1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Crit Care Med. Author manuscript; available in PMC 2019 February 01.

-, HHS Public Access
«

Published in final edited form as:
Crit Care Med. 2018 February ; 46(2): 280-289. d0i:10.1097/CCM.0000000000002831.

Osmotic shifts, cerebral edema, and neurologic deterioration in
severe hepatic encephalopathy

Eric M. Liotta, MD1:2, Anna L. Romanova, MD3, Bryan D. Lizza, PharmD?, Laura J.
Rasmussen-Torvik, PhD, MPH®, Minjee Kim, MD!, Brandon Francis, MD, MPH®, Rajbeer
Singh Sangha, MD1, Timothy J. Carroll, PhD’, Daniel Ganger, MD8, Daniela P. Ladner, MD,
MPH2, Andrew M. Naidech, MD, MSPH1, James J. Paparello, MD?, Shyam Prabhakaran, MD,
MS1, Farzaneh A. Sorond, MD, PhD1, and Matthew B. Maas, MD?

1Department of Neurology, Feinberg School of Medicine, Northwestern University, Chicago, IL

°Northwestern University Transplant Outcomes Research Collaborative (NUTORC),
Comprehensive Transplant Center, Feinberg School of Medicine, Northwestern University,
Chicago, IL

3Department of Obstetrics and Gynecology, University of Pennsylvania, Philadelphia, IL

4Department of Pharmacology, Feinberg School of Medicine, Northwestern University, Chicago,
IL

5Department of Preventive Medicine and Epidemiology, Northwestern University, Chicago, IL
5Department of Neurology, Mercy Health Saint Mary’s Hospital, Grand Rapids, MI
"Department of Radiology, University of Chicago, Chicago, IL

8Division of Gastroenterology and Hepatology, Department of Medicine, Feinberg School of
Medicine, Northwestern University, Chicago, IL

9Division of Nephrology, Department of Medicine, Feinberg School of Medicine, Northwestern
University, Chicago, IL

Abstract

Objective—We sought to determine the effect of acute electrolyte and osmolar shifts on brain
volume and neurologic function in patients with liver failure and severe hepatic encephalopathy
(HE).
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Design—Retrospective analysis of brain computed tomography (CT) scans and clinical data.
Setting—Tertiary care hospital ICUs.

Patients—Patients with acute or acute-on-chronic liver failure and severe HE.
Interventions—Clinically indicated CT scans and serum laboratory studies.

Measurements and main results—Change in intracranial cerebrospinal fluid (CSF) volume
between sequential CT scans was measured as a biomarker of acute brain volume change.
Corresponding changes in serum osmolality, chemistry measurements and Glasgow Coma Scale
(GCS) were determined. Associations with CSF volume change and GCS change for initial
volume change assessments were identified by Spearman’s correlations (rs) and regression models.
Consistency of associations with repeated assessments was evaluated using generalized estimating
equations. Forty patients were included. Median baseline osmolality was elevated (310 [296-321]
mOsm/Kg) while sodium was normal (137 [134-142] mEg/L). Median initial osmolality change
was 9 (5-17) mOsm/kg. Neuroimaging consistent with increased brain volume occurred in 27
(68%) initial assessments. CSF volume change was more strongly correlated with osmolality
(r=0.70, p=4x10~") than sodium (r=0.28, p=0.08) change. Osmolality change was independently
associated with GCS change (p=1x107°) and CSF volume change (p=2.7x107°) in initial
assessments and in generalized estimating equations using all 103 available assessments.

Conclusion—Acute decline in osmolality was associated with brain swelling and neurologic
deterioration in severe HE. Minimizing osmolality decline may avoid neurologic deterioration.

Keywords

hepatic encephalopathy; liver failure; coma; cerebral edema; neuroimaging; osmolality; renal
replacement therapy

Hepatic encephalopathy (HE)—Iiver disease-related brain dysfunction—is a leading reason
for intensive care unit (ICU) admission and contributes to morbidity and mortality in liver
disease.(1-4) During liver failure, severe HE is associated with life-threatening cerebral
edema.(2, 5) While HE is associated with hyperammonemia and the resulting compromise
of astrocytes’ homeostatic functions, there are likely other contributors.(2, 6)

