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Abstract

Background Patients with large hemispheric infarction (LHI) are at risk of cerebral edema (CED). This study analyzed
health resource use, costs, and outcomes during and after acute hospitalization for LHI in US patients with and without CED.
Methods Using IBM® MarketScan® Commercial, Medicaid, and Medicare databases, patients with incident hospitalization
for LHI (International Classification of Diseases, Tenth Revision, Clinical Modification diagnosis codes of 163.03x, 163.13x,
163.23x, 163.31x, [63.41x, 163.51x) from 31 March 2016 through 31 December 2018 were identified and further categorized
by the presence or absence of CED based on related diagnosis codes or a procedure code of craniectomy. Health resource
use, costs, and outcomes were compared in patients with and without CED during hospitalization and after discharge.
Results Of 7336 Commercial, 1946 Medicaid, and 5015 Medicare patients with LHI, 7.8%, 6.9%, and 4.3% had CED, respec-
tively. After adjusting for age, sex, and baseline comorbidities, differences (95% confidence intervals) in mean total costs of
the index hospitalization in patients with CED versus without CED were $65,572 ($56,506-$76,335), $44,395 ($26,442—
$63,495), and $31,417 ($18,982-$48,543) in the Commercial, Medicaid, and Medicare groups, respectively. Similarly, the
adjusted differences (95% confidence intervals) in mean lengths of stay between patients with CED and without CED were
11.75 (10.17-13.48), 10.84 (7.59-14.17), and 3.69 (2.40-5.19) days, respectively. Mortality during index hospitalization was
10-20 times greater in patients with CED versus without CED (p < 0.0001). In those patients who survived and had at least
30-days of follow-up after discharge, CED was also associated with higher post-discharge resource utilization and costs in
the commercially insured population who were younger than Medicare patients, and had fewer comorbidities than Medicare
and Medicaid patients. This indicates the effect of CED after discharge was particularly burdensome for younger individuals.
Conclusions In this large cohort study, inpatient mortality, health resource utilization and costs were consistently higher in
patients with LHI who developed CED than in those without CED. These findings underscore the need for greater awareness
of CED among policymakers and healthcare practitioners.

to 10% of ischemic strokes [1-3]. Patients with an LHI are
at risk for adverse outcomes, including urinary tract infec-
tion, aspiration pneumonia, pulmonary embolism, deep vein
thrombosis, and cerebral edema (CED), which can lead to
additional brain injury [4, 5].

This life-threatening edema may affect approximately half
of those with LHI [6]. CED begins shortly after the onset of

1 Introduction

Large hemispheric infarction (LHI), a severe stroke affecting
the total or nearly total middle cerebral artery territory, with
or without involvement of other arteries, accounts for up
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LHI and peaks at between 24 and 96 h. When blood flow is
disrupted, cell membrane ionic transport is impaired, leading
to an influx of water into astrocytes, neurons, and other cells
in the central nervous system. This causes cellular swelling
and death, which is then followed by an influx of fluid and
solutes into extracellular space in the brain, causing edema
[6]. Thus, typically, within 2-3 days of the onset of LHI,
patients who develop CED experience increased intracranial
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Key Points for Decision Makers

In patients with large hemispheric infarction, those who
develop cerebral edema (CED) have greater utilization
of health resources, higher adjusted costs, and longer
adjusted lengths of stay during the index hospitalization
than those without CED.

Patients who develop CED have 10-20 times greater
mortality during the index hospitalization.

The impact of CED on costs and utilization of health
resources after hospital discharge is particularly burden-
some for younger patients.

pressure and brain herniation, which can lead to brain tis-
sue compression, midline shift, and death [7-9]. Patients
with LHI and severe malignant CED have a mortality rate
of approximately 50-80% [9, 10].

Few studies have examined the costs of CED in LHI
except in the context of surgical decompression [11, 12].
Hence, more data are needed from real-world settings to
document the health resource utilization and direct cost bur-
den of LHI with accompanying CED. This study aimed to
estimate the effect of CED on outcomes, health resource use,
and healthcare-associated costs during acute hospitalization
and after discharge in a cohort of US patients with LHI. It is
hoped that these findings will aid in understanding the cur-
rent healthcare resources needed to manage CED, quantify-
ing the unmet needs in patients with CED, and supporting
the evaluation of interventions or treatment strategies for
CED.

