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Abstract

Data on traumatic brain injury (TBI) economic outcomes are limited. We used Rochester Epidemiology Project
(REP) resources to estimate long-term medical costs for clinically-confirmed incident TBI across the full range of
severity after controlling for pre-existing conditions and co-occurring injuries. All Olmsted County, Minnesota,
residents with diagnoses indicative of potential TBI from 1985–2000 (n = 46,114) were identified, and a random
sample (n = 7175) was selected for medical record review to confirm case status, and to characterize as definite
(moderate/severe), probable (mild), or possible (symptomatic) TBI. For each case, we identified one age- and
sex-matched non-TBI control registered in REP in the same year ( – 1 year) as case’s TBI. Cases with co-occurring
non-head injuries were assessed for non-head-injury severity and assigned similar non-head-injury-severity
controls. The 1145 case/control pairs for 1988–2000 were followed until earliest death/emigration of either
member for medical costs 12 months before and up to 6 years after baseline (i.e., injury date for cases and
comparable dates for controls). Differences between case and control costs were stratified by TBI severity, as
defined by evidence of brain injury; comparisons used Wilcoxon signed-rank plus multivariate modeling (ad-
justed for pre-baseline characteristics). From baseline until 6 years, each TBI category exhibited significant
incremental costs. For definite and probable TBI, most incremental costs occurred within the first 6 months;
significant long-term incremental medical costs were not apparent among 1-year survivors. By contrast, cost
differences between possible TBI cases and controls were not as great within the first 6 months, but were
substantial among 1-year survivors. Although mean incremental costs were highest for definite cases, probable
and possible cases accounted for > 90% of all TBI events and 66% of total incremental costs. Preventing probable
and possible events might facilitate substantial reductions in TBI-associated medical care costs.
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Introduction

It is well recognized that traumatic brain injury (TBI)
causes substantial morbidity, disability, and mortality.

There is also evidence that TBI is associated with high health
care costs, both for individuals and society (Berg et al., 2005;
Finkelstein et al., 2006; Kayani et al., 2009; Max et al., 1991;
McGarry et al., 2002; Schootman et al., 2003; Schneier et al.,
2006; Shi et al., 2009; Thurman, 2001). While there is no way to

fully describe the human costs of TBI, complete and valid esti-
mates of TBI-associated medical care utilization and costs are
essential for informing allocation of scarce resources, targeting
efforts toward prevention, identifying best practices, addressing
future care needs, and implementing cost-effective treatments.

Existing estimates of TBI-associated costs are problematic
for various reasons; several reflect limitations on TBI ascer-
tainment. Although it is increasingly recognized that a ma-
jority of TBI events are mild, and that a substantial proportion
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are diagnosed and managed in office-based settings (Cassidy
et al., 2004; Centers for Disease Control and Prevention, 2003;
Leibson et al., 2011; Ruff, 2005), the majority of objective pop-
ulation-based cost estimates are limited to injuries admitted
to the hospital or emergency department (ED) and/or resulting
in death. Case ascertainment often relies on diagnosis codes
obtained from billing data or death certificates, and is limited
to relatively few highly specific codes recommended for use
by the Centers for Disease Control and Prevention (CDC)
(i.e., skull fracture, hemorrhage, concussion, cerebral lacera-
tion/contusion, or intracranial injury) (Faul et al., 2010). This
approach excludes TBI events managed in outpatient settings.
Also excluded are events with evidence of brain injury in
the medical record, but that were not assigned any CDC-
recommended codes. They were instead assigned codes such
as post-concussive symptoms, other head injuries, polytrauma,
or late effects of injury (Leibson et al., 2011; Centers for Disease
Control and Prevention, 2009).

Many published estimates of TBI-associated medical costs
are also limited to costs accrued during the initial encounter.
Although long-term adverse consequences of TBI on physical
and mental health are recognized (Centers for Disease Control
and Prevention, 2003, 2010; Hall et al., 1994; Selassie et al.,
2008; DeKosky et al., 2010), the long-term economic conse-
quences of TBI are largely unknown. This reflects inherent
difficulties of most billing data for identifying and following
unique individuals across providers over extended periods of
time. Of the few cohort studies that followed unique indi-
viduals for costs after the initial encounter, most were limited
to persons admitted to the hospital and/or who survived to
rehabilitation. Many were limited to specific age groups or
mechanisms of injury, and some relied on self-report of injury
and/or utilization (Brener et al., 2004; Brooks et al., 1995;
Cameron et al., 2008; King et al., 2010; Slomine et al., 2006;
Vangel et al., 2005; Whitlock and Hamilton, 1995). Existing
estimates of TBI-associated medical care costs have thus been
characterized as incomplete and subject to ascertainment,
participation, recall, and survivor bias (Berg et al., 2005; Borg
et al., 2004; Corrigan et al., 2003; Thurman, 2001).

Previous studies of TBI-associated medical costs are also
limited by a shortage of appropriate controls. Patient char-
acteristics, including sex, age, and certain medical conditions
(e.g., alcohol abuse and neuropsychiatric conditions) are rec-
ognized risk factors for TBI (Bombardier et al., 2002; Vassallo
et al., 2007), many of which are independently associated with
increased medical costs (Harwood and The Lewin Group,
2002; Welch et al., 2009). Moreover, TBI events are often ac-
companied by other body system injuries. However, with rare
exception (Cameron et al., 2008; McGarry et al., 2002), inves-
tigations of TBI-attributable medical costs have insufficiently
controlled for costs not attributable to the TBI itself, but which
result from pre-existing conditions or co-occurring injuries.

