparison of mean volumes for various brain regions in sepsis-induced brain dysfunction patients with differ-
ent brain magnetic resonance imaging features and healthy controls, measured with an automated volumetric method

(FreeSurfer)

| 1l
Control subjects

Sepsis patients
(n == 22)

1Ll p value Two-group comparisons
Sepsis patients

L cerebellar white matter
L cerebellar cortex

L thalamus

L caudate

L putamen

L pallidum

L hippocampus

L amygdala

L cerebral white matter
L cerebral cortex

R cerebellar white matter
R cerebellar cortex

R thalamus

R caudate

R putamen

R pallidum

R hippocampus
Ramygdala

R cerebral white matter
R cerebral cortex
Brainstem

Total white matter
volume

Total cerebral cortex

13,787.234+2166.70
48,098.41 +5806.04
6683.361+788.19
3266.32+364.21
514527 +£680.11
1434.82 426940
409841 +£340.93
1487.23+£144.80
235,873.13+£27,761.75
225,828.714£20,816.13
13,959.77 +£1987.12
49,467.86+£5211.28
6529.36+766.31
3380.864+377.05
4772.45+£645.68
1320.27 +223.06
4128.14£345.11
1565.504180.09
239,292.48+27,927.57
227,170.51421,550.58
20,720.86 £ 2484.92
475,165.60455,519.64

452,999.22+42,228.58

with normal MRI with abnormal MRIP Iversus il lversusll Il versuslll
(GENY) (n=15)

13,069.1041998.68 12,449.134+2079.88 <0.000  0.057 0.509 0.643
45,505.3048558.59 47,68207£5881.11  0.000 0968  0.388 0.555
6686.80+707.34 6540.00+£76488 <0.000 0.754 1.000 0819
3344.904266.88 3257.13+£47154 <0.000  0.995 0.763 0.745
4963.20£613.88 468833£596.20 <0.000 0.006 0498 0.256
1514.30+£223.98 146360£253.08  0.003 0919 0611 0.838
3745.704+334.13 3543.60+414.09 <0.000 <0.000 0.016 0.278
1376.50 £ 146.92 134587+£18619  0.001 0.013 0.112 0.857
218,535.20+£24,987.98  209,163.60429,449.93 <0.000 <0.000 0.021 0.346
211,18450£11,05266 204451.47£22,31571 0.000 0.003  0.092 0.629
13,196.8042268.75 12,460.804+2030.32 <0.000 0.018 0417 0.490
46,987.3049370.34 48,126334£5257.77 <0.000  0.701 0397 0.841
6352.50£713.16 5921.13+£70294 <0.000 0.008 0699 0.167
3316.604327.30 3307.93+44185  0.000 0.771 0.855 0.998
471850£720.29 440407+£55823 <0.000 0076 0955 0.271
1460.20 £ 24191 1351.67+£20034  0.002 0876  0.146 0355
3769.70+£418.16 3573.004+375.05 <0.000 <0.000 0.013 0.289
143590 £159.51 149500£20582  0.001 0389  0.0%4 0.636
220,429.90+£21,993.59  212,567.53+£29,428.15 <0.000  0.000  0.020 0522
214,72890£12,92590  208,265404+27,96691 0.002  0.021  0.250 0.715
20,747.30£2699.44 19,997.604+2519.61 <0.000  0.392 0.999 0.506
438,965.104+46,880.29  421,731.134£5844197 <0.000 <0.000 0.019 0425
4259134042364727 412,71687+£58441.97 0.001  0.007  0.155 0.669

volume

Values are given as mm?
Data are expressed as mean =+ standard deviation

ANCOVA analysis of covariance, L left, MRI magnetic resonance imaging, R right

@ For each neuroanatomic volume, ANCOVA is performed with intracranial volume and age as covariates. Tukey’s post hoc test was used for group comparisons

b Abnormal indicates MRI showing pathological features of atrophy or brain lesions. Significant comparisons are denoted with bold characters

neurologic involvement and volume loss in cortical and
subcortical areas as well as in white matter of the cere-
brum and cerebellum. In regard to etiologies underlying
brain volume alterations, neuroinflammation by-prod-
ucts of cytokines and complement breakdown products,
that are associated with clinical outcome in SIBD, could
be likely responsible factors [10]. However, endothelial
dysfunction and neurovascular uncoupling might accom-
pany SIBD and lead to alterations in brain volume, as well
[13]. Therefore, association of volumetric study results
with endothelial activation markers is recommended in
future studies.

