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Background: As health care transitions toward value-based care, orthopaedics has started to implement time-driven
activity-based costing (TDABC) to understand costs and cost drivers. TDABC has not previously been used to study cost
drivers in anterior cruciate ligament reconstruction (ACLR). The purpose of this study was to use TDABC to (1) calculate
bone-tendon-bone (BTB) and hamstring ACLR total costs of care and (2) evaluate the impact of graft choice and other
factors on ACLR costs.

Methods: Data were collected from electronic medical records for primary ACLR from the institutional patient-reported
outcome registry between 2009 and 2016 in 1 ambulatory surgery center. Patients receiving allograft, revision ACLR, or
concomitant meniscal repair or ligament reconstruction were excluded. The total cost of care was determined using
TDABC. Multivariate regression analysis was conducted between ACLR cost and group characteristics.

Results: A total of 328 patients were included; 211 (64.3%) received BTB autograft and 117 (35.7%) received hamstring
autograft. The mean cost was $2,865.01 ± $263.45 (95% confidence interval: $2,829.26, $2,900.77) for BTB ACLR
versus $3,377.44 ± $320.12 ($3,318.82, $3,436.05) for hamstring ACLR (p < 0.001). Operative time was 103.1 ±
25.1 (99.7, 106.5) minutes for BTB ACLR versus 113.1 ± 27.9 (108.0, 118.2) minutes for hamstring ACLR (p = 0.001).
The total implant cost was $270.32 ± $97.08 ($257.15, $283.50) for BTB ACLR versus $587.36 ± $108.78 ($567.44,
$607.28) for hamstring ACLR (p < 0.001). Hamstring graft (p = 0.006) and suspensory fixation on the femoral side
(p = 0.011) were associated with increased costs.

Conclusions: The mean cost of care and operative time for BTB autograft ACLR are less than those for hamstring
autograft ACLR. Operative time, implant choice, and graft choice were identified as modifiable cost drivers that can
empower surgeons to manage primary ACLR costs while maximizing the value of the procedure.

Level of Evidence: Economic and Decision Analysis Level IV. See Instructions for Authors for a complete description of
levels of evidence.

A
nterior cruciate ligament reconstruction (ACLR) is a
common procedure in the United States, with an esti-
mated 300,000 procedures performed annually as of

20171 and a 22% increase from 2002 to 20142. ACLRs are also
increasingly costly procedures, having generated $850,000,000
in health-care expenditures annually in 20003.Mean costs increased
from $7,634.19 in 2005 to $10,780.03 in 2013, and they are pro-
jected to continue rising4. ACLR costs have also been found to be
highly variable4-6. This variability stems from the surgical fixation

techniques and graft options available for ACLR5-14. Bone-tendon-
bone (BTB) autograft and hamstring autograft are the most com-
mon graft choices in the United States15. Orthopaedic surgeons
play a substantial role in ACLR cost variability5,16,17.

In the face of excessive and continuously rising national
health-care expenditures, the United States health-care sys-
tem and the field of orthopaedic surgery are shifting toward
incentivizing value-based care, where value is defined as
the change in patient-reported outcome per dollar spent
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throughout an episode of care18. Given their influence on
cost variability, orthopaedic surgeons have the opportunity
to maximize value by modifying their practice to mitigate
costs while preserving or improving patient care. Surgeons
thus need to have access to accurate cost information and
understand which surgeon-controlled variables drive costs.
Accurate cost data can be hard to determine because tradi-
tional hospital accounting systems are variable19 and, while
useful for balancing an institutional budget, have been shown
to overestimate the costs involved per episode of patient care20-22.
In contrast, time-driven activity-based costing (TDABC) is
a methodology that more accurately measures costs and iden-
tifies cost drivers at the patient and provider level18,20,21,23. It has
been employed in multiple orthopaedic subspecialties such as
trauma21, hand24, pediatrics25, and arthroplasty20,26-28. TDABC was
also recently employed in the setting of ACLR, revealing signifi-
cantly different costs compared with those estimated by tradi-
tional accounting methods29.