Hyponatremia is associated with increased HE occurrence and influences mortality after
acute liver dysfunction.(7-9) Some hypothesize that the osmotic mechanism by which
astrocytes regulate brain volume is disturbed in HE and hyponatremia strains this system’s
functional reserve.(2, 10, 11) Acute reduction in serum osmotically active substances
(osmolytes) is a proposed mechanism underlying instances of cerebral edema and neurologic
deterioration in metabolic disease states including dialysis disequilibrium syndrome,
diabetic ketoacidosis, hyperosmolar hyperglycemic state, exercise-associated hyponatremia,
and rebound cerebral edema after mannitol therapy.(12-18) As osmolality is rarely
monitored in acute liver disease, it is possible that unrecognized osmolality changes might
contribute to cerebral edema and neurologic deterioration in these patients.

Our aim was to investigate if changes in brain volume and neurologic function are associated
with acute changes in serum osmolality in patients with severe HE from acute (ALF) or
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acute-on-chronic (ACLF) liver failure. Secondarily, we examined the effects of renal
replacement therapy (RRT) on serum osmolality and brain volume to illustrate an
application of attention to osmolality change. We compared RRT administered concurrently
with hypertonic saline (HTS)—a therapy used in the ICU to increase serum osmolality—to
RRT administered without HTS.

We abstracted electronic record data from our neurologic critical care service to
retrospectively identify patients =18 years old admitted to an ICU between July 2012 and
June 2017 with ALF or ACLF and severe HE. Given similar phenotypic presentations and
our intention to explore pathophysiologic mechanisms, we included patients with either ALF
and ACLF.(19, 20) Neurologic critical care consultation is routine for patients with liver
failure and West Haven grade 2 (lethargy) or worse HE at our institution.(21) The diagnosis
of liver failure was identified from attending intensivist documentation and confirmed
according to published definitions.(21, 22) Severe HE was defined as West Haven grade 3
(somnolent) or 4 (coma) as documented by an attending neurologist.(21) Study inclusion
required (i) =2 head computed tomography (CT) scans acquired within 48 hours of each
other, (ii) the first CT obtained within 48 hours of admission, (iii) availability of serially
measured serum osmolality and chemistries, and (iv) serially measured Glasgow Coma
Scale (GCS) scores, a neurologic examination scale ranging from 3 (deepest coma) to 15
(normal, alert and oriented). The GCS has good inter-rater reliability and is recommended
for use in HE.(20, 23-25). We excluded patients with craniectomy or drain placement for
CSF diversion and acute focal brain lesions (e.g., stroke).

Consistent with several members of the US Acute Liver Failure Study Group, we
infrequently use invasive intracranial pressure (ICP) monitors to manage HE.(26, 27) In this
population, we use hourly neurologic examinations and repeat head CT scans as previously
described.(28, 29) Neuroimaging frequency is guided by degree of neurologic impairment,
prior imaging, and clinical trajectory. All HE patients in our ICUs receive hourly neurologic
assessments, including GCS, performed by trained ICU nurses who electronically record
assessments as they are performed.(28, 29)

We collected demographic and clinical data including GCS, measured serum osmolality, and
serum chemistry and laboratory data from the electronic medical record for each patient at
the time of admission and each CT. We collected Richmond Agitation and Sedation Scores
(RASS, -5 [un-arousable] to O [alert and calm] to +4 [combative]) as a secondary neurologic
examination. We collected doses of analgesics and sedatives administered within both a 2-
hour and 6-hour period prior to each neurologic assessment and determined whether
sedation increased, decreased, or remained the same between assessments. No patient was
exposed to paralytics during these time periods. We calculated model for end-stage liver
disease (MELD-Na) and Acute Physiology Scores (APS) as measures of overall illness
severity.(30) Demographic, neurologic exam, laboratory, medication, and neuroimaging data
were collected as separate blinded queries.
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Intervals for Assessing Volume, Osmolality, and GCS Change

We used the acquisition times of two sequential head CT scans acquired within 48 hours of
one another to define intervals over which changes in brain volume and corresponding
changes in GCS, individual osmolytes, and total serum osmolality were assessed. Figure 1
illustrates how these assessment intervals were defined. We used patients’ initial assessment
intervals for our primary analysis but also employed repeated measures statistical techniques
to analyze all available assessment intervals. In these patients, we routinely monitor serum
osmolality and chemistry panels at least every 6 hours and calculate serum osmolar gaps.
31)

