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Background: Successful outcomes in total hip arthroplasty (THA) rely in part on accurate component
positioning, which may be optimized through the use of computer navigation and robot-assistance.
Therefore, we queried a large national database to characterize national trends in technology-assisted
THA utilization, determine whether these technologies were associated with increased hospital
charges, and identify demographic factors associated with technology-assisted THA.
Methods: Using the Nationwide Inpatient Sample database, patients that underwent conventional THA,
computer-navigated THA, and robot-assisted THA from 2005 to 2018 were identified. Patient and hos-
pital demographics, charge data, and payer characteristics were collected. Temporal trends in utilization
were reported. Univariate analyses were performed to compare differences between groups with mul-
tiple logistic regression analysis to account for confounders.
Results: In total, 3,428,208 patients undergoing THA from 2005 to 2018 were identified, of which 63,136
(1.8%) used computer navigation and 32,660 (1.0%) used robot-assistance. National utilization of com-
puter navigation in THA increased from 0.1% to 1.9% between 2005 and 2018, while utilization of robot-
assisted THA increased from <0.1% to 2.1% from 2008 to 2018. On multivariate analysis, technology-
assisted THA was most commonly performed in urban hospitals in the Northeastern United States.
Median hospital charges were increased for technology-assisted THAs relative to conventional THAs
($66,089 ± $254 vs $55,418 ± $43).
Conclusions: Computer navigation and robot-assistance in THA demonstrated a consistent increase in
utilization during the period examined, representing 4.0% of THAs performed in 2018. Patient and
hospital characteristics including risk of mortality, geographic region, and teaching status were associ-
ated with increased utilization. Utilization of computer navigationwas associated with increased hospital
charges.
© 2021 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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Introduction

Total hip arthroplasty (THA) is a common and highly successful
intervention for patients with degenerative hip disease. However,
complications including dislocation, leg length discrepancy, peri-
prosthetic joint infection, aseptic loosening, and periprosthetic
fracture persist [1-5]. One critical element to mitigate the risk of
complications and improve the long-term outcomes of THA is ac-
curate component positioning. The development and expansion of
computer navigation and robot-assisted THA has presented sur-
geons with the opportunity to improve both the precision and ac-
curacy of component positioning during THA [6-19]. However, the
true clinical impact of these technological advancements on
patient-reported outcomes, decreased complication rates, and
decreased revision rates after THA remains unknown [12,15,20-22].

In 2004, updates to the International Classification of Diseases,
Ninth Revision (ICD-9) procedure codes introduced a code for
computer-assisted surgery (00.3), followed by the creation of a
robot-assisted surgery (17.4) code in 2008. Boylan et al. presented
the utilization trends of technology-assisted THA (TA-THA) in New
York using the New York Statewide Planning and Research Coop-
erative System (SPARCS) database [23]. This study demonstrated
yearly increases in the use of TA-THA from 2008 to 2015; however,
their data were limited to one state. Another retrospective study by
Hsiue et al. used the National Inpatient Sample (NIS) database and
found that the utilization of TA-THA increased from 2005 to 2014,
reaching 3% of THAs performed in 2014 [24]. However, despite
growing interest in these technologies, no study to our knowledge
has investigated the utilization of these technologies after 2014.

Therefore, the purpose of this study was to characterize national
trends in the utilization of computer navigation and robot-
assistance in THA from 2005 to 2018, determine if the use of
these technologies was associated with increased hospital charges,
and identify patient and hospital factors associated with the utili-
zation of TA-THA.

Material and methods

Data collection

A retrospective cohort study of all patients who underwent a
primary THA from 2005 to 2018 was performed, using the
Nationwide Inpatient Sample (NIS) database for patient identifi-
cation. The NIS is the largest publicly available, national, all-payer
hospital inpatient care database within the United States (U.S.).
This database was developed as part of the Healthcare Cost and
Utilization Project, is sponsored by the Agency for Healthcare
Research and Quality, and represents an approximate 20% sampling
of all hospital discharges [23]. The present study was exempt from
institutional review board review in accordance with the Health
Insurance Portability and Accountability Act as the NIS database
provides no protected health information.