Despite this recent use of TDABC, there is still a paucity
of accurate cost information in the ACLR literature. These data
are evenmore limited for BTB and hamstring autograft ACLRs,
with no prior reports on their TDABC-derived costs. Given the

TABLE I TDABC Formulae for Calculating Costs of an Episode of
Care*

Variable Formula

Direct costs Personnel costs 1 implant cost

Personnel costs Timetocompleteativity·PersonnelannualsalaryTimeworkedperyear ·80%

Indirect costs Indirectcostratio·directcosts
Indirect cost ratio S  FTE  indirect  services

S  FTE  direct  and  indirect  services

*TDABC = time-driven activity-based costing, and FTE = full-time
equivalents.

Fig. 1

Diagram displaying the processmap for an ACLR episode of care. Each box represents a stage in the episode of care, with arrows representing transitions

from one stage to the other. The personnel andmean time (inminutes) involved are listed for each stage. ACLR= anterior cruciate ligament reconstruction,

RN = registered nurse, CRNA = certified registered nurse anesthetist, MDA = anesthesiologist, CST = certified surgical technician, PA-C/OA = certified

physician assistant/orthopaedic assistant, MD = surgeon, OR = operating room.
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substantial amount of available information on outcomes of
BTB autograft and hamstring autograft ACLRs, it would be
useful to accurately calculate and share their associated costs in
order to empower surgeons to maximize patient value. The
purposes of this study were to use TDABC to (1) calculate total
costs of care for BTB and hamstring ACLR, and (2) evaluate the
impact of graft choice and other factors on ACLR surgery costs.
Our hypothesis was that overall costs would be higher for
hamstring ACLR compared with BTB ACLR.

Materials and Methods

Following institutional review board approval, the patient-
reported outcome registry for a single ambulatory ortho-

paedic surgery center in the United States was queried for
all patients treated with ACLR from 2009 to 2016 using the
Current Procedural Terminology (CPT) code 29888, and a
retrospective cost analysis was performed using TDABC.
The patients included in the study were skeletally mature
and immature individuals who received primary ACLR with
either BTB or hamstring autograft following acute ACL
injury. Patients who received allograft or underwent revi-
sion ACLR, concomitant meniscal repair, or concomitant
ligament reconstruction were also excluded. All patients were
treated in a single outpatient orthopaedic surgery center and
required no inpatient stay. All patients underwent spinal
anesthesia and received care according to an institutional
postoperative pain protocol.

The included patients were divided into 2 groups for data
collection and analysis according to whether they received

BTB autograft or hamstring autograft during the ACLR sur-
gery. Patient and surgical characteristics were retrospectively
collected via the electronic medical record (EMR). Patient
characteristics included age, gender, body mass index (BMI),
and the presence of anxiety or depression diagnoses. Surgical
characteristics included American Society of Anesthesiolo-
gists (ASA) score, primary surgeon, operative time, whether
concomitant meniscectomy was performed, graft type, fem-
oral fixation implant type used, and tibial fixation implant
type used. Implant types were classified as either aperture or
suspensory fixation.

The total cost of care was determined using TDABC.
Briefly, TDABC calculates the total cost of a care episode,
defined as the sum of all direct and indirect costs incurred
within the episode, at the patient level using 2 variables: (1)
time spent by a personnel resource to perform an activity, and
(2) cost per unit time of the resource under a practical capacity
assumption23. Process maps to identify the personnel and time
involved in performing each activity within the episode of care
were generated based on observations and stopwatch times of a
single observer during 10 ACLR procedures performed by a
variety of surgeons21,30 (Fig. 1). Preoperative and postoperative
times displayed low variability and thus were extrapolated
to the sample based on these observations. Operative time
and personnel time in the operating room displayed more
significant variability and were thus extracted directly from the
EMR. Direct costs included the personnel (surgeon, nurses,
surgical technician, etc.) and supplies (implants, sutures, drugs,
etc.) directly involved in patient care. Personnel costs were

TABLE II Demographics, Surgical Characteristics, and Costs of Care for the Sample Population (N = 328)*