2 Methods
2.1 Study Design

This was an observational, retrospective cohort study using
data from the IBM® MarketScan® Commercial, Medicaid,
and Medicare Supplemental Databases (IBM Corporation,
Armonk, NY, USA) [13]. The IBM® MarketScan® Commer-
cial Database contains data from several million individuals
who are covered by employer-sponsored private health insur-
ance. The Medicaid Database contains data for more than 22
million Medicaid enrollees, and the Medicare Supplemental
Database contains data for individuals with Medicare Sup-
plemental Insurance paid by employers, and includes the
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Medicare-covered portion of payment, employer-paid por-
tion, and out-of-pocket patient expenses. Data in all three
databases include service-level claims for inpatient and out-
patient services and outpatient prescription drugs and are
fully anonymized to be compliant with the Health Insurance
Portability and Accountability Act of 1996.

Data from 1 October 2015 to 30 September 2019 were
used in the analysis. Patients were included if they had an
incident hospitalization episode for LHI between 31 March
2016 and 31 December 2018. Because no International Clas-
sification of Diseases, Tenth Revision, Clinical Modification
(ICD-10-CM) diagnosis code for LHI exists, codes for cere-
bral infarction of the middle cerebral artery or carotid artery
(163.03x, 163.13x%, 163.23x, 163.31x, 163.41x, 63.51x in any
position) were used as surrogates to identify LHI, as no other
validated approaches have been described. Patients had to
be enrolled continuously in medical and prescription drug
plans during the 180 days (washout period) before the index
date, defined as the first day of hospitalization for ischemic
stroke. Individuals had to be aged 18-85 years at the index
date and were excluded if they had any codes for prior inpa-
tient or outpatient claims for ischemic stroke or ICD-10-CM
codes for diagnosis of hemorrhagic stroke, cerebellar stroke,
sepsis, head injury, brain tumors, or select cerebrovascular
diseases during the index hospitalization (exclusion codes
are shown in Table S1 in the electronic supplementary mate-
rial [ESM]). Medicaid patients with capitation plans or dual
eligibility were excluded from the analysis due to incomplete
capture of cost data.

Patients included in the analysis were categorized by
the presence or absence of CED, which was identified by
ICD-10 codes G93.5 (compression of brain) or G93.6 (cer-
ebral edema), or having undergone a craniectomy procedure
(based on ICD-10-CM procedure system codes or Health-
care Common Procedure Coding System/Current Proce-
dural Terminology codes as listed in Tables S2 and S3 in
the ESM). Patients were followed until 30 September 2019
or disenrollment from the medical and drug plan (defined as
either the last day of the last month of enrollment, or the date
of the last claim within 30 days after the end of enrollment).
All post-index hospitalization costs and health resource
utilization were accounted for during follow-up until and
including those that were incurred during the month of dis-
enrollment, where non-informative censoring was assumed.

2.2 Outcome Variables

We described the clinical management of these patients
during the index hospitalization, including tissue plasmi-
nogen activator administration, craniectomy/craniotomy,
thrombectomy, tracheostomy or endotracheal intubation,
brain imaging (computed tomography scan or magnetic
resonance imaging), and in-hospital outcomes such as



Health Resources of Cerebral Edema in Large Hemispheric Infarction

65

intensive care unit (ICU) admission, total costs, length of
stay of index hospitalization, and mortality. Post-discharge
outcomes included frequency of use of emergency depart-
ment visits, inpatient stays, outpatient visits, long-term care
facility stays, skilled nursing facility stays, prescriptions, and
durable medical equipment use, as well as total healthcare
costs over the follow-up period. Due to various length of
follow-up, post-discharge utilization and total healthcare
costs were annualized.

