Neurocrit Care
https://doi.org/10.1007/s12028-024-02063-6 N E U R | C R I T I CA L

CARE SOCIETY

ORIGINAL WORK

e : ®
Development and Validation of a Risk sl

Score for Predicting ICU Admission in Adults
with New-Onset Encephalitis

Ralph Habis', Ashley Heck?, Paris Bean?, John Probasco’, Romergryko G. Geocadin', Rodrigo Hasbun?
and Arun Venkatesan'

© 2024 Springer Science+Business Media, LLC, part of Springer Nature and Neurocritical Care Society

Abstract

Background: Timely intensive care unit (ICU) admission for patients with encephalitis is associated with better prog-
nosis. Therefore, our aim was to create a risk score predicting ICU admission in adults with encephalitis, which could
aid in optimal management and resource allocation.

Methods: We initially identified variables that would be most predictive of ICU admission among 372 patients with
encephalitis from two hospital systems in Houston, Texas (cohort 1), who met the International Encephalitis Consor-
tium (IEC) criteria from 2005 to 2023. Subsequently, we used a binary logistic regression model to create a risk score
for ICU admission, which we then validated externally using a separate cohort of patients from two hospitals in Balti-
more, Maryland (cohort 2), who met the IEC criteria from 2006 to 2022.

Results: Of 634 patients with encephalitis, 255 (40%) were admitted to the ICU, including 45 of 113 (39.8%) patients
with an autoimmune cause, 100 of 272 (36.7%) with an infectious cause, and 110 of 249 (44.1%) with an unknown
cause (p=0.225). After conducting a multivariate analysis in cohort 1, we found that the presence of focal neurologi-
cal signs, new-onset seizure, a Full Outline of Unresponsiveness score < 14, leukocytosis, and a history of chronic
kidney disease at admission were associated with an increased risk of ICU admission. The resultant clinical score for
predicting ICU admission had an area under the receiver operating characteristic curve (AUROC) of 0.77 (95% confi-
dence interval [Cl] 0.72-0.82, p <0.001). Patients were classified into three risk categories for ICU admission: low risk
(score 0, 12.5%), intermediate risk (scores 1-5,49.5%), and high risk (scores 6-8, 87.5%). External validation in cohort 2
yielded an AUROC of 0.76 (95% Cl 0.69-0.83, p<0.001).

Conclusions: ICU admission is common in patients with encephalitis, regardless of etiology. Our risk score, encom-
passing neurologic and systemic factors, may aid physicians in decisions regarding intensity of care for adult patients
with encephalitis upon hospital admission.
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Introduction

Encephalitis is a severe neurological syndrome character-
ized by inflammation of the brain parenchyma resulting
from infectious and autoimmune etiologies [1, 2]. More
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[3—6]. Delayed admission to the ICU has been found to
be associated with unfavorable outcomes in patients with
encephalitis [7]. Hence, it is crucial to rapidly identify
the need for ICU care to improve outcomes and opti-
mize resource allocation. Our primary objective was to
develop and validate a risk assessment tool for predict-
ing the likelihood of ICU admission in adults with new-
onset encephalitis. Additionally, we aimed to delineate
the clinical characteristics, complications, and outcomes
associated with ICU admission in patients with encepha-
litis compared to those not admitted to the ICU.

Methods

Study Population

Two populations of patients with encephalitis were used
in this study.

Cohort 1

Between February 2005 and February 2023, a total of
1565 adults who were 18 years or older and had an
encephalitis-related discharge diagnosis identified with
the International Classification of Diseases, Ninth Revi-
sion (ICD-9) discharge codes at two hospital systems
in Houston, Texas, were screened. Among them, 372
patients were identified as having encephalitis using the
2013 International Encephalitis Consortium (IEC) crite-
ria [1].

Cohort 2

The second group of patients consisted of individuals
who were 18 years of age or older and had received a dis-
charge diagnosis related to encephalitis, as identified by
the ICD-9 discharge codes, at either the Johns Hopkins
Hospital or Johns Hopkins Bayview Medical Center in
Baltimore, Maryland, between June 1, 2006, and March
15, 2016. Additional patients were prospectively enrolled
from the Johns Hopkins Hospital and outpatient center
between January 2016 and December 2022. Overall, 262
patients met the IEC criteria for encephalitis and were
included in this cohort.

Data Extraction and Definitions

A multidisciplinary approach was employed to establish
study parameters and risk factors for ICU admission in
patients with encephalitis. Prestudy meetings involving
physicians from diverse specialties, including neuroim-
munology, neurocritical care, general neurology, and
infectious diseases, resulted in facilitated collaborative
discussions to define key parameters. Patient data were
collected retrospectively during the initial hospitalization
for encephalitis.