BTB (N = 211; 64.3%) Hamstring (N = 117; 35.7%) P Value

Gender Female: 132 (62.6%)

Male: 79 (37.4%)

Female: 63 (53.9%)

Male: 54 (46.1%)

0.124†

Age (yr) 22.8 ± 9.0 (21.6, 24.0) 26.5 ± 12.2 (24.2, 28.7) <0.001‡

BMI (kg/m2) 24.5 ± 4.1 (24.0, 25.1) 25.1 ± 4.2 (24.4, 25.9) 0.211‡

Depression 20 (9.5%) 12 (10.3%) 0.831†

Anxiety 19 (9.1%) 27 (23.1%) <0.001†

ASA score 1: 183 (87.6%)

2: 26 (12.4%)

1: 99 (85.3%)

2: 17 (14.7%)

0.572†

Operative time (min) 103.1 ± 25.1 (99.7, 106.5) 113.1 ± 27.9 (108.0, 118.2) 0.001‡

Meniscectomy 71 (33.7%) 35 (29.9%) 0.488†

Femoral fixation Aperture: 211 (100%)

Suspensory: 0 (0%)

Aperture: 9 (7.7%)

Suspensory: 108 (92.3%)

<0.001†

Tibial fixation Aperture: 211 (100%)

Suspensory: 0 (0%)

Aperture: 101 (86.3%)

Suspensory: 16 (13.7%)

<0.001†

Implant cost $270.32 ± $97.08 ($257.15, $283.50) $587.36 ± $108.78 ($567.44, $607.28) <0.001‡

TDABC costing $2,865.01 ± $263.45 ($2,829.26, $2,900.77) $3,377.44 ± $320.12 ($3,318.82, $3,436.05) <0.001‡

*The values are given as either the count (proportion) or mean ± standard deviation (95% confidence interval). Proportions in parentheses are
calculated based on the number of patients with data. Significant p values are bolded. BTB = bone-tendon-bone, BMI = body mass index,
ASA = American Society of Anesthesiologists, and TDABC = time-driven activity-based costing. †Chi-square test. ‡Student 2-sample t test.
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derived from salary information, and supply costs were gath-
ered from vendor records and the surgical center accounting
department. Indirect costs included services that, while not
directly used by the patient, are required for care. These include
human resources (HR) management, information technol-
ogy (IT) support, employee benefits, hospital administration,
hospital operations infrastructure, operating theater operations,
and other infrastructure costs21,31,32. Indirect costs were estimated
to be 29.5% of direct costs21,31-33. To account for indirect costs at
the personnel level (benefits, vacation time, sick days, etc.), a
practical work capacity of 80% was assumed for all involved
personnel with the exception of the surgeon21,23,31. Table I
details the methods for obtaining these costs.

Statistical analysis was conducted using SAS version 9.4
(SAS Institute). Categorical data are reported using frequen-
cies and proportions, and continuous data are reported using
means and accompanying standard deviations and 95% con-
fidence intervals (CIs). Chi-square tests and Student 2-sample t

tests between the BTB group and the hamstring group were
used to determine significance for categorical and continuous
variables, respectively. Cost drivers were further assessed us-
ing multivariable regression analysis; a general linear model
(GLM) was constructed to evaluate the impact of patient and
surgical factors on the primary outcome of total ACLR cost.
Significance was set at alpha = 0.05 (2-tailed).

Source of Funding
No funding was received for this work.

Results

Atotal of 328 patients were included in the analysis. The
patients had a mean age of 24.1 years, and 59.5% were

female. Of these patients, 211 (64.3%) received BTB autograft
and 117 (35.7%) received hamstring autograft. Gender, BMI,
and the rate of depression were comparable between the 2
groups. The BTB group was significantly younger (22.8 ± 9.0

Fig. 2

Box-and-whisker box plots demonstrating the range in operative time (inminutes) for BTB (blue) and hamstring (red) ACLR according to the primary surgeon

(identified as A through N). A box indicates the interquartile range, the line within the box indicates the median, and the whiskers indicate the range. Case

volume of BTB ACLR and its percentage in relation to total ACLRs are reported under the x axis for each surgeon. BTB = bone-tendon-bone, ACLR = anterior

cruciate ligament reconstruction.
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[95% CI: 21.6, 24.0] versus 26.5 ± 12.2 [24.2, 28.7] years,
p < 0.001) and had a lower rate of anxiety (9.1% versus 23.1%,
p < 0.001) than the hamstring group (Table II).