Variables

Patients of all ages who underwent primary THA from 2005 to
2018 were included in this study, identified using the ICD-9 pro-
cedure code 81.51 (THA) and ICD-10 procedure codes 0SR90 and
0SR9B. A subset of patients for whom computer-assistance was
used during THA was identified using procedure modifier codes
00.3 (ICD-9) and 8E0YXB (ICD-10). ICD-9 codes used to identify the
use of computer-assistance included (Supplemental Table 1)
computer-assisted surgery with computed tomography/computed
tomography angiography (00.31), computer-assisted surgery with
magnetic resonance/magnetic resonance angiography (00.32),
computer-assisted surgery with fluoroscopy (00.33), imageless
computer-assisted surgery (00.34), computer-assisted surgery with
multiple data sets (00.35), and/or other computer-assisted surgery
(00.39). ICD-10 computer-assisted surgery codes included
(Supplemental Table 2) computer-assisted procedure of lower ex-
tremity (8E0YXBZ), computer-assisted procedure of lower ex-
tremity with CT (8E0YXBG), computer-assisted procedure of lower
extremity with MRI (8E0YXBH), and computer-assisted procedure
of lower extremity with fluoroscopy (8E0YXBF).

Patients undergoing robot-assisted surgery were identified us-
ing the ICD-9 procedure modifier codes for open robot-assisted
procedure (17.41) and other unspecified robot-assisted procedure
(17.49), as well as the ICD-10 procedure modifier codes for robot-
assisted procedure of lower extremity (8E0YXCZ) and robot-
assisted procedure of lower extremity, open approach (8E0Y0CZ).

Patient demographics, including age, gender, race, primary
health insurance, and risk mortality (minor, moderate, major, and
extreme likelihood of dying), were recorded and analyzed. In
addition, hospital characteristics such as hospital location, teaching
status (rural, urban nonteaching, urban teaching), geographic re-
gion (Northeast, Midwest, South, West), bed size, median house-
hold income by quartile, and median hospital charges (adjusted for
inflation to 2018 USD) were analyzed [25]. Importantly, hospital
charge data provided within the NIS database indicates the billable
amount for hospital services rendered, but does not directly
represent the payment received by hospitals for those services.

Statistical analysis

Descriptive statistics were used to characterize temporal trends
in utilization of TA-THA and are reported as means, standard de-
viations, and percentages where appropriate. Differences between
the computer-navigation, robot-assistance, and conventional THA
cohorts were assessed via univariate analyses. Pearson's chi-
squared test was used for categorical variables, and Student’s t-
test was used for continuous variables where appropriate. Then, a
multivariate model was generated using variables identified from
the univariate analysis with a P value � .1. Finally, multiple logistic
regression analysis was used to identify independent predictors for
the use of computer navigation or robot-assistance in THA in 2018,
while controlling for comorbidities and accounting for potential
confounders. All statistical analyses were performed using STATA
(version 13.0; StataCorp LP, College Station, TX).

Results

In total, 3,428,208 patients who received a THA from 2005 to
2018 were identified, of which 63,136 (1.8%) used computer navi-
gation and 32,660 (1.0%) used robotic assistance (Table 1). The
utilization of computer navigation in THA increased from 0.1% in
2005 to 1.9% in 2018, while the prevalence of robot-assisted THA
increased from <0.1% in 2008 to 2.1% in 2018 (Fig. 1). Overall, the
utilization of TA-THA increased yearly throughout the study period,
peaking in 2018 at 4.0% of all THAs analyzed in the final year of
study.

Univariate results

The conventional THA and TA-THA cohorts had many similar
patient characteristics. The average patient age in both groups was
approximately 65 years, and both groups were predominantly male
(conventional: 56.1%, technology-assisted: 55.8%) and White
(conventional: 86.1%, technology-assisted: 86.9%) (Table 1). Medi-
care was the primary payer in approximately 53% of patients in
both cohorts. Overall, THA was performed least frequently for
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patients in the lowest household income quartile in both the con-
ventional (19.7%) and TA-THA (17.4%) cohorts.

Univariate analysis of hospital factors revealed differences be-
tween the conventional and technology-assisted cohorts. By
geographic region, the largest number of THAs during the study
period were performed in the South (conventional: 33.2%,
technology-assisted: 34.0%). Although hospitals in the West
accounted for only 20.5% of conventional THAs, these hospitals
accounted for 28.5% of technology-assisted surgeries. In contrast,
the Midwest accounted for 26.4% of conventional THAs, but only
15.1% of technology-assisted procedures (Table 1). The utilization of
TA-THA was largely driven by urban teaching hospitals, accounting
for 13.8% of the TA-THAs in 2009 and increasing to 69.1% in 2018
(Fig. 2). Overall, urban teaching hospitals accounted for 58.7% of all
TA-THAs performed across the entire study period.