Multiple variables were collected at the initial encoun-
ter in the emergency department (ED). These included
demographics, patient-reported symptoms, laboratory
test results (serum white blood cell and platelet counts),
and vital signs. The cutoff for fever was determined at
38 °C (100.4 °F). Patient medical history at presentation
was used to compute the Charlson comorbidity index
(CCI). We also identified chronic kidney disease (CKD)
and immunosuppression, defined as infection with
HIV (regardless of CD4 count), recent chemotherapy,
solid organ or bone marrow transplantation, receiv-
ing>20 mg of prednisone or equivalent for>1 month,
receiving other immunosuppressive therapies, or hav-
ing congenital immunodeficiencies. Level of conscious-
ness at presentation was determined using the Glasgow
Coma Scale (GCS) and the Full Outline of Unresponsive-
ness (FOUR) score, the latter of which has more clini-
cal granularity, particularly for brainstem involvement
[8]. Scores were obtained from the chart if available at
the initial neurological assessment or derived from the
patient’s neurological physical examination. To deter-
mine optimal cutoffs for categorical transformations of
the FOUR scores in our data set with ICU admission as
the outcome, we used the Youden index, which relies on
the area under the receiver operating characteristic curve
(AUROC) [9].

Other variables were collected during the initial hos-
pitalization as they became available. These include cer-
ebrospinal fluid, electrocardiogram (EKG), magnetic
resonance imaging, and electroencephalogram (EEG)
studies within 72 h of admission. The Sequential Organ
Failure Assessment (SOFA) score was calculated when all
components were available [10]. If ABG values needed
for SOFA scores were not obtained during hospitaliza-
tion (which was the case for 309 patients across both
cohorts), the PaO, was estimated using a correlation cal-
culation between SpO, and PaO, [11, 12].

Additional variables were collected but were not part of
the model development. These included encephalitis eti-
ology and parameters to evaluate the prevalence of com-
plications and outcomes associated with ICU admission,
including refractory status epilepticus, requirement for
mechanical ventilation, vasopressor usage, Glasgow Out-
come Scale (GOS) score, median length of stay, mortal-
ity, and discharge disposition. To handle missing data, we
performed a complete case analysis [13].

Encephalitis ICU Risk Score Development and Validation

A collaborative effort was made to ensure adherence to
the guidelines set forth in the Transparent Reporting of a
Multivariable Prediction Model for Individual Prognosis
or Diagnosis statement checklist [14]. IBM SPSS version



29.0 was used to conduct statistical analysis, and Graph-
Pad Prism version 10 was used to generate figures.

Variable Selection

From cohort 1, we initially performed a univariate anal-
ysis to identify clinically relevant variables associated
with ICU admission. Categorical variables were analyzed
using the y test or Fisher’s exact test, whereas the Mann—
Whitney U-test was used to analyze all nonparametric
continuous variables. Variables that showed significant
association with ICU admission (p<0.05) were further
examined for collinearity using a collinearity matrix. To
ensure the independence of the predictors in the multi-
variate logistic regression model, we omitted one variable
from any pair of highly correlated variables.

Model Development

We employed backward selection based on the likelihood
ratio to identify a subset of the strongest predictors from
the remaining variables. Subsequently, logistic regression
was used to model the likelihood of ICU admission based
on these selected predictors.

Internal Validation and Calibration

To ensure the robustness of our model, we performed
bootstrapping with 1,000 resamples. We assessed the
calibration and goodness of fit using the Hosmer—Leme-
show test.

Development of Clinical Scoring System

We then converted the binary logistic regression model
into a provisional clinical scoring system by dividing
the regression coefficients of each factor by the smallest
regression coefficient among the variables and round-
ing the results to the nearest integer. The resulting risk
score classified patients as low, intermediate, or high risk
of ICU admission. To determine the cutoff points for our
risk levels, we calculated sensitivity, specificity, negative
predictive value, and positive predictive value at each
score threshold. The low-risk cutoff was determined at
the score that maximized sensitivity (~1), ensuring that
nearly all patients who required ICU admission were
identified (minimizing false negatives). The high-risk
cutoff was determined at the score that maximized speci-
ficity (*1), ensuring that nearly all patients identified as
high risk indeed required ICU admission (minimizing
false positives).

Model Evaluation and External Validation

To evaluate the model’s discriminative ability, we
employed the receiver operating characteristic (ROC).
Finally, we externally validated the predictive model for
ICU admission by applying it to cohort 2. We assessed

the model’s performance on this cohort using ROC anal-
ysis and risk stratification, comparing the predicted risk
categories to the actual ICU admissions. To evaluate the
differences between cohort 1 and cohort 2, we included a
univariate analysis comparing both cohorts.

Clinical Characteristics and Outcomes of Patients

with Encephalitis Admitted to the ICU

We conducted a univariate analysis on a total of 634
patients from the combined cohorts 1 and 2 to explore
clinical characteristics, complications, and outcomes
associated with ICU admission in a larger cohort of
patients with encephalitis.

Differences in Patients with Encephalitis who Develop
New-Onset Seizure, Status Epilepticus, and Refractory
Status epilepticus

We similarly combined both cohorts and conducted a
univariate analysis to explore differences in patients with
new seizure at onset, status epilepticus, and refractory
status epilepticus. When comparing differences in cat-
egorical and continuous variables between these three
groups, we used the Bonferroni test for categorical vari-
ables and Dunn’s test with Bonferroni adjustments for
continuous variables to account for multiple simultane-
ous comparisons.