2.3 Statistical Analysis

Data were reported by insurance type (i.e., Commercial,
Medicaid or Medicare status). Baseline characteristics
included age, sex and Charlson Comorbidity Index (CCI).
Clinical management and outcome variables were described
with summary statistics and compared in patients with and
without CED. Comparisons of continuous variables were
analyzed using Wilcoxon rank-sum tests, and categorical
variables were analyzed using Chi-square tests. Length of
index hospital stay and total costs of the index hospitaliza-
tion in patients with and without CED were analyzed using
generalized linear models adjusted by age at index data, sex,
and CCI with 500 random resamplings with replacement
bootstrapping to determine 95% confidence intervals (CIs).
Annualized post-hospitalization total costs until the end of
follow-up were analyzed using generalized linear models
adjusted for baseline characteristics with 500 random resa-
mplings with replacement bootstrapping to determine 95%
CIs. Costs were reported at their valuation in the time they
were collected (2016-2019) without adjustment. Incidence
rate ratios (IRRs) for health resource utilization were deter-
mined using Poisson modeling and were adjusted for base-
line characteristics. Multivariable logistic regression analy-
sis was used to determine odds ratios [ORs] (95% Cls) for
inpatient mortality during the index hospitalization. These
analyses were performed among those with complete data
on the dependent and independent variables. All analyses
were performed using the SAS 9.4 software (SAS Institute,
Cary, NC, USA).

3 Results
3.1 Cohort Characteristics

A total of 101,194 patients in the MarketScan databases were
identified as having been hospitalized for ischemic stroke
between 31 March 2016 and 31 December 2018, and 14,297
with LHI who met all eligibility criteria, were included in
the analysis (Fig. 1). The cohort categorized by insurance
group included 7336 Commercial insurance patients, 1946
Medicaid patients, and 5015 Medicare patients. Of these,

572 (7.8%), 135 (6.9%), and 218 (4.3%), respectively, had
LHI with CED or craniectomy. Of the possible LHI patients,
mean (standard deviation [SD]) age was 76.13 (5.88) years
and mean (SD) CCI was 1.17 (0.91) in the Medicare group,
reflecting the older population of Medicare beneficiar-
ies. Although the mean (SD) age was similar between the
Commercial and Medicaid groups [55.01 (8.67) and 55.51
(10.33), respectively], the Medicaid group had a higher mean
CCI [1.3 (1.0), compared with 0.79 (0.89) in the Commer-
cial group], representing a more disabled population. Among
Commercial and Medicaid patients, those with CED were
significantly younger than those without CED (p < 0.0001)
(Table 1). Medicaid patients without CED had slightly more
comorbidities based on a higher CCI than those with CED
(p = 0.0328) (Table 1). Across all three insurance groups, no
difference was seen in the ratio of males to females between
those with and those without CED (Table 1).

3.2 Index Hospitalization Clinical Management

During the index hospitalization for LHI, development
of CED was associated with greater health resource use.
Across all insurance groups, compared with patients with-
out CED, those with CED had significantly higher rates
of tissue plasminogen activator use (p < 0.0001, all insur-
ance groups), thrombectomy procedures (p < 0.0001, all
insurance groups), tracheostomies or endotracheal intuba-
tions (p < 0.0001), and imaging procedures (Commercial
insurance, p < 0.0001; Medicaid, p = 0.0187; Medicare,
p = 0.0011) (Table 1). Of the CED cohort, 16.3%, 10.4%,
and 3.2% received craniectomy in the Commercial, Medic-
aid, and Medicare groups, respectively.

In all insurance groups, significantly smaller propor-
tions of patients with CED were discharged to their homes
(p < 0.001). Significantly higher proportions of commer-
cially insured patients with CED were discharged to skilled
nursing facilities or hospices, or died (p < 0.001), whereas
significantly higher proportions of Medicaid patients with
CED were discharged to skilled nursing facilities (p = 0.003)
or died (p < 0.001), and significantly higher proportions of
Medicare patients with CED were discharged to hospice or
died (p < 0.001).

3.3 Index Hospitalization Outcomes

The development of CED resulted in poorer clinical out-
comes. In all three insurance groups, higher proportions of
patients with CED were admitted to the ICU (76.1-89.6%
across insurance groups) than patients without CED
(approximately 50%) (Table 2). After adjusting for age at
index date, sex, and CCI, patients with CED in the Com-
mercial and Medicare groups were more than four (OR [95%
CI] 4.12 [3.28-5.12]; p < 0.0001) and three times (OR 3.24
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Hospitalized for ischemic stroke (ICD-10-CM codes 163.x) between

March 31, 2016, and December 31, 2018 (index hospitalization),
excluding Medicaid patients with capitation plan or dual eligibility

Continuous enrollment for 180 days before index date (first
day of index hospitalization)