The present study attempts to address several limitations of
previous medical care cost estimates by using the unique
population-based, medical-records-linkage resources of the
Rochester Epidemiology Project (REP) (Melton, 1996). REP
resources afford the opportunity to estimate medical care
costs associated with TBI: (1) across the full spectrum from
symptomatic through fatal events; (2) from before the event
until death or emigration; and (3) after controlling for age,
sex, calendar year, pre-injury medical conditions, and co-oc-
curring non-head injuries.

Methods

Study setting

Olmsted County (2000 census population = 124,277) pro-
vides a unique opportunity for investigating the natural his-
tory of TBI (Annegers et al., 1980a,1980b,1998; Brown et al.,
2004; Flaada et al., 2007; Leibson et al., 2011; Nemetz et al.,
1999). As described elsewhere (Melton, 1996), Rochester, the
county seat, is approximately 80 miles from the nearest major
metropolitan area, and is home to Mayo Clinic, one of the
world’s largest medical centers. Mayo Clinic and its two
hospitals, together with Olmsted Medical Center (OMC), a
second group practice and its hospital, provide nearly all of
the medical care delivered to local residents. Since 1907, every
Mayo patient has been assigned a unique identifier. All in-
formation from every contact (office, nursing home, ED,
hospital inpatient, and hospital outpatient visits) is contained
within a unit record for each patient. Detailed information
includes medical history, all clinical assessments, consultation
reports, surgical procedures, dismissal summaries, laboratory
and radiology results, correspondence, death certificates, and
autopsy reports. Diagnoses assigned at each visit are coded
and entered into continuously updated files. The coding
system was developed for clinical, not billing, purposes, and
uses an 8-digit modification of the Hospital Adaptation of the
International Classification of Diseases (H-ICDA, 1973),
which affords high sensitivity and specificity. Under the
auspices of the REP, the unique identifiers, diagnostic index,
and records-linkage were expanded to include other provid-
ers of medical care to local residents, including OMC and the
few private practitioners in the area, thereby linking medical
records for community residents. The REP provides the ca-
pability for population-based studies of disease risk factors,
incidence, and outcomes, that is unique in the United States
(Melton, 1996).

Data on medical utilization and costs

As described previously (Leibson et al., 2006), due to the
unique circumstances noted above, > 95% of all medical care
encounters by Olmsted County residents occur at either the
Mayo Clinic, OMC, or their affiliated hospitals. Through an
electronic data-sharing agreement signed by administration
at Mayo Clinic and OMC, patient-level administrative data
on health care utilization and associated billed charges in-
curred at these institutions are shared and archived within
the Olmsted County Healthcare Expenditure and Utilization
Database (OCHEUD) for use in approved research studies.
Individuals can be identified across institutions and over
time. Data are electronically linked, affording complete in-
formation on all hospital and ambulatory care delivered by
these providers to area residents from 1/1/1987 until the
present.

The files serve as a major source of health economic infor-
mation on all patients (i.e., all ages and payer types, including
the uninsured), and contain line-item detail on date, type,
frequency, and billed charge for every good or service pro-
vided. Recognizing discrepancies between billed charges and
true resource use, the OCHEUD employs widely accepted
valuation techniques to generate a standardized inflation-
adjusted estimate of the costs of each service or procedure in
constant dollars. Cost estimates in this study were adjusted to
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2007 dollars. A detailed description of the costing methodol-
ogy is provided elsewhere (Leibson et al., 2006).

Case identification

This study was approved by the Mayo Clinic and OMC
Institutional Review Boards. The method of case identifica-
tion has been described previously (Leibson et al., 2011). As
part of the Mayo Clinic Traumatic Brain Injury Model System
Center research activities funded by the National Institute on
Disability and Rehabilitation Research (NIDRR), all Olmsted
County residents with any diagnosis suggestive of head in-
jury or TBI in the REP diagnostic index from 1/1/1985
through 12/31/1999 were identified. The extensive list of the
International Classification of Diseases, 9th Revision-Clinical
Modification (ICD-9-CM) and Mayo adaptation of H-ICDA
codes used to identify cases is provided in the supplementary
materials (Supplementary Table 1; see online supplementary
material at http://www.liebertonline.com). There were
46,114 unique individuals with one or more such codes; the
323 who refused authorization at all REP providers where
they were seen were excluded from further review (Melton,
1997). From the remaining 45,791 cases, a 16% sample was
randomly selected for manual review of authorized medical
records from date first seen until date last seen at any REP
provider, to identify, confirm, and characterize each event.
Information from medical records was collected by trained
nurse abstractors under the direction of a board-certified
physiatrist (A.W.B.) and neuropsychologist ( J.F.M.). The re-
cord review involved all available clinical data including, but
not limited to, general history notes, ED notes, hospital re-
cords, radiological imaging findings, surgical records, and
autopsy reports.

TBI was defined as a traumatically-induced injury that
contributed to physiological disruption of brain function.
Evidence of physiological disruption included documentation
of any of the following: concussion with loss of consciousness
(LOC); post-traumatic amnesia (PTA); neurological signs of
brain injury and/or evidence of intracerebral, subdural, or
epidural hematoma; cerebral or hemorrhagic contusion;
brainstem injury; penetrating brain injury; skull fracture; or
post-concussive symptoms (dizziness, confusion, blurred vi-
sion, double vision, headache, nausea, or vomiting that was
not attributable to pre-existing or comorbid conditions). In-
dividuals who only had transient post-concussive symptoms
(i.e., lasting < 30 min) were excluded.

Incident events were defined as the first event 1/1/1985
through 12/31/1999 for which the individual was a resident
of Olmsted County, and for which there was no mention in
the medical record of an earlier TBI. All incident TBI events
were further characterized by mechanism of injury (Thurman
et al., 1995). Incident events were also categorized as either
definite, probable, or possible (symptomatic) using the Mayo
TBI severity classification system (Malec et al., 2007). The
system capitalizes on the strength of evidence of brain injury
available within the medical records (Table 1).