Renal Replacement Therapy and Hypertonic Saline

We identified the use and administration time of RRT and HTS for each patient. RRT was
administered following current methods for liver failure and brain injury.(21, 32)

For all patients with severe HE receiving RRT, our neurocritical care consultants recommend
administering concurrent HTS to avoid serum osmolality reductions greater than 10 (grade 4
HE) to 20 (grade 3 HE) mOsm/Kg per day.(32, 33) This includes 3% infusion or 23.4%
bolus HTS when RRT is initiated and monitoring osmolality panels to guide HTS dosing
adjustments. We do not use mannitol in liver failure patients, which was confirmed by record
review. The use of HTS during RRT is ultimately at the discretion of the primary ICU
service. As such, we identified assessment intervals in which patients underwent RRT either
with or without concurrent HTS.

Quantification of Volume Change

We measured volumes on 5-mm thick contiguous slice digital imaging and communications
in medicine (DICOM) CT scans using semi-automated computer software (Analyze Direct
11.0, Overland Park, KS) and the pixel intensity threshold technique. We previously
demonstrated that CSF volume is a reliable biomarker of brain volume change and more
indicative of changes than measuring whole brain volume on CT scans.(28, 34)

Statistical Analysis and Approvals

Initial assessments—We used only initial assessments for calculation of Spearman
correlations and both linear and ordinal regression models. We determined correlation
coefficients (rs) for associations between initial changes in CSF volume, osmolality and
chemistry variables, and GCS. We sought to determine if acute serum osmolality change is
independently associated with CSF volume change (linear regression) and GCS change
(ordinal regression) and to quantify these associations with predictive models examining the
impact of multiple covariates. We constructed models stepwise starting with osmolality
change and, for GCS models, included sedation change between neurologic assessments. We
treated analgesia and sedation categorically as increase, decrease, or no change between
assessments because the response to a given dose of sedative varies between patients.
Subsequent demographic and clinical variables (see Table 3) were individually assessed for
model inclusion. Variables qualified for inclusion by: 1) inclusion changed the model’s Beta
coefficients by greater than the coefficient’s standard error, suggesting modification effect,
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or 2) the variable demonstrated trend towards significance (p<0.2). For ordinal regression,
we confirmed the proportional odds assumption using the test of parallel lines.

Repeated assessments—We also wanted to determine if associations identified in the
initial assessment intervals were present in patients’ subsequent assessments. Generalized
estimating equations (GEE) allowed us to analyze all available volume change assessments
while accounting for some patients having more than one assessment. The variables in the
GEE models were those used for the corresponding initial assessment models. We used
linear modeling with identity link function for CSF volume change, ordinal modeling with
cumulative logit link function for GCS change, and exchangeable correlation matrices.

We compared continuous and ordinal variables between RRT groups using Mann-Whitney U
test. We considered two-tailed p value of <0.05 significant. Standard statistical software was
used (SPSS v.23, IBM, Armonk, NY). The study was approved by our institutional review
board with waiver of consent for retrospective study.

There were 140 patients with liver failure and at least grade 2 HE. Reasons for exclusion
included: structural brain lesions (30), HE grades <3 (36), and no qualifying neuroimaging
(34). Forty patients (29%) with ALF or ACLF and severe HE were included and contributed
103 assessment intervals (median 2/patient). Median initial assessment interval duration was
22.8 (10.5-31.2) hours and for all intervals was 13.0 (8.6-24.7) hours. Median time between
CT scan acquisition and corresponding laboratory measurements was 1.5 (0.8-2.6) hours.
No patient had invasive ICP monitoring during the study.

Demographic and clinical data for the entire cohort are summarized in Table 1. Median
initial serum osmolality was elevated (310 [296-321] mOsm/Kg) while initial serum sodium
was normal (137 [134-142] mEg/L). Median magnitude of osmolality change in the initial
assessment intervals was 9 (5-17) mOsm/kg. Reduction in CSF volume commensurate with
increased brain volume occurred in 27 (68%) initial assessment intervals. We found ALF
patients were younger, had higher admission serum sodium, and lower admission serum
blood urea nitrogen than ACLF patients but similar disease severity scores and ammonia
levels (Supplemental 1). Supplemental 1 also summarizes data for all 103 assessment
intervals.

