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Abstract

Survivors of critical illness frequently have profound and long-lasting cognitive impairments and
psychiatric disorders, which adversely affect functional outcomes including return to work, and
quality of life. While data regarding cognitive outcomes has been increasing over the last 15 years,
neuroimaging datain medical and surgical critical populations is extremely limited. The abrupt
development of new significant cognitive impairments after critical illness along with
abnormalities on neuroimaging suggest that critical illness results in new acquired brain injury,
similar to that observed in other acquired brain injuries. Abnormalities on neuroimaging including
cortical and subcortical lesions, brain atrophy, and WMHs which occur in widely distributed brain
regions. Given the high prevalence rate of cognitive impairments in this population, neuroimaging
isimportant to help elucidate neuropathology of critical illness acquired brain injury. Research is
needed across imaging modalities in order to fully understand the effect of critical illness on the
brain and to help understand the effects of rehabilitation, including cognitive rehabilitation in
survivors of critical illness.
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Introduction

Advancement in the treatment of critical illness has resulted in reduced mortality over the
last 30 years resulting in millions of patients who survive a critical illness (Adhikari, Fowler,
Bhagwanjee, & Rubenfeld, 2010). Outcomes research over last 15 years has demonstrated
that many intensive care unit (ICU) survivors develop significant encephal opathy and
neurologic morbidities, including neuromuscular morbidities (central and peripheral),
cognitive impairments, and psychiatric disorders such as depression, anxiety and
posttraumatic stress disorder. Cognitive outcomes have been studied in avariety of critically
ill populations including medical/surgical, sepsis, can acute respiratory distress syndrome,
with high rates of cognitive impairment reported across populations. Among mechanically
ventilated general medical ICU survivors approximately 2 out of every 3 patients will
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develop moderate to severe cognitive impairments (Hopkins & Jackson, 2009). Among the
sickest ICU patients, such as patients with acute respiratory distress syndrome (ARDS), the
prevalence of long-term cognitive impairments is particularly high; 74% of patients at
hospital discharge in one study, with 46% of ARDS patientsimpaired at 1 and 2 years.
(Hopkins, Weaver, et al., 2005a) Further, the cognitive impairmentsin ICU survivors are
often new and develop during or after the onset of critical illness as two recent large
population based studies indicate (Ehlenbach et al., 2010; Iwashyna, Ely, Smith, & Langa,
2010).

The etiology and mechanisms of post-ICU cognitive impairments are unclear. To date only a
few studies have assessed mechanisms of cognitive impairment in critically ill populations.
Pathophysiol ogic mechanisms of cognitive impairment identified to date include hypoxemia
(Hopkins, Weaver, et al., 2005a), hypotension (Hopkins, Weaver, Chan, & Orme, 2004),
glucose dysregulation (Hopkins et al., 2010), and inflammation and cytokine activated
immune system dysregulation (Elenkov, lezzoni, Daly, Harris, & Chrousos, 2005). It is
likely that these and other mechanisms work in concert with individual risk factors such as
genetic markers, age, and co-morbid chronic medical disordersin the development of
cognitive impairments.

The abrupt development of new significant cognitive impairments after critical illness likely
reflects the existence of an acquired brain injury (Hopkins & Jackson, 2006), an idea
supported by neuroimaging findings (Hopkins, Gale, & Weaver, 2006; Suchyta, Jephson, &
Hopkins, 2010). This paper will review neuroimaging datain critically ill populations and
will discuss the implications of critical illness acquired brain injury for neurorehabilitation.

