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Abstract
Objective

To examine the longitudinal health care resource utilization, in-
hospital mortality, and incidence of downstream complications of
bacterial meningitis in the United States.

Methods

Using IBM MarketScan, we retrieved data on adult patients with
a diagnosis of bacterial meningitis admitted to a US hospital be-
tween 2008 and 2015. Patients were stratified into groups (1) with/
without prior head trauma/neurosurgical complications, (2)

nosocomial/community acquisition, and 3) Gram-negative/
positive bacteria. Cost data were collected for up to 2 years and analyzed with descriptive
statistics and longitudinal modeling.

Results

Among 4,496 patients with bacterial meningitis, 16.5% and 4.6% had preceding neurosurgical
complications and head injuries, respectively. Lumbar punctures were performed in 37.3% of
patients without prior trauma/complications who went on to develop nosocomial meningitis,
and those with prior head injuries or complications had longer initial hospital stays (17.0 days vs
8.0 days). Within a month of diagnosis, 29.2% of patients with bacterial meningitis had ex-
perienced downstream complications, most commonly hydrocephalus (12.7%). The worst 30-
day mortality was due to tuberculous (12.3%) and streptococcal meningitis (7.2%). Overall,
prior head trauma and complications were associated with higher costs. Community-acquired
bacterial meningitis had lower median baseline costs relative to the nosocomial group (no head
trauma/complication: $17,152 vs $82,778; head trauma/complication: $92,428 vs $168,309)
but higher median costs within 3 months of diagnosis (no head trauma/ complication: $47,911
vs $34,202; head trauma/complication: $89,207 vs $58,947). All costs demonstrated a sharp
decline thereafter.

Conclusions
Bacterial meningitis remains costly and devastating, especially for those who experience trau-
matic head injuries or have a complicated progress after neurosurgery.

Bacterial meningitis remains a devastating disease, despite the presence of vaccines against
. . . 1 . .
Streptococcus pneumoniae and Haemophilus influenzae type b.” Meningococcal disease, for
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instance, affects approximately 2,600 patients in the United
States each year, with a mortality rate of 10%-15% despite
initiating antibiotics, and a further 10% incidence of neuro-
logic and other sequelae.” The emergence of antimicrobial
resistance to organisms has likely further affected, both
clinically and economically, the management of such
patients.3

At present, a substantial need for understanding the health
economic burden of bacterial meningitis exists, with an em-
phasis on separating nosocomial from community-acquired
meningitis and understanding the role of preceding traumatic
head injuries and neurosurgical interventions. This will help
characterize the clinical and economic burden of iatrogenic
complications and prolonged hospitalizations. Un-
fortunately, few studies have been conducted to frame these
issues.

In the United States, a Nationwide Inpatient Sample (NIS)
analysis in 2006 found 15,700 hospitalizations in that year
with a mean of 16.6 days of stay for bacterial meningitis, an
average of $33,100 per stay, and a total of $520.4 million in
aggregated costs.* The in-hospital death rate was 8.0%.
Along these lines of research, but with an emphasis on more
updated data, we have examined the longitudinal health
economic burden and risk of complications of bacterial
meningitis secondary to nosocomial and community-
acquired infections. The health care resource utilization
(HCRU), demographics and other data associated with
bacterial meningitis in adult patients were quantified by
analyzing a large commercial database between 2008 and
2018.

Methods

The demographics, economic costs, and other outcomes
associated with bacterial meningitis in the United States
were retrieved from the IBM MarketScan Research Data-
bases. This database consists of claims data of more than
250 million patients in the United States. It contains dei-
dentified data on inpatient and outpatient claims and out-
patient prescription claims. The Commercial Claims and
Encounters, Medicare Supplemental and Coordination of
Benefits, and Medicaid databases within MarketScan were
queried for adult (aged >18 years) patients, between the
years 2008 and 2015, using the primary International
Classification of Diseases—Ninth Revision (ICD-9-CM) codes.
These patients had an inpatient diagnosis of bacterial
meningitis, and the first diagnosis date was used as the
index date. When patients had a first diagnosis at an out-
patient setting, only those with another diagnosis of bac-
terial meningitis in the hospital within 7 days of the first
diagnosis were included. In addition, patients must have
had at least a 12-month continuous enrollment before the
index date to be included in the study. Continuous en-
rollment ensures more accurate assessment of baseline
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comorbidities and estimation of total cost during a certain
time period. For example, patients who discontinued en-
rollment might still have medical costs not recorded in the
database. Including these patients in cost analysis will un-
derestimate the total costs. The overall cohort was further
stratified into 2 groups based on whether the patients had
traumatic head injuries (ICD-9 codes: 800-801.9, 803.0-
804.9, 850.0-854.1, and 873.0-873.9) or neurosurgical
complications such as cerebral edema and hydrocephalus
(ICD-9 codes: 348.5, 331.3, 331.4, 378.54, 324, 324.0,
324.1,324.9, 348.4, 431, 785.52, 518.82, 388.5, and 286.6)
3 months before the meningitis diagnosis. Additional
stratification resulted in 2 subgroups: nosocomial bacterial
meningitis, where index date of diagnosis occurred >2 days
after hospitalization or within a week of hospital discharge,
and community-acquired bacterial meningitis (which in-
cluded all other patients).