During the study period, the median hospital charge was
significantly increased for patients receiving TA-THA compared to
patients receiving conventional THA ($70,711 ± $272 vs $59,294 ±
$46). Median hospital charges for TA-THA and conventional THA
were similar in 2005 ($43,609 ± $2614 vs $42,424 ± $114, respec-
tively) but have since increased for both cohorts. However, charges
for TA-THA have increased at a faster rate. In 2018, the average
hospital charge for conventional THA was $68,733 ± $162,
compared to $73,659 ± $710 for TA-THA (Fig. 3).
Table 1
Comparison of patient demographics and hospital characteristics between convention
arthroplasty (THA) groups.

Variable Conventional

N

3,332,412
Computer navigation
Robot-assistance
Age (y), mean ± SD 65.4 þ 0.0
Gender (%)
Female 1,678,488
Male 2,140,597

Race (%)
White 2,869,382
Black 242,620
Hispanic 114,282
Asian or Pacific Islander 29,983
Native American 10,816
Other 464

Primary payment (%)
Medicare 2,052,109
Medicaid 1528
Private 1,484,123
Self-pay 29,967
No charge 4802
Other payment 95,267

Median household income
0-25th Percentile 693,642
25-50th Percentile 900,655
50-75th Percentile 942,565
75-100th Percentile 989,375

Hospital location/teaching status
Rural 368,000
Urban, nonteaching 1,439,794
Urban, teaching 2,008,351

Hospital bed size
Small 800,892
Medium 989,437
Large 2,025,817

Region of hospital
Northeast 763,790
Midwest 1,007,975
South 1,270,426
West 783,656

Total hospital charge ($USD), median ± SD $55,418 ± $43

Statistically significant (P < .05) values are depicted in bold.
Multivariate results

To determine independent predictors for the use of computer
navigation or robot-assistance in THA, multivariate analyses were
conducted for the year 2018. No significant differences were iden-
tified between White, Black, Hispanic, Asian, or Native American
patients with regard to the use of computer navigation in THA (P >
.05) (Table 2). Patients in the upper quartile of household income
(Relative risk [RR] 1.51, 95% confidence interval [CI] 1.29-1.76, P <
.01) were more likely to undergo a computer-navigated surgery
relative to those in the lowest quartile of household income, as
were patients undergoing THA at urban teaching (RR 1.54, 95% CI
1.20-1.99, P < .01) and nonteaching (RR 1.36, 95% CI 1.04-1.77, P ¼
.03) hospitals when compared to rural hospitals. In contrast, pa-
tients with higher risk mortality (ie, “extreme likelihood of dying”)
had a decreased likelihood of undergoing computer-navigated THA
(RR 0.24, 95% CI 0.09-0.64, P < .01) relative to those with lower risk
of mortality (ie, “minor likelihood of dying”) (Table 2). Relative to
the Northeast, computer-navigated THA was least likely to be per-
formed in the Midwest (RR 0.27, 95% CI 0.23-0.33, P < .01) and the
South (RR 0.58, 95% CI 0.51-0.66, P < .01). Finally, computer-
navigated THA was less likely to be performed at hospitals with
larger bed sizes (RR 0.53, 95% CI 0.48-0.59, P < .01) relative to
hospitals with smaller bed sizes (Table 2).
al and technology-assisted (computer navigation and robot-assistance) total hip

Technology-assisted P value

% N %

97.2% 95,796 2.8%
63,136 1.8%
32,660 1.0%
65.0 þ 0.1 <.0001

44.0% 45,064 44.2% .495
56.1% 56,891 55.8%

86.1% 83,240 86.9% <.0001
7.3% 5801 6.1%
3.4% 3716 3.9%
0.9% 938 1.0%
0.3% 464 0.5%
0.5% 10,816 0.3%

53.7% 52,915 52.0% <.0001
4.0% 3689 3.6%

38.9% 42,238 41.5%
0.8% 508 0.5%
0.1% 85 0.1%
2.5% 4802 0.1%

19.7% 17,383 17.4% <.0001
25.5% 24,625 24.6%
26.7% 26,467 26.5%
28.1% 31,512 31.5%