A total of 14 surgeons performed BTB and/or hamstring
ACLRs in the study period. Operative time in the BTB group
was 103.1 ± 25.1 (99.7, 106.5) minutes, which was lower than
the time of 113.1 ± 27.9 (108.0, 118.2) minutes in the ham-
string group (p = 0.001) (Table II). Surgeon case volume and
operative time varied substantially within each type of ACLR
(Fig. 2). Comparable proportions of concomitant meniscec-
tomies were performed in the 2 groups (p = 0.488). The BTB
group used exclusively aperture fixation (100.0% for both
femoral and tibial fixation), whereas the hamstring group used
suspensory fixation for the femur in 92.3% of ACLRs and for
the tibia in 13.7% of ACLRs (p < 0.001).

The mean total cost of care for BTB ACLR was $2,865.01
± $263.45 ($2,829.26, $2,900.77), whichwas significantly lower
than the cost for hamstring ACLR at $3,377.44 ± $320.12

($3,318.82, $3,436.05) (p < 0.001) (Table II). The total cost of
care displayed awide range when stratified by surgeon and graft
type (Fig. 3). Total implant costs were significantly lower for the
BTB group at $270.32 ± $97.08 ($257.15, $283.50) than for
the hamstring group at $587.36 ± $108.78 ($567.44, $607.28)
(p < 0.001). Multivariable regression analysis identified that
increased costs associated with use of hamstring autograft
(b = $272.76 [$78.61, $466.90], p = 0.006) and use of sus-
pensory fixation on the femur (b = $253.45 [$57.75, $449.15],
p = 0.011) were associated with increased total ACLR costs
(Table III). No patient factors, including age and diagnosis of
anxiety, were found to increase ACLR costs (all p ‡ 0.209). Per-
formance of concomitant meniscectomy was also not associated
with increased ACLR costs (p = 0.297).

Discussion

As the United States health-care system and reimbursement
models transition toward prioritizing value-based care, it

Fig. 3

Box-and-whisker box plots demonstrating the range of total cost of care (USD) for BTB (blue) and hamstring (red) ACLR according to primary surgeon

(identified as A through N). A box indicates the interquartile range, the line within the box indicates the median, and the whiskers indicate the range. Case

volume of BTB ACLR and its percentage in relation to total ACLRs are reported under the x axis for each surgeon. BTB = bone-tendon-bone, ACLR = anterior

cruciate ligament reconstruction.
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is crucial for orthopaedic surgeons to gather accurate cost
information and relate it to patient outcome data in order
to identify interventions that optimize value. ACLR is a com-
mon procedure, but the investigation and reporting of costs
are highly limited. This study retrospectively applied TDABC
to patients undergoing BTB autograft ACLR and hamstring
autograft ACLR. BTB autograft ACLR costs less than ham-
string autograft ACLR ($2,865.01 versus $3,377.44, p < 0.001).
The BTB group was found to have a shorter mean operative
time (103.1 versus 113.1 minutes, p = 0.001; post-hoc power,
89.6%) as well as lower mean implant costs ($270.32 versus
$587.36, p < 0.001; post-hoc power, 100%) per ACLR than did
the hamstring group (Fig. 4). Multivariable linear regression
analysis revealed that use of hamstring autograft (b = $272.76, p=
0.006) and use of femoral suspensory fixation (b = $253.45, p =
0.011) were variables that significantly increased costs and con-
tributed to the cost discrepancies between BTB ACLR and ham-
string ACLR.

Current ACLR cost literature is limited and diverse,
which can make it difficult for surgeons to gain an accurate
understanding of ACLR costs. Most of the existing litera-
ture reports a wide range of costs using reimbursement infor-
mation from traditional hospital accounting systems, which
inaccurately represent costs of care. Recent analyses have report-
ed mean procedural costs per ACLR as low as $2,039.09 and as
high as $11,431.57, with minimum to maximum costs of indi-
vidual procedures ranging from $392.80 to >$14,157.304-6. More
recently, a study reported an overall mean cost of $5,242.25 per

ACLR using TDABC compared with $10,318 using the institu-
tion’s accounting system; the latter is almost twice as high as the
cost determined using TDABC29. In addition to this variability,
ACLR costs in the literature are presented in diverse ways such as
inpatient versus outpatient costs12, costs based on timing of sur-
gery34, and costs based on graft type7-14, which may further com-
plicate the dissemination of accurate cost information.

Only a few studies have reported costs for both BTB
autograft and hamstring autograft ACLRs, and these have all
had limitations similar to those in the general ACLR cost lit-
erature12-14. Bonsell reported a mean of $7,459 for total hospital
charges (including both inpatient and outpatient procedures)
per BTB autograft ACLR, which was significantly higher than
the mean of $6,444 for hamstring autograft ACLR12. Forssblad
et al. reported a higher mean cost of €436 for hamstring
autograft ACLR versus €197 for BTB autograft ACLR ($523.20
versus $236.406)13. Genuario et al. conducted a cost-effectiveness
analysis that estimated ACLR costs according to graft type from
prior literature and reported a lower mean of $5,375 per ham-
string autograft ACLR versus $5,582 per BTB autograft ACLR14.
In contrast, the present TDABC analysis revealed a significantly
lower mean cost per BTB autograft ACLR ($2,865.01) versus
hamstring autograft ACLR ($3,377.44). The present analysis also
demonstrated TDABC-derived ACLR costs that were notably
lower than those reported by studies using traditional account-
ing systems, consistent with the findings of Koolmees et al.29.

Prior studies have associated longer operative time8,12,13,16,17,
certain particular fixation implants5,11,13,14,16,35, patient demographic
factors17, and additional meniscal procedures16,17,36, including
meniscectomies36, with higher costs. Contrary to conven-
tional thought, the present study demonstrated that, on
average, performing a hamstring ACLR required a longer
time than a BTB ACLR did. In line with TDABC principles,
this longer operative time likely contributed to the signif-
icant cost differences between the groups. The hamstring
group also had higher implant costs compared with the
BTB group, which is consistent with prior reports13,35. The
hamstring group exhibited a notably higher frequency of
suspensory fixation implant use compared with the BTB
group, which was found to significantly impact total ACLR
cost in the multivariable regression analysis. Implant con-
tracts can vary greatly between institutions and facilities,
which may greatly affect the overall cost of ACLR, and this
study represents only a single facility and may therefore not
be broadly generalizable. Although prior studies have con-
sidered patient demographics17 and meniscectomies36 as
factors that impact ACLR costs, the GLM revealed no sig-
nificant cost contributions from these variables. In the
present analysis, operative time, fixation implant type, and
graft type were found to be cost drivers in ACLR surgery.
More specifically, the use of suspensory implants associated
with the hamstring autograft, alongside the longer operative
time associated with hamstring ACLR, rendered use of ham-
string autograft a cost driver, resulting in higher total costs of
care associated with hamstring ACLR. These 3 variables are
all under surgeon influence, representing an example of how

TABLE III GLM Evaluating the Association of the TDABC-Derived
Cost of ACLR with Potential Procedural Covariates
and Patient Comorbidities (N = 328)*