The detailed medical record review of the 16% sample of
Olmsted County residents with any diagnosis suggestive of
head injury or TBI from 1/1/1985 through 12/31/1999 re-
vealed 1429 (approximately 1 in 5) individuals who qualified
as an incident definite, probable, or possible TBI during that
15-year period. Because administrative claims for Olmsted

County residents are only available electronically since 1987,
and we wished to examine costs for persons with TBI in the
year before injury, the present study is limited to incident
cases identified from 1/1/1988 through 12/31/1999
(n = 1145).

Selection of controls

Two approaches were used for selecting controls. For the
first approach, each TBI case was matched to an individual of
same sex and similar birth year ( – 1 year) who was registered
at a REP provider as an Olmsted County resident in the year
( – 1 year) of the case’s TBI. The REP diagnostic index was then
used to obtain all diagnosis codes assigned each potential
control by any REP provider. Individuals assigned any code
associated with head injury from date first seen through date
of the case’s TBI were excluded as a potential control for that
case and another was selected. This first set of controls is
subsequently referred to as ‘‘regular’’ controls. The second
approach to control selection was intended to reduce potential
confounding due to co-occurring non-head injuries. Control
selection for this purpose was limited to a subset of ‘‘special’’
TBI cases (i.e., individuals who had presented to the ED or
hospital around the time of their TBI, and were assigned a
diagnosis code for that encounter that was indicative of a co-
occurring non-head injury). For each co-occurring non-head
injury, we first assigned a diagnosis code-based empiric

Table 1. Mayo Traumatic Brain Injury
a

(TBI) Severity Classification System

A. Classify as definite TBI if one or more of the following
criteria apply:
1. Death due to this TBI
2. Loss of consciousness of 30 min or more
3. Post-traumatic anterograde amnesia of 24 h or more
4. Worst Glasgow Coma Scale full score in the first

24 h < 13 (unless invalidated upon review; e.g.,
attributable to intoxication, sedation, or systemic shock)

5. One or more of the following present:
� Intracerebral hematoma
� Subdural hematoma
� Epidural hematoma
� Cerebral contusion
� Hemorrhagic contusion
� Penetrating TBI (dura penetrated)
� Subarachnoid hemorrhage

B. If none of criteria A apply, classify as probable TBI if one
or more of the following criteria apply:
1. Loss of consciousness of momentary to < 30 min
2. Post-traumatic anterograde amnesia of momentary

to < 24 h
3. Depressed, basilar, or linear skull fracture (dura intact)

C. If none of criteria A or B apply, classify as possible
(symptomatic) TBI if one or more of the following
symptoms are documented:
1. Blurred vision
2. Confusion (mental state changes)
3. Dazed
4. Dizziness
5. Focal neurologic symptoms
6. Headache
7. Nausea

aAdapted from Malec et al., 2007.
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measure of severity, and then applied the Trauma Mortality
Prediction Model (TMPM-ICD9) to assign an overall measure
of non-head injury severity to each individual (Glance et al.,
2009). For each ‘‘special’’ case, we randomly selected two
controls from the list of all Olmsted County residents of the
same sex and birth year as the case, and who had no diagnosis
code associated with head injury within or before the year of
the case’s event, but who were admitted to the ED or hospital
in the year of the case’s event, and for whom his or her injuries
contributed to an overall measure of severity similar to that
for the case’s co-occurring non-head injuries. These controls
are subsequently referred to as ‘‘special’’ controls. For this
study of TBI-associated costs, the analysis was limited to one
control per case (i.e., a ‘‘regular’’ control for ‘‘regular’’ cases,
and one randomly-selected ‘‘special’’ control from the two
‘‘special’’ controls that were assigned each ‘‘special case’’).

Each subject was assigned a baseline date that served as a
referent for obtaining cost data. For cases, baseline was their
incident TBI date. For ‘‘regular’’ controls, baseline was the
REP registration date closest to the matched case’s TBI date.
For ‘‘special’’ controls, baseline was the date of their relevant
ED or hospital admission. Each case and control was followed
forward for costs from 1 year before baseline through the
earliest of death, emigration from Olmsted County, or 12/31/
2006 (the study’s end date). TBI is associated with reduced
survival in the acute and subacute phases following injury
(Brown et al., 2004; Flaada et al., 2007; Ventura et al., 2010). To
ensure similar periods of observation for cases and controls,
we censored each member of a matched pair as of the shortest
length of follow-up for either member. The control selection
process also allowed that a person selected as a control could
be assigned a diagnosis code for TBI subsequent to their
baseline date, at which point follow-up for both members of
the matched pair was also censored.

Statistical analysis

Analyses were conducted with SAS version 8.02 (SAS In-
stitute, Cary, NC). Statistical testing used the two-tailed alpha
level of 0.05. The principal outcome was direct medical costs
associated with TBI, stratified by level of evidence of brain
injury. Costs were assessed from baseline forward for up to 6
years and within each period: 1 day to 6 months, 6 months to 1
year, and 1 year to 6 years. By matching each case to one non-
TBI control drawn from the same population who was of
same sex and similar age, calendar year, presence and severity
of co-occurring non-head injuries, and length of follow-up, we
minimized concerns of potential confounding due to these
variables. In the primary analytic approach, the costs for
each control were subtracted from the costs for his or her
case in each time period; statistical significance was assessed
using the Wilcoxon signed-rank test to account for the
highly skewed nature of cost data and paired observations
(Wilcoxon, 1945). Our experience employing this approach is
demonstrated with previous REP studies of population-based
cost-of-illness estimates for a variety of medical conditions
(Leibson et al., 1996,2001,2006; Long et al., 2010; Thompson
et al., 2011).