Demographics including age, sex, insurance status, geo-
graphic region, and employment status were collected at the
index bacterial meningitis diagnosis date. The Charlson
Comorbidity Index (CCI) was assessed by searching claim
records from 12 months before index data to the day before
the index date. Gram staining of the bacteria was based on the
diagnosis codes of the initial bacterial meningitis diagnosis.
When unspecified bacterial meningitis diagnoses (ICD-9:
320.7, 320.81, 320.89, and 320.9) were accompanied by
another specific bacterial meningitis diagnosis within 30 days
of the initial diagnosis, patients were classified according to
the latter, although the date of the first unspecified menin-
gitis diagnosis was used as the index date. When patients had
2 specific diagnoses or multiple diagnoses involving different
bacteria, they were defined as “more than one specific” type
of meningitis.

The primary outcome was HCRU, consisting of costs ac-
crued and the length of hospital stay during the initial ad-
mission for bacterial meningitis. Cost outcomes were
collected at baseline (using the 12-month period before
diagnosis), 90-day period after the index date, and for up to
2 years following the diagnosis. All the patients included in
the HCRU analysis had continuous enrollment for at least
12 months before and 90 days after the initial bacterial
meningitis diagnosis. In each of the following time periods
after 90 days of the index date, only patients who had
continuous enrollment in that time period were included
for analysis. Costs assessed included inpatient service costs
charged to the hospital, outpatient service costs, outpatient
medication costs, and aggregated costs. Furthermore,
patients who had fully capitated or partially capitated health
plans were excluded from cost analysis, and those with total
payments above the 99th percentile were removed as out-
liers. Costs were adjusted to 2017 US dollars using the
consumer price index provided by the U.S. Department of
Labor Bureau of Labor Statistics (usinflationcalculator.
com/inflation/consumer-price-index-and-annual-percent-

changes-from-1913-to-2008/). In a subgroup analysis,
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CONSORT diagram of inclusion/exclusion criteria for analysis.

patients who did not survive for more than 90 days after the
initial bacterial meningitis diagnosis were assessed.

Secondary outcomes were 30-day complications and 30-day in-
hospital mortality. Complications included hydrocephalus, in-
tracranial epidural abscess, intracerebral hemorrhage, cerebral
edema, respiratory distress syndrome, septic shock, and brain
herniation.>®” Patients with continuous enrollment for at least
30 days postindex diagnosis without prior head trauma or
neurosurgical complications were included to assess 30-day
complications. To assess the 30-day in-hospital mortality, the
last hospital discharge status within 30 days of index diagnosis
was used. Patients were followed from the time of the initial
bacterial meningitis diagnosis to death or discharge and were
censored at the time of discontinued enrollment or the end of
30 days, whichever occurred earlier.

Neurology.org/CP

Standard Protocol Approvals, Registrations,
and Patient Consents

This study uses deidentified data and therefore was approved
as an exempt study by the Duke IRB without the need for
patient consent (IRB number: Pro00053624).

Statistical Analyses
Variables were summarized with descriptive statistics. The
Kaplan-Meier method was used to estimate 30-day in-
hospital mortality with 95% confidence intervals (CIs). Log-
rank tests were used to evaluate the difference in survival
distributions between meningitis groups. In addition, a mul-
tivariable longitudinal analysis was conducted to study the
relationship between costs and meningitis type after adjust-
ing for CCI, sex, Gram staining, age at diagnosis, and time
period using a generalized estimating equation method with
Neurology: Clinical Practice
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Table 1 Demographic Information for Patients Diagnosed With Bacterial Meningitis in 2008-2015

No prior head trauma or complications

Prior head trauma or complications

Community Nosocomial Total Community Nosocomial Total
acquired (N =3,091) (N =571) (N =3,662) acquired (N = 384) (N = 450) (N =834)

Age at diagnosis

Mean (SD) 52.6 (16.4) 51.9(16.2) 52.5(16.4) 50.1 (16.1) 51.7 (14.7) 50.9 (15.4)