Parameter b 95% CI P Value

Hamstring
graft type†

$272.76 $78.61, $466.90 0.006

Suspensory
femoral
fixation‡

$253.45 $57.75, $449.15 0.011

Suspensory
tibial
fixation‡

$68.60 2$86.90, $224.09 0.386

Age 2$2.17 2$5.56, $1.22 0.209

BMI 2$2.97 2$10.83, $4.89 0.458

ASA score 2$11.93 2$106.83, $82.97 0.805

Depression 2$7.59 2$133.81, $118.63 0.906

Anxiety $57.88 2$51.67, $167.43 0.299

Meniscectomy $35.83 2$31.59, $103.25 0.297

*Significant p values are bolded. GLM = general linear model,
b = regression beta coefficient, CI = confidence interval, TDABC
= time-driven activity-based costing, ACLR = anterior cruciate
ligament reconstruction, BMI = body mass index, and ASA =
American Society of Anesthesiologists. †Bone-tendon-bone
was the reference group. ‡Aperture fixation was the reference
group.
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TDABC can be used not only to derive accurate costs but also to
identify provider-level factors that can lead to variability in
costs, and hence in patient value. The wide ranges in surgeon-
specific case volume, operative time, and total costs of care that
were observed in this study similarly suggest that the 3 variables
are under surgeon influence and can be impacted by the culture
and practices that different institutions endorse.

Providers should seek accurate costing at the patient level
in order to identify and perform interventions of high value.
Traditional hospital accounting methods that govern most of
the data in the literature use a top-to-bottom approach that
distributes the total cost incurred by hospitals to patient ser-
vices and assumes maximum efficiency of resources, enabling
variable facility-dependent costs to distort the interventional
costs at the level of the patient21,23. In contrast, TDABC provides a
bottom-to-top costing methodology that uses the time required
to complete an activity and cost per unit of time to itemize
direct costs per intervention, all while assuming a more realistic

practical resource capacity that is neglected in traditional sys-
tems18,21,23. In other words, TDABC focuses on providing more
accurate and detailed cost data that are directly influenced by the
patient, provider, and personnel factors per episode of care,
rendering it an ideal methodology for patient-level value analysis
(PLVA)18,30,37. While cost-effectiveness is frequently assessed via
cost-utility analysis at the population level, as has been done for
ACLR14,34,38, PLVA provides a more granular value analysis on a
per-patient basis37 that better approximates the methods used by
newer reimbursement systems to incentivize value in health care.
TDABC and PLVA thus help reveal areas amenable to cost
containment and afford orthopaedic surgeons the opportunity
to inform themselves regarding, and improve, the value and
cost-effectiveness of their procedures.

This study has limitations. It is a retrospective review
involving out-of-date dollar values from >6 years ago. Inherent
limitations of TDABC methodology include the inability to
predict societal costs outside of the episode of care as well

Fig. 4

Comparison of BTB versus hamstring autograft ACLR with respect to operative time and TDABC costs. Overall, BTB autograft ACLR took less time and cost

less than hamstring autograft ACLR. The values are shown as the mean and 95% CI. BTB = bone-tendon-bone, ACLR = anterior cruciate ligament

reconstruction, TDABC = time-driven activity-based costing.
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as difficulty in calculating indirect costs21,31-33. The study was
unable to assess the impact of implant variable details (e.g.,
type of screw used, fixed versus adjustable loop, use of hybrid
fixation, single versus double fixation) on costs. Factors such as
operative time and subsequent costs are dependent on surgeon
training and volume, which vary substantially among surgeons
and institutions. The study institution contracted withmultiple
implant suppliers, increasing cost variability and limiting the
generalizability of the results. The study also excluded patients
receiving concomitant procedures and was limited to a single
center whose available resources may differ from those of other
institutions, further limiting generalizability. The study did not
evaluate costs or outcomes after surgery. Despite its limitations
and the caution that is warranted regarding the interpretation
of its results, however, the study accurately quantified institu-
tional costs, and it presents a model of cost and cost-driver
analysis that could benefit individual surgeons and health-care
centers and systems regardless of the location at which it is
implemented.

Conclusions
BTB autograft ACLR exhibited lower mean total TDABC-
derived costs of care and shorter operative time compared with
hamstring autograft ACLR. Longer operative time and use
of suspensory fixation implants, and thus use of hamstring
autograft, were identified as cost drivers associated with higher
total cost of care per ACLR, whereas patient factors and con-
comitant meniscectomy did not impact costs. This is the first
study to use the more accurate costing methodology of TDABC
to provide cost and cost driver data on the 2 most common

types of ACLR performed in the United States, allowing sur-
geons to maximize patient value and adapt to the value-centric
shift in health-care economics. n
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