The analysis described above did not control for pre-
existing medical conditions. To examine the potential for
confounding by these factors in estimating TBI-associated
costs, we also compared cases and controls with respect to

pre-existing medical conditions and costs in the year before
baseline. Pre-existing medical conditions were investigated
using Johns Hopkins Adjusted Clinical Groups (ACG) Sys-
tem� software ( Johns Hopkins Bloomberg School of Public
Health, 2010), which requires ICD-9-CM diagnosis codes. We
obtained all ICD-9-CM diagnoses codes assigned each indi-
vidual in OCHEUD billing data in the year before baseline.
We used ACG software to categorize each individual’s diag-
nosis codes into groupings based on persistence, severity, and
etiology of the condition, as well as diagnostic certainty, and
need for specialty care ( Johns Hopkins Bloomberg School of
Public Health, 2010). ACG software was also used to assign a
Resource Utilization Band (RUB) value to each individual.
RUB categories are aggregations of ACGs that have similar
expected resource use, with values ranging from 0 (no rele-
vant diagnosis codes) to 5 (diagnosis codes associated with
very high use) (Johns Hopkins Bloomberg School of Public
Health, 2002). For those TBI severity classification categories
with statistically significant differences in the distribution of
pre-baseline RUB values between cases and controls, we then
used multivariate modeling to examine the extent to which
pre-baseline medical conditions accounted for differences in
post-baseline costs between cases and controls. This approach
employed two-part models to account for zero costs (Buntin
and Zaslavsky, 2004; Manning et al., 1981), incorporated a
generalized linear model with log link and a gamma dis-
tribution for the error term to account for the skewed
distribution while enabling coefficients to be directly back-
transformed into the original dollar scale (Birnbaum et al.,
2009; Mullahy, 1998), and analyzed differences in costs be-
tween cases and controls using the method of recycled pre-
dictions, setting all individuals as cases with TBI or as controls
without TBI, while keeping constant all other individual
characteristics (Basu et al., 2006; Esposito et al., 2009). The
models of predicted costs as a function of case status
were adjusted for baseline age and pre-baseline RUB value.
The adjusted cost for each individual as a control was sub-
tracted from his or her adjusted cost as a case; mean values
and bootstrapped 95% confidence intervals of the mean
difference were calculated.

Results

Baseline case characteristics

For the 1145 randomly sampled individuals who met REP
criteria for incident TBI during the 12-year period from 1/1/
1988 through 12/31/1999 (i.e., cases), the characteristics at the
time of TBI are provided in Table 2. The majority of incident
TBI events occurred among males. Individuals age 16 through
64 years accounted for over half of all cases; elderly adults
accounted for < 10%. Less than 10% of all cases met criteria for
definite TBI, as defined in Table 1, while over half of all cases
met criteria for possible (symptomatic) TBI. Age and sex
distributions differed by TBI severity classification category.
Among definite cases, 14% of injuries occurred among youth,
and 28% occurred among elderly adults. This pattern was
reversed for possible cases: 40% of events occurred in youth,
and only 7% occurred among elderly adults. Two hundred
five cases (18%) were admitted to the ED or hospital at the
time of TBI with co-occurring non-head injuries (i.e., met
criteria for ‘‘special’’ cases). The proportions again differed as
a function of TBI severity classification category, with the
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smallest proportion expectedly occurring among possible
(symptomatic) cases. Falls and motor vehicle accidents to-
gether accounted for over half of all incident events, both
overall and in each severity classification category.

Case/control comparisons

At baseline. By virtue of the matched design, cases and
controls were similar with respect to baseline age [mean
(standard deviation; SD) = 27 (22) years for cases, and 28 (22)
for controls; p = 0.66], percent males (56%), and length of ob-
servation [mean (SD), median, and range = 7.53 (5.55), 7.26
years, and 0 - 20.97 years]. For the 205 ‘‘special’’ cases, the
distribution of injury severity for their non-head injuries was
also similar by design to that for the 205 matched ‘‘special’’
controls [mean (SD), median, and range values were 1.46%
(4.63%), 0.32%, 0.01–57.58% for cases, and 0.76% (1.20%),
0.30%, < 0.01–11.4% for controls; p = 0.10].

Before baseline. Table 3A provides results of compari-
sons between cases and controls for medical costs in the year
before baseline. On average, the difference between cases and
their matched controls was $49 higher for definite cases and
$540 lower for probable cases. For both definite and probable
cases, the median difference was < $40; there were no statis-
tically significant cost differences between cases and controls
for either of these two groups. By contrast, possible (symp-
tomatic) TBI cases cost an average of $441 more than their
matched controls in the year before baseline; the signed rank
test was highly significant. As shown in Table 3B, this pre-
baseline pattern of costs was consistent with the pattern of
between-group differences in pre-baseline medical condi-
tions, as measured using RUB values. There were no signifi-
cant differences in RUB values in the year before baseline
when comparing cases with controls for either definite or
probable TBI cases; however, the pre-baseline RUB value for
possible (symptomatic) TBI cases was significantly higher
than that for their non-TBI controls.

The latter finding was explored in greater detail by com-
paring possible cases with their matched controls for the

prevalence of pre-existing medical conditions within each of
34 Johns Hopkins Aggregated Diagnostic Group (ADG) cate-
gories ( Johns Hopkins Bloomberg School of Public Health,
2010). Even before the incident TBI, possible cases were more
likely than controls to have one or more diagnoses for ‘‘minor
injures/adverse events’’ ( p < 0.001). In the category ‘‘time lim-
ited minor conditions,’’ possible TBI cases were more likely
than their non-TBI controls to have pre-existing diagnoses in
both of the sub-categories ‘‘primary infections’’ ( p < 0.001) and
‘‘other than primary infections’’ ( p < 0.05). In the category
‘‘likely to recur discrete,’’ possible TBI cases were also more
likely than controls to have pre-existing diagnoses in the sub-
category ‘‘infections’’ ( p < 0.05). In the category ‘‘psychosocial
conditions,’’ symptomatic TBI cases were more likely than
controls to have pre-existing diagnoses in the sub-categories
‘‘time limited minor’’ ( p < 0.01) and ‘‘persistent recurrent,
stable’’ ( p < 0.01). And in the category ‘‘signs and symptoms,’’
symptomatic TBI cases were more likely than controls to
have pre-existing diagnoses within each of the three sub-
categories ‘‘minor’’ ( p < 0.001), ‘‘major’’ ( p < 0.01), and ‘‘uncertain’’
( p < 0.001) (data not shown, available upon request).