Age 18—85 years at index date

No codes for ischemic stroke (ICD-10-CM codes 163.x) in
180 days before index hospitalization

No codes for exclusion criteria during index hospitalization

Excluded for $0 costs for index hospitalization

LHI (source population) based on ICD-10-CM codes
163.31x, 163.41x, 163.51x, 163.03, 163.13, 163.23

LHI with cerebral edema or craniectomy

LHI without cerebral edema or craniectomy

Commercial
patients

46,181

39,456

39,112

38,765

29,055

29,038

£
=
28
=
=
B

6764
(92.2%)

Fig. 1 Cobhort attrition. LHI large hemispheric infarction, /CD-10-CM International Classification of Diseases, Tenth Revision, Clinical Modifi-

cation

[2.36-4.45]; p < 0.0001) more likely to be admitted to the
ICU, respectively, than those without CED, whereas in the
Medicaid group, patients with CED were over 11 times more
likely to be admitted (OR [95% CI] 11.14 (6.33-19.60);
p < 0.0001) than those without CED. Median length of hos-
pital stay was longer in patients with CED (8-14 days) than
in those without CED (4—6 days; unadjusted p < 0.0001).
After adjustment for baseline characteristics, hospital length
of stay was significantly longer in patients with CED than
those without CED in all insurance groups; the least square
mean difference (95% CI) between those with CED and
those without CED was 11.75 (10.17-13.48) days in the
Commercial group, 10.84 (7.59-14.17) days in the Medic-
aid group, and 3.69 (2.40-5.19) days in the Medicare group
(Table 2).

Development of CED increased the likelihood of death
following LHI. Higher proportions of patients with CED
died (15.0-21.1%) during the index hospitalization than
those without CED (1.0-2.6%) (Table 1). After adjustment
for baseline characteristics, in the Commercial group, those
with CED were almost 20 times more likely to die during
the index hospitalization than those without CED (OR [95%
CI] 19.70 [13.97, 27.77]; p < 0.0001) (Table 2). Similarly,
in the Medicaid and Medicare groups, patients with CED
were approximately 10 (OR [95% CI] 10.30 [7.08-15.00];
p < 0.0001) and 16 times (OR [95% CI] 15.99 [8.83-28.97];
p < 0.0001) more likely to die during the index hospitaliza-
tion, respectively (Table 2) than those without CED.
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3.4 Index Hospitalization Costs

CED development increased the costs of index hospitaliza-
tion for LHI. Crude total mean costs of index hospitaliza-
tion in patients with CED were US$107,608, US$75,912,
and US$66,348 in the Commercial, Medicaid, and Medi-
care groups, respectively, and in patients without CED were
US$39,799, US$32,904, and US$34,062, respectively. After
adjustment for baseline characteristics, total costs of hos-
pitalization were significantly higher in patients with CED
in all insurance groups versus patients without CED: the
least square mean difference (95% CI) was US$65,572
(US$56,506-US$76,335) in the Commercial group,
US$44,395 (US$26,442-US$63,495) in the Medicaid group,
and US$31,417 (US$18,982-US$48,543) in the Medicare
group (Table 2).