<.0001
9.6% 5766 5.7%

37.7% 36,334 35.6%
52.6% 59,902 58.7%

21.0% 31,122 30.5% <.0001
25.9% 26,245 25.7%
53.1% 44,636 43.8%

<.0001
20.0% 22,955 22.5%
26.4% 15,350 15.1%
33.2% 34,672 34.0%
20.5% 29,043 28.5%

$66,089 ± $254 .2472



Figure 1. The percentage of total hip arthroplasties using computer navigation or robot-assistance from 2005 to 2018. The technology-assisted trendline is the sum of the computer
navigation and robot-assisted trendlines.
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Similarly, multivariate analyses were conducted for robot-
assisted THA in the year 2018 (Table 3). Hispanic patients were
less likely to undergo robot-assisted THA than White patients (RR
0.71, 95% CI 0.55-0.91, P ¼ .01) in 2018. Furthermore, patients with
Medicaid as their primary health insurance (RR 0.74, 95% CI 0.58-
0.95, P ¼ .02) and patients without external health insurance (RR
0.34, 95% CI 0.14-0.82, P ¼ .02) were less likely to undergo robot-
assisted THA relative to patients covered by Medicare. However,
median household income was not a predictor of the use of robot-
assistance during THA (P > .05) (Table 3).

On multivariate analysis, urban hospitals, both teaching (RR
1.38, 95% CI 1.10-1.73, P ¼ .01) and nonteaching (RR 1.87, 95% CI
1.49-2.37, P < .01), were more likely to use robot-assistance in THA
relative to rural hospitals (Table 3). Mirroring trends in the utili-
zation of computer-navigated THA, robot-assisted THA was most
Figure 2. Utilization of technology-assisted THAs by hospital location and teaching status fr
by urban teaching institutions which accounted for 69.1% of technology-assisted THAs in 2
likely to be performed in the Northeast, with all other regions
demonstrating decreased utilization of robot-assistance, most
notably the Midwest (RR 0.39, 95% CI 0.34-0.44, P < .01) (Table 3).

Regression analysis was performed to identify drivers of high
cost in 2018 (defined as hospital charges �90th percentile), rep-
resenting charges greater than $120,099 for our data set (Table 4).
Hospital charges were more likely to be high for patients with
higher risk mortality (ie, “extreme likelihood of dying”) relative to
patients with low risk of mortality (ie, “minor likelihood of dying”)
(RR 21.63, 95% CI 18.68-25.05), as well as when Medicaid was the
primary payer compared to Medicare (RR 1.14, 95% CI 1.03-1.26, P ¼
.02) (Table 4). Costs were also greater for urban hospitals, both
teaching (RR 3.07, 95% CI 2.69-3.51, P < .01) and nonteaching (RR
3.18, 95% CI 2.77-3.65, P < .01), relative to rural hospitals. Hospital
charges were also more likely to be high in the West (RR 2.66, 95%
om 2009 to 2018. The increased utilization of these technologies has been spearheaded
018.



Figure 3. The median hospital charges (inflation-adjusted to 2018 $USD) for total hip arthroplasty performed by conventional or technology-assisted techniques from
2005 to 2018.

S. Korber et al. / Arthroplasty Today 12 (2021) 36e4440
CI 2.49-2.86, P < .01) and less likely to be high in the Midwest (RR
0.62, 95% CI 0.57-0.68, P < .01), when compared to the Northeast.
Finally, the utilization of computer navigation during THA was
associated with increased hospital charges (RR 2.11, 95% CI 1.86-
2.39, P < .01). However, the utilization of robot-assistance was not
statistically significantly associated with increased hospital charges
(RR 0.93, 95% CI 0.80-1.10, P ¼ .40) (Table 4).

Discussion

Computer navigation and robot-assistance in THA demonstrated
a consistent increase in utilization during the period examined,
accounting for 4.0% of all THAs analyzed in 2018. The highest
Table 2
Independent factors associated with the utilization of computer navigation during total

Variable Relative

Age 1.00
Female gender (reference: male) 1.08
Risk mortality (reference: minor likelihood of dying)
Moderate likelihood of dying 0.78
Major likelihood of dying 0.43
Extreme likelihood of dying 0.24

Race (reference: White)
Black 0.97
Hispanic 0.98
Asian or Pacific Islander 1.01
Native American 1.77
Other 0.96

Primary payment (reference: Medicare)
Medicaid 1.05
Private 1.10
Self-pay 0.69

Median household income (reference: 1st quartile)
25-50th Percentile 1.14
50-75th Percentile 0.96
75-100th Percentile 1.51

Hospital location/teaching status (reference: rural)
Urban, nonteaching 1.36
Urban, teaching 1.54

Hospital bed size (reference: small)
Medium 0.58
Large 0.53

Hospital region (reference: Northeast)
Midwest 0.27
South 0.58
West 1.02

Statistically significant (P < .05) values are depicted in bold.
number of THAs overall were performed in urban, academic hos-
pitals on White, male patients with Medicare insurance. On
multivariate analysis, patients with lower risk of mortality, with
higher median household income, and seeking care from urban
hospital centers in the Northeastern and Western US were more
likely to undergo computer-navigated THA in 2018, irrespective of
race/ethnicity or primary health insurance. Robot-assisted surgery
is newer and less common, accounting for only 1.0% of primary
THAs analyzed in the study period. Increased utilization of robot-
assistance in THA was observed for both academic and nonaca-
demic urban hospitals and for hospitals in the Northeastern US,
irrespective of median household income. However, Hispanic pa-
tients, patients paying out of pocket, and patients covered by
hip arthroplasty (THA) in 2018 on multivariate analysis.

risk Confidence interval P value

1.00-1.01 .20
0.98-1.19 .10

0.68-0.90 <.01
0.30-0.61 <.01
0.09-0.64 <.01

0.80-1.19 .78
0.78-1.23 .85
0.68-1.52 .94
0.90-3.46 .10
0.68-1.36 .83

0.82-1.35 .68
0.97-1.25 .13
0.34-1.39 .30

0.97-1.34 .10
0.81-1.13 .62
1.29-1.76 <.01

1.04-1.77 .03
1.20-1.99 <.01

0.52-0.65 <.01
0.48-0.59 <.01

0.23-0.33 <.01
0.51-0.66 <.01
0.90-1.15 .74



Table 3
Independent factors associated with robot-assisted total hip arthroplasty (THA) utilization in 2018 on multivariate analysis.

Variable Relative risk Confidence interval P value

Age 0.99 0.99-1.00 <.01
Female gender (reference: male) 1.05 0.96-1.15 .31
Risk mortality (reference: minor likelihood of dying)
Moderate likelihood of dying 0.84 0.74-0.96 .01
Major likelihood of dying 0.57 0.42-0.78 <.01
Extreme likelihood of dying 0.59 0.32-1.11 .10

Race (reference: White)
Black 0.85 0.70-1.01 .07
Hispanic 0.71 0.55-0.91 .01
Asian or Pacific Islander 0.76 0.45-1.27 .30
Native American 2.67 1.58-4.53 <.01
Other 0.70 0.49-1.02 .06

Primary payment (reference: Medicare)
Medicaid 0.74 0.58-0.95 .02
Private 1.09 0.97-1.23 .14
Self-pay 0.34 0.14-0.82 .02

Median household income (reference: 1st quartile)
25-50th Percentile 0.88 0.77-1.02 .09
50-75th Percentile 0.98 0.86-1.13 .81
75-100th Percentile 0.95 0.83-1.10 .50

Hospital location/teaching status (reference: rural)
Urban, nonteaching 1.87 1.49-2.37 <.01
Urban, teaching 1.38 1.10-1.73 .01

Hospital bed size (reference: small)
Medium 0.82 0.74-0.91 <.01
Large 0.54 0.48-0.60 <.01

Hospital region (reference: Northeast)
Midwest 0.39 0.34-0.44 <.01
South 0.56 0.50-0.63 <.01
West 0.50 0.44-0.57 <.01

Statistically significant (P < .05) values are depicted in bold.
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Medicaid were less likely to undergo robot-assisted THA. Interest-
ingly, the use of computer navigationwas associatedwith increased
hospital charges, while utilization of robot-assistance in THA was
not associated with significantly increased cost.

Using a New York database, Boylan et al. similarly demonstrated
yearly increases in utilization of technology assistance in THA,
reaching approximately 5% of primary THAs performed [23]. A
recent study by Hsiue et al. used the NIS to demonstrate a similar
increase in utilization of TA-THA from 2005 to 2014 [24]. In contrast
to the present study, which demonstrated that urban hospitals
were more likely to use robot-assistance during THA, Hsiue et al.
found no relationship between hospital type and likelihood of
undergoing a TA-THA. We attribute this discrepancy to differences
in statistical methodology, as the authors of that study did not
perform multivariate adjustments when calculating odds ratios. In
addition, Hsiue et al. were unable to perform individual analyses
investigating the use of computer navigation and robot-assistance
during THA, as they elected to combine these ICD-9 codes into
one group [24]. The present study is in agreement with these two
studies, as we identified increased utilization of these technologies
over the study period. However, unlike these other studies, the
present study provides increased granularity by reporting the re-
sults of separate multivariate analyses for the utilization of both
computer navigation and robot-assistance during THA.

Themean hospital cost of THA has increased by 49.8% in the past
15 years [26]. Our study demonstrates an approximately 20% in-
crease in median hospital charges for TA-THA compared to con-
ventional THA. On multivariate analysis, the use of computer
navigationwas associated with high hospital charges. Furthermore,
high hospital charges were independently associated with large,
urban hospitals in the Southern and Western US. Although the
utilization of technological assistance for THA remains relatively
low currently, the trend of increasing utilization demonstrated in
the present study suggests that the use of these technologies may
contribute to rising health-care costs in the future.

Although the importance of optimal component positioning for
successful outcomes after THA is well-understood, multiple studies
have demonstrated poor reliability and reproducibility with con-
ventional techniques. In a study of 500 consecutive primary THAs
performed by eight trained orthopedic surgeons,19.8% of cupswere
oriented outside the Lewinnek safe zone for inclination, and 11.2%
were oriented outside the anteversion safe zone [27]. Similarly, in
an analysis of 1823 hips, Callanan et al. found that only 50% of THAs
were in the presumed safe zone for both inclination and abduction
[28]. Positioning was subject to patients' BMI, surgical approach,
and surgeon experience. Of 40 patients studied, 55% had hip center
of rotation, and 47% had femoral offset restored within 5 mm from
anatomic [9].

Several studies have demonstrated improvements in compo-
nent accuracy and precision with TA-THA when compared to con-
ventional techniques [6-19]. As assessed on postoperative CT scans,
computer navigation provided predictable and reproducible cup
anteversion and inclination within 5�, while surgeons using con-
ventional techniques in the same study were within 11� to 14�,
depending on surgeons' experience [6]. Honl et al. similarly
demonstrated decreased acetabular component variability with
computer navigation [10].

While previous studies have demonstrated that the use of
technological assistance during THAmay reliably improve objective
markers such as component positioning, the clinical significance of
these findings remains a subject of ongoing debate. In an early
study by Nakamura et al., robot-assisted THA improved clinical
outcome scores at early two- and 3-year follow-up visits compared
to conventional THA; however, scores were not significantly
different at 5-year follow-up [29]. In a single-surgeon study, Brown
et al. found no clinical difference in postoperative Harris Hip Score



Table 4
Independent factors associated with high hospital charges for patients undergoing total hip arthroplasty (THA) in 2018 on multivariate analysis.

Variable Relative risk Confidence interval P value

Age 0.98 0.98-0.99 <.01
Female gender (reference: male) 1.02 0.97-1.07 .40
Risk mortality (reference: minor likelihood of dying)
Moderate likelihood of dying 1.88 1.77-1.99 <.01
Major likelihood of dying 4.95 4.56-5.37 <.01
Extreme likelihood of dying 21.63 18.68-25.05 <.01

Race (reference: White)
Black 1.17 1.08-1.27 <.01
Hispanic 1.61 1.47-1.76 <.01
Asian or Pacific Islander 1.28 1.06-1.53 .01
Native American 0.43 0.25-0.72 <.01
Other 2.10 1.84-2.40 <.01

Primary payment (reference: Medicare)
Medicaid 1.14 1.03-1.26 .02
Private 0.77 0.72-0.81 <.01
Self-Pay 0.83 0.65-1.06 .14

Median household income (reference: 1st quartile)
25-50th Percentile 0.92 0.86-0.98 .02
50-75th Percentile 0.81 0.76-0.87 <.01
75-100th Percentile 1.00 0.94-1.07 .97

Hospital location/teaching status (reference: rural)
Urban, nonteaching 3.18 2.77-3.65 <.01
Urban, teaching 3.07 2.69-3.51 <.01

Hospital bed size (reference: small)
Medium 1.45 1.37-1.54 <.01
Large 1.22 1.16-1.29 <.01

Hospital region (reference: Northeast)
Midwest 0.62 0.57-0.68 <.01
South 1.64 1.53-1.76 <.01
West 2.66 2.49-2.86 <.01

Computer navigation 2.11 1.86-2.39 <.01
Robotic assistance 0.93 0.80-1.10 .40

High cost was defined as hospital charges in the 90th percentile and above, equaling charges greater than $120,099 for our data set.
Statistically significant (P < .05) values are depicted in bold.
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or leg length discrepancy between computer navigated and con-
ventional THA, while procedure time nearly doubled with com-
puter assistance [30]. Bukowski et al. demonstrated improved
mean modified Harris Hip Score and University of California Los
Angeles activity score at minimum 1-year follow-up, with no
changes inWestern Ontario andMcMaster or Short-Form 12 Health
Survey scores [21]. In that study, the use of robotic assistance only
increased operative time by an average of 9 minutes, although
operative time increases are subject to variability in surgeon
experience and the specific computer or robotic system used [8,31-
33]. Overall, these studies demonstrate the need for long-term
follow-up studies. A consensus regarding conventional outcome
measures is yet to be reached, and it remains to be seen if functional
or patient-measured outcomes are significantly improved to justify
the increased intraoperative time and operative costs.

As common with database studies, our study has several limi-
tations, most notably reliance on accurate coding. The novelty of
the two new series of ICD-9 codes and ICD-10 codesmay have led to
underreporting due to a lack of familiarity with the new coding
system. Therefore, utilization may be underrepresented in this
database. However, as the use of technological assistance is asso-
ciated with higher hospital charges, hospitals are incentivized to
accurately code these procedures when performed. The NIS data-
base has been shown previously to provide reliable patient de-
mographic data, while neither underestimating inpatient
complications nor patient comorbidities played a significant role in
this study [34,35]. Another inherent limitation of our study is the
lack of outpatient data, which was not feasible using the inpatient
NIS database.

Strengths of our study include the large sample size, geographic
and socioeconomic diversity of populations, and inclusion of
multiple payer types, leading to generalizable results. To our
knowledge, this is the second study in the literature to present
national trends of TA-THA [24]. The present study expands on a
previous analysis by Hsiue et al. using the NIS database by
expanding the study period to 2005-2018 and incorporates ICD-10
procedure codes specific for the use of computer navigation and
robotic assistance. This enables a novel sub-analysis of the modern
utilization trends of these technological modalities during THA that
has not previously been performed.
Conclusions

The present study demonstrates increasing nationwide adop-
tion of computer navigation and robot-assisted THA surgery from
2005 to 2018. Patients with lower risk of mortality and higher
household income were more likely to undergo computer-
navigated THA. Urban hospitals, both teaching and nonteaching,
havemore readily adopted the use of both computer navigation and
robot-assistance during THA. As technology-assisted surgery con-
tinues to be integrated into total joint arthroplasty, continued
studies are needed to determine their clinical value.
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Supplemental Table 1
ICD-9 procedure modifier codes used to identify patients undergoing computer- or robot-assisted THA.

ICD-9 procedure modifier codes

Computer-assisted
00.31 Computer-assisted surgery with computed tomography/ computed tomography angiography
00.32 Computer-assisted surgery with MR/MRA
00.33 Computer-assisted surgery with fluoroscopy
00.34 Imageless computer-assisted surgery
00.35 Computer-assisted surgery with multiple data sets
00.39 Other computer-assisted surgery

Robot-assisted
17.41 Open robot-assisted procedure
17.49 Other unspecified robot-assisted procedure

MR/MRA, magnetic resonance/magnetic resonance angiography.

Supplemental Table 2
ICD-10 procedure modifier codes used to identify patients undergoing computer- or robot-assisted THA.

ICD-10 procedure modifier codes

Computer-assisted
8E0YXBZ Computer-assisted procedure of lower extremity
8E0YXBG Computer-assisted procedure of lower extremity, with CT
8E0YXBH Computer-assisted procedure of lower extremity, with MRI
8E0YXBF Computer-assisted procedure of lower extremity, with fluoroscopy

Robot-assisted
8E0YXCZ Robot-assisted procedure of lower extremity
8E0Y0CZ Robot-assisted procedure of lower extremity, open approach
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