In our previous voxel-based morphometry analysis
the most prominent volume loss was detected in limbic

structures including medial temporal lobe and insula.
Likewise, in a previous study conducted in sepsis survi-
vors, volume reduction was found in the hippocampus.
However, gray matter and white matter volumes were
comparable to those of healthy controls [12]. A poten-
tial reason for this discrepancy could be that the present
study was conducted on patients, who were at the active
stage of SIBD and had major neurologic symptoms,
whereas the prior study was performed in sepsis patients
with or without neurologic involvement 6-24 months
after discharge from the hospital. To our knowledge, our
study is the first comprehensive volumetric evaluation of
SIBD patients during the clinically active stage.
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Table 4 Comparison of mean volumes for various brain regions among survivor and non-survivor sepsis-induced brain
dysfunction patients and healthy controls, measured with an automated volumetric method (FreeSurfer)

1 I
Healthy control

(n=22)

1l p value Group comparisons

Non-survivors (n=11) Survivors (n=14)

L cerebellar white matter

L cerebellar cortex

L thalamus

L caudate

L putamen

L pallidum

L hippocampus

L amygdala

L cerebral white matter
L cerebral cortex

R cerebellar white
matter

R cerebellar cortex

R thalamus

R caudate

R putamen

R pallidum

R hippocampus
Ramygdala

R cerebral white matter
R cerebral cortex
Brainstem

Total white matter
volume

Total cerebral cortex
volume

13,787.234+2166.70
48,098.41+5806.04
6683.36+788.19
3266.32+364.21
514527 +£680.11
1434.82 + 26940
409841434093
1487.23 £144.80
235,873.134£27,761.75
225,828.714+20,816.13
13,959.77+£1987.12

49,467.8645211.28
6529.36+766.31
3380.864377.05
477245£645.68
1320.27 £ 223.06
4128.14£345.11
1565.50+180.09
239,292.48427,927.57
227,170.51£21,550.58
20,720.86 +2484.92
475,165.60455,519.64

452,999.22442,228.58

Iversus|ll 1versuslIl Il versuslll
12,587.27 £2256.55 12,783434+1914.80 <0.000 0.209 0.149 0956
46,139.45 +6862.20 47,339.294+7296.65 0.000 0.904 0565  0.834
6338.094683.70 6803.50+£723.99  0.000 0.828 0274 0143
3020.094296.11 3506.07 £336.09 <0.000 0.030 0.041 0.000
4553.36+503.65 4990.71+£626.74 <0.000 0.561 0.002 0.045
1397.91£202.91 155143+£249.11  0.002 0.270 0890 0.198
3498.644271.94 372329444722 <0.000 0.004 <0.000 0211
1305.82+£178.94 1399.21+£154.74  0.001 0.175 0.003 0240
207,736.094+27,083.10 216,979.21£28,321.65 <0.000 0.006 0.000 0372
202,360.09422,769.84 210,904.00£14,435.53  0.001 0.051 0.003 0474
12,213.094+£2225.11 13,181.1442000.04 <0.000 0.336 0.014 0299
46,354.09£6386.21 48,705.21£7560.75 <0.000 0.895 0217 0474
5782.644724.80 6338.07+647.94 <0.000 0619 0.004 0.065
3115.094351.58 3465.644+362.12 <0.000 0.693 0.056  0.017
4291.36£498.21 4717.21+£680.83 <0.000 0.946 0.036 0.105
1360.73 £238.51 1422.07£20889  0.005 0.291 0842 0718
347418434447 3791.144+389.25 <0.000 0.009 <0.000 0.044
1436.18+173.91 1499.00+£199.28  0.001 0.448 0.083 0595
213,732.09425,005.58 217,268.50+28,445.30 <0.000 0.002 0.001 03876
203,826.184+26,47045 216,370.14£19,071.36  0.002 0.274 0.009 0284
19,459.0942829.17 20,956.214+£2218.53 <0.000 0.909 0.110  0.075
421,468.18+£51,897.34 434,247.71 £56,459.00 <0.000 0.003 0.000 0.630
406,186.27 +48931.64 427,274144+32,83580 0.001 0.128 0.005 0360

Values are given as mm>

Data are expressed as the mean + standard deviation

ANCOVA analysis of covariance, L left, R right

2 For each neuroanatomic volume, ANCOVA is performed with intracranial volume and age as covariates. Tukey’s post hoc test was used for group comparisons.