3.5 Post-Index Hospitalization Health Resource
Utilization

Post-index hospitalization data were available for 13,187
patients, including 6904 Commercial, 1800 Medicaid, and
4483 Medicare patients (Table 3). Development of CED
resulted in greater health resource utilization for commer-
cially insured patients. In the Commercial group, compared
with patients without CED, those with CED had signifi-
cantly higher rates of all health care resources, including
emergency department visits (IRR 1.5127; p < 0.0001),
inpatient readmission (IRR 1.8362; p < 0.0001), outpatient
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Table 1 Patient demographics and characteristics, clinical management, and index discharge status distribution
Commercial Medicaid Medicare
CED Non-CED pvalue CED Non-CED pvalue CED Non-CED p value
[n=1572] [n=6764] [n=135] [n=1811] [n=218] [n=4797]
Mean (SD) 5343 (9.64) 55.14(8.57) < 0.0001 50.06 (11.85) 55.91 (10.1) < 0.0001 75.95(6.04) 76.14 (5.88) 0.6397
age, years
Age category, years
18-39 54 (9.4) 419 (6.2) 28 (20.7) 116 (6.4) 0 0
40-64 502 (87.8) 6133 (90.7) 102 (75.6) 1500 (82.8) 1(0.5) 53 (1.1)
> 65 16 (2.8) 212 (3.1) 5@3.7) 195 (10.8) 217 (99.5) 4744 (98.9)
Sex 0.397 0.477 0.0867
Male 238 (41.6) 2938 (43.4) 64 (47.4) 916 (50.6) 120 (55.0) 2356 (49.1)
Female 334 (58.4) 3826 (56.6) 71 (52.6) 895 (49.4) 98 (45.0) 2441 (50.9)
Mean (SD) 0.73 (0.88) 0.79 (0.89) 0.076  1.12 (0.96) 1.32 (1) 0.0328 1.10(0.97) 1.17 (0.91) 0.1514
CCI
CCI category 0.2797 0.0543 0.0742
0 291 (50.9) 3154 (46.6) 44 (32.6) 446 (24.6) 69 (31.7) 1217 (25.4)
1 171 (29.9) 2210 (32.7) 42 (31.1) 615 (34.0) 81 (37.2) 1937 (40.4)
2 82 (14.3) 1049 (15.5) 38 (28.1) 479 (26.4) 45 (20.6) 1236 (25.8)
>3 28 (4.9) 351(5.2) 11 (8.1) 271 (15.0) 23 (10.6) 407 (8.5)
Clinical management
TPA (identi- 170 (29.7) 1298 (19.2) < 0.0001 40 (29.6) 240 (13.3) < 0.0001 61 (28.0) 578 (12.0) < 0.0001
fied by
CPT,
HCPCS,
or PCS
codes)
Craniec- 93 (16.3) 0 < 0.0001 14 (10.4) 0 < 0.0001 7(3.2) 0 < 0.0001
tomy/cra-
niotomy
Thrombec- 157 (27.4) 846 (12.5) < 0.0001 28(20.7) 125 (6.9) < 0.0001 51(23.4) 468 (9.8) < 0.0001
tomy
Tracheos- 90 (15.7) 130 (1.9) < 0.0001 31(23.0) 69 (3.8) < 0.0001 37 (17.0) 97 (2.0) < 0.0001
tomy or
endotra-
cheal
intubation
CT or MRI 551 (96.3) 5973 (88.3) < 0.0001 130 (96.3) 1633 (90.2) 0.0187 202 (92.7) 4056 (84.6) 0.0011
of brain
Index discharge status distribution
Home 237 (41.4) 4754 (70.3) <0.001 24(17.8) 900 (49.7) <0.001 57 (26.1) 2388 (49.8) < 0.001
Skilled nurs- 64 (11.2) 293 (4.3) <0.001 32(23.7) 260 (14.4) 0.003 26(11.9) 610 (12.7) 0.732
ing facility
Hospice 16 (2.8) 29 (0.4) <0.001 2(1.5) 23 (1.3) 0.833 23 (10.6) 103 (2.1) < 0.001
Death 86 (15.0) 65 (1.0) <0.001 26(19.3) 29 (1.6) <0.001 46 21.1) 124 (2.6) < 0.001
Other dis- 122 (21.3) 1116 (16.5) 0.003 47 (34.8) 589 (32.5) 0.584 53 (24.3) 1420 (29.6) 0.094
charge
Unknown 47 (8.2) 507 (7.5) 0.531 10(7.4) 4(0.2) 0.001 13 (6.0) 146 (3.0) 0.016

discharge

Data are expressed as n (%) unless otherwise specified

CCI Charlson Comorbidity Index, CED cerebral edema, CPT Current Procedural Terminology, CT computed tomography, HCPCS Healthcare
Common Procedure Coding System, MRI magnetic resonance imaging, PCS procedure coding system, SD standard deviation, TPA tissue plas-

minogen activator
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Table 2 Index hospitalization outcomes and costs

