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a b s t r a c t 

Computer technology is ubiquitous and relied upon in virtually all professional activities including neu- 

rosurgery, which is why it is surprising that it is not the case for orthopaedic surgery with fewer than 

5% of surgeons using available computer technology in their procedures. In this review, we explore the 

evolution and background of Computer Assisted Orthopaedic Surgery (CAOS), delving into the basic prin- 

ciples behind the technology and the changes in the discussion on the subject throughout the years and 

the impact these discussions had on the field. We found evidence that industry had an important role 

in driving the discussion at least in knee arthroplasty-a leading field of CAOS-with the ratio between 

patents and publications increased from approximately 1:10 in 2004 to almost 1:3 in 2014. The adop- 

tion of CAOS is largely restrained by economics and ergonomics with sceptics challenging the accuracy 

and precision of navigation during the early years of CAOS moving to patient functional improvements 

and long term survivorship. Nevertheless, the future of CAOS remains positive with the prospect of new 

technologies such as improvements in image-guided surgery, enhanced navigation systems, robotics and 

artificial intelligence. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Computer technology is ubiquitous and relied upon in virtu-

lly all professional activities. Contrast this with orthopaedic sur-

ical practice, where fewer than 5% of surgeons in the USA, Europe

nd Asia are using computer-assisted technologies routinely [1] . Al-

hough first introduced in the 1990s [1] , computer-assisted tech-

ology in orthopaedic surgery, or more simply Computer Assisted

rthopaedic Surgery (CAOS), is still not commonplace compared to

n-assisted, conventional orthopaedic surgery. 

It is currently predicted that a $10 0 0 computer will be able

o carry out the same number of calculations per second as the

uman brain by 2025 [2] . Will this mean that computerised sys-

ems will exceed surgeons’ skills, not only diagnosing and as-

essing patients but, more importantly, in surgical accuracy and

recision even in complicated cases such as complex trauma or

econstructive surgery? According to Moravec [3] , contrary to tra-

itional assumptions, high level reasoning requires relatively lit-

le computer power, whereas low-level sensorimotor skills require

normous computational resources. Therefore CAS may solve some

f the surgeon’s task but not all. Furthermore, is a demand for en-

anced accuracy warranted? After all, one of most commonly dis-

ussed issues with CAOS is the impact that accuracy of computer-
∗ Corresponding author. 
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ssisted surgery has had on the outcomes of surgical procedures

4] . 

It may be considered somewhat surprising therefore, at a time

f incredible technological progress, with the advent of virtual and

ugmented reality, big data analysis and artificial intelligence, that

he computer still struggles to make its way into all orthopaedic

heatres of the world. This raises important questions regarding the

aradoxical apathy towards the possible improvements of patient

utcome through the use of CAOS and the impact of CAOS on the

ainstream principles and concepts in the orthopaedic forum. 

In this article, we begin by outlining some of the definitions

elated to CAOS and review general principles and key advances

n today’s state-of-the-art CAOS. Thereafter, we describe CAOS his-

orical background before delving into the impact that CAOS has

ad on the general “orthopaedic forum” and the way it approaches

iagnostic and therapeutic guidelines, focussing the discussion on

nee and hip replacement surgeries. Finally, we speculate on future

irections and offer our conclusions. 

. A few definitions 

Computer-assisted orthopaedic surgery (CAOS) includes all 

inds of computerised tools, devices and instrumentations, such as

obotic assisted or navigation technology, but also patient-specific

nstrumentation and even sensors. These are all used for, not

nly assisting the surgeon in augmenting surgical procedures, but

https://doi.org/10.1016/j.medengphy.2019.08.005
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2019.08.005&domain=pdf
mailto:frederic.picard@gjnh.scot.nhs.uk
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also for providing hitherto unavailable quantitative data, measur-

ing data not seen and sometimes not known by the surgeon which

could help fine tune the surgery to an individual profile. 