Table 2 summarizes Spearman correlation coefficients between changes in each osmolyte
and changes in CSF volume and GCS score using only the initial volume change assessment
from each patient. CSF volume change was associated with osmolality change (r;=0.70,
p=4x10~"). Change in CSF volume was associated with change in neurologic function
measured by GCS (r;=0.75, p=4x10~8). Graphical illustrations of CSF volume, GCS, and
osmolality change are provided in Supplemental 2. Additional correlations between
admission clinical variables and CSF volume and GCS change are provided in Supplemental
3.

Table 3 summarizes linear, ordinal, and GEE regression models for CSF volume change and
GCS change. In a linear regression model, serum osmolality change was independently
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associated with CSF volume change (=1.54, p=2.7x107°). In an ordinal regression model,
serum osmolality change (odds ratio=1.08, p=1x10~°), serum ammonia change (odds ratio
0.994, p=0.011), and admission APS score (odds ratio 1.018, p=0.015) were independently
associated with GCS change. Serum osmolality change associations were similar using
RASS examinations (Supplemental 4).

The linear GEE model using all 103 assessments also showed an independent association
between serum osmolality change and CSF volume change (B=1.34, p=3x10710). The
ordinal GEE model using all 103 assessments showed an independent association between
serum osmolality change and GCS change (odds ratio=1.07, p=1x1078).

Of note, ALF versus ACLF did not qualify as a variable for inclusion in any of the above
models. Moreover, separate GEE models demonstrated significant independent associations
between CSF volume, GCS, and serum osmolality change in both ALF and ACLF patients
(Supplemental 5).

Twenty-nine (73%) patients had an assessment interval that occurred with RRT. RRT was
initiated with concurrent HTS (indicating management with attention to osmolality) in 14
(48%) and without HTS in 15 (52%) patients. These groups did not differ in MELD-Na,
APS, initial GCS score, initial serum ammonia, osmolality, sodium, BUN, glucose, gap
osmoles, or method of RRT (intermittent versus continuous). Table 4 compares the volume
change intervals where RRT was initiated with concurrent HTS versus without HTS.
Osmolality increased for RRT with HTS relative to RRT without HTS. The clinical sequelae
were that CSF volume decreased, commensurate with increased cerebral edema, and GCS
worsened in those who initiated RRT without HTS.

Thirteen (33%) patients died during hospitalization. While those who died tended to
experience lower nadir GCS scores during their initial assessment interval (median 6[3-7]
vs. 7[4-12], p=0.08), we did not appreciate a pattern of CSF volume or osmolality change
that predicted death.

Discussion

In our cohort of patients with severe HE, decreases in serum osmolality were significantly
associated with worsened cerebral edema. Decreasing serum osmolality and increased
edema were associated with neurologic worsening. We found evidence that serum
osmolality changes affected cerebral edema and neurologic examination in both ALF and
ACLF patients, suggesting both groups are subject to the underlying mechanism. Despite
bivariate associations between individual osmolytes and CSF volume change, only the
aggregate change in osmolality was independently associated with CSF volume change.

While most of our cohort initially had low to normal serum sodium, as expected in liver
disease,(7-9) the majority nevertheless had elevated serum osmolality. Furthermore, this
elevated osmolality included a gap not accounted for by directly measured osmolytes. Gap
osmole levels acutely changed in some patients and contributed to total osmolality change.
These gap osmoles might represent unrecognized osmotically active molecules that
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accumulate in liver failure. The contribution of gap osmolytes to acute osmolality change
requires that osmolality be directly measured to accurately trend dynamic changes.

Therapeutically induced increases in osmolality, called “osmotherapy”, is a widely used
treatment for cerebral edema in neurologic injuries.(18) One may suspect that reductions in
serum osmolality, potentially accelerated by BUN and gap osmolyte clearance during RRT,
could have the inverse effect of worsening cerebral edema. In a trial of 30 patients with acute
liver failure, gradual HTS infusion targeting moderate hypernatremia was associated with
reduced incidence of intracranial hypertension compared to controls.(33) While those
authors did not measure osmolality or demonstrate a potential physiologic mechanism, they
proposed osmolyte changes as an explanation.(33) Our findings suggest that the gradual
infusion of HTS may have buffered changes in non-sodium osmolytes, thereby lessening
cerebral edema.

RRT is of interest given its widespread use in liver failure and its mechanism in rapidly
clearing small molecules from circulation. We found that patients who received RRT with
concurrent HTS infusion were less likely to experience a decrease in osmolality or
radiographic evidence of brain swelling compared to those who received RRT without HTS.
These observations highlight a potential implication of the association between osmolality,
neuroimaging findings, and neurologic examination. Even with modern techniques and
continuous methods of RRT, critically ill patients—particularly those with brain pathology
—may be at risk of neurologic injury or death from cerebral edema associated with RRT.(13,
34, 35) While some have suggested prophylactic adjustments to dialysate or infusion of
hyperosmolar substances during RRT, most suggestions are based on limited human data
and are largely untested.(32) Our data suggest that minimizing decline in serum osmolality
during RRT may be associated with favorable clinical endpoints. However, unavailability of
data on dialysis settings such as blood flow rate and fluid removal volume is a study
limitation.

Dialysis disequilibrium syndrome—a syndrome of acute neurologic symptoms and cerebral
edema after RRT—is the clinical entity in which the effect of acute osmolality change has
been most studied. It has been theorized that rapid serum BUN reduction accompanying
RRT creates an osmolar gradient between the brain and serum. Since the brain is not freely
permeable to BUN, water flows down the osmolar gradient in to the brain.(12, 13) Uremic
animals demonstrate post-dialysis urea gradients consistent with observed degrees of
cerebral edema.(36, 37) Furthermore, uremic rats experience reduced brain expression of
urea transporters and increased aquaporin-4 water channel expression while aquaporin-4
expression also increases during liver failure.(38-40) These molecular changes facilitate
cerebral edema formation in the presence of a urea gradient. The associations seen in our
cohort could be due to a similar mechanism of acute osmolar gradient generation, delayed
osmolyte equilibration, and facilitated water movement in to the brain.

There are limitations to our study. Retrospective methods limit our ability to account for
confounders. While we assessed for an effect of timing delay between CT and osmolality
collection, a prospective investigation with contemporaneous CT and biochemical sample
acquisition would be required to eliminate the potential bias of timing delays. The single
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center design may limit generalizability. Our attention to osmolality likely mitigated the
potential for severe osmolality changes that could be observed at centers where osmolality
monitoring is not routine. Our preference to avoid ICP monitors prevents us from
commenting on associations with intracranial pressure.(27) While our data are consistent
with a mechanistic effect of osmolality in both ALF and ACLF, the reader should be aware
of additional unique contributors to HE, such as inflammation, and the possibility that the
magnitude of effect from specific mechanisms may differ between these groups.(2, 6)
Clinical trials based on mechanistic research studies in HE should investigate therapeutic
effects in ALF and ACLF separately.

Conclusion

Acute changes in serum osmolality are independently associated with changes in intracranial
CSF volume—a biomarker of brain volume change due to cerebral edema—and neurologic
function in patients with severe HE. Measuring serum osmolality in severe HE may be
beneficial since a hyperosmolar state may exist despite low or normal serum sodium. Efforts
to avoid acute reductions in serum osmolality may minimize cerebral edema and neurologic
deterioration in patients with severe HE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Defining volume change assessment intervals

Volume Change Assessment o
Interval 2 (C-B), Repeat Interval

Volume change assessment intervals were defined for each patient as the time between

subsequent computed tomography (CT) scans. Cerebrospinal fluid volume was measured on

each CT scan and the change in volume was calculated. The corresponding changes in
serum osmolality, serum chemistries, and Glasgow Coma Scale (GCS) neurologic

examinations for each assessment interval were determined using values collected nearest
the acquisition time of the CT scans. For GCS, we used the hourly neurologic assessment
immediately prior to CT scan. Only the initial assessment intervals were used for Spearman
correlations and linear and ordinal regression models. All assessment intervals were used for

generalized estimating equation models.
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Table 1

Cohort demographics and initial clinical and radiographic characteristics
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Demographic and clinical characteristics, N=40 patients

| Result, n (%) or Median (Interquartile Range)

Body Temperature (°C)
White Blood Cell Count (103/uL)

Age (years) | 47.5 (36-58)
Female | 26 (65%)
Acute Liver Failure | 22 (55%)
Etiology of Liver Failure
Acetaminophen 12 (30%)
Autoimmune 5 (13%)
Alcohol 4 (10%)
Non-alcoholic steatohepatitis 3 (8%)
Viral 7 (18%)
Wilson’s Disease 2 (5%)
Other 7 (18%)
MELD-Na Score | 33.5(29-41)
APS Score | 84 (60-113)
Admission Systemic Inflammatory Response Syndrome Criteria
Number of Criteria Met (out of 4) 2.5(1-3)
Heart Rate (/min) 112 (93-132)
Respiratory Rate (/min) 23 (18-30)

36.8 (36.4-37.2)
13.9 (7.9-19.0)

Admission Glasgow Coma Scale Score 9 (5-13)
Intubated 28 (70%)
Admission Richmond Agitation and Sedation Scale? -3(-4--2)

Admission Intracranial CSF Volume (mL)

90.7 (50.0-128.4)

Admission Serum Osmolality (mOsm/Kg)

310 (296-321)

Admission Serum Sodium (mEg/L)

137 (134-142)

Admission Serum Blood Urea Nitrogen (mg/dL)

38 (16-74)

Admission Serum Glucose (mg/dL)

144 (108-169)

Admission Gap Osmoles (mOsm/L)

9 (5-16)

Admission Serum Ammonia (ug/dL)

193 (106-295)

Lactulose During Initial Assessment Interval

33 (83%)
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Demographic and clinical characteristics, N=40 patients

Result, n (%) or Median (Interquartile Range)

Rifaximin During Initial Assessment Interval

28 (70%)

Initial Assessment Interval Radiographic or Clinical Variable

Median Magnitude of Range of Change (min.,

None

| Change | max.)

Intracranial CSF volume (mL) | 18.7 (8.3-31.3) | -84.5,100.3
Serum Osmolality (mOsm/Kg) | 9 (5-17) | -47,35
Serum Sodium (mEg/L) | 4(2-7) | -8,17
Serum Blood Urea Nitrogen (mg/dL) | 7 (2-18) | -123,9
Serum Glucose (mg/dL) | 27 (11-58) | -178, 73
Serum Gap Osmoles (mOsm/L) | 6 (2-10) | -27,11
Serum Ammonia (pg/dL) | 57 (24-153) | -408, 255
Body Temperature (°C) | 0.4 (0.2-0.6) | -2.4,13
Glasgow Coma Scale Score | 2(1-3) | -7,4
Richmond Agitation and Sedation Scale | 1(0-1) | -3,2
Analgesia/Sedation Corresponding to Initial Assessment Intervals® | Number of Intervals, n(%) | Median Dose

Propofol (infusion, pg/kg/min) 16 (40%) 18 (5.6-33)

Fentanyl (total dose IV, pg) 16 (40%) 120 (69-238)

Hydromorphone (1V, mg) 1 (3%) 0.2, twice

15 (38%)

Change in Analgesia/Sedation Dosage During Initial Assessment Interval?

Median Glasgow Coma Scale Change During
Corresponding Interval

Increased 13 (33%)
Decreased 7 (18%)
No Change 20 (50%)

0(-2102)
-2 (510 0)
0(-2t01)

APS=acute physiology score, CSF=cerebrospinal fluid, I\V=intravenous MELD-Na=model for end-stage liver disease

'ZAII Richmond Agitation and Sedation scores in the cohort were between 0 and 5.

Determined from 6-hour time period before neurologic assessments, as described in methods section. 2-hour time periods yielded similar results.
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Regression models for associations with CSF volume change and GCS change.

Table 3

Linear Regression of CSF Volume Change (mL), initial assessment intervals

Variables included B2 coefficient ~ 95% CI P-value

Unadjusted

Osmolality Change (mOsm/kg) 117 0.70-1.64 1x1075

Adjusted

Osmolality Change (mOsm/kg) 1.54 0.90-2.19 2.7x1075
Admission Serum Ammonia 0.05 -0.02-0.11 0.16
BUN Change (mg/dL) -0.29 -0.72-0.14 0.19
Admission APS Score 0.11 -0.12-0.34 0.35

GEE Linear Regression of CSF Volume Change (mL), all assessment intervals

Variables included B coefficient ~ 95% Cl P-value

Osmolality Change (mOsm/kg) 1.34 0.92-1.75 3x10710
Admission Serum Ammonia 0.03 0.002 - 0.06 0.04
BUN Change (mg/dL) -0.15 -0.43-0.13 0.29
Admission APS Score 0.13 0.02-0.24 0.02

Ordinal Regression of GCS Change, initial assessment intervals

Variables included Odds Ratio? ~ 95% ClI P-value
Unadjusted
Osmolality Change (mOsm/kg)  1.06 1.03-1.09 0.0004
Adjusted
Osmolality Change (mOsm/kg)  1.08 1.05-1.12 1x1075
Ammonia Change (pg/dL) 0.994 0.989-0.998  0.011
Admission APS score 1.018 1.003-1.033  0.015
Temperature Change (°C) 0.945 0.285-3.13 0.95
Sedation Change®
No Change Reference - -
Decrease 0.12 0.008 - 1.90 0.13
Increase 0.73 0.17-3.26 0.68

GEE Ordinal Regression of GCS Change, all assessment intervals

Sedation Change®

Crit Care Med. Author manuscript; available in PMC 2019 February 01.

Variables included Odds Ratio? ~ 95% ClI P-value
Osmolality Change (mOsm/kg) 1.07 1.05-1.10 1x1078
Ammonia Change (ug/dL) 0.997 0.994-1.000 0.04
Admission APS score 1.02 1.01-1.02 0.0001

Temperature Change (°C) 1.56 0.94-261 0.09
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Linear Regression of CSF Volume Change (mL), initial assessment intervals
Variables included B2 coefficient ~ 95% CI P-value
No Change Reference - -
Decrease 0.78 0.38-1.60 0.50
Increase 141 0.71-2.80 0.32

Variables assessed for model inclusion included: serum osmolality change, age, sex, acute versus acute-on-chronic liver failure, APS score, number
of admission SIRS criteria met, MELD-NA, renal replacement therapy exposure during assessment interval, mean temperature during assessment
interval, temperature change across the assessment interval, serum ammonia change, serum sodium change, serum BUN change, serum glucose
change, admission serum ammonia, time delay between serum osmolality measurement and CT scan, and (for GCS models) analgesia/sedation
dosage change across the assessment interval.

aBeta (B) coefficients represent the expected change in CSF volume (mL) for a 1-unit increase in the predictor variable.
Odds ratios represent the expected odds of GCS improvement (=1 GCS point increase) with a 1-unit increase in the predictor variable.

Results using the 6-hour time period for analgesia/sedation assessment, as described under methods, are presented. The 2-hour time period yielded
similar results.

APS=acute physiology score, BUN=blood urea nitrogen, Cl=confidence interval, CSF=cerebrospinal fluid, GCS=Glasgow Coma Scale, MELD-
Na=model for end-stage liver disease—sodium
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Table 4

Page 20

Characteristics of volume change intervals corresponding to initiation of renal replacement therapy either with
or without concurrent hypertonic saline infusion.

RRT with HTS infusion (14

RRT without HTS infusion (15

Variable assessments) assessments) P value
Change in Cerebrospinal Fluid Volume (mL) -0.2 (-16.7 to 17.0) -18.3 (-36.0 to -10.0) 0.012
Change in Glasgow Coma Scale Score 0.5(0to 2) -2(-3t00) 0.008
Change in Serum Osmolality (mOsm/Kg) 3(-11to 11) -14 (-31to -5) 0.002
Change in Serum Sodium (mEg/L) 7 (-1to 10) 1(-4t03) 0.012
Change in Serum Blood Urea Nitrogen (mg/dL) | -2 (-24t0 2) -16 (-48 to -4) 0.070
Change in Serum Glucose (mg/dL) -9 (38 to 15) -28 (-51to -19) 0.35
Change in Serum Gap Osmoles (mOsm/L) -6 (-11t02) -4 (-9t0 3) 0.91
Change in Serum Ammonia (ug/dL) -38 (-850 5) -119 (-162 to -9) 0.077
Mean Body Temperature During Interval (°C) 36.7 (36.4 t0 37.2) 36.7 (36.2 t0 36.8) 0.25
Change in Body Temperature (°C) -0.5(-1.4t00.3) -0.1(-0.5t00.3) 0.35
Continuous renal replacement therapy, n(%) 14 (100%) 13 (87%) 0.48

HTS=hypertonic saline, RRT=renal replacement therapy, median (interquartile range)
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