Significant comparisons are denoted with bold characters

A notable finding was that there were no significant
regional volume differences between MRIs with path-
ological findings and MRIs that were independently
reported to be normal by two radiologists. Moreover,
the volumetric evaluation could detect atrophy in hip-
pocampus and cerebral white matter in normal-appear-
ing MRIs, further emphasizing the higher sensitivity of
this method. Another outstanding finding was minimal
volume increase in caudate and pallidum nuclei in nor-
mal-appearing MRIs. A likely explanation of this could
be increased expansion of extracellular fluid and micro-
scopic blood—brain barrier disruption, which is another
measure of neuronal disintegration, as shown in auto-
immune encephalitis patients [21]. The validity of this

assertion needs to be further confirmed by methods
assessing microstructural integrity.

Hippocampal volumes appear to be primarily affected
in other inflammatory brain disorders, as well. In auto-
immune encephalitis patients with leucine-rich glioma-
inactivated protein 1 (LGI1) or N-methyl-D-aspartate
receptor (NMDAR) antibodies, hippocampal volumes
are reduced in association with the severity of cognitive
decline [21, 22]. Intriguingly, in LGI1 encephalitis gray
matter regions are relatively preserved [22]. Hippocam-
pal volume reduction is conceivable in inflammatory
(e.g., autoimmune encephalitis) and infectious (e.g., her-
pes simplex virus encephalitis) disorders mainly targeting
limbic structures [23]. However, hippocampal volumes
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Table 5 Comparison of mean volumes of various brain regions among healthy controls and sepsis-induced brain dys-
function patients with encephalopathy or coma, measured with an automated volumetric method (FreeSurfer)

| Il
Healthy control

Patients
(n=22)

with encephalopathy (n=28)

1l p value Two-group comparisons

Patients with coma

Iversus Il |versusll Ilversuslll

L cerebellar white
matter

L cerebellar cortex

13,787.234+2166.70

48,098.41 +5806.04

(n=17)

13,151.824+2090.48

47,531.824+8133.35

L thalamus 6683.36+788.19 6771.12+£722.16
L caudate 326632 +364.21 330547 +£443.97
L putamen 5145.27+680.11 4877.65£604.44
L pallidum 1434.82 £269.40 1538.24 £ 263.66
L hippocampus 4098.41 £340.93 372294439222
L amygdala 1487.23 +144.80 1380.65£162.92
L cerebral white matter 235,873.134+27,761.75 216,193.18+£30,696.28
L cerebral cortex 225,828.71£20,816.13 208,406.65+17,741.35
R cerebellar white 13,959.77 +£1987.12 13,122.884+2271.93

matter
R cerebellar cortex

49,467.86+5211.28

48,139.124+8041.76

R thalamus 652936 +766.31 6254.76 £742.71

R caudate 3380.86+377.05 331859+413.44
R putamen 4772.45+£645.68 4586.00£710.98
R pallidum 1320.27 £223.06 145047 £237.18
R hippocampus 4128.14+£34511 3663.76 £457.56
Ramygdala 1565.50+180.09 1487.41£20433

R cerebral white matter 239,292.48 £27,927.57 21994412+ 29,033.66
R cerebral cortex 227,17051421,550.58 210,841.29+20,460.28
Brainstem 20,720.86 £ 2484.92 20,741.76 £ 2889.05

Total white matter
volume

Total cerebral cortex

475,165.60+55,519.64

452,999.22+42,228.58

436,137.29459,432.66

419,24794+£37,851.94

11,730.88+£1599.82 <0.000 0.013 0473 0.129
45,280.38+3503.12  0.000  0.392 0.939 0.571
623238464362 <0.000 0.145 0.882 0.081
3264.134+301.65 <0.000  1.000 0.913 0.944
4629.63+£61425 <0.000 0.017 0.149 0.386
136838+ 116.14 0.001 0.735 0.304 0.167
3415134+31022 <0.000 <0.000 0.002 0.071
1310.25£18267 0.000 0.010 0.059 0476
205,940.25+19422.67 <0.000 0.000 0.002 0.340
204,463.004+21,456.39 0.001 0.018 0.013 0.868
11,973.88+£158193 <0.000 0.011  0.240 0.219
46,675.38 1445068  0.000 0371 0.688 0.773
5751.38+58642 <0.000 0.006 0311 0.115
3296.134370.34 0.000 0.79%4 0.816 0.985
441050+£44236 <0.000 0210 0.500 0.704
1277.38+£117.23 0.002 0.850 0.099 0.099
362600424426 <0.000 0.002 0.000 0.961
1437.25+£151.82 0.001 0.135 0.290 0.742
206,720.254+18555.06 <0.000 0.000 0.005 0.205
210,871.00£29,29279 0.003  0.142 0.045 1.000
19,353.384+1404.13 <0.000  0.122 0.999 0.133
412,660.50+£37,539.01 <0.000 0.000 0.003 0.257
415,334.00+£50,272.43  0.001 0.055 0.024 0.969

volume

Values are given as mm>
Data are expressed as the mean + standard deviation

ANCOVA analysis of covariance, L left, R right

2 For each neuroanatomic volume, ANCOVA is performed with intracranial volume and age as covariates. Tukey’s post hoc test was used for two-group comparisons.

Significant comparisons are denoted with bold characters

are also reduced in both progressive and non-progressive
forms of multiple sclerosis which does not show a spe-
cific predilection to the limbic system [24]. Moreover, in
great likeness to SIBD patients, intraperitoneal adminis-
tration of bacterial lipopolysaccharide induces a volume
change in hippocampal and cortical regions, while pre-
serving caudate nuclei [25].

The reason behind increased susceptibility of cer-
tain brain regions to volume change in SIBD could be
increased activation of neuroinflammation and micro-
glial cells in these regions. As a matter of fact, increased
expression of inflammasome complex and apoptosis fac-
tors, and enhanced microglial activity and oxidative stress
have been associated with hippocampal destruction in

different experimental sepsis models [25—28]. Microglial
activation has also been related to hippocampal volume
decrease and concomitant cognitive dysfunction in sev-
eral disorders including Alzheimer’s disease and multiple
sclerosis [23, 29].

Although deep gray matter structures appear to be
relatively preserved in the entire cohort of SIBD patients,
specific basal ganglion nuclei and thalamus show signifi-
cantly reduced volumes in certain subgroups. Caudate
nuclei, putamen, and thalamus showed lower volume
values in non-survivors than in survivor SIBD patients
and healthy controls. Likewise, left putamen and right
thalamus regions of SIBD patients with coma showed a
more pronounced volume reduction than those of the
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patients with encephalopathy. These results might sug-
gest that basal ganglia involvement may be an indicator
of increased severity of sepsis-associated brain involve-
ment and unfavorable outcome, as exemplified by previ-
ous case reports [30].

Limitations

Our study has limitations, including small sample size.
Power analysis showed that our study groups con-
tained sufficient number of patients for SIBD versus
healthy control comparisons. However, for subgroup
analysis (e.g., normal versus abnormal MRI; patients
with encephalopathy versus coma) our sample size was
rather low. Also, our study, as well as other ICU neuro-
imaging studies, is limited by the lack of pre-ICU imag-
ing and assessment of the presence of atrophy before
SIBD. This is mostly due to the high risk of transporting
sepsis patients to the neuroimaging unit, which reduces
the chances to provide multiple MRIs from the same
patient. The same factor also restricts the sample size of
the study. Based on the results of this preliminary study,
power analysis may now be performed in future stud-
ies to calculate the precise number of patients needed
to be included. Since around 5% volume change was
observed in hippocampal and cortical volumes of sub-
groups, sample size required to detect this magnitude
of alteration with a power of 90% and a significance
level of 5% would be more than 200 patients/subgroup.
Thus, our results may be confirmed by prospective
multicenter studies with a larger sample size. Finally,
since our aim was to evaluate volumetric changes of
major anatomical locations that were previously shown
to be affected by SIBD, such as hippocampus, deep gray
matter nuclei, and cerebral cortex, we did not choose
anatomical locations manually and instead we analyzed
the default anatomical regions determined by an auto-
mated volumetric analysis system. This approach may
limit to show changes in the regions not defined in the
automatic segmentation process and changes in the
subregions of the predefined areas.

Conclusions

In conclusion, our results suggest that volumetric analy-
sis of the brain stands out as a sensitive measure of vol-
ume change especially in hippocampi and cerebral white
matter. Volume differences of specific brain regions may
be used as a marker of prognosis and outcome. Serial
volumetric evaluations may be used to assess the efficacy
of treatment response in SIBD. Further studies compar-
ing brain volume values with follow-up clinical findings
and cognitive test scores are required to better assess the
clinical benefits of this method in SIBD. Furthermore,

glial activity, neurotransmitter imbalance, endothelial
cell activation, and blood—brain barrier disruption may
be more precisely assessed by specific positron emission
tomography methods and other new imaging techniques
and correlated with volumetric data and levels of inflam-
mation markers.
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