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A future with no MVC pat
ients? Impact
of autonomous vehicles on orthopaedic trauma
may be slow and steady
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James A. Blair, MD, FACS
Abstract
Introduction:Orthopaedic trauma results in significant patient morbidity. Autonomous vehicle (AV) companies have invested over
$100 billion in product development. Successful AVs are projected to reduce motor vehicle collision (MVC)-related injuries by 94%.
The purpose of this study was to estimate the timing and magnitude of AV impact on orthopaedic trauma volume.

Methods: ICD 9 codes consistent with acetabulum (OTA 62), pelvis (OTA 61), hip (OTA 31), femur (OTA 32–33), tibia (OTA 41–43),
ankle (OTA 44), and calcaneus (OTA 82) fractures and the proportion of cases caused by MVC were taken from the National Trauma
Databank (NTDB) 2009–2016. Regression was performed on estimates of market penetration for autonomous vehicles taken from
the literature.

Results: For NTDB years 2009 to 2016, 300,233 of 987,610 fractures of interest were the result of MVC (30.4%). However, the
percentage of MVC mechanism of injury ranged from 9% to 53% depending on fracture type. Regression of estimates of AV market
penetration predicted an increase of 2.2%market share per year. In the next 15years we project 22%market penetration resulting in
a 6% reduction in orthopaedic lower extremity trauma volume.

Conclusion:Adoption of AVs will result in a projected 8% reduction in MVC-related orthopaedic trauma-related injuries over a 15-
year period. Although this represents a significant reduction in morbidity, the advent of AVs will not eliminate the need for robust
orthopaedic trauma programs. The gradual rate of injury reduction will allow hospitals to adapt and reallocate resources accordingly.
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1. Introduction

When IBM’s “Deep Blue” chess algorithm beat the world’s top
chess player in 1997, predictions of smarter-than-human
computers were rampant. However, it took nearly 15years
before IBM’s “Watson” was able to win Jeopardy in 2012.[1]
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Although Watson’s natural language processing technology is
now taken for granted on our smartphones; Alexa, Siri, and
Google Assistant are far from replacing human to human
interaction, activity performance, and decision-making. Howev-
er, specific domains once thought untouchable are mastered by
artificial intelligence (AI) every year. AI has become superhuman
in facial recognition, strategic gaming, and photorealistic style
transformation. Now AI companies are focusing on autonomous
vehicles (AVs).
Waymo, Tesla, Uber, Ford’s Argo AI, Chevy’s Cruise

Automation, Amazon’s Aurora Innovations, Apple’s project
Titan, Intel, and Mobile Eye in partnership with Chrysler,
BMW, Nissan, and VW are all developing autonomous
vehicles.[2] Together they have invested over $100 billion
with the intention that driving will be one of the next domains
in which computers can consistently outperform humans.[3]

Many expect that the computerized mastery of driving will lead
to a dramatic reduction in motor vehicle collisions, citing a
national highway transportation safety administration (NHTSA)
report that 94% of MVCs are the result of human error.[4]

This estimate has yet to be supported with any real-world data
or closely scrutinized as an accurate representation of the
proportion of injuries that would actually be avoided by
autonomous vehicles.
If the projected reduction in MVCs as a result of AVs comes to

fruition, it would have a tremendous positive impact on society.
Among those impacts would be a reduction in complex
orthopaedic trauma. The purpose of this study was to estimate
the timing and magnitude of AV impact on lower extremity
orthopaedic trauma volume.
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2. Methods

Estimates of autonomous vehicle arrival, market penetration, and
reduction in MVCs were taken from literature, periodicals,
industry websites, and manufacturer’s statements. The ratio of
cases caused by MVC was taken from the 2009 to 2016 NTDB.
Injuries caused by MVC or pedestrian or bicycle struck by motor
vehicle were consideredMVC related.MVC-related injuries were
considered avoidable by AVs. Motorcycle, ATV, and bicycle
collisions were not considered avoidable by AVs even when a
motor vehicle was involved in the incident.
Table 1

Estimate of arrival date and market penetration of autonomous vehi
Lower bound estimate