CED Non-CED Unadjusted p value OR (95% CI)*/LS mean
difference (95% CI)°
Commercial (n=1572) (n=6764)
ICU admission [n (%)] 478 (83.6) 3720 (55.0) < 0.0001 4.12 (3.28-5.17);
p < 0.0001
Median (SD) length of stay, days 12 (9.55) 4 (5.11) < 0.0001 11.75 (10.17-13.48)¢
Inpatient mortality [n (%)] 86 (15.0) 65 (1.0) < 0.001 19.70 (13.97-27.77);
p < 0.0001
Mean (SD) total costs, US$ 107,608 (116,755) 39,799 (50,681) < 0.0001 65,572 (56,506-76,335)°
Medicaid (n=135) (n=1811)
ICU admission [n (%)] 121 (89.6) 825 (45.6) < 0.0001 11.14 (6.33-19.60);
p < 0.0001
Median (SD) length of stay, days 14 (49.67) 6 (13.43) < 0.0001 10.84 (7.59-14.17)°
Inpatient mortality [ (%)] 26 (19.3) 29 (1.6) < 0.001 10.30 (7.08-15.00);
p < 0.0001
Mean (SD) total costs, US$ 75,912 (110,655) 32,904 (45,697) < 0.0001 44,395 (26,442-63,495)°
Medicare (n=218) (n=4797)
ICU admission [n (%)] 166 (76.1) 2373 (49.5) < 0.0001 3.24 (2.36-4.45);
p < 0.0001
Median (SD) length of stay, days 8 (18.16) 5(7.55) < 0.0001 3.69 (2.40-5.19)
Inpatient mortality [n (%)] 46 (21.1) 124 (2.6) < 0.001 15.99 (8.83-28.97);
p < 0.0001
Mean (SD) total costs, US$ 66,348 (106,331) 34,062 (59,561) < 0.0001 31,417 (18,982-48,543)

CED cerebral edema, CI confidence interval, /CU intensive care unit, LS least square, OR odds ratio, SD standard deviation

2ORs, 95% ClIs, and p values were based on a logistic regression model

LS means (95% Cls) from generalized linear models adjusted by age at index data, sex, and Charlson Comorbidity Index (capped by 3) and

bootstrapped with 500 random resampling with replacement

“Outliers (two Commercial and seven Medicaid patients) were not included because their length of stay exceeded 10 times that of the pooled

SDs

visits (IRR 1.2163; p < 0.0001), prescription medication
(IRR 1.2943; p < 0.0001), use of durable medical equipment
(IRR 4.3861; p < 0.0001), and skilled nursing facility stays
(IRR 4.2561; p = 0.001) (Table 3). In the Medicaid group,
patients with CED had significantly higher rates of stay in
long-term care facilities (IRR 2.586; p < 0.0001) and skilled
nursing facilities (IRR 2.389; p < 0.0001) than patients with-
out CED. In the Medicare group, patients with CED had sig-
nificantly higher rates of prescription medication use (IRR
1.1733; p = 0.0249) and stays in skilled nursing facilities
(IRR 1.8891; p = 0.001) than patients without CED.

The development of CED resulted in significantly greater
costs for commercially insured and Medicare patients. The
crude post-discharge annualized total healthcare cost per
patient in patients with CED was US$77,091, US$71,640,
and US$63,047 in the Commercial, Medicaid, and Medicare
groups, respectively, and $52,090, $63,287, and $49,813,
respectively, in patients without CED. After adjustment
for age at index data groups, sex, and CCI, post-discharge
annualized total costs per patient were significantly greater
in patients with CED than those without CED in the Com-
mercial insurance group (least square mean difference
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[95% CI] US$30,171 [US$18,678-US$45,568]) and the
Medicare group (least square mean difference [95% CI]
US$20,451 [US$4456-US$38,588]), but not in the Medic-
aid group (least square mean difference [95% CI] US$25,111
[-US$3,899 to US$62,851]) (Fig. 2).

4 Discussion

In this real-world study of a large cohort of patients with
LHI, we examined the impact of CED on outcomes, health
resource utilization, and healthcare-associated costs dur-
ing the index hospitalization and after discharge. While the
findings are limited to the individuals covered by employer-
sponsored private health insurance and Medicaid in several
states, to our knowledge this is the largest study to date with
data from a combined 125 million covered lives. The study
demonstrated that patients with LHI and CED had greater
utilization of health resources, higher adjusted costs, and
longer adjusted lengths of stay during the index hospitali-
zation than those without CED, across the three types of
insurance enrollees examined in this study. These patients
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Table 3 Health resource utilization following index hospitalization discharge in patients who survived and remained enrolled for at least 30 days