Median 54.0 53.0 54.0 51.0 53.0 52.0

Q1,Q3 42.0,63.0 41.0, 62.0 42.0,62.0 38.0,61.0 43.0,61.0 41.0,61.0

Range 18.0-96.0 18.0-102.0 18.0-102.0 18.0-97.0 18.0-88.0 18.0-97.0
Sex

Male 1,425 (46.1%) 283 (49.6%) 1,708 (46.6%) 194 (50.5%) 245 (54.4%) 439 (52.6%)

Female 1,666 (53.9%) 288 (50.4%) 1,954 (53.4%) 190 (49.5%) 205 (45.6%) 395 (47.4%)
Insurance

Commercial claims 1,972 (63.8%) 381 (66.7%) 2,353 (64.3%) 266 (69.3%) 337 (74.9%) 603 (72.3%)

Medicaid 533 (17.2%) 108 (18.9%) 641 (17.5%) 60 (15.6%) 49 (10.9%) 109 (13.1%)

Medicare 586 (19.0%) 82 (14.4%) 668 (18.2%) 58 (15.1%) 64 (14.2%) 122 (14.6%)
Inpatient at diagnosis

Inpatient 2,983 (96.5%) 564 (98.8%) 3,547 (96.9%) 374 (97.4%) 447 (99.3%) 821(98.4%)

Outpatient 108 (3.5%) 7 (1.2%) 115 (3.1%) 10 (2.6%) 3(0.7%) 13 (1.6%)
Region

Northeast region 485 (15.7%) 96 (16.8%) 581 (15.9%) 66 (17.2%) 79 (17.6%) 145 (17.4%)

North central region 648 (21.0%) 120 (21.0%) 768 (21.0%) 89 (23.2%) 86 (19.1%) 175 (21.0%)

South region 966 (31.3%) 176 (30.8%) 1,142 (31.2%) 111 (28.9%) 152 (33.8%) 263 (31.5%)
West region 410 (13.3%) 60 (10.5%) 470 (12.8%) 51 (13.3%) 71 (15.8%) 122 (14.6%)
Unknown region 582 (18.8%) 119 (20.8%) 701 (19.1%) 67 (17.4%) 62 (13.8%) 129 (15.5%)
Employment status
Full time/part time 764 (24.7%) 134 (23.5%) 898 (24.5%) 88 (22.9%) 118 (26.2%) 206 (24.7%)
Retiree 569 (18.4%) 84 (14.7%) 653 (17.8%) 59 (15.4%) 62 (13.8%) 121 (14.5%)
Medicaid 533 (17.2%) 108 (18.9%) 641 (17.5%) 60 (15.6%) 49 (10.9%) 109 (13.1%)
Other 1,225 (39.7%) 245 (42.9%) 1,470 (40.2%) 177 (46.1%) 221 (49.1%) 398 (47.7%)
Gram staining
Gram positive 991 (32.1%) 112 (19.6%) 1,103 (30.1%) 119 (31.0%) 109 (24.2%) 228(27.3%)
Gram negative 413 (13.4%) 91 (15.9%) 504 (13.8%) 84 (21.9%) 106 (23.6%) 190 (22.8%)
Other 1,687 (54.6%) 368 (64.4%) 2,055 (56.1%) 181 (47.1%) 235 (52.2%) 416 (49.9%)
Prior CCI
Mean (SD) 1.6(1.9) 2.7 (2.5) 1.8(2.1) 2.4(2.1) 2.9(2.1) 2.7 (2.1)
Median 1.0 2.0 1.0 2.0 3.0 2.0
Q1,Q3 0.0,2.0 1.0,4.0 0.0,3.0 1.0,3.0 1.0,4.0 1.0, 4.0
Range 0.0-15.0 0.0-10.0 0.0-15.0 0.0-12.0 0.0-15.0 0.0-15.0
Abbreviation: CCl = Charlson comorbidity index.
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log link. Exchangeable correlation structure was used to ac-
count for the correlation of patients over time. All statistical
analyses were performed using SAS version 9.4 (SAS In-
stitute, Cary, NC).

Data Availability

Deidentified data not explicitly published within this article
were retrieved from a commercial database (MarketScan).
Third parties may access the data on behalf of Duke only on
entering in a written data agreement with Duke and IBM with
access fee.