Author Study year Arrival year Year AV market penetrat

Bansal1 2016 2045 24%
Bernhart2 2016 2021
Kok3 2017 2020
KPMG4 2015 2025
Litman5 2015 2020s
Lavasini6 2016 2025
McKinsey7 2016 2022
Simpson8 2019 2045 20%
Shin9 2019 2032 2030 15%
Stevens10 2016
GM cruise automation11 2019 2020
Tesla 2019 2020
Ford Argo AI12 2021
Nissan Microsoft13 2019 2025
Daimler BMW14 2019 2024
Mean 2017 2023
Std Dev 1.6 3.6 8.7 4.5%

1 Bansal, P., Kockelman, K.M.: Forecasting Americans’ long-term adoption of connected and autonomou
accepted for publication in Transportation Research Part A. http://www.caee.utexas.edu/prof/kockelman
2 Bernhart W, Hasenberg JP, Winterhoff M, Fazel L. A CEO agenda for the (r) evolution of the automot
3 Kok I, et al. (2017), Rethinking Transportation 2020-2030: The Disruption of Transportation and the. C
RethinkX, May. 2017 May.
4 Leech J, Whelan G, Bhaiji M. Connected and autonomous vehicles–The UK Economic Opportunity. K
5 Litman, T. (2015) Autonomous vehicle implementation predictions: Implications for transport planning
6 Lavasani M, Jin X, Du Y. Market penetration model for autonomous vehicles on the basis of earlier t
7 Gao P, Kaas HW, Mohr D, Wee D. Disruptive trends that will transform the auto industry. McKinsey
8 Simpson JR, Mishra S, Talebian A, Golias MM. An estimation of the future adoption rate of autonom
9 Shin KJ, Tada N, Managi S. Consumer demand for fully automated driving technology. Economic Ana
10 Stevens L, Crudet J, Crandall J. 2016. “Envisioning the City with Automated Vehicles” APA’s Nation
11 White, Joseph. “GM Cruise to Delay Commercial Launch of Self-Driving Cars to beyond 2019.”Reu
commercial-launch-of-self-driving-cars-to-beyond-2019-idUSKCN1UJ1NA.
12 Matt_Belvedere. “Ford Aims for Self-Driving Car with No Gas Pedal, No Steering Wheel in 5 Years, CEO S
gas-pedal-no-steering-wheel-in-5-years-ceo-says.html?__source=Facebook.
13 Dillet, Romain. “Renault-Nissan CEO Carlos Ghosn on the Future of Cars.”TechCrunch, TechCrunch, 1
14
“BMW Group and Daimler AG Launch Long-Term Development Cooperation for Automated Driving.”Cont

Driving, 7 Apr. 2019, www.press.bmwgroup.com/global/article/detail/T0298266EN/contract-signed:-bm

Linear regression was used to project the adoption of autonomous vehicles. These
projections were carried through the case proportions using the formula below.

CfutureðyÞ ¼ CCurrentPMVC�A 1� f ðyÞð Þ
1 þ CCurrentPMVC�U þ CCurrentPOther

Where: Cfuture: future case level
y: year
CCurrent: Current case level
PMVC: Proportion of cases caused by MVC
A: Proportion of cases affected by AV
f(y) = 0.0223y–45.16 is the future percentage of cars that
are autonomous according to the function determined by
regression of AV arrival and market penetration estimates.

U: proportion of cases unaffected by AV
Pother: Proportion of cases by other mechanisms

2

Independent samples t tests were used for continuous and
ordinal variables, with values less than 0.001 considered to
represent a statistically significant difference. A Pearson Chi-
Square test less than 0.001 was considered to represent a
significant difference in categorical variables. Linear regression
was used to project the adoption of autonomous vehicles. Binary
logistic regressions were used to calculate odds ratios. Multivari-
ate binary logistic regression was attempted for all significant
variables. All analysis was performed in SPSS version 25 (IBM
Corp. Released 2018. IBM SPSS Statistics forMacintosh, Version
25.0. Armonk, NY: IBM Corp).
3. Results

3.1. Estimate of AV arrival and market penetration

Statements from 5 automotive manufacturers with projected year
of release of autonomous vehicles were included in the regression
and these points were taken as 1%market penetration in the year
predicted. Articles from 10 sources printed between 2015 and
2019 were found with predictions for AV market penetration at
various time points. The mean year of predicted arrival was 2023
±3.6years. The mean prediction for advanced market penetra-
tion was 88%±13.3% by the year 2051±11.7years (Table 1).
Linear regression of all estimates of market penetration by year

revealed an R squared of 0.66 for the equation y=0.0223x �
45.158 where y is the percent market penetration and x is the
year. This correlates with a 2.2% increase in market share per
cles (AV)
Middle Upper bound estimate

ion By year AV market penetration By year AV market penetration

2045 87%
2030 27%

2030 95%
2030 25%
2040 40% 2060 99%

2059 75%
2030 15%

2045 95%
2040 40% 2060 65%
2040 50% 2060 100%

2051 88%
5.5 12.7% 11.7 13.3%

s vehicle technologies. In: Transportation Research Board 95th Annual Meeting (No. 16-1871) and
/public_html/TRB16CAVTechAdoption.pdf (2016). Accessed 4 Sept 2015.
ive ecosystem. Think Act. 2016 Mar.
ollapse of the Internal-Combustion Vehicle and Oil Industries, Rethinking Transportation 2020-2030.

PMG.
. In. Transportation Research Board 94th Annual Meeting (No. 15-3326).
echnology adoption experience. Transportation Research Record. 2016;2597(1):67-74.
& Company. 2016 Jan;1(January):1-9.
ous trucks by freight organizations. Research in Transportation Economics. 2019 Aug 1:100737.
lysis and Policy. 2019 Mar 1;61:16-28.
al Planning Conference.
ters, Thomson Reuters, 24 July 2019, www.reuters.com/article/us-gm-cruise/gm-cruise-to-delay-

ays.”CNBC, CNBC, 9 Jan. 2017, www.cnbc.com/2017/01/09/ford-aims-for-self-driving-car-with-no-

3 Oct. 2016, techcrunch.com/2016/10/13/renault-nissan-ceo-carlos-ghosn-on-the-future-of-cars/.
ract Signed: BMW Group and Daimler AG Launch Long-Term Development Cooperation for Automated
w-group-and-daimler-ag-launch-long-term-development-cooperation-for-automated-driving.
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Figure 1. Projected AV adoption by regression of estimates from literature. AV, autonomous vehicles.
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year starting from the year 2025. This would yield a theoretical
date of 100% market penetration occurring in 2070 (Fig. 1).
Literature comparing rates of MVC from real-world crash

databases in cars with advanced driver assistance (ADAS)
features showed up to 27% MVC reduction and 20% injury
reductions for cars equipped with forward collision warning
(FCW),[5] up to 38% reduction in injuries for cars equipped with
automatic emergency breaking (AEB),[6] and up to a 41%
reduction inMVCs for cars equipped with both FCWandAEB.[7]

Analysis of large crash databases has also shown reductions in
crashes of 14% for blind spot monitoring (BSM),[8] 18% for lane
departure warning (LDW),[9] and 30% for LDW with lane
keeping assist (LKA).[10] In contrast, literature reviewing crash
data from autonomous vehicles on the road have shown a
marked increase in rate of MVC compared to traditional vehicles
without any evidence of improvement.[11] Evaluating the types of
MVCs that involve AVs reveals they are predominantly low-
speed crashes that largely go unreported in traditional vehicles[12]

and most are in intersections or involve being rear ended.[13]

Despite the data on current immature AV systems, predictions of
reductions in MVCs in AVs are consistently above 90%[4]

(Table 2).
3.2. National Trauma Databank

International Classification of Disease – 9th Edition (ICD-9) codes
corresponding with major lower extremity trauma including
pelvic, acetabular, femur, tibia, and calcaneal fractures were
extracted from the 2009 to 2016 NTDB resulting in 988,248
records with injuries of interest, 987,610 having complete
records. MVC (23.5%) combined with bicycle struck by motor
vehicle (0.2%) and pedestrians struck by motor vehicle (6.6%)
were combined asMVC-related injuries and comprised 30.4% of
all injuries. However, fall (41.5%) was the most common
mechanism of injury. Motorcycle crash (8.8%), high-energy fall
(8.7%), and pedestrian struck by vehicle (7.5%) were also
common (Table 3). Patients injured in an MVC were more likely
to be male (58.5% vs 50.9%, P<0.001) have open fractures
(13.5% vs 10.0%, P<0.001), blood EtOH above the legal limit
at the time of injury (13.0% vs 4.9%, P<0.001), and illegal drug
3

use confirmed by test at the time of injury (13.0% vs 4.8%, P<
0.001). Patients injured in an MVC are more likely to be treated
at university-affiliated teaching hospitals (57.2% vs 44.2%, P<
0.001). Patients injured in an MVC were more likely to have
fractures of the acetabulum (15.3% vs 5.9%, P<0.001), and
pelvis (26.2% vs 16.2%, P<0.001). In the NTDB, MVCwas the
mechanism for 53.1% of acetabulum fractures, 41.4% of pelvis
fractures, 9.2% of hip fractures, 33.8% of femur fractures,
36.5% of tibia fractures, 20.7% of bi- or trimalleolar ankle
fractures, and 39.0% of calcaneus fractures (Table 3). Projected
reduction in MVCs with 33% market penetration of AVs by
2040 would result in 16% reduction in acetabulum, 13%
reduction in pelvis, 3% reduction in hip, 10% reduction in femur,
11% reduction in tibia, 6% reduction in bi- or trimalleolar ankle,
and 12% reduction in calcaneus fracture surgeries (Fig. 2).

4. Discussion

Predictions of AI completely changing industries are common.[14]

These estimates usually focus on industries such as manufactur-
ing and trucking.[15] Orthopaedic trauma stands to benefit from
reductions in motor vehicle crashes secondary to improved safety
of autonomous vehicles. Despite a paucity of data, it is important
to start the discussion on the scale and timing of the impact of
autonomous vehicles orthopaedic trauma patients. Our regres-
sion of estimates of AV arrival and market penetration taken
from the literature show that estimates are largely conservative:
on average predicting 33% of cars on the road being AVs by
2040. This relatively slow progression suggests that orthopaedic
trauma programs will have time to adapt and adjust. Changes in
injury patterns will be slow and steady.
Previous automotive safety technologies have led to changes in

fracture patterns. The introduction of seatbelts led to increased
MVC survival rates and therefore more need for fracture
treatment.[16] Initial research suggested seatbelts led to increased
injury to the lumbar spine,[17] and thorax.[18] Airbags further
reduced central injuries while paradoxically increasing distal
upper[19] and lower extremity injuries.[20] It is likely that current
changes in complex case volume[21] are related to increased
market penetration of safety equipment such as standard air bags,

http://www.otainternational.org
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Table 3

Mechanisms associated with lower extremity trauma

Total Acetabulum Pelvis Hip Femur Tibia Bi/TriMal Calc

987,610 86,558 58,424 20,454 44,636 46,190 11,325 11,246
MVC 23.5% 46.4% 30.8% 7.9% 28.5% 23.1% 17.2% 36.0%
Bicycle Struck by MV 0.2% 0.2% 0.3% 0.1% 0.2% 0.4% 0.1% 0.1%
Pedestrian Struck by MV 6.6% 6.5% 10.4% 1.2% 5.1% 12.9% 3.4% 2.9%
MVC related

∗
30.4% 53.1% 41.4% 9.2% 33.8% 36.5% 20.7% 39.0%

MCC‡ 8.8% 10.2% 9.6% 2.5% 10.6% 14.9% 5.8% 9.7%
Other Bicycle† 1.3% 1.9% 1.6% 1.1% 0.9% 1.5% 1.1% 0.3%
Other Pedestrian† 0.9% 0.8% 1.3% 0.2% 0.7% 1.5% 0.5% 0.6%
High Energy Fall 8.7% 7.9% 9.2% 6.5% 6.0% 9.8% 13.5% 23.2%
Fall 41.5% 20.4% 29.2% 76.8% 34.4% 22.9% 50.8% 19.2%
GSW 2.7% 1.6% 3.0% 1.2% 5.6% 3.2% 0.1% 2.6%
Other penetrating 0.1% 0.0% 0.1% 0.0% 0.2% 0.3% 0.1% 0.5%
Crush 0.3% 0.3% 0.4% 0.1% 0.2% 0.4% 0.2% 0.6%
Other blunt 2.6% 1.9% 2.1% 1.1% 3.5% 4.9% 3.0% 2.1%
Other 2.7% 2.1% 2.1% 1.4% 4.0% 4.2% 4.0% 2.3%
∗
MVC-related mechanisms thought to be affected by future AV included MVC, Ped, and bicycle struck by motor vehicles (MV).