CED Non-CED IRR? p value

Commercial n=>572 n=6764

Patients continuously enrolled post-index hospitalization [n (%)] 453 (79.2) 6451 (95.4)

Mean (SD) follow-up, months 11.0 (10.59) 15.73 (11.13)

Post-index hospitalization resource use, annualized frequencies (SD)
ED visits 3.08 (6) 2.40 (6.36) 1.51 < 0.0001
Inpatient stay 0.95 (1.91) 0.59 (1.73) 1.84 < 0.0001
Outpatient visits 17.5 (15.76) 15.74 (16.04) 1.22 < 0.0001
Number of prescriptions 40.68 (44.83) 34.41 (30.75) 1.29 < 0.0001
DME use 3.3(7.77) 1.02 (4.49) 4.39 < 0.0001
LTC facility stays - - - -
SNF stays 2.17 (5.77) 0.7 (4.04) 4.26 < 0.0001

Medicaid n=135 n=1811

Patients continuously enrolled post-index hospitalization [n (%)] 103 (76.3) 1697 (93.7)

Follow-up, months (SD) 9.68 (9.57) 14 (9.51)

Post-index hospitalization resource use, annualized frequencies (SD)
ED visits 3.91 (6.56) 4.32 (6.97) 1.03 0.8372
Inpatient stay 1.19 (2.24) 1.31 (2.38) 0.97 0.855
Outpatient visits 12.53 (10.96) 14.36 (12.37) 0.92 0.2741
Number of prescriptions 70.17 (70.92) 81.05 (72.61) 1.02 0.8544
DME use 4.76 (12.91) 3.85(24.44) 1.95 0.1757
LTC facility stays 7.03 (15.08) 3.27 (9.36) 2.59 < 0.0001
SNF stays 2.36 (5.35) 1.13 (3.15) 2.39 < 0.0001

Medicare n=218 n=4797

Patients continuously enrolled post-index hospitalization [n (%)] 141 (64.7) 4342 (90.5)

Follow-up, months (SD) 8.28 (10.57) 14 (11.34)

Post-index hospitalization resource use, annualized frequencies (SD)
ED visits 4.5(8.91) 4.36 (9.43) 1.22 0.2046
Inpatient stay 0.66 (1.66) 0.57 (1.51) 1.26 0.1614
Outpatient visits 14.08 (12.82) 15.60 (15.87) 1.11 0.144
Number of prescriptions 38.15 (40.5) 40.14 (35.68) 1.17 0.0249
DME use 2.19 (6.25) 1.76 (6.01) 1.36 0.2576
LTC facility stays - -
SNF stays 6.11 (11.61) 3.00 (8.01) 1.89 0.001

CED cerebral edema, DME durable medical equipment, ED emergency department, /RR incidence rate ratio, LTC long-term care, SD standard

deviation, SNF skilled nursing facility

“Based on Poisson regression analysis adjusted for age, sex, and Charlson Comorbidity Index

also had 10-20 times greater mortality during the index
hospitalization than patients without CED. Across the three
insurance populations, CED consistently led to significant
economic consequences to the healthcare system and worse
clinical outcomes.

After discharge from index hospitalization, patients with
CED incurred approximately US$20,000-US$30,000 more
in annual total healthcare-related costs compared with those
without CED. Those with CED in the Commercial group
had significantly greater health resource utilization of all
resources than those without CED. Most health resource
utilization and costs in the Medicaid and Medicare groups

were not statistically significantly higher in patients with
CED. Individuals insured under the Commercial plans were
younger than those with Medicare insurance, and had fewer
comorbidities than Medicare and Medicaid patients. This
study suggests that CED occurring during hospitalization
had a more profound impact in this relatively healthier
cohort after they were discharged, at least partially reflecting
the fact that older patients or those with more comorbidities
do poorly after LHI regardless of CED. It is possible that in
a frail and disabled population such as those in the Medicare
or Medicaid groups, the most significant healthcare resource
impact related to CED was at the index hospitalization, and,
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Fig.2 Total annualized healthcare costs following index hospitaliza-
tion discharge in patients who survived and remained enrolled for at
least 30 days. * Based on generalized linear models adjusted by age at
index data groups, sex, and Charlson Comorbidity Index (capped by

once they survived, the relative incremental utilization was
not as large due to the underlying health status. Nevertheless,
the sample sizes were relatively smaller in the Medicaid and
Medicare groups, limiting our power to detect potentially
meaningful differences, and future study should aim at con-
firming these findings with a larger sample.