Results

A total of 4,496 adult patients, with 12 months of continuous
enrollment before a bacterial meningitis diagnosis between
2008 and 2015 and with a hospital admission within at least 7
days of the initial diagnosis, were identified. Figure 1 repre-
sents a flow diagram depicting the selection of cohort in this
study. Among them, 834 had either traumatic head injuries
(205, 4.6%) or neurosurgical complications (743, 16.5%) in
the 3 months leading up to the index date. Patients were
further stratified by infection: for 3,662 patients who did not
have head trauma or neurosurgical complications, 3,091

Figure 2 Thirty-day inpatient survival for patients with
bacterial meningitis

Meningitis type with number of subjects at risk
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Kaplan-Meier survivals for patients with bacterial meningitis. Patients were
censored at the time of disenrollment and represented with a vertical line.
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(84.4%) had community-acquired bacterial meningitis, whereas
571 (15.6%) had nosocomial meningitis. Compared with those
without head trauma/complications, a higher proportion of
patients with preceding traumatic head injuries or neurosurgical
complications had nosocomial infections (54.0% vs 15.6%).
Furthermore, the frequency and percentages of all bacterial types
are listed in table e-1 (links.;ww.com/CPJ/A177). The most
frequent bacterial type besides unspecified bacteria was Strepto-
coccus (20.1%) in atraumatic patients. However, for those with
preceding traumatic head injuries or neurosurgical complica-
tions, Staphylococcus/Methicillin-resistant Staphylococcus aureus
(19.5%) and Gram-negative bacteria (17.4%) were the most
common etiologic agents.

Demographics

Patient demographics are summarized in table 1. Patients
with prior head injuries or complications were more com-
monly infected with Gram-negative bacteria (22.8% vs
13.8%), were younger (52.0 vs 54.0 year old), were men
(52.6% vs 46.6%), and had higher median CCI (2.0 vs 1.0).
As expected, patients with nosocomial infection had higher
median CCI than those with community-acquired infection
(no head trauma/ complications: 2.0 vs 1.0; head trauma/
complications: 3.0 vs 2.0).

Length of Stay, 30-day Discharge Status, and In-
hospital Mortality

The overall median length of stay (LOS) for the initial bac-
terial meningitis admission was longer when prior head
injuries or neurosurgical complications occurred (17 [Q1: 9,
Q3: 31] vs 8 [Ql: S, Q3: 16] days) or when nosocomial
bacteria were the culprit (head trauma/complications: 21
[Q1:12,Q3:35] vs 13 [Ql: 6,Q3: 24] days; no head trauma/
complications: 13 [Q1: 7, Q3: 22] vs 8 days [Ql: 4, Q3:15]),
as shown in table e-2 (links.Iww.com/CPJ/A177). In terms
of discharge disposition for the initial admission, most
patients with bacterial meningitis (2,623, 58.3%) were dis-
charged home within a month of diagnosis. Compared with
those without head trauma/complications, a higher per-
centage with preceding trauma or complications died (6.8%
vs 4.5%) or were subsequently discharged to hospice care
(2.5% vs 1.7%).

In-hospital survivals were estimated by the Kaplan-Meier
method over a 30-day period (figure 2). The estimates of the
survival percentages and 95% Cls stratified by groups are
summarized in tables e-3 and e-4 (links.lww.com/CPJ]/
A177). The overall 30-day in-hospital mortality for bacterial
meningitis was 4.7% (95% CI [4.1%-5.3%]). Among
patients without prior head trauma/complications, the 30-
day mortality rate was comparable between the community-
acquired and nosocomial groups (4.5%, 95% CI
[3.8%-5.3%] vs 4.4%, 95% CI [3.0%-6.5%]). However,
those with streptococcal meningitis had a significantly higher
30-day mortality rate of 7.2% (95% CI [5.6%-9.3%]) com-
pared with 3.8% (95% CI [3.2%-4.5%]) for all other bac-
terial meningitides. Among patients with prior head trauma/
Neurology: Clinical Practice
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complications, the 30-day mortality rate was considerably
higher in the nosocomial group (6.5%, 95% CI
[4.5%-9.2%]) compared with the community-acquired
group (4.5%, 95% CI [2.8%-7.1%]).

In addition, for patients without prior traumatic injury or
neurosurgical complications, tuberculous meningitis and
streptococcal meningitis had the worst 30-day mortality rate
of 12.3% and 7.2%, respectively, among the different causa-
tive bacterial species (table e-4, links.Iww.com/CPJ/A177).

Neurosurgical Interventions

Interventions performed within 90 days before and after the
initial bacterial meningitis diagnosis are quantified in table e-S
(links.Iww.com/CPJ/A177). diagnosis, patients
with nosocomial bacterial meningitis experienced more
procedures (no trauma/complication group: 42.9% vs
14.3%; trauma/complication group: 59.1% vs 41.7%). Spe-
cifically, more patients diagnosed with nosocomial menin-
gitis had either diagnostic or therapeutic lumbar punctures
(no trauma/ complication group: 37.3% vs 12.4%; trauma/
complication group: 32.6% vs 19.8%). Within 90 days after
the diagnosis of meningitis, community acquisition was as-
sociated with more interventions compared with nosocomial
acquisition (no trauma/complication group: 55.9% vs
30.3%; trauma/complication group: 48.7% vs 33.1%), with
lumbar punctures for diagnostic and therapeutic purposes
still being the most common procedures.