† Other pedestrian and other bicycle include those struck by any non-highway vehicle including train, ATV, etc.
‡MCC included off road vehicles.

Table 2

Estimate of ADAS and AV technology on reduction of MVCs

Author Year Category Technology MVC reduction Injury reduction Fatality reduction

Cicchino JB15 2017 ADAS FCW 27% 20%
Cicchino JB 2017 ADAS AEB 43% 45%
Cicchino JB 2017 ADAS FCW and AEB 50% 56%
Cicchino JB16 2018 ADAS LDW 18% 24% 86%
Cicchino JB 2018 (2) ADAS BSM 14%
Fildes B17 2015 ADAS AEB 38%
Isaksson-Hellman I18 2012 ADAS AEB 23%
Ohlin M19 2017 ADAS AEB 57%

∗

Rizzi M20 2015 ADAS FCW and AEB 35–41%
Sternlund S21 2017 ADAS LDW/LKA 30%
Blanco M22 2016 AV AV 61%
Boggs A23 2019 AV AV
Evans L24 1996 AV AV {90%} {94%}
Favarò FM25 2017 AV AV 1089% (Increase)
Morando MM26 2018 AV AV {29–64%}
Papadoulis A27 2019 AV AV {90–94%}
Schoettle B28 2015 AV Av 384% (increase) 10%
Virdi N29 2019 AV AV {48–100%}

ADAS= advanced driver assistance, AEB= autonomous emergency braking, AV = autonomous vehicle , BSM=blind spot monitoring, FCW= forward collision warning, LDW= lane departure warning, LKA=
lane keeping assist.
∗
Bicycle injuries.

{} brackets denote predictions all other numbers are reports of data.
15 Cicchino JB. Effectiveness of forward collision warning and autonomous emergency braking systems in reducing front-to-rear crash rates. Accident Analysis & Prevention. 2017 Feb 1;99:142-52.
16 Cicchino JB. Effects of lane departure warning on police-reported crash rates. Journal of safety research. 2018 Sep 1;66:61-70.
17 Fildes B, Keall M, Bos N, Lie A, Page Y, Pastor C, Pennisi L, Rizzi M, Thomas P, Tingvall C. Effectiveness of low speed autonomous emergency braking in real-world rear-end crashes. Accident Analysis &
Prevention. 2015 Aug 1;81:24-9.
18 Isaksson-Hellman I, Lindman M. The effect of a low-speed automatic brake system estimated from real life data. In Annals of Advances in Automotive Medicine/Annual Scientific Conference 2012 Oct (Vol. 56,
p. 231). Association for the Advancement of Automotive Medicine.
19 Ohlin M, Strandroth J, Tingvall C. The combined effect of vehicle frontal design, speed reduction, autonomous emergency braking and helmet use in reducing real life bicycle injuries. Safety science. 2017 Feb
1;92:338–44.
20 Rizzi M, Kullgren A, Tingvall C. The injury crash reduction of low-speed Autonomous Emergency Braking (AEB) on passenger cars. InProc. of IRCOBI Conference on Biomechanics of Impacts 2014 (pp. 14–73).
21 Sternlund S, Strandroth J, Rizzi M, Lie A, Tingvall C. The effectiveness of lane departure warning systems—A reduction in real-world passenger car injury crashes. Traffic injury prevention. 2017 Feb 17;18
(2):225–9.
22 Blanco M, Atwood J, Russell S, Trimble T, McClafferty J, Perez M. Automated vehicle crash rate comparison using naturalistic data. Virginia Tech Transportation Institute; 2016 Jan 8.
23 Boggs, A., Khattak, A.J. and Wali, B., 2019.Analyzing Automated Vehicle Crashes in California: Application of a Bayesian Binary Logit Model (No. 19-05567).
24 Evans L. The dominant role of driver behavior in traffic safety. Am J Public Health. 1996;86(6):784–786.
25 Favarò FM, Nader N, Eurich SO, Tripp M, Varadaraju N. Examining accident reports involving autonomous vehicles in California. PLoS one. 2017 Sep 20;12(9):e0184952.
26 Morando MM, Tian Q, Truong LT, Vu HL. Studying the safety impact of autonomous vehicles using simulation-based surrogate safety measures. Journal of Advanced Transportation. 2018;2018.
27 Papadoulis A, Quddus M, Imprialou M. Evaluating the safety impact of connected and autonomous vehicles on motorways. Accident Analysis & Prevention. 2019 Mar 1;124:12–22.
28 Schoettle B, Sivak M. A preliminary analysis of real-world crashes involving self-driving vehicles. University of Michigan Transportation Research Institute. 2015 Oct.
29 Virdi N, Grzybowska H, Waller ST, Dixit V. A safety assessment of mixed fleets with Connected and Autonomous Vehicles using the Surrogate Safety Assessment Module. Accident Analysis & Prevention. 2019
Oct 1;131:95–111.
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Figure 2. Projected changes in case volume per year for orthopaedic trauma fellows from 2020 to 2070.
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crumple zones, antilock brakes and traction control, lane
departure warning, and blind spot monitoring.[22] It can be
extrapolated that similar changes in case volume may occur with
increased market penetration of AVs in the upcoming years.
No rigorous estimates of the percentage ofMVCs that could be