After baseline. Table 4 provides the distribution of costs
by time period post-baseline for cases who experienced defi-
nite (Table 4A), probable (4B), and possible (4C) TBI; cost
distributions are similarly provided for their respective con-
trols. The highly skewed nature of cost data is apparent for
both cases and controls within each severity classification
category, with some individuals experiencing zero costs in
almost every time period, and very few individuals contrib-
uting a large proportion of costs in every time period. Im-
portantly, 10 (11%) definite cases had zero costs in OCHEUD
because they died at the scene or en-route to the hospital or
ED. For all severity categories, analyses of costs for the first 6
months after baseline were therefore limited to cases and
controls for whom both members of the matched pair sur-
vived 1 day after baseline.

Box and whiskers plots of observed incremental costs (i.e.,
each case’s costs minus costs for his or her matched control)

Table 2. Characteristics of Olmsted County Residents Who Met Rochester Epidemiology Project

(REP) Criteria for Incident Traumatic Brain Injury (TBI) from 1/1/1988 to 12/31/1999

Subject characteristics Total Definite Probable Possible (symptomatic) p Value

Number (%) 1145a 93 (8%) 435 (38%) 617 (54%)
Male, n (%) 637 (56%) 54 (58%) 274 (63%) 309 (50%) < 0.001

Age distribution, years, n (%) < 0.001
< 16 years 398 (35%) 13 (14%) 137 (31%) 248 (40%)
16–64 years 640 (56%) 54 (58%) 259 (60%) 327 (53%)
> 64 years 107 (9%) 26 (28%) 39 (9%) 42 (7%)

Special case, n (%)b 205 (18%) 25 (27%) 108 (25%) 72 (12%) < 0.001

Mechanism of injury, n (%) < 0.001
Fall 312 (27%) 33 (35%) 94 (22%) 185 (30%)
Motor vehicle accident 316 (28%) 32 (34%) 150 (34%) 134 (22%)
Hit by object 64 (6%) 5 (5%) 18 (4%) 41 (7%)
Assault/gunshot 79 (7%) 9 (10%) 38 (9%) 32 (5%)
Sports/recreation 283 (25%) 9 (10 %) 123 (28%) 151 (24%)
Other 91 (8%) 5 (5%) 12 (3%) 74 (12%)

aThe number of individuals who were included in the 16% random sample from the list of all 46,114 potential cases 1985 through 1999, and
who following detailed medical record review were confirmed as having met REP criteria for first lifetime clinically-recognized definite,
probable, or possible TBI (Table 1) from 1/1/1988 through 12/31/1999.

bCases who presented to the emergency department or hospital and received a diagnosis code indicative of co-occurring non-head injury.
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are provided by TBI severity classification category for the
four time periods in Figure 1A–D. Over the full period base-
line to 6 years, direct medical costs for all persons with TBI
were an average of $4906 higher than costs for persons
without TBI (data not shown); costs for cases were signifi-
cantly higher than those for controls within each severity
classification category (Fig. 1A). For definite and probable
TBI, the majority of excess costs occurred within the first 6
months after baseline; for possible TBI, the costs for cases in
the first 6 months were only slightly (although still signifi-
cantly) higher than for controls (Fig. 1B). In the 6–12 months
after baseline, the difference in costs between each case and
his or her control appeared slightly higher for cases in each
TBI severity classification category, but reached statistical
significance only for possible cases (Fig. 1C). Among definite
and probable pairs who survived 1 year after baseline, the cost
difference between each case and his or her control from 1 to
up to 6 years after baseline was again not statistically signif-
icant (Fig. 1D). By contrast, possible (symptomatic) cases ex-
hibited greater costs than their matched controls in the period
1 to 6 years, and the difference was highly significant.

To investigate whether post-baseline cost differences be-
tween possible cases and their controls were confounded by
differences in pre-baseline medical conditions observed in
Table 3B, we conducted multi-variate analyses, adjusted for
pre-baseline RUB values. Mean adjusted costs and mean dif-
ference in adjusted costs, together with 95% confidence in-
tervals, are provided for each time period in Table 5. Over the

full period baseline to 6 years, the adjusted mean incremental
costs associated with possible TBI were $2300. Increased costs
were primarily confined to the period 1–6 years after baseline.
For both baseline to 6 months and 6–12 months after baseline,
adjusted costs for possible TBI cases were similar or slightly
less than those for controls. These results are generally con-
sistent with those from univariate analyses for possible cases,
with the general exception that estimates of mean incremental
costs after adjustment for pre-baseline medical conditions
were slightly lower than those observed with univariate
signed rank analyses. Because neither definite nor probable
TBI cases differed from their matched controls with respect to
pre-baseline costs or RUB values, no adjusted analyses were
deemed warranted.

Discussion

This population-based historical cohort study revealed
significantly higher costs for TBI cases compared to matched
controls. Over the full period, from baseline up to 6 years after
baseline, medical care costs for persons with TBI were an
average of $4906 higher than costs for matched controls
without TBI. Findings differed as a function of time since the
event and TBI severity classification category. As revealed by
Figure 1, from 1 day to a maximum of 6 months post-baseline,
a definite TBI case cost an average of $22,838 more than his or
her matched control; a probable TBI case cost an average of
$983 more than his or her matched control; while a possible

Table 3. Comparisons between the Random Sample of Olmsted County Residents Who Met Rochester

Epidemiology Project (REP) Criteria for Traumatic Brain Injury (TBI; i.e., Cases) and Their Matched
a

Non-TBI Controls for Direct Medical Care Costs and Medical Conditions in the Year before Baseline
b

3A. Medical care costsc in the year before baseline

Mean cost Cost difference (case’s cost minus control’s cost)

No. of pairs Cases Controls Mean Median 25th-75th percentile p Valued

Definite (moderate/severe) 93 $4071 $4022 + 49 + $35 - $980 to + $1227 0.55
Probable (mild) 435 $2186 $2726 - $540 $0 - $451 to + $801 0.15
Possible (symptomatic) 617 $2163 $1722 + $441 + $132 - $297 to + $913 < 0.001

3B. Distribution of Resource Utilization Band (RUB)e values for cases and controls in the year before baseline, n (%)

0 1 2 3 4 5 p Valuef

Definite (moderate/severe) 0.18
Cases, n = 93 16 (17%) 11 (12%) 20 (22%) 30 (32%) 5 (5%) 11 (12%)
Controls, n = 93 26 (28%) 11 (12%) 13 (14%) 31 (33%) 6 (6%) 6 (6%)

Probable (mild) 0.14
Cases, n = 435 98 (23%) 83 (19%) 84 (19%) 132 (30%) 27 (6%) 11 (3%)
Controls, n = 435 114 (26%) 75 (17%) 96 (22%) 124 (29%) 20 (5%) 6 (1%)

Possible (symptomatic) < 0.001
Cases, n = 617 108 (17%) 116 (19%) 145 (24%) 211 (34%) 24 (4%) 13 (2%)
Controls, n = 617 178 (29%) 116 (19%) 150 (24%) 134 (22%) 27 (4%) 12 (2%)

aControls were matched to cases for age, sex, calendar year, severity of non-head injuries at baseline, and length of follow-up.
bDate of incident TBI for cases, closest REP registration date for regular controls, and relevant hospital or emergency department encounter

for special controls.
cDollar values were adjusted for inflation and geographical wage differences to express costs for each year in 2007 nationally representative

constant dollars.
dWilcoxon signed rank test.
eResource Utilization Bands ( Johns Hopkins Bloomberg School of Public Health, 2002) are aggregations of diagnosis codes into categories

with similar expected costs, with 0 = no relevant diagnoses, 1 = healthy user, 2 = low user, 3 = moderate user, 4 = high user, 5 = very high user.
fAsymptotic Wilcoxon p value; exact inference for ordered row and column contingency tables.
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TBI case cost an average of $189 less than his or her matched
control. Importantly, from 1 year to a maximum of 6 years
after baseline, this pattern differed markedly. For definite TBI,
the cost for each case was on average less than that for his or
her matched control; the difference was not significant. By
contrast, persons with probable and possible TBI had higher
costs compared to their matched controls (the mean difference
was $1016 and $4416, respectively); the difference was highly
significant for possible cases. The difference remained highly
significant, although the point estimate ($3418) was slightly
reduced, after adjusting for the higher prevalence of medical
conditions among possible cases compared to their matched
controls in the year before baseline (Table 5).

This study addressed several concerns with previous
studies of TBI-associated medical costs. A majority of pub-
lished estimates have relied on administrative claims as the
source of case ascertainment, with case status based on as-
signment of one of the restricted sets of ICD-9-CM discharge
diagnosis codes recommended by the CDC (Centers for Dis-
ease Control and Prevention, 2005; Thurman, 2001). We and
others have demonstrated that milder cases are seriously
underestimated using this approach (Leibson et al., 2011; Ryu
et al., 2009). The list of potential cases in the present study was
generated using a coding system that was designed for clin-
ical rather than reimbursement purposes, and that employs
8-digit codes rather than the 3- to 5-digit ICD-9-CM codes

Table 4. Distribution of Direct Medical Care Costs
a

for the Random Sample of Olmsted County

Residents Who Met Rochester Epidemiology Project (REP) Criteria for Traumatic Brain Injury

(TBI) (i.e., Cases) and Their Matched
b

Non-TBI Controls, for Specified Time Periods after Baseline
c

4A. Definite TBI cases and matched controls

Time period, no. of pairs (% entering) Mean
No. with zero

costs
25th

percentile
50th

percentile
75th

percentile Maximum

Full period: Baseline to 6 years,
93 (100%)

Case 35,244 11/93 (12%) 4169 15,781 48,146 226,699

Control 14,639 3/93 (3%) 391 2755 14,102 415,802
1 day to 6 months, 75 (81%) Case 24,838 2/75 (3%) 2153 10,741 33,146 168,340

Control 1999 12/75 (16%) 87 321 1631 29,340
6–12 months, 57 (61%) Case 2349 9/57 (16%) 50 259 935 53,053

Control 966 18/57 (32%) 0 215 431 18,329
1–6 years, 53 (57%) Case 16,875 2/53 (4%) 855 4101 16,545 155,321

Control 20,394 1/53 (2%) 1122 4772 19,027 402,190

4B. Probable TBI cases and matched controls

Time period, no. of pairs (% entering) Mean
Percent with

zero costs
25th

percentile
50th

percentile
75th

percentile Maximum

Full period: Baseline to 6 years,
435 (100%)

Case 16,722 0/435 (0%) 2526 6345 16,033 319,902

Control 13,221 1/435 (0.2%) 1151 3255 9712 422,483
1 day to 6 months, 434 (99.8%) Case 3720 39/434 (9%) 195 711 2781 94,100

Control 2737 83/434 (19%) 43 273 787 301,708
6–12 months, 402 (92%) Case 1616 130/402 (32%) 0 137 635 72,109

Control 1196 103/402 (26%) 0 144 496 29,519
1–6 years, 373 (86%) Case 11,521 18/373 (5%) 643 2742 8330 307,165

Control 10,505 14/373 (4%) 781 2348 7339 327,086

4C. Possible TBI cases and matched controls

Time period, no. of pairs (% entering) Mean
% with

zero costs
25th

percentile
50th

percentile
75th

percentile Maximum

Full period: Baseline to 6 years,
617 (100%)

Case 13,319 0/617 (0%) 1750 4718 13,493 335,013

Control 9789 6/617 (1%) 1042 3184 9656 169,275
1 day to 6 months, 616 (99.8%) Case 1686 70/616 (11%) 122 477 1229 64,099

Control 1875 125/616 (20%) 43 221 726 87,873
6–12 months, 576 (93%) Case 1,154 140/576 (24%) 13 205 760 40,237

Control 1,198 170/576 (30%) 0 119 538 141,004
1–6 years, 537 (85%) Case 11,725 22/537 (4%) 1131 3785 11,464 232,117

Control 7309 19/537 (4%) 814 2392 6862 130,198

aDollar values were adjusted for inflation and geographical wage differences to express costs for each year in 2007 nationally representative
constant dollars.

bControls were matched to cases for age, sex, calendar year, severity of non-head injuries at baseline, and length of follow-up; follow-up for
each member of the case/control pair was censored as of the earliest death or emigration of either member.

cDate of incident TBI for cases, closest REP registration date for regular controls, and relevant hospital or emergency department visit for
special controls.
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obtained from administrative data. The range of diagnostic
codes used was extremely broad. Confirmation and charac-
terization of TBI case status was afforded with access to the
complete clinical details contained within the provider-linked
medical records of all potential cases and application of
standardized criteria. The study included both sexes, all ages,
all mechanisms of injury, and the full spectrum of clinically-
recognized disease. Cases included both fatal and non-fatal
TBI events, as identified from death certificates and from all
health care delivery settings (i.e., hospital inpatient, hospital
outpatient, ED, and office visits). Access to unique identifiers
for all Olmsted County residents over the entire time period
and across all REP providers afforded identification of first
lifetime clinically-recognized events.

Of the relatively few studies of TBI-associated medical
costs, a majority are limited to costs for the event hospitali-
zation and/or rehabilitation. The present study followed
cases and controls for all hospital inpatient, hospital outpa-

tient, rehabilitation, ED, and all office visit costs from 1 year
before to up to 6 years after baseline. Cost estimates were
obtained using line-item billing data that are available for
more than 95% of medical care received by Olmsted County
residents. Analyses controlled for non-TBI costs by comparing
costs for each case with costs for an individual without pre-
vious head injury who was drawn from the same population
and matched the case for sex, age, calendar year, severity of
co-occurring non-head injuries, and length of follow-up, and
by statistically adjusting for pre-baseline differences in med-
ical conditions between cases and controls. Our analyses at-
tempted to account for the highly skewed nature of economic
data and instances of zero costs.

Our study has a number of limitations. The estimates are
for a single geographic population, which in 2000 was 90%
white. The age, sex, and racial distribution of Olmsted County
is similar to that for Minnesota, the upper midwest, and the
U.S. white population; however, residents of Olmsted County

FIG. 1. Summary measures of direct medical care costs for each traumatic brain injury (TBI) case minus costs for his or her
matched control are provided for specified time periods after baseline by TBI category (Figs. 1A–1D). Data are presented as
box and whiskers plots. Dashed horizontal lines depict the median; boxes depict the interquartile range (25th and 75th
percentiles); solid horizontal lines depict the mean; vertical lines (i.e., whiskers) depict the range. In each figure, the y axis was
truncated to facilitate visualization (i.e., as depicted by the arrows). Some differences were well above the highest value and
well below the lowest value shown on the y axis. (A) The differences in direct medical costs for the full time period from
baseline to a maximum of 6 years after baseline. (B) Data for case/control pairs that survived 1 day, and differences in direct
medical costs from 1 day to a maximum of 6 months after baseline. (C) Data for case/control pairs that survived 6 months,
and differences in direct medical costs from 6 months to a maximum of 12 months after baseline. (D) Data for case/control
pairs that survived 1 year, and differences in direct medical costs from 1 year to a maximum of 6 years after baseline.
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have a higher median income and education level compared
to these other geographic regions (Melton, 1996; St. Sauver,
2012). While no single geographic area is representative of all
others, the under-representation of minorities and the fact that
essentially all medical care is delivered by a few providers
compromises the generalizability of our study findings to
different racial and ethnic groups and to health care envi-
ronments different from those represented here. The identi-
fication of TBI is based on retrospective analysis of medical
records; thus individuals who did not seek medical attention
are not included. Data from cross-sectional surveys suggest
that from 25–42% of non-fatal cases of self-reported head in-
jury do not seek any medical care (Setnik and Bazarian, 2007;
Sosin et al., 1996). Our study does not include nursing home
costs. Although the proportion of persons admitted to a
nursing home following TBI is relatively small, the stays can
be long (Mellick et al., 2003). The risk of admission is likely
higher for definite cases. Our study also does not include in-
direct costs. Studies that have reported both direct and indi-
rect costs reveal that TBI-associated indirect costs were
substantially higher than direct costs (Borg et al., 2004; Fin-
kelstein et al., 2006; Kalsbeek et al., 1980; Max et al., 1991;
Miller et al., 1994).