Before

Thirty-day Complications

A total of 3,473 out of the 3,662 patients who had no prior head
trauma or neurosurgical complication and had continuous en-
rollment for 30 days after index diagnosis were analyzed. As
shown in table 2, patients from the community-acquired group

have a higher overall complication rate than those from the
nosocomial group (29.6% vs 26.5%), including higher rates of
cerebral edema, abducens nerve palsy, intracranial epidural
abscess, brain herniation, intracerebral hemorrhage, septic
shock, respiratory distress syndrome, and disseminated in-
travascular coagulation. Hydrocephalus was the most common
complication overall, occurring in 440 patients (12.7%) of the
cohort, although it was slightly more common in the nosoco-
mial group compared with the community-acquired group
(15.7% vs 12.1%).

Cost Analysis

A total of 2,228 patients were included in the cost analysis,
with the total costs (including inpatient service, outpatient
service, and medication costs) summarized in table 3. In
general, prior head trauma and neurosurgical complications
were associated with higher baseline costs (median $135,237
vs $22,012), and those infected by nosocomial bacterial
meningitis also incurred higher costs than their counterparts
with community-acquired meningitis (no head trauma/
complications: median $82,778 vs $17,152; head trauma/
complications: median $168,309 vs $92,428). Within 3
months of the diagnosis, community acquisition was asso-
ciated with higher costs compared with the nosocomial
group (no head trauma/complications: $47,911 vs $34,202;
head trauma/complications: $89,207 vs $58,947). However,
these costs declined sharply thereafter.

Two separate regression models were used for patients with
and without prior traumatic head injury or neurosurgical
complications to evaluate the effect of comorbidities, in-
fection sources, and Gram staining on total cost. For patients
without preceding head injury or interventions (table 4), the
CCI was found to be associated with total cost such that each

Table 2 Thirty-day Complication Rates for Patients Without Prior Head Trauma or Neurosurgical Complications

Community acquired (N = 2,938)

Nosocomial (N = 535) Total (N = 3,473)

30-d complication 871 (29.6%) 142 (26.5%) 1,013 (29.2%)
Cerebral edema 210 (7.1%) 23 (4.3%) 233 (6.7%)
Hydrocephalus 356 (12.1%) 84 (15.7%) 440 (12.7%)
Abducens nerve palsy 15 (0.5%) 0 (0.0%) 15 (0.4%)
Intracranial epidural abscess 232 (7.9%) 34 (6.4%) 266 (7.7%)
Brain herniation 70 (2.4%) 11 (2.1%) 81 (2.3%)
Intracerebral hemorrhage 249 (8.5%) 21 (3.9%) 270 (7.8%)
Septic shock 90 (3.1%) 9 (1.7%) 99 (2.9%)
Respiratory distress syndrome 103 (3.5%) 14 (2.6%) 117 (3.4%)
8th nerve palsy 2(0.1%) 1(0.2%) 3(0.1%)

DIC 19 (0.6%) 2 (0.4%) 21 (0.6%)

Abbreviation: DIC = disseminated intravascular coagulation.
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Table 3 Total and Cumulative Costs of Bacterial Meningitis in the United States, 2008-2015