avoided by AVs were found in the literature. Nor was any
analysis of the types of MVCs that will be affected by AVs
available. To date, no AV company has demonstrated reduced
injuries as a result of decreased collisions in autonomous vehicles.
Only Tesla claims a 10 times reduction in collision rate, having
demonstrated that its cars on autopilot travel on average
4.7 million miles between MVCs while traditional vehicles travel
479,000 miles between accidents.[23] Waymo and other AV
companies tout safety improvements while pointing out the
correlation of reported “disengagements” with the difficulty of
the driving environment.[24] This is important as injury patterns
from highway crashes are not the same as those from city streets.
Nearly all safety estimates analyzed were derived from a national
highway transportation safety statistic that 94% of accidents are
caused by avoidable human errors such as texting and driving.[25]

In reality this may be much less, and although data from studies
of driver assistance features have shown significant decreases in
morbidity and mortality, studies of current AV performance
are limited (Table 2). There have not been previous estimates of
the impact of AVs on trauma presentation injury patterns nor
surgical case volumes.
Analysis of the NTDB revealed that less than one-third of

major pelvic and lower extremity cases are caused byMVCs. The
fractures most affected by AVs would be the ones caused most
often by MVCs. Namely, pelvic and acetabular fractures are
projected to decrease while hip and ankle fractures would largely
be unaffected. In addition, the aging of the US population
associated with the baby boomers is expected to lead to a
doubling of hip fractures by 2050.[26] The reduction in pelvic and
acetabular trauma projected by our model combined with this
increase in hip fractures mean that hip fractures could make up
one-third of all trauma cases by 2050.
There are several limitations of this study as it attempts to

project currently unproven technology into the future. It fails to
5

model the above-mentioned increases in periprosthetic, hip, and
other fragility fractures due to aging population. Furthermore,
the NTDB did not allow classification of fracture severity;
therefore, we are unable to determine the changes in more
complex fracture patterns. The study uses a linear model for the
timeline of adoption because it best fit the estimates from the
literature; however, technologies are often adopted in an
exponential fashion. Furthermore, all data in this study refers
to European countries or the United States; therefore, this
analysis likely does not generalize to all countries. These
weaknesses mean that the magnitude and timing of the impact
in this paper will be inaccurate. However, the authors believe it is
a starting point for a conversation about the impact that AVsmay
have on our training and practices.
5. Conclusion

If changes in pelvic and lower extremity case volumes and
distribution due to adoption of autonomous vehicles do
materialize, it will likely be slow and steady. Furthermore,
70% of pelvic and lower extremity trauma cases are not caused
by MVC and will therefore remain unaffected. Our analysis
projects that 6% of cases will be affected in the next 15years and
only 24% of cases are likely to be eliminated over 50years.
AVLETrauma Supplemental Digital Content, http://links.lww.

com/OTAI/A19
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