Results

Clinical Characteristics and Outcomes of Patients

with Encephalitis Admitted to the ICU

Demographics and Comorbidities

Of the 634 patients in the combined cohort, 255 of 634
(40.2%) were admitted to the ICU (Table 1). The median
duration from symptom onset to ICU admission was
5 days (interquartile range [IQR] 2—12 days). There were
no differences between ICU-admitted and non-ICU-
admitted groups with respect to age and sex, but ICU-
admitted patients were more likely to be Hispanic (18.4%
in ICU group vs. 13.2% in non-ICU group, p=0.01).

The ICU group was composed of 17.6% with auto-
immune encephalitis (AIE), 39.2% with infectious
encephalitis (IE), and 43.1% with an unknown etiol-
ogy; the non-ICU group had similar proportions (AIE
17.9% [p=0.924], IE 45.4% [p=0.124], unknown 36.7%
[p=0.125]). Viewed from the perspective of etiology, 45
of 113 patients (39.8%) with AIE were admitted to the
ICU, as compared to 100 of 272 (36.7%) patients with IE
(including 77 of 214 [35.9%] with viral encephalitis) and
110 of 249 (44.1%) patients with an unknown etiology
(p=0.225). Notably, patients requiring ICU admission
were more likely to be immunocompromised at the time
of presentation (26.3% vs. 19.5%; p =0.045). Additionally,
medical history of CKD was more frequently observed



Table 1 Comparison of clinical characteristics between ICU-admitted and non-ICU-admitted patients

All (N=634)

ICU-admitted (n=255)

Non-ICU-admitted

(n=379)

OR (95% Cl)

Demographics and comorbidities

Sex
Male
Female

Age, median (IQR), y

Race
White

African American

Hispanic

Asian

Other
Autoimmune
Infectious
Unknown

|mmunocompromisedb

CCl score>2

Medical history CKD

319/634 (50.3%)
315/634 (49.7%)
49 (33-63)

291/628 (46.3%)
158/628 (25.3%)
96/ 628 (15.3%)
21/628 (3.3%)

62/628 (9.8%)

113/634 (17.8%)
272/634 (31.5%)
249/634 (39.9%)
141/634 (22.2%)
288/633 (45.5%)
42/634 (6.6%)

Symptoms and manifestations at presentation

Fever>38 °C

New-onset seizures

Focal
Generalized

All focal neurodeficits®

Motor
Sensory
Cranial nerve
Aphasia
Cerebellar
Headache

Altered mental status

Psychiatric symptoms

Memory deficits

Laboratory studies, neurological workup, and clinical scores
Arrythmia on EKG
Thrombocytopenia

Leukocytosis
SOFA score >3
GCSscore<8
FOUR score < 14

Median FOUR score (IQR)

Eye responses

Brainstem reflex
Motor responses

Respiration

CSF glucose <45 mg/dL
CSFWBC count > 50/pL
CSF protein > 50 mg/dL

Abnormal EEG®

138/554 (25.4%)
216/631 (34.2%)
86/180 (47.8%)
94/180 (52.2%)
245/634 (39%)
96/634 (15.1%)
42/634 (6.6%)
84/634 (13.2%)
56/634 (8.6%)
33/634 (5.2%)
297/631 (47.1%)
486/630 (77.1%)
378/633 (59.7%)
193/614 (31.4%)

126/567 (22.2%)
95/606 (15.7%)
197/607 (32.5%)
208/530 (39.2%)
75/581 (12.9%)
142/576 (24.7%)
16 (14-16)
4(3-4)

4 (4-4)

4(3-4)

4 (4-4)

109/608 (17.9%)
245/617 (39.7%)
424/612 (69.3%)
334/430 (77.7%)

126/255 (49.4%)
129/255 (50.6%)
479 (30-63)

108/250 (43.2%)
62/250 (24.8%)
46/250 (18.4%)
9/250 (3.6%)
25/250 (10%)
45/255 (17.6%)
100/255 (39.2%)
110/255 (43.1%)
67/255 (26.3%)
128/255 (50.2%)
24/255 (9.4%)

70/229 (30.6%)
122/254 (48%)
50/101 (49.5%)
51/101 (50.5%)
114/255 (44.7%)
45/255 (17.6%)
15/255 (5.9%)
37/255 (14.5%)
30/255 (11.8%)
12/255 (4.7%)
103/253 (40.7%)
235/253 (93%)
167/255 (65.5%)
60/244 (24.6%)

65/239 (27.2%)
51/247 (20.6%)
115/247 (46.6%)
145/233 (62.2%)
64/239 (26.8%)
107/235 (45.5%)
15 (11-16)
4(2-4)
4 (4-4)
4(2-4)
4(1-4)

42/249 (16.9%)
100/252 (39.7%)
182/248 (73.4%)
182/210 (86.7%)

193/379 (50.9%)
186/379 (49.1%)
49 (34-62)

183/378 (48.4%)
96/378 (25.4%)
50/378 (13.2%)
12/378 (3.2%)
37/378 (9.6%)
68/379 (17.9%)
172/379 (45.4%)
139/379 (36.7%)
74/379 (19.5%)
160/378 (42.3%)
18/379 (4.7%)

68/315 (21.6%)
94/377 (24.9%)
36/79 (45.6%)
43/79 (54.4%)
131/379 (34.6%)
51/379 (13.5%)
27/379 (7.1%)
47/379 (12.4%)
26/379 (6.7%)
21/379 (5.9%)
194/378 (51.3%)
251/377 (66.6%)
211/378 (55.8%)
133/370 (36%)

61/328 (18.6%
44/359 (12.3%
82/360 (22.8%
63/297 21.2%
11/342 (3.2%)
35/341 (10.3%)
16 (16-16)

4 (4-4)

4 (4-4)
4 (4-4)
4 (4-4)

67/359 (18.7%)
145/365 (39.7%)
242/364 (66.5%)
152/220 (69%)

1.06 (0.77-1.46)

0.98 (0.65-1.48)
0.78 (0.562- 107)
9(0.93-1.78)
147(1 01- 214)
0.73(0.53-1)
2.08(1.11-3.92)

1.6 (1.08-2.36)
2.78(1.98-3.91)

1.53(1.11-2.12)
1.38 (0.89-2.13)
0.78(041-1.5)
1.2 (0.75-1.9)

1.8 (1.04-3.13)
0.84 (041-1.74)
0.65(0.47-0.9)
6.55 (3.88-11.08)
1.5(1.08-2.09)
0.58 (0.41-0.83)

1.635(1.1-2.35)
1.863 (1.1-2.89)
2954 (2.08-4.19)
6.12 (4.17-8.99)
11 (5.66-21.41)
731 (4.74-11.28)

0.88 (0.58-1.32)
0.998 (0.72-1.39)
1.39(0.97-1.98)
2.908 (1.78-4.75)

0.709

0454
0.036*

0.01*

0.92
0.12
0.12
0.04*
0.05
0.02*

0.02%
<0.001*
0.6

0.6
0.01*
0.15
0.59
044
0.03*
0.64
0.01*
<0.001*
0.01*
0.003*

0.01*
0.01*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
0.003*
<0.001*
<0.001*
0.57
0.99
0.07
<0.001*




Table 1 (continued)

CCl charlson comorbidity index, C/ confidence interval, CKD chronic kidney disease, CSF cerebrospinal fluid, EEG electroencephalogram, EKG electrocardiogram, FOUR
full outline of unresponsiveness, GCS glasgow coma scale, ICU intensive care unit, IQR, interquartile range, OR odds ratio, SOFA sequential organ failure assessment,

WBC white blood cell
" p<0.05
@ p value comparing ICU-admitted cohort to non-ICU-admitted cohort

b Immunocompromised is defined as HIV, recent chemotherapy (< 1 month), solid organ or bone marrow transplantation, receiving > 20 mg of prednisone or
equivalent for> 1 month, receiving other immunosuppressive therapies, or congenital immunodeficiency

¢ Subjectively reported symptoms suggestive of focal neurological manifestations, such as acute-onset cranial nerve abnormalities or acute defects in sensorimotor

abilities, including aphasia
d EEG abnormalities seen include hemorrhage, mass, or cerebral infarction

in ICU-admitted patients than in patients not admitted
to the ICU (9.4% vs. 4.7%; p=0.018), despite similar CCI
scores between the two groups, with 50.2% of patients in
the ICU group having a CCI score of 2 or higher, com-
pared to 42.3% in the non-ICU group (p=0.051).

Symptoms at Presentation

Regarding clinical presentation in the ED, patients admit-
ted to the ICU were more likely to have fever (30.6%
vs. 21.6%; p=0.02), focal neurological deficits (44.7%
vs. 34.6%; p=0.01), new-onset seizure (48% vs. 25%;
p<0.001), altered mental status (93% vs. 66.6%; p <0.001),
and psychiatric symptoms (65.5% vs. 55.8%; p =0.015).

Laboratory Studies, Neurological Workup, and Clinical Scores
ICU-admitted patients were more likely to have throm-
bocytopenia (<150 x 10*/uL, SI unit: 150 x 10°/L) (20.6%
vs. 12.3%; p=0.005) and leukocytosis (>11,000 cells/
uL) (46.6% vs. 22.8%; p<0.001) on the complete blood
cell count done at ED presentation. Concerning neuro-
logical diagnostic testing, no significant differences were
observed between the two groups in the cerebrospinal
fluid profile. However, patients who required ICU admis-
sion were more likely to have abnormalities seen on EEG
(86.7% vs. 69%; p<0.001). In addition, patients who were
admitted to the ICU had a significantly higher likelihood
of presenting with a SOFA score >3 when compared to
those who were not admitted (62.2% vs. 21.2%; p <0.001)
as well as a higher incidence of a GCS score <8 (26.8% vs.
3.2%; p<0.001) and a FOUR score < 14 (45.5% vs. 10.3%;
p<0.001).

Complications and Outcomes

A substantial proportion of patients admitted to the ICU
required vasopressors (41%), required mechanical venti-
lation (75%), and developed status epilepticus (19%) dur-
ing their hospitalization. The mortality rate was higher
among ICU-admitted patients (18.4%) compared to non-
ICU-admitted patients (2.9%) (p<0.001). Additionally,
ICU-admitted patients were less likely to be discharged
home (32.3% vs. 62.9%; p<0.001) and more likely to
require care in a skilled nursing facility, a rehabilitation

center, or hospice care. Furthermore, ICU-admitted
patients had a higher likelihood of having unfavorable
outcomes, with a median GOS score of 3 (IQR 2-4),
compared to a median GOS score of 4 (IQR 3-5) for non-
ICU patients (p <0.001). Lastly, the median length of stay
was longer for ICU-admitted patients (20 [IQR 10-37]
days vs. 8 [IQR 5-15] days, p<0.001) (Table 2).

Differences in Patients with Encephalitis who Develop
New-Onset Seizure, Status Epilepticus, and Refractory Status
Epilepticus

Of the 634 patients in the combined cohort, 413 (65%)
experienced no seizures, 164 (26%) presented with new-
onset seizures, 45 (7.1%) had status epilepticus, and 12
(1.9%) had refractory status epilepticus. ICU admission
rates significantly differed across these groups. Patients
without seizures had a 31.2% ICU admission rate (129 of
413), whereas those with seizures at presentation had a
47.6% rate (78 of 164; p<0.001 compared to no seizures).
The ICU admission rate was notably higher for patients
with status epilepticus at 80% (36 of 45; p<0.001 com-
pared to those with no seizures or with seizures at pres-
entation). All patients with refractory status epilepticus
(12 of 12) required ICU admission (p <0.001 compared to
other groups) (Supplementary Table 1).

Patients without seizures had a median GOS score of
4 (IQR 3-5), whereas those with seizures at presentation
had a median GOS score of 3 (IQR 3-4, p<0.001). For
patients with status epilepticus, the median GOS score
was 3 (IQR 3-3, p<0.001 compared to no seizures), and
for those with refractory status epilepticus, the median
GOS score was 2 (IQR 1-3, p=0.002 compared to no
seizures, and p =0.03 compared to seizures but not status
epilepticus at presentation).

Mortality rates at discharge were 9.3% (38 of 410) for
patients without seizures, 6.7% (11 of 164) for those with
seizures but not status epilepticus at presentation, 11.1%
(5 of 45) for those with status epilepticus, and 33.3% (4 of
12) for those with refractory status epilepticus. The mor-
tality rate for patients with refractory status epilepticus
was significantly higher compared to those for patients
without seizures (p =0.04) and those with seizures but



Table 2 Comparison of hospitalization outcomes and complications in ICU-admitted versus non-ICU-admitted patients

All (N=634) ICU-admitted (n=255) Non-ICU-admitted OR (95% Cl) p value?
(n=379)

Vasopressors 118/608 (19.4%) 102/249 (41%) 16/359 (4.5%) 14.87 (8.48-26.08) <0.001*
Mechanical ventilation 199/634 (31.4%) 190/255 (74.8%) 9/379 (2.4%) 122 (59-25) <0.001*
Mortality at discharge 58/631 (9.2%) 47/255 (18.4%) 11/376 (2.9%) 749 (3.8-14.7) <0.001*
Median GOS score (IQR) 3(3-5) 3(2-4) 4 (3-5) <0.001*
Median length of stay (IQR), days 12 (6-23) 20 (10-37) 8 (5-15) <0.001*
Disposition <0.001*
Home 278/552 (50.4%) 73/226 (32.3%) 205/326 (62.9%)
Home with care 95/552 (17.2%) 43/226 (19%) 52/326 (16%)
Skilled nursing facility 53/552 (9.6%) 29/226 (12.8%) 24/326 (7.4%)
Rehab 111/552 (20.1%) 76/226 (33.6%) 35/326 (10.7%)
Hospice 7/552 (1.3%) 4/226 (1.8%) 3/326 (0.9%)
Other 8/552 (1.4%) 1/226 (0.4%) 7/326 (2.1%)

Cl confidence interval, GOS glasgow outcome scale, ICU intensive care unit, IQR interquartile range, OR odds ratio

" p<0.05

@ p value comparing ICU-admitted cohort to non-ICU-admitted cohort

not status epilepticus at presentation (p=0.01). There
were no significant differences between refractory status
epilepticus and status epilepticus in terms of any of the
parameters examined (Supplementary Table 1).

Derivation of ICU Risk Score
The derivation cohort encompassed the 372 patients
from cohort 1. Upon examination of the variables avail-
able at the time of presentation, CCI score, CKD, fever,
focal neurological deficits, new-onset seizure, head-
ache, thrombocytopenia, white blood cell (WBC)
count>11,000 cells/uL, SOFA score>3, GCS score<8,
and FOUR score <14 were observed to be associated
with ICU admission on the univariate analysis (p <0.05)
(Supplementary Table 2). Because of high collinear-
ity with multiple variables, CCI and SOFA scores were
excluded from the subsequent backward regression anal-
ysis. Similarly, the GCS score was excluded because of its
high correlation with the FOUR score, and headache was
excluded because of its high correlation with fever.
Stepwise backward logistic regression was then per-

A weighted score was calculated for each variable
based on their regression coefficients (Table 3). The vari-
ables included in the risk score were the following: FOUR
score < 14 (score of 3 points), medical history of CKD (2
points), focal neurological deficits (1 point), new-onset
seizure (1 point), and serum WBC count > 11,000 cells/uL
(1 point). All patients were scored accordingly. Of the 372
patients, 2 were excluded from cohort 1 because we could
not identify their FOUR scores. The ROC curve analysis
showed good diagnostic accuracy, with an AUROC of
0.77 (95% confidence interval [CI] 0.72—-0.82; Fig. 1). Sub-
sequently, the model was validated externally using 208
patients from cohort 2. Fifty-four patients were excluded
from the validation cohort because they were missing at

Table 3 Development of a scoring system for ICU admis-
sion in cohort 1 using binary logistic regression

Logistic regres-  Weighted

sion, OR (95% Cl) contribution®

L . K . Medical history of CKD 33(1.51-7.23) 2 pts
formed on the remaining variables. This analysis iden- : b
X Focal neurological deficit 23(1.41-3.77) 1 pt
tified a serum WBC count>11,000 cells/pL, focal ‘
logical deficit ¢ sei CKD d New-onset seizure 1.8 (1.05-3.08) 1 pt
neurological delicils, new-onset selzures, » ANd A o M WBC count> 11,000 cells/ul. 196 (12-321)  1pt

FOUR score < 14 as significant predictors of ICU admis-
sion (Hosmer—Lemeshow y*>=5.19, p=0.52). The inter-
nal validity of the model was verified using bootstrapping
with 1000 resamples. All model components remained
significant with minimal bootstrap bias (Supplementary
Table 3).

FOUR score < 14 5.96 (3.4-10.46) 3 pts

Cl confidence interval, CKD chronic kidney disease, FOUR full outline of
unresponsiveness, ICU intensive care unit, OR odds ratio, WBC white blood cell

@ Calculated by dividing the OR of each variable by the OR of new-onset seizure
(1.8)

b Subjectively reported symptoms suggestive of focal neurological
manifestations, such as acute-onset cranial nerve abnormalities or acute defects
in sensorimotor abilities, including aphasia
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Fig. 1 Model performance. Receiver operating characteristics (ROC) curve for intensive care unit (ICU) risk according to our model in cohort 1

(@) (area under the ROC [AUROC] 0.77, 95% confidence interval [Cl] 0.72-0.82) and cohort 2 (b) (AUROC 0.76, 95% Cl 0.69-0.83). AUROC values for
cohort 1 (a): ICU risk score 0.77 (95%Cl: 0.72-0.82). Focal neurological deficit 0.57 (95%Cl: 0.51-0.64). Four Score < 14 0.69 (95%Cl: 0.63-0.75). Chronic
Kidney disease 0.54 (95%Cl: 0.48-0.6). New-Onset Seizure 0.58 (95%Cl: 0.52-0.64) Leukocytosis 0.62 (95%Cl: 0.56-0.68). AUROC values for cohort 2
(b): ICU risk score 0.76 (95%Cl: 0.69-0.83). Focal neurological deficit 0.55 (95%Cl: 0.47-0.63). Four score < 14 0.69 (95%Cl: 0.63-9.75). Chronic Kidney
disease 0.5 (95%Cl: 0.42-0.58). New-Onset Seizure 0.63 (95%Cl: 0.54-0.71) Leukocytosis 0.66 (95%Cl: 0.58-0.74). FOUR full outline of unresponsive-

least one of the risk score variables. Despite being a geo-
graphically and demographically distinct population of
patients (see Supplementary Table 4), the ICU risk score
again showed good performance with cohort 2 (AUROC
0.76 [95% CI 0.7—0.83]; Fig. 1).

Patients were stratified into three levels of risk for ICU
admission based on their scores. The low-risk cutoff was
determined at O points, with a sensitivity of 1, and 12.5%
of these patients (11 of 88) were admitted to the ICU. The
intermediate-risk category, ranging from 1 to 5 points,
included 49.3% of patients (131 of 266) who were admit-
ted to the ICU. The high-risk cutoff was determined
at> 6 points, with a specificity of 1, and 87.5% of these
patients (14 of 16) were admitted to the ICU (Supple-
mentary Table 5). Stratification was similar across both
cohorts (Fig. 2).

Factors Associated with CKD

Given the importance of CKD in our risk score, we next
examined associated factors. Patients with CKD were
more likely to be older (58 [IQR 45.8-67.3] years) com-
pared to patients without CKD (46 [IQR 32-61.8] years)
(p=0.005) and were more likely to have higher rates of
comorbidities as indicated by a CCI score>2 (CKD 86%
vs. non-CKD 38.7%; p<0.001). Immunocompromised
status was also more common among patients with CKD
(44% vs. 23.8%; p=0.01).

During hospitalization, acute kidney injury (AKI)
occurred with a higher incidence in patients with CKD
(52.9%) compared to patients without CKD (23.5%)
(p<0.001), and 47.2% of patients with CKD required
hemodialysis. EKG abnormalities were also more preva-
lent in patients with CKD (42.9% vs. non-CKD 20.8%;
p=0.003) (Supplementary Table 6).

Regarding antimicrobial use, there was no significant
difference in the administration of vancomycin and acy-
clovir between those with and without CKD. Patients
with CKD had a worse outcome at discharge, as noted by
the median GOS score, which was lower in patients with
CKD (3, IQR 3-4) compared to patients without CKD (4,
IQR 3-5) (p=0.02) (Supplementary Table 6).

Discussion

In this study of more than 600 patients with encephali-
tis from two separate health systems, we found that (1)
40% of patients required ICU care, underscoring the seri-
ous nature of acute encephalitis; (2) neurologic factors,
including seizures and altered mental status, were strong
drivers of ICU admission that distinguish encephalitis
from other systemic emergencies; (3) a score based on
five factors, including neurologic and systemic manifes-
tations, can identify those at low, medium, or high risk
for ICU care; and (4) ICU-admitted patients had an 18%
mortality rate and poorer prognosis on multiple outcome



[ ICU-Admitted
3 Non-ICU admitted
100
12.5%
° 150.7% 156.5%
o
s
.5Y 185.49
§ s0- [BTS%| 8% ls7.5%| [ 100%
@
o
49.3% 43.5%
0, 0,
3 12.5% : 14.6% : | Risk level
Cohort 1 "Cohort 2 Cohort1 = Cohort 2 Cohort 1" Cohort 2
(N=88) (N=48) (N=266)  (N=154) (N=16) (N=6)
Low Intermediate High
Fig. 2 Risk stratification. Stratification of patients in cohort 1 and cohort 2 into three risk levels for intensive care unit (ICU) admission using the ICU
risk score

measures, comparable to findings from other studies [4,
15-17].

The importance of the development and validation of
an ICU risk score is underscored by data that early admis-
sion to the ICU improves prognoses of patients with
encephalitis, likely because of the more timely identifi-
cation and management of complications [7]. Moreover,
the need for prompt identification and triage of patients
who require ICU care in general has been highlighted by
the recent COVID-19 pandemic and is highly relevant
to otherwise resource-limited settings [18]. The perfor-
mance of our model was validated on a distinct cohort
of patients with encephalitis from another geographical
location. Despite these variations, the model still showed
good diagnostic accuracy, with similar risk stratification
of patients for ICU admission. Thus, this score has the
potential to provide valuable assistance to physicians in
the acute care setting, enabling them to identify patients
with encephalitis who are likely to require ICU admis-
sion. Furthermore, in scenarios in which the availability
of ICU beds is constrained, the employment of the score
could expedite the transfer of patients to specialized
health care facilities that possess the necessary resources
for ICU care.

It is noteworthy that, despite age and the CCI score
being widely acknowledged as factors in predicting dete-
rioration in various clinical conditions [19-21], they
were not associated with need for ICU admission in

our patients with encephalitis. This highlights the criti-
cal impact of neurological worsening associated with
encephalitis in driving the need for ICU admission as
compared to other systemic comorbidities. Our study
found that new-onset seizures, status epilepticus, and
measures of altered consciousness, such as the GCS and
FOUR scores, are strong predictors of ICU admission
in patients with encephalitis. These findings are consist-
ent with several other studies, which have also identified
new-onset seizures and severe alteration in mental status
requiring intubation as contributors to ICU admission in
patients with encephalitis [22—24].

Our model included a FOUR score < 14 as a major con-
tributor to the overall risk score. A previous study identi-
fied the same FOUR score cutoft as the optimal predictor
of poor hospital outcomes, as measured by GOS at dis-
charge, for patients admitted to the neurosurgery ser-
vice with altered mental status [25]. We found that both
the FOUR score and the GCS score were linked to ICU
admission. However, we elected to use the FOUR score
because it provides a more accurate assessment of the
severity of altered mental status by reflecting brainstem
function and respiratory drive, which play an important
role in determining the depth of alteration in mental sta-
tus and its effects on the need for mechanical ventilation
[26].

Despite neurological complications being highly asso-
ciated with ICU admission, we also found that some



systemic factors increased the risk of ICU admission in
our cohort. These included thrombocytopenia, leuko-
cytosis, and CKD. Thrombocytopenia is the most fre-
quent hematological abnormality in ICU patients and
has previously been linked to worse outcomes among
patients with encephalitis [16, 27-29]. Serum leukocy-
tosis was also associated with an increased likelihood of
ICU admission in our study. Given the possible involve-
ment of systemic inflammation in the development of
encephalitis [30—-32], the role of serological inflammatory
indicators in predicting the severity, prognosis, and treat-
ment response in AIE has been examined. In a retrospec-
tive study involving a cohort of 146 patients with AIE,
several indicators of systemic inflammation, grouped
together as the systemic immune-inflammation index,
were associated with a higher likelihood of ICU admis-
sion and a reduced response to immunotherapy [33].
Notably, the upsurge in peripheral inflammation caused
by status epilepticus [34] or a disseminated infection may
also contribute to the association between leukocytosis
and ICU admission in encephalitis. In our study, 9.4% of
patients with encephalitis admitted to the ICU had CKD.
Patients with CKD are more prone to develop AKI [35].
This could be particularly problematic in patients with
encephalitis because they already face a risk of devel-
oping AKI due to multiple factors, including exposure
to nephrotoxic drugs (such as acyclovir) and hemody-
namic instability secondary to dysautonomia [36-38]. It
has been noted that the early mortality for critically ill
patients with CKD is lower than that for those with AKI
in the ICU, suggesting that outcomes among patients
with CKD are driven by the propensity to develop AKI or
other complications rather than a lower baseline in kid-
ney function [39]. To better understand the factors that
contribute to the strong association between CKD and
ICU admission in our cohort, we conducted a subanaly-
sis comparing patients with CKD to those without CKD.
We found that patients with CKD had more comorbidi-
ties and were twice as likely to develop AKI during their
hospital stay (52.9% vs. non-CKD 23.5%; p <0.001) and to
have abnormalities on EKG (42.9% vs. non-CKD 20.8%;
p=0.003). These factors could have contributed to their
increased propensity of being admitted to the ICU and
experiencing worse outcomes at discharge, as indicated
by the median GOS score.

Finally, our data suggest that the need for ICU care
may not stratify by whether the etiology of encephalitis is
infectious or autoimmune. Of patients with definite AIE,
40% required ICU admission, consistent with another
study conducted on 60 patients with severe AIE, in which
40.6% were admitted to the ICU [40]. This proportion
was similar to that of our patients with IE (37% admit-
ted to the ICU) and those with unknown encephalitis

(44% admitted to the ICU). In addition, the proportion of
patients with viral encephalitis in our study who required
ICU admission (36%) was similar to that for the rest of
the cohort and also to the results of another study con-
ducted in China on more than 400 patients with viral
encephalitis, in which 34% were admitted to the ICU [6].

Our sample size is noteworthy, considering the rarity of
the condition. Additionally, this study introduces an eas-
ily implementable risk score using variables available at
presentation to predict ICU admission in patients with
suspected encephalitis, irrespective of the underlying
etiology. The optimal combination of variables for pre-
dicting admission to the ICU was selected from a com-
prehensive list of readily available predictors. The risk
score was externally validated and had a high and similar
diagnostic accuracy in a second cohort of patients with
encephalitis with different characteristics. Sharing the
results of our ICU risk score can promote collaboration
and constructive feedback. Comparative analysis of the
results can help refine and optimize the model, laying
the groundwork for future implementation efforts. Addi-
tionally, clinicians can gain valuable insights into the fac-
tors influencing ICU admission even before the model is
implemented.

We observed that 12.5% of patients initially catego-
rized as low risk ultimately required admission to the
ICU. This could be due to the presence of factors not
considered during development of our model or due to
the emergence of clinical manifestations not evident
at the time of presentation. After a patients is initially
classified as low risk, the decision to admit them to the
floor instead of the ICU may depend on various factors,
including the patient’s specific presentation, the hospital’s
resources, and ease of accessibility to the ICU in case of
unforeseen complications. Nonetheless, our risk score
effectively identifies patients with a high risk of requir-
ing ICU, as 87.5% of patients in the high-risk group were
ultimately admitted to the ICU during their initial hospi-
talization. It is important to note that our study has some
limitations due to its retrospective design. This may have
resulted in some variables not being considered and its
observational nature with inherent risk of confounding.
However, we have made an effort to address these limita-
tions in our analysis and interpretation of results. We also
encountered some missing data, but we addressed this by
using a complete case analysis. Furthermore, although
the two cohorts are from distinct geographical locations,
they are both located within the United States, which
may limit generalizability.

Despite the limitations, the study’s large sample size for
a relatively uncommon condition, coupled with the exter-
nal validation of our risk score, contributes to the validity
and generalizability of our findings.



Conclusions

Two fifths of patients with encephalitis require admis-
sion to the ICU, and ICU admission is independently
associated with worse outcomes and an increased
burden of the disease. Our model includes five readily
available variables at the time of presentation that take
into account neurological and systemic factors and may
help clinicians decide which patients require ICU care
upon presentation, thus potentially improving triage
and prognosis.
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