The present study analyzed differences in medical costs
between each TBI case and his or her matched control to es-
timate excess costs associated with TBI within severity clas-
sification categories. Classification categories were based on
evidence of brain injury available in the medical record (Table
1). The marked heterogeneity with respect to the range of TBI
severity and how it is defined in the literature is well recog-
nized (Barker-Collo and Feigin, 2009; Cassidy et al., 2004).
While several definitions, including those employed in earlier
REP studies of TBI incidence (Annegers et al., 1980a), required
evidence of at least minimal LOC or PTA, others, including
the present study, did not. In this study, individuals who
presented to medical care following head injury, and whose
medical record documentation was limited to self-report of
post-concussive symptoms (e.g., dizziness and/or headache),
were included within the category of possible TBI. Individuals
for whom it was determined on record review that their
symptoms were associated with a prior condition were ex-
cluded; however, the extent to which our estimates of symp-

tomatic cases may have been inflated by patients’ attribution
of pre-injury symptoms to recent head trauma (Mittenberg
et al., 1992) cannot be determined. In this regard, our finding
that, compared to matched controls, persons with possible
TBI had a higher prevalence of medical conditions before in-
jury and higher medical costs both before injury and in the
period 1–6 years after the injury is of interest. Although our
analyses attempted to adjust for pre-existing medical con-
ditions, it remains unclear whether the symptomatic event
resulted in mild neurologic injury that contributed new
medical issues and/or exacerbated existing medical issues,
or whether a trend of gradually increasing medical issues
would have occurred even absent the event of TBI. Further
investigation is needed.

Implications

Other studies have frequently concluded that medical costs
for persons with TBI increase with increasing TBI severity and
are highest for cases who do not survive (Brener et al., 2004;
Max et al., 1991; McGarry et al., 2002; Schneier et al., 2006; Shi
et al., 2009). These reports are consistent with visual com-
parisons of box and whisker plots in Figure 1B, which suggest
that excess costs in the first 6 months after baseline were
higher for definite compared to probable or possible cases.
And because of the dramatic difference in costs between
definite cases and their matched controls in the first 6 months,
the incremental costs for definite cases over the full period
baseline to 6 years (Fig. 1A) appear to remain much higher
compared to incremental costs for probable and possible
cases. However, our longer-term investigations suggest that
incremental medical costs for possible TBI may not become
apparent until 1 year post-injury, after which time they be-
come significantly higher than medical costs for their matched
controls. By contrast, cost differences between definite TBI
cases and matched controls are no longer significant 1–6 years
after baseline. Previous reports were largely limited to com-
parison of mean or total costs, which do not account for the
highly skewed distribution apparent in Table 4. Subjects were
often limited to hospitalized cases and therefore excluded
cases who died before admission (zero costs), or were man-
aged solely in the ambulatory setting. Follow-up was often

Table 5. Comparisons between the Random Sample of 617 Olmsted County Residents Who

Met Rochester Epidemiology Project (REP) Criteria for Possible (Symptomatic) Traumatic Brain

Injury (TBI) (i.e., Cases) and Their Matched
a

Non-TBI Controls for Costs in the 6 Years after Baseline
b

Adjusted for Differences between Cases and Controls with Respect to Medical Conditions before Baseline
c

Adjusted mean costs

Time period
No. of pairs

(% entering period) Cases Controls
Adjusted mean difference

in medical care costsd,e (95% CIf)

Full period: Baseline to 6 years 617 (100%) $13,018 $10,718 + $2300 ( + $2190, + $2428)
1 day to 6 months 616 (99.8%) $1300 $1771 - $471 ( - $497, - $440)
6–12 months 576 (93%) $993 $978 + $15f ( + 14, + 17)
1–6 years 537 (87%) $11,645 $8227 + $3418 ( + $3236, + $3634)

aControls were matched to cases for age, sex, calendar year, non-head injury severity at baseline, and length of follow-up.
bDate of incident TBI for cases and closest REP registration date for controls.
cAssessed using Resource Utilization Bands ( Johns Hopkins Bloomberg School of Public Health, 2002).
dAnalyzed using recycled predictions (Basu et al., 2006).
eDollar values were adjusted for inflation and geographical wage differences to express costs for each year in 2007 nationally representative

constant dollars.
fBootstrapped values for 95% confidence intervals (CI).
gTwo-part modeling was used to account for high percentage with zero costs.
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limited to the event hospitalization; longer-term estimates
typically did not distinguish early and late time periods, and
comparisons often failed to control for costs unrelated to the
TBI (e.g., patient characteristics or co-occurring injuries).
Although these limitations were addressed in our estimates
of TBI-associated excess costs within each category, visual
comparisons across categories and over time must be inter-
preted with caution. We did not perform statistical tests
across injury severity classification categories. Such analyses
would require adjustment for marked differences across ca-
tegories in pre-baseline age, sex, and co-morbidity (Table 2),
consideration of marked differences in length of follow-up,
and tests for three-way interactions between case status, in-
jury severity category, and observation period.

Importantly, a full appreciation of where and when TBI-
associated medical care costs are occurring requires consid-
eration of not only the average incremental cost, but also the
numbers of persons for whom that difference applies, and the
length of time over which the cost differences accrue. We
multiplied the mean difference in cost over the full period
from baseline to a maximum of 6 years for each TBI severity
classification category by the number of individuals in each
category within our population-based 16% random sample.
The total incremental cost for possible cases was $2,178,627,
43% higher than the $1,522,935 for probable cases, and 14%
higher than the $1, 916,172 for definite cases. These findings
suggest that conclusions from previous studies that TBI-
associated medical costs are directly related to severity and
inversely related to survival merit some reconsideration, and
that substantial reductions in TBI-associated medical care
costs at the level of the population and over the long term
might be achieved by targeting possible (symptomatic) cases
for prevention.
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