No prior head trauma or complications

Prior head trauma or complications

Community Community
acquired Nosocomial Total acquired Nosocomial Total
One-year period before diagnosis
(baseline)
N 1,570 275 1,845 169 214 383
Mean (SD) 42,895.0 115,592.0 53,730.6 134,276.2 201,825.1 172,018.9
(68,732.1) (108,790.0) (80,304.7) (125,193.6) (141,924.1) (138,752.3)
Median 17,151.6 82,7781 22,011.5 92,427.5 168,308.9 135,236.6
Q1,Q3 5,366.8,49,382.3 41,357.3, 6,890.8, 35,020.9, 91,025.0, 59,324.4,
145,628.0 66,745.1 195,526.8 288,522.9 254,194.2
Range 0.0-573,487.7 5,804.4-605,974.2 0.0-605,974.2 1,046.6-643,007.7 8,767.0-604,107.5 1,046.6-643,007.7
90-d period postdiagnosis
N 1,570 275 1,845 169 214 383
Mean (SD) 84,288.8 67,106.5 81,727.8 122,652.2 100,177.7 110,094.7
(99,422.2) (85,166.0) (97,600.5) (111,216.6) (111,777.9) (111,943.7)
Median 47,910.9 34,201.9 46,156.9 89,206.9 58,947.1 69,568.1
Q1,Q3 24,021.9, 12,207.3, 88,738.5 22,651.0, 45,679.0, 21,630.2, 29,460.6,
101,571.5 100,366.2 173,184.9 143,468.3 155,126.2
Range 577.0-650,792.9  287.0-499,260.7  287.0-650,792.9 643.9-610,662.7 888.5-549,649.4  643.9-610,662.7
Cumulative cost 47,910.9 34,201.9 46,156.9 89,206.9 58,947.1 69,568.1
90-d to 1-year period
postdiagnosis
N 968 180 1,148 100 122 222
Mean (SD) 34,375.8 50,631.5 36,924.6 53,915.3 59,926.5 57,218.8
(62,226.3) (91,149.7) (67,793.9) (83,786.2) (99,524.1) (92,611.4)
Median 11,1473 16,459.7 11,747.5 23,199.6 20,915.4 22,258.3
Q1,Q3 4,087.2,36,534.2 7,112.3,63,601.1 4,342.8, 6,933.2,62,941.5 7,419.7,65,258.5 7,073.2,63,940.2
39,786.4
Range 0.0-657,138.2 0.0-613,806.0 0.0-657,138.2  0.0-471,787.5 0.0-542,149.0 0.0-542,149.0
Cumulative cost 68,967.1 63,737.6 67,544.3 148,388.0 84,287.7 108,820.4
2nd 1-year period postdiagnosis
N 540 98 638 63 71 134
Mean (SD) 27,361.6 35,399.2 28,596.2 45,687.1 36,594.2 40,869.2
(49,962.0) (54,529.8) (50,728.4) (75,991.3) (62,327.7) (68,973.2)
Median 10,345.9 13,674.1 10,665.5 13,626.0 11,000.0 11,860.5
Q1,Q3 3,976.1, 26,466.3  4,142.6,44,812.4 3,976.8, 4,799.0,44,011.6  5,030.8,39,123.6  4,834.7,39,123.6
28,688.3
Range 0.0-350,992.0 0.0-324,849.9 0.0-350,992.0  0.0-344,171.9 0.0-395,324.8 0.0-395,324.8
Cumulative cost 86,179.6 66,618.1 82,472.9 174,731.3 116,659.8 133,571.0

1-unit increase in the CCI is expected to raise the total cost
by 16% (cost ratio [CR]: 1.16, 95% CI [1.14-1.19]). Age
also affected total cost such that each 10-year increase of age
is expected to lower cost by 8% (CR: 0.92, 95% CI
[0.90-0.95]). Gram staining was not associated with total
cost (CR: 1.00, 95% CI [0.87-1.15]). With other covariates
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held fixed, the total cost for community-acquired bacterial
meningitis is expected to be 2.19 times higher within 90 days
of diagnosis compared with that at baseline (CR: 2.19, 95%
CI[1.99-2.41]). After the first 90 days, total average costs in
the 90-365-day period are 39.0% of that in the previous 90-
day period (CR: 0.39, 95% CI [0.35-0.44]). On the other
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hand, in the nosocomial bacterial meningitis group, the total
cost within 90 days of diagnosis is expected to be 59% of the
baseline cost (CR: 0.59, 95% CI [0.50-0.71]), decreasing
further in the 90-365-day period to 74% of the first 90-day
cost (CR: 0.74, 95% CI [0.58-0.94]). Overall, the baseline
total cost for the nosocomial group is expected to be 2.57
times of that for community-acquired bacterial meningitis
(CR:2.57,95% CI [2.21-2.97]). In the subsequent 90 days
after diagnosis, however, the total cost for the nosocomial
group is significantly lower (CR: 0.70, 95% CI [0.58-0.83]).
There was no significant difference in cost of nosocomial vs
community-acquired meningitis during the 1-2-year period
after diagnosis (CR: 1.28, 95% CI [0.94-1.74]).

Results differed when traumatic head injuries or interventions
were considered, although similar associations of CCI and age
with costs were found (table 5). When other covariates are held
fixed, the total cost for community-acquired bacterial menin-
gitis within 90 days of diagnosis is as high as the baseline cost
(CR: 0.97, 95% CI [0.81-1.15]), whereas in the nosocomial
bacterial meningitis group, the total cost within 90 days of
diagnosis is not as high as the baseline cost (CR: 0.50, 95% CI
[0.43-0.58]). Overall, the baseline total cost for the nosocomial
group is expected to be 1.45 times of that for community-

Table 4 Multivariable Regression on Total Costin Patients
Without Prior Trauma or Neurosurgical
Complications

Covariate Level CR (95% Cl)

Sex of the patient Female vs male 0.96 (0.88-1.06)

Baseline index Charlson  1-unitincrease 1.16 (1.14-1.19)

comorbidity score

Age 10y older 0.92 (0.90-0.95)

Gram staining Positive vs negative 1.00 (0.87-1.15)

Community acquired 90 d vs baseline 2.19 (1.99-2.41)
91-365d vs 90 d 0.39 (0.35-0.44)
91-365 d vs baseline 0.86 (0.76-0.97)

Nosocomial 90 d vs baseline 0.59 (0.50-0.71)
91-365d vs 90 d 0.74 (0.58-0.94)
91-365 d vs baseline 0.44 (0.35-0.56)

Baseline Nosocomial vs community  2.57 (2.21-2.97)
acquired

90d Nosocomial vs community  0.70 (0.58-0.83)
acquired

90-365 d Nosocomial vs community  1.32(1.01-1.73)
acquired

1-2y Nosocomial vs community ~ 1.28 (0.94-1.74)

acquired

Abbreviations: CI = confidence interval; CR = cost ratio.
A total of 1,845 patients and 5,476 observations (including different time

points) were used.
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This longitudinal study represents

a comprehensive characterization of
bacterial meningitis morbidity,
mortality, and economic burden in
the United States in recent years.

acquired bacterial meningitis (CR: 1.45, 95% CI [1.22-1.71]).
In the subsequent 90 days after diagnosis, however, the total
cost for the nosocomial group is significantly lower (CR: 0.75,
95% CI [0.61-0.92]).

Cost Analysis of Patients Who Died Within

90 Days

As table e-6 (links.Iww.com/CPJ/A177) indicates, compared
with patients who survived within 90 days of the index date,
those who died earlier tended to be older (no trauma/
complication group: median age 60 vs 54 years; trauma/
complication group: median age SS vs 52 years) and had
higher median Charlson comorbidity scores in the year be-
fore the diagnosis of meningitis (no trauma/complication
group: 2 vs 1; trauma/complication group: 3 vs 2).

Cost analysis (table e-7, links.lww.com/CPJ/A177) revealed
that for such patients who died within the first 90 days of index
date, their median cost was higher 1-year before diagnosis (no
prior head trauma or complication: $44,143 vs $22,011; prior
head trauma or complication: $203,469 vs $135,237). At the
same time, however, within the 90-day period after diagnosis,
the median cost for patients who died and had no prior head
trauma/complication was comparable to those who survived
($50,521 vs $46,157), whereas the median cost for patients
who died who had head trauma/complications was much lower
than those who survived ($27,172 vs $69,568).

Discussion

Our study underscores the substantial public health and
economic importance of bacterial meningitis in the United
States. This longitudinal study represents a comprehensive
characterization of bacterial meningitis morbidity, mortality,
and economic burden in the United States in recent years. As
the introduction of vaccines and the ever-evolving emergence
of resistance among causal organisms have contributed to
a changing disease profile,® a current characterization of the
disease is particularly important.

Within the study cohort, we found that a substantial number
of bacterial meningitis admissions (up to 84.4%) were a re-
sult of community acquisition, although traumatic head
injuries or recent neurosurgical procedures resulted in dis-
proportionately more nosocomial infections. Compared with
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a much older study from 1993, in which 60% of the acute
bacterial meningitis admissions were secondary to community-
acquired bacteria, it appears that the gap between the 2 groups
has now widened, likely heralding an era where iatrogenic
infections are routinely prevented through the use of empiric
antibiotics. At the same time, some studies have demonstrated
the inadequacy of prophylactic antibiotic coverage in prevent-
ing postoperative bacterial meningitis after craniotomies and
other common neurosurgical interventions’—an observation
in line with our results in which a high proportion of patients
with preceding head injuries or procedures, nevertheless, ex-
perienced nosocomial bacterial meningitis.

We also found a higher overall 30-day inpatient mortality for
streptococcal meningitis (which is often acquired in the
community) relative to other meningitides. Possible
explanations might include increasing resistance of Gram-
positive community-acquired pathogens to available anti-
microbial agents (e.g., beta-lactams and macrolides against
Streptococcus) as well as a lower diagnostic threshold (and,
therefore, faster initiation of systemic antibiotics and other
therapeutic measures) for nosocomial bacterial meningitis in
patients with frequent access to health care settings. In ad-
dition, that tuberculous meningitis had the worst 30-day

Table 5 Multivariable Regression on Total Costin Patients
With Prior Trauma or Neurosurgical
Complications

Covariate Level CR (95% CI)

Sex of the patient Female vs male 0.98 (0.84-1.15)

Baseline index Charlson 1-unit increase 1.15(1.11-1.19)

comorbidity score

Age 10y older 0.90 (0.86-0.95)

Gram staining Positive vs negative 0.87 (0.71-1.06)

Community acquired 90 d vs baseline 0.97 (0.81-1.15)
91-365d vs 90 d 0.44 (0.33-0.60)
91-365 d vs baseline 0.43 (0.32-0.57)

Nosocomial 90 d vs baseline 0.50 (0.43-0.58)
91-365d vs 90 d 0.59 (0.44-0.78)
91-365 d vs baseline 0.29 (0.22-0.39)

Baseline Nosocomial vs 1.45 (1.22-1.71)
community acquired

90d Nosocomial vs 0.75 (0.61-0.92)
community acquired

90-365 d Nosocomial vs 0.99 (0.66-1.47)
community acquired

1-2y Nosocomial vs 0.81 (0.48-1.35)

community acquired

Abbreviations: CI = confidence interval; CR = cost ratio.
A total of 383 patients and 1,122 observations (including different time
points) were used.
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We also found a higher overall 30-day
inpatient mortality for streptococcal
meningitis (which is often acquired in
the community) relative to other
meningitides.

mortality in atraumatic patients is not surprising because
extrapulmonary tuberculosis is known to adversely affect
survival, although updated data quantifying the exact mor-
tality rate are lacking.'”"! Our study, therefore, helps to fill
this knowledge gap.

We also emphasized 30-day complication rates because for an
acute disease such as bacterial meningitis, which can require
emergent intervention, complications are likely to present
and be treated early. In addition, the high rates of hydro-
cephalus found in our study match the pathophysiology of
the disease, especially its ability to cause meningeal scarring,
inflammation, and resulting ventricular or villi obstruction,
thereby impairing CSF absorption.

Our LOS results (17.0 days for traumatic cases and 8.0 days
for atraumatic) closely follow prior findings involving the
NIS analysis of 2006," although we have provided a more
thorough understanding of this HCRU aspect by indicating
how differences arise in hospital stays when patients with
bacterial meningitis experience traumatic head injuries or
neurosurgical interventions or when nosocomial bacteria are
involved. In addition, our study casts a negative limelight on
lumbar punctures due to their association with nosocomial
bacterial meningitis following the procedure. These are
typically used to treat or prevent CSF leaks, communicating
hydrocephalus, and cord ischemia in patients undergoing
aortic aneurysm repair, in addition to diagnosing normal
pressure hydrocephalus and other conditions.'> We hope
that these numbers, rather than impeding neurosurgical
interventions, will aid physicians in discerning the risk of
such a procedure and ensuring a more informed decision-
making process for patients in the future.

We also found that the median baseline costs accrued for
nosocomial infections and for those with prior traumatic
head injuries or interventions were significantly higher
compared with community-acquired infections and atrau-
matic patients, respectively. Possible reasons for such a dif-
ference include higher preceding costs of interventions,
hospitalizations, and treatment for those who have traumatic
injuries or need neurosurgical procedures, thereby inflating
the baseline costs for the nosocomial group. However, within
3 months of the diagnosis, community acquisition became
associated with higher costs.
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Furthermore, our analysis for patients who died within the
first 90 days revealed an older age group that was, un-
fortunately, more prone to comorbidities and death following
a bacterial meningitis diagnosis. The cost analysis also in-
dicated that in the I-year period before diagnosis, such
patients needed treatment with higher associated costs in
view of their additional comorbidities compared with those
who survived this critical period. The finding that median
costs for patients who died were less is likely a reflection of
early death after diagnosis and hence lower total costs com-
pared with those who survived.

Retrospective investigations, such as ours, remain limited by
the inaccuracies inherent in a database comprised of reported
diagnostic codes. In addition, although this study defined
mortality as in-hospital deaths due to bacterial meningitis and
its complications, the attribution of an in-hospital death to
a meningitis diagnosis may not always be correct, as incorrect
determination of hospital death is unfortunately not un-
Moreover, because MarketScan only tracks
death discharges, and stopped tracking in-hospital mortality
after 2016, mortality (e.g., shortly after being discharged to
hospice) may be underestimated in our study. The Mar-
ketScan database is also not reflective of the entire US

13
common.

population, and it tends to overrepresent the Southern re-
gion and underrepresent the Western region.'* Despite these
limitations, we were able to review and quantify morbidity,
mortality, and cost for patients diagnosed with bacterial
meningitis in recent years.

Our results indicate a substantial health economic burden,
morbid complications, and inpatient mortality associated
with both nosocomial and community-acquired bacterial
meningitis. Although bacterial meningitis is known to be
among the top infectious causes of death, the paucity of
reporting for associated morbidity, mortality, and economic
burden in recent years has resulted in both a knowledge gap
and an associated patient outcomes gap. More comprehen-
sive and current disease characterization is essential to im-
proving outcomes while reducing the economic burden of
the disease. By addressing the knowledge gap, this study
represents the requisite first steps toward ultimately im-
proving patient outcomes for bacterial meningitis.
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