Three major components are common to any of these systems,

as described in Zheng and Nolte’s excellent review paper published

in 2015 [5] : 

- The first component is a therapeutic object which is the target of

treatment. For instance, it can be a joint to replace or a tumour

to resect in a specific patient. 

- The second component is a virtual object which is the virtual

representation of any object that the surgeon wants to implant

(e.g., joint replacement) or resect (e.g., oncologic lesion) at any

place of the patient’s body. 

- The third component is a navigator link between these two ob-

jects. 

CAOS technology offers a multitude of devices and complex

mathematical algorithms to manipulate virtually, not only the pa-

tient’s anatomy, but also any surgical tools and implants in real

time. For instance, a 3-dimensional CT image of a patient’s hip

can be seen and assessed virtually on a monitor, whilst at the

same time overlaying a perfectly fitting cup for simulation pur-

poses [6,7] . During the preoperative planning phase, the naviga-

tion link is the software programme enabling virtual manipulation

of both the therapeutic and virtual object(s) (hip anatomy and cup

replacement). This concept of virtual simulation is applicable to

any system using image-guided technology either preoperatively

or intraoperatively [8] . Intraoperatively, the navigation link , such as

a navigator or robot, allows the actual tracked object, e.g., a cut-

ting tool, to be guided into the matched anatomy. This model also

works for image-free computer-assistance following intraoperative

data collection and registration of the “surgeon-defined anatomy”,

which generates the therapeutic object [9,10] . 

3. General principles 

All CAOS systems positioned near patients for surgical assis-

tance follow four outline steps: Setup, Registration, Planning and

Execution ( Fig. 1 ). The order of these stages depends on whether

an a priori image is part of the workflow and used for planning. If

so, the order is Planning, Setup, Registration, Execution. However,

if planning is interoperative, the order of the steps is as before. 

- Set-up refers to the initialisation process where the important

objects are placed and identified within the operation space:
PREOPERATIVE
PATIENT

REGIS
MAT

PLANNING

3D RECONSTRUCTION

MEDICAL
IMAGING

SET UP

S

Figure 1. General principles: Image-guided (in red on left hand side) versus image-free

planning carried out pre-operatively. 
trackers are fixed to suitable bony structures of the patient,

and the data-capturing object(s) (e.g., camera and/or robot) are

placed in theatre around the patient. 

- Registration refers to prescribing the coordinates, in system-

space, of important anatomical landmarks, and either register-

ing them to a prior 3d image, or using them to define the ther-

apeutic object (i.e., anatomical structure) directly. 

- In Planning the intended aim of the procedure is prescribed. In

CAOS, this is the definition of the ideal position of the virtual

object within the therapeutic object . This stage could be done ei-

ther pre-operatively using medical imaging technology or intra-

operatively using image-free navigation or intraoperative imag-

ing technology. 

- Execution is self-explanatory. In CAOS, the level of agency for

the surgeon varies depending on the type of system. In navi-

gation technology, the surgeon is in full control of the surgery

allowing for deviation from the initial plan whereas in robotic

technology, the surgeon follows a presurgical plan typically

without deviation. 

Indeed, it all starts from the patient’s anatomy, which is anal-

sed and assessed using imaging technology either pre-operatively

red arrow) or intra-operatively (green arrow). From there, a se-

ies of complex algorithms provide the surgeon and surgical team

 3-D reconstruction of the therapeutic object (for instance, the hip)

nd overlay it in real time into a virtual object (for instance a cup

eplacement). The surgical team or the surgeon can manipulate, in

eal time, both the therapeutic object and the virtual object in or-

er to plan the surgery. This can be done pre-operatively, or intra-

peratively [5] . Once the planning is completed, then the surgeon

r the surgical team can upload the planning and consequently

avigate or robotically assist the planned surgery. 