Neuroimaging

Widely-distributed abnormalities on neuroimaging are common following brain injuries
such as hypoxia, stroke, and trauma and these abnormalities are often associated with
adverse cognitive outcomes (Lerner & Rosenstein, 2000). Unlike other neurologic disorders,
such as traumatic brain injury or dementia, there is very limited neuroimaging datain
critically ill populations. However, investigations of neurologic outcome using
neuroimaging modalitiesin ICU populations are increasing. Early neuroimaging studies
failed to find brain abnormalities in medical 1CU populations. For example a study of 12
patients with sepsis found no abnormalities or lesions in these patients (A. C. Jackson,
Gilbert, Young, & Bolton, 1985). A computed tomography (CT) neuroimaging study in 69
critically ill patients, only 4 patients underwent imaging, none of whom had structural
abnormalities (Young et al., 1990). More recently CT and MR studies suggest that critically
ill patients develop abnormalities on structural brain imaging. These discrepant findings may
be due to the fact that more recent imaging and quantitative image analysis techniques are
increasingly sophisticated and sensitive in detecting brain abnormalities.

In mixed medical/surgical population of 235 critically ill patients (80 patients with trauma)
admitted to a medical |CU who underwent neuroimaging, 83 (35%) patients had structural
abnormalitiesincluding 21 patients who had subarachnoid hemorrhage, 11 patients had
subdural hemorrhage, and 29 patients had widely distributed lesions in both hemispheres.
(Kishi, lwasaki, Takezawa, Kurosawa, & Endo, 1995) Twenty-one patients had multiple
structural abnormalities. Not surprisingly trauma patients had a higher rate of lesions
compared to non-trauma patients, 44% vs. 31% respectively. The trauma patients had higher
rates of subdural (n = 10) and subarachnoid (n = 18) hemorrhage compared to non-trauma
patients (3 patients had subarachnoid hemorrhages and 1 patient had a subdural
hemorrhage). Structural abnormalities on brain imaging were not associated with increased
risk of developing delirium in these patients. The abnormalities occurred early in the ICU
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course, in many cases on the day of 1CU admission, suggesting the abnormities were new
due to pathophysiological changes (Kishi et al., 1995).

Lesions are reported in both cortical and subcortical regions. Finelli and Uphoff (2004)
report a case of a48 years old female with sepsis who underwent brain imaging. Brain MR
imaging on Day 4 showed lesionsin basal ganglia (bilateral), cerebellum, brain stem, and
temporal lobe regions (Finelli & Uphoff, 2004). These brain regions are at the end of the
vascular supply and are sensitive to the effects of hypoxia (Hopkins, Tate, & Bigler, 2005).
The patient subsequently died and post-mortum examination showed extensive bilateral
basal gangila damage in the caudate nucleus, putamen and globus pallidus bilaterally and a
small infarctions were reported in the cortex and splenium of the corpus callosum.
Microorganisms were not found in the brain, suggestion the lesiosnwere not due to brain
infection. The hippocampus, a medial temporal |obe structure important for memory had
mild neuronal loss and acute neruonal ischemic changes. There brain stem and cerebellum
had wide spread edema (Finelli & Uphoff, 2004).

A larger retrospective cohort study assessed structural changes on brain imaging and
cognitive outcomesin 64 critically ill patients who developed neurological changes (e.g.
diminished level including loss of consciousness, confusion, atered mental status, coma, or
prolonged delirium) during their intensive care unit (ICU) stay (Suchytaet a., 2010).
Cognitive impairments including memory deficits and executive dysfunction occurred in 22
(48%) of the survivors. Abnormalities on brain CT and MR imaging occurred in 41 (64.1%)
of ICU patients who had neurologic changes. Abnormalities included 26 patients with
atrophy, 19 with white matter hyperintensities (WMHSs), 17 with lesions, 7 with focal
hemorrhages, and 4 with encephalomalacia. Lesion location was heterogeneous and
included 7 patients with lesionsin the frontal lobes, 6 patients with lesionsin the parietal
lobes, 3 patients with lesions in the temporal lobes, and one patient had an occipital |obe
lesion. The WMHs were widely distributed throughout the brain, 15 patients had
periventricular and 10 patients had centrum semiovale WMHSs. While many |esions appear
to occur early in the course of critical illness, they can manifest throughout the course of the
illness. Seven patients' initial brain scans were normal, but structural abnormalities were
present on alater scan including WMHSs, hemorrhage, and atrophy. The presence of multiple
chronic medical disorders did not predict structural abnormalities and there were no
associations between brain abnormalities and age, ARDS, premorbid substance abuse,
premorbid psychiatric disorders, hypoxemia, hypotension, steroids, or sedative use (Suchyta
et a., 2010).

A small quantitative brain imaging study in 15 of 66 critically ill patients with ARDS
assessed structural lesionsin these patients by clinical radiological CT reports (Hopkins et
al., 2006). Of the 15 patients, seven patients had no abnormalities on brain imaging. Eight
patients had abnormalities on brain imaging including lesions in the pons and parietal 1obe,
small petechial hemorrhagic lesion, diffuse atrophy, enlargement of the ventricles, sulcal
widening, and hippocampal atrophy (Hopkins et al., 2006).

A recent prospective case series in eight ICU survivors with delirium who underwent brain
MR imaging as part of clinical care found 6 (75%) patients had WMHSs and one patient had
mild generalized brain atrophy (Morandi et a., 2010). White matter hyperintensities
occurred in cortical and subcortical regions. Not surprisingly younger patients had smaller
what matter lesions than older patients. No patients had hemorrhagic lesions on
neuroimaging. All six patients with WMHs and/or brain atrophy had severe cognitive
impairments; including impaired memory, executive function, and attention. These findings
indicate that critical illness may result in new brain injury shown by structural abnormalities
on neuroimaging and significant cognitive impairments (Morandi et al., 2010).
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Table 1 shows structural brain imaging findingsin ICU patients. While the studies are few
in number, structural imaging studies to date indicate abnormalities on brain imaging range
from 35% to75% of patients. The lesions occurred in diffuse brain regions including cortical
and subcortical structures (e.g. basal ganglia, hippocampus, corpus callosum), atrophy,
white matter lesions, and hemorrhagic lesions (Kishi et a., 1995; Morandi et al., 2010;
Suchytaet a., 2010). Taken altogether, these findings provide evidence that critical illness
can result in new acquired brain injury manifest by structural abnormalities on brain

imaging.

Quantitative Neuroimaging

Severa studies have measured brain volumes to assess atrophic changes in survivors of
critical illness. A recent case study described a 49 year old female with sepsisand ARDS
with no history of neurologic or psychiatric disorders who underwent neuropsychological
assessments and brain magnetic resonance (MR) imaging at |CU discharge and
approximately 3.5 years post-ICU discharge (J. C. Jackson, Hopkins, et al., 2009). Brain MR
imaging at 3.5 years showed marked atrophy (her brain volume was more than 8 standard
deviations smaller than matched controls) with sulcal widening and ventricular enlargement
(1.3 SD larger than controls) that were not present at hospital discharge. The patient had
significant decline in intellectual function (a decreasein test scores of ~2 SD) and had
impaired memory, attention and executive function. The cognitive impairments mirrored the
brain atrophy, supporting the idea that critical illness results in the development of new brain
injury (J. C. Jackson, Hopkins, et al., 2009).

As described above, a small quantitative brain imaging study in 15 of 66 critically ill
patients with ARDS found ventricular enlargement and larger ventricle-to-brain (VBR)
ratios in these patients along with sulcal widening and an increase in cerebral spinal fluid
(Hopkins et ., 2006). Brain imaging in an ARDS patients shows imaging at approximately
hospital discharge and one and two years; Figure 1 shows brain MR scansin an ARDS
patient who had ventricular enlargement and Figure 2 shows atrophy of the corpus callosum
in the same patients. The atrophy occurred between hospital discharge and one and two
years post-1CU discharge. The patients also had increased temporal horn volumes,
suggesting temporal lobe atrophy (Hopkins et a., 2006). Following traumatic brain injury an
increase in temporal horn volumes is associated with hippocampal atrophy (Bigler et al.,
1997) or loss of temporal 1obe white matter (Bigler, Anderson, & Blatter, 2002). The brain
atrophy was not associated with illness severity or duration and severity of hypoxemia,
likely due to the small sample size or variability in atrophy (i.e. ventricle volumes) (Hopkins
et al., 2006). One limitation of this and most neuroimaging studiesin ICU populations isthe
lack of pre-ICU imaging and only afew studies have obtained imaging early in the ICU
course due to the nature of critical illness (e.g. physiologic instability, mechanical
ventilation, high doses of sedative medications, etc.). Imaging early in the ICU course may
provide an |CU baseline by which later scans can be compared to determine if there are
changes over time, as Figures 1 and 2 illustrate. Thus, neuroimaging early in the ICU stay
can help delineate the extent and severity of brain injury and help to rule-out pre-morbid
structural abnormalities.

A prospective study in 47 critically ill patients assessed the rel ationship between delirium
duration, cognitive function, and quantitative brain volumes. A longer duration of delirium
during ICU treatment was associated with greater brain atrophy (VBR) at hospital discharge
and 3 month follow-up (Gunther ML, EPub Ahead of Print) Greater brain atrophy at 3
months was associated with worse cognitive function at 12 months. Smaller cerebellar,
thalamic, and anterior cingulate volumes were found at 3 months which were associated
with impaired executive function and attention at 12 months (Gunther ML, EPub Ahead of
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Print). The findings of significant brain atrophy and associated cognitive impairments are
similar to findings in patients following anoxic brain injury and traumatic brain injury
(Hopkins, Tate, et a., 2005; Johnson, 1994), suggesting a relationship between brain
atrophy and adverse cognitive outcome in these critically ill patients. Further, delirium may
be a potential mechanism for brain atrophy and cognitive impairments in this population.
Additional studies are needed to evaluate the effects of critical illness on brain atrophy and
to assess potential mechanisms of the observed atrophy.

Neuroimaging of White Matter

As described previously WMHs are common neuroimaging findings in survivors of critical
illness (Hopkins et a., 2006; Morandi et al., 2010; Suchytaet al., 2010). White-matter
hyperintensities are bright areas that are observed in white matter regions on a varitiey of
MR imaging sequences including T2-weighted or mixed-weighted images, fluid attenuated
inversion (FLAIR) sequences and more recently diffusion tensor imaging (DTI). Subsets of
critically ill patients develop severe infections (i.e. sepsis or septic shock) that are associated
with adverse neurologic outcomes. A single 49 year old male with sepsis underwent serial
MR imaging (Hollinger, Zurcher, Schroth, & Mattle, 2000). Computed tomography of the
identified several areas of hypo-dense white matter bilaterally on the second ICU day.
Imaging at one week found WM HSs that were enhanced with contrast (larger in size). At 3
and 4 weeks white matter lesions appeared to be diminishing but remained present
(Hollinger et al., 2000).

Piazza and colleagues used MR imaging and measured cerebral spinal fluid S100B to assess
neuronal injury in four patients, two patients had sepsis and two patients devel oped septic
shock (Piazza, Cotena, De Robertis, Caranci, & Tufano, 2009). Two of the patients had
WMHSs, one in the cortical and subcortical frontal regions and the other had periventricular
WMHs. Interestingly, the two pateints with normal brain imaging had abnormal
electroencephlogram findings and elevated S100B levels, a marker of neuronal damage and
blood brain barrier disruption (Piazza et a., 2009). Given the very small sample sizein this
study, it is difficult to draw firm conclusions, but the data suggest that not only does sepsis
result in abnormalties on brain imaging but it appears to damage the brain even in the
absence of neuroimaging findings.

White matter lesions have been reported on MRI and neuropathological studiesin patients
with sepsis (Sharshar et al., 2007). A study in 9 patients with sepsis found 5 patients had
centrum semioval e and deep white matter WMHS, two patients had ischemic changes post-
stroke, and 2 patients had normal brain imaging. Further, the size of the WMHSs increased
over time. One patient subsequently died and a post-mortem examination found white matter
edema and dilation of the perivascular spaces. The white matter |esions were associated with
an increased length of shock and worse outcome at 90 days, measured by the Glasgow
Outcome Scale (Sharshar et al., 2007). The above findings suggest that patients with sepsis
or septic shock are at high risk for brain injury manifest by abnormalities on brain imaging,
predominately in the white matter. The white matter |esions appear to be associated with
adverse functional outcomes, although this finding needs to be replicated.

Newer imaging techniques such as diffusion tensor imaging (DTI) are also sensitive to white
matter injury (Xu, Rasmussen, Lagopoulos, & Haberg, 2007) and allows assessment of
white matter integrity (Little et al., 2010). White matter integrity is measured using
fractional anisotrophy (FA) and lower FA values (values range from 0 to 1) indicate axonal
injury. While WMHs have been demonstrated in critically ill patients, questions remain
regarding their functional implications. A recent study in critically ill patients used DTI to
assess the relationship between delirium, white matter integrity, and cognitive function
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(Morandi A, 2012). Fifty general medical and general surgical critically ill patients with
delirium underwent neuroimaging. A longer duration of delirium was associated with white
matter injury (lower FA values) in the corpus callosum and anterior limb of the internal
capsule at hospital discharge and 3 months. White matter injury was associated with
cognitive impairments at 3 and 12 months (Morandi A, 2012). The identification of white
matter injury using FA provides additional evidence that critical illness can and does injure
the brain and such injury is associated with adverse cognitive outcomes in these patients.

The clinical significance and prognostic value of the WMHSs are the subject of discussion
and require further research. White matter hyperintensities appear to be associated with
cognitive impairments, especially larger lesions, however any lesion if located in acritical
cognitive pathway, can have significant adverse effects on cognitive function. Research is
needed to understand the etiotlogie and functional significance of WMHSsin criticaly ill
populations.

Spectroscopy

There are no studies in humans that have used spectroscopy to assess neurological outcomes
incriticaly ill patients. A study in septic mice used proton spectroscopy to assess neuronal
metabolism by measuring the relative amounts of choline (Ch) a marker of neuronal death,
total creatine (Cr) amarker of mitochondria dysfunction, and N-acetylasparate (NAA) a
marked of neuronal damage (Bozza et a., 2010). Proton spectrawere acquired in the
hippocampus and a strong decrease in the NAA/Ch ratio was found, indicating neuronal
damage in septic mice. Research is needed to determine if similar findings occur in humans
with sepsis (Bozza et ., 2010).

Amyloid Photon Emission Tomography

There are no studies in critically ill populations which have utilized Amyloid photon
emission tomography (PET) imaging. However, the use of amyloid imaging agents such as
Florebetapir have been heralded as one of the major advances in the study of mild cognitive
impairment and dementiain the last decade. A recent editorial in the Journal of the
American Medical Association (JAMA) heralded Amyloid PET for its' “crucial rolein
establishing the relevance of brain p-amyloid burden in the development and progression of
neurodegenerative disorders including Alzheimer’ s disease (Breteler, 2011). Amyloid PET
imaging may be particularly relevant in the study of survivors of critical illness as numerous
studies suggest that inflammatory processes (prominent in critical illness) contribute to the
accumulation of amyloid, believed to be a central and crucia step in the emergence of
Alzheimer’s disease (Guo, Y u, Grass, de Beer, & Kindy, 2002; Mhatre, Floyd, & Hensley,
2004; Senthilkumar, Chang, & Jayakumar, 2008).

Implications for Neurorehabilitation

Asthe above data indicate, critical illness is associated with brain injury manifest by lesions
and atrophy on brain imaging and cognitive impairments; further brain injury may be a
vehicle thru which dementia devel ops. Cognitive impairments often persist years after ICU
discharge (J. C. Jackson, Mitchell, & Hopkins, 2009) and as such, research is needed to
prevent or ameliorate these difficulties. Until such atime as preventive steps are identified,
however, the focus should be on rehabilitation and remediation, as is done with more
traditional brain injured populations (i.e. anoxic and traumatic brain injuries). Thereisa
large gap between the high rate of cognitive morbidity following critical illness and referral
for cognitive rehabilitation. Unfortunately, few critically ill survivors are referred for
cognitive rehabilitation and those who are predominately are referred for physical
rehabilitation (Hopkins, Weaver, et al., 2005b). The literature regarding cognitive
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rehabilitation is sparse. Two small randomized controlled trials assessed the effect of
physical rehabilitation on functional outcomes assessed using the Functional |ndependence
M easurement score, including the cognitive domain score as a secondary outcome (Chen et
al., 2011; Chiang, Wang, Wu, Wu, & Wu, 2006). Both studies showed improved cognitive
function in the physical rehabilitation treatment group compared to the control group.

The effect of cognitive rehabilitation in ICU populationsis just beginning to be studied,
though it may be afruitful avenue for future study. Only one study to date, the RETURN
Tria (J. C. Jackson et al., 2012), has assessed the effect of cognitive rehabilitation,
specifically focusing on rehabilitation of executive function, one of the most common
cognitive impairments observed in ICU survivors. Medical 1CU patients were randomized to
either a program of cognitive and physical rehabilitation for 12 weeks using two-way video
teleconference and in-person visits or usual care. At 3-month follow-up the intervention
group patients demonstrated significantly improved executive functioning (J. C. Jackson et
al., 2012). Research on cognitive rehabilitation of ICU survivorsisin itsinfancy and studies
are needed to determine the effects of cognitive rehabilitation on awide range of cognitive
deficits that have been observed in ICU populations.

Conclusions

Brain injury following critical illness has been defined by neuropsychological performance
to date. Neuroimaging is important to help elucidate neuropathology and brain function
given the high prevalence rate of neurologic and cognitive impairments in this population.
Understanding neurological compromise in the critical care patient may be optimized by
obtaining baseline neuroimaging, done early in the hospital course, followed by imaging at
later time points that allow for the assessment of change over time, if present. Questions
remain regarding the effect of critical illness on brain structures and function. These
guestions can be most fully explored via neuroimaging, including functional MR imaging,
asisrecognized by increasing numbers of critical care researchers who are using imaging
modalities. Examining neuroimaging findings in ICU patients may help us understand the
post-1CU long-term neurologic and cognitive morbidities and prognosis for ICU survivors.
Further neuroimaging research is necessary to fully understand the effects of critical illness
on the brain, and to help understand the effects of rehabilitation, including cognitive
rehabilitation in these patients.
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Figure 1.

Figure 2 shows an axial magnetic resonance (MR) scans through the body of the lateral
ventriclesin a patient with acute respiratory distress syndromes at three different time
points. The arrows point to the body of the lateral ventricles. Figure A shows a baseline
axial MR scan obtained just prior to hospital discharge showing normal lateral ventricles.
Figure B shows an axial MR scan at one year post-hospital discharge showing significant
enlargement of the lateral ventricles in the same patient. Figure C shows a mid-sagittal MR
scan at two years showing enlargement of the lateral ventricles which have increased in size
from one to two years, indicating some additional atrophy.
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Figure2.

Figure 2 shows mid-sagittal magnetic resonance (MR) scans through the corpus callosum in
the same patient with acute respiratory distress syndromes at three different time points. The
arrows point to the corpus callosum. Figure A shows a baseline mid-sagittal MR scan
obtained just prior to hospital discharge showing anormal corpus callosum (no atrophy).
Figure B shows a mid-sagittal MR scan at one year post-hospital discharge showing
significant corpus callosum atrophy. Figure C shows a mid-sagittal MR scan at two years
showing atrophy of the corpus callosum, which appears unchanged from the one year scan.
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