In this study, across insurance groups the rate of inpatient
mortality during the index hospitalization in patients with
CED ranged from 15 to 21%. In contrast, previous stud-
ies reported mortality rates of 70-78% after up to 8 days
and a 1-month mortality rate of 59% in patients receiving
nonsurgical treatment (including artificial hyperventilation,
barbiturate coma, and hyperosmolar therapy) [9, 19, 20].
It is likely that the lower mortality rate we observe reflects
the fact that decompressive hemicraniectomy has become
standard of care for malignant middle cerebral artery infarc-
tion and has been shown to improve survival to the range of
25-30% [16, 20, 21]. Furthermore, given that we did not
have any direct data on stroke severity or infarct volume,
it is possible that we included patients with smaller, milder
strokes who had some degree of brain edema, but not malig-
nant infarction.

Approximately 6% of the LHI patients were classified as
having developed CED in this study, which is substantially
lower than the 50% previously reported [6]. Again, this may
be due to potential misclassification of CED due to varia-
tion in ICD coding practices or the inclusion in the cohort
of less severe patients with LHI who may not have been at
a high risk of edema compared with clinically confirmed
LHI cases.

Rapid tissue reperfusion is recommended for acute
ischemic stroke to prevent subsequent CED [22]; however,
this may not apply to LHI. Once CED develops after LHI,
therapeutic options are limited. Nonsurgical management
options are considered safe, but evidence of benefit from
large prospective randomized studies is lacking [14]. In
this study, use of acute stroke interventions including tissue
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plasminogen activator and thrombectomy, as well as inva-
sive procedures including tracheostomy and endotracheal
intubation, were significantly more common in patients who
developed CED, reflecting that these patients likely had
more severe strokes. Craniectomy and craniotomy, at least
one of which was utilized in 3.2-16.3% of CED patients
during index hospitalization in this study, are also associated
with substantive morbidity, especially among patients aged
> 60 years [2, 3, 15, 16]. Furthermore, a meta-analysis of
surgical decompression studies showed high rates of mor-
bidity despite decreased mortality in patients who undergo
surgical treatment for edema [17]. Consistent with previ-
ous studies of LHI [18], patients who developed CED were
younger than patients who did not develop CED in both the
privately insured and Medicaid cohorts, and the incidence
was higher in these cohorts relative to the older Medicare
group. Given this increased risk of CED in the younger com-
mercially insured population, and the more significant post-
discharge impact of CED, this group likely has the greatest
opportunity to benefit from novel therapies for CED.

4.1 Limitations

Although in a large cohort, this study has a number of limita-
tions, including a lack of information on imaging and stroke
severity as noted above. As a result, the diagnosis of LHI
(source population) and development of CED could not
be clinically confirmed or severity of edema ascertained.
Instead, the identification of LHI should be considered with
caution because while we relied on the most appropriate set
of diagnosis codes, this approach has not been validated.
Because only about 50% of patients with an infarct of the
middle cerebral artery are thought to develop LHI [23], it is
possible that some patients included in the LHI cohort did
not actually have an LHI, which was evidenced by the lower
proportion of patients with CED identified in this study than
the literature. Therefore, the extent of the observed burden
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associated with CED may be somewhat overestimated. A
future study to evaluate the validity of the algorithm through
a manual chart review would be helpful to inform future
research. Although multiple regression analysis was used
to adjust covariates identified for the comparisons to reduce
confounders, this method, unlike randomization, cannot
remove unmeasured confounders. This remains a limitation
of the study using the claims database analysis. Finally, our
analysis was not able to account for costs that were incurred
by individuals who had dual eligibility in Medicaid and
Medicare, or those with capitation plans in Medicaid.

5 Conclusion

The results of this large, real-world study show that CED
in patients with LHI was associated with greatly increased
inpatient mortality, health resource utilization, and costs
across the insurance populations examined, while the effect
of CED after hospital discharge was particularly burdensome
for younger populations. These findings suggest there should
be a greater appreciation of CED among policymakers and
healthcare practitioners.
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