The CT-free or image-free navigation concept removes the im-

ge processing planning and matching so the surgeon and the sur-

ical team are building up intra-operatively the therapeutic object

i.e., an abstract of the patient’s anatomy) directly from the pa-

ient’s anatomy (green arrow) (see Fig. 1 ). The built frame of ref-

rence is assembled virtually with a series of relevant anatomi-

al or kinematical landmarks to create the therapeutic object . Then,

ny calibrated tools ( virtual object ) are superimposed to the created

herapeutic object to execute intraoperative plan [10,11] . 

Whatever computer-assisted system is used, registration is one

f the core principles and a compulsory process that any CAOS sys-

em requires to work. Accuracy and precision are at the centre of

he CAOS project with the promise to reduce outliers and improve
TRATION
CHING

INTRAOPERATIVE
PATIENT

EXECUTION

REGISTRATION

PLANNING

EXECUTION

ET UP

 (in green on right hand side) CAOS systems. The image-guided workflow has the 
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unctional and clinical outcomes and the quality of registration is

undamental to reach trueness and precision in CAOS [4] . 

Any registration technique is basically trying to either build a

atient-specific frame of reference as an abstract of the patient’s

natomy [e.g., image-free navigation] or to collect enough anatom-

cal landmarks to match the pre-operative or the intra-operative

maging model(s). Any registration process requires DRB (digital

igid bodies) which need to be rigidly fixed to a bony structure

n order to capture either an anatomical abstract [e.g., image-free

avigation] or a complex anatomical model [e.g., image-based nav-

gation]. It is important to mention that robotic-assisted technol-

gy also relies greatly on the registration technique and more so

han navigation because the surgical tasks are performed through

obotic tools and not by surgical hands [1,5,12] . 

In image based systems the ultimate goal of registration is to

use or overlap the patient’s anatomy with any sort of medical

maging modalities. Several kinds of imaging can be used, such

s CT scans, MRI scans or combined [13] and even ultrasound

14] . On the other hand, intra-operative registration of intraopera-

ive anatomical landmarks can also be matched to statistical shape

odels using generic bony shapes or anatomical atlases [15] . 

The complex mathematical algorithms applied to registration

rocesses are mainly divided in four different modalities: 

- Fiducial-based registration: this has not been very well ac-

cepted because it involves the use of additional surgical steps

prior to the main one with the risk of local inflammation, in-

fection and pain [16] . 

- Landmark-based registration: which has been favoured because

it requires only the use of a calibrated probe or pointer intra-

operatively, defining relevant anatomical landmarks. However,

this process can occasionally be tedious and time-consuming

[17] . 

- Shape-based registration: this is very close to so-called “bone

morphing”, which requires data collection of “painted” surfaces

of the bone and using mesh linking all these points to aggre-

gate them all and build up 3-D model surface(s), which could

then be matched to the pre-operative 3-D image reconstruction

[18] . 

- Finally, Intensity-based registration used mainly in fluoroscopy

registration. This last technique allows the reduction of radia-

tion dose during surgery because after completing registration

and matching it is not necessary to take any further image

intensifier shots during the surgical procedure [19] . This last

modality is mainly used in spine and trauma surgery. 

This registration process requires precalibrated tools, such as

robe or pointer with various forms and designs all utilised to col-

ect landmarks for the above registration modalities [9] . The sur-

ical calibrated probe is to intra-operative registration, what the

omputer mouse is to the computer-assisted planning. 

. Key advances and state-of-the-art in the field of CAOS at the 

resent 

CAOS systems can be divided into three different categories us-

ng potentially three different registration technologies [49] : 

- Active systems are autonomous, e.g., Robodoc R © [50] ; 

- Semi-active systems utilise handheld or controlled forced

robotic assisted devices, e.g., the MAKO 

R © [46,51] ; and 

- Passive systems only provide guiding information but no direct

action, e.g., OrthoPilot R © (Aesculap/BBraun, Germany) [52] . 

All three categories of systems can use different registration

echnologies: 

- Pre-operative image technology, such as CT scans, MRIs, to as-

sess specifically the therapeutic object (e.g., MAKO 

R ©) [53,54] . 
- Intra-operative medical imaging, such as fluoroscopy (image

intensifier) commonly used in trauma and spine surgery,

e.g., FluoNav-Medtronic R © (Surgical Navigation Technology, USA) 

[55] . 

- CT-free or image-free technology, also called “surgeon defined

anatomy”, e.g., NavioPFS R © [56] . 

Any combination between these three categories and three

odalities is theoretically possible. In reality, there are still a few

ombinations which are not on the market. To our knowledge,

here are no active robots using only fluoro-based registration nor

ny combined with image-free technology, otherwise the other

ombinations are already on the market. 

. Background and history 

If the computer had existed at the beginning of the 20th

entury, computer-assisted surgery would have been invented by

larke and Horsley in 1906 [20] . These two researchers published

nd patented in 1908 a stereotactic frame and instrument for re-

roducible and systematic “navigation” in the monkey cerebellum

ased on external visible landmarks. This very same concept was

sed later with orthogonal X-rays by E. Spiegel in 1947 [21] . Much

ater in 1985, the PUMA robot (Programmable Universal Machine

or Assembly) was coupled with a stereotactic frame and was ap-

lied to neurosurgery [22] . Robotic-guided surgery based on pre-

perative 3D computer tomodensitometry planning was FDA ap-

roved in 1987 (NeuroMate, Integrated Surgical Systems, Inc.) [23] ,

ighty years after Clarke and Horsley’s original article. Neurosur-

eons embraced the technology, keen to develop safe options to

educe brain damage caused by invasive surgery during stereo-

actic surgery. In 2004, McBeth et al. stated “The introduction of

obotically assisted surgery has provided surgeons with improved er-

onomics and enhanced visualization, dexterity, and haptic capabil-

ties ” [24] . In the late eighties, ENT surgeons used image-guided

echnology to plan and guide complex reconstruction, but this did

ot disrupt the field as it has done in neurosurgery [25,26] . For

any years, neurosurgeons and orthopaedists have been perform-

ng both spine surgery. New developments in spine instrumenta-

ion, such as transpedicular screw fixation, gave rise to computer

ssisted technology in the field. Teams spread across the world in

witzerland (Bern), the USA (Detroit, Memphis) and France (Greno-

le) simultaneously, developing technology to guide pedicle screw

urgery [12] . 

Since Hounfield’s [27] and Lauterbur’s [28] initial works on CT

nd MRI technology respectively, tremendous progress has been

ade in not only new diagnostic tools but also in computer-

ssisted 3D reconstruction [29] . Mathematical algorithms com-

ined with new hardware, facilitated patient-specific planning,

atching, modelling, intraoperative registration and intraopera-

ive guidance [1] . Computer-assisted design (CAD) and computer-

ssisted manufacturing (CAM), in the orthopaedic world, expedited

custom-made implants”. Developed in the early 1980s by Aldinger

t al. [30] to design perfectly fitting, patient-specific femoral stem

mplants [30] , this concept is still used routinely for complex

oint reconstructions in hip revisions, or for oncology cases during

hich surgeons perform large skeletal resections [31] . 

Instead of creating bespoke implants to match the patient’s

natomy, the concept of machining the patient’s anatomy to fa-

ilitate using standard implant sizes was advanced. This develop-

ent produced the first ever computer-assisted technology system

n orthopaedics, Robodoc R © (Curexo Technology, Fremont, CA), first

sed on humans in 1992 [32] . Robodoc R © was an “active robot” or

autonomous robotic device” which excluded the surgeon from the

ask of rasping the femur to enlarge the intramedullary canal to

t the femoral stem in total hip replacement (THR). Following this
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Figure 2. Graph of the normalized patent growth curve of the individual technology clusters (left hand axis) and the overall knee arthroplasty patent curve (right hand 

axis). Reprinted from The Journal of Arthroplasty, Vol 31/6, David M. Dalton, Thomas P. Burke, Enda G. Kelly, Paul D. Curtin, Quantitative Analysis of Technological Innovation 

in Knee Arthroplasty Using Patent and Publication Metrics to Identify Developments and Trends, 1366-1372, Copyright (2016), with permission from Elsevier. 
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came “semi-active robotic technology”, “controlled-forced robotic

technology” or “haptic controlled technology” in which the surgeon

was in charge in controlling a handheld device. Acrobot R © (Acrobot

Company Ltd, London, U.K.) was the first of this generation and

was used for UKA surgery [33] . 

Paradoxically, navigation technology in orthopaedics came af-

ter robotics was introduced. The first CT-based navigation system

was developed and used in 1994 in Pittsburgh by DiGioia and his

team, who performed a computer-assisted guided hip cup replace-

ment [34] . Other teams from all over the world worked on sim-

ilar image-based navigation systems, such as in Japan for image

guided hip replacement [35] , in Switzerland for peri-acetabular

reconstructions [36] or in the UK for femoral neck fractures

[37] . 

Image-free or CT-free navigation, also called “surgeon-defined

anatomy” technology, came in the early nineties with ACL re-

construction [38] . The first computer-assisted total knee replace-

ment (TKR) system, based on similar concepts, was performed

in 1997 [39,40,41] . In the same year, individual templates, also

named patient specific instrumentation (PSI) or patient-specific-

jigs, were introduced by Radermacher and later revived by Hafez

[42,43] . 

More recently there has been an increase in the number

of robotic orthopaedic technologies, with one of the front run-

ners being MAKO 

R © (Mako Surgical Corp., Florida, U.S.) [44] , but

many others have followed, such as ROSA 

R © (Medtech, Montpellier,

France) [45] and NavioPFS systems (Blue Belt Technologies, S&N,

Pittsburgh, U.S.) [46] . These robots are all “hand-controlled semi-

active robots”; the MAKO 

R © and ROSA 

R © using image technol-

ogy but the NavioPFS R © using only intra-operative anatomical and

kinematic data. More recently, lightweight concepts such as the
azor R © (Mazor Robotics, Caesarea, Israel), used for minimally in-

asive spinal surgery [47] , and the OMNIBotics TM (Omnirobotic,

assachusetts, U.S.) [48] system used for total knee replacements

ave arisen. 

. Impact of CAOS on general “orthopaedic forum”

In June 2016, Dalton et al. published a very relevant article

e would like to refer to as the common theme of this sec-

ion [57] . Between 1980 and 2014, the authors examined patents

nd papers in relation to knee surgery and sorted them into four

lusters of innovations, which could be used to link patents and

ublications: Unicompartmental Knee Replacement (UKR), Patient

pecific Instrumentation (PSI), Navigation and Robotics. Three of

hese are part of the CAOS technology “family”. The patents in

ach cluster are shown in Figure 2 . Since 2004, the ratio be-

ween patents and publications increased from approximately 1:10

n 2004 to almost 1:3 in 2014 showing industry-driven innova-

ion on technology introduction in the field of knee arthroplasty

 Fig. 3 ). 

We investigated, along this chapter, the role of the industry

n the introduction of any disruptive technology using the above

uoted paper as a guideline and we also explore what may have

een the role of CAOS in challenging some conventional surgical

oncepts. For publications we reproduced and extended the Dalton

gures to 2018 and added categories of alignment and balancing

oth with and without CAS. Using the same methodology as Dal-

on et al. with search terms in Pubmed were as Table 1 with date

ange set to 1980/01/01 to 2018/12/31. We also searched for papers

n alignment with and without CAS ( Table 1 ). Publication num-

ers were normalised to 2014 using the following formula as per
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Figure 3. Graph of the overall normalised publication and patent curves again one another. Reprinted from The Journal of Arthroplasty, Vol 31/6, David M. Dalton, Thomas 

P. Burke, Enda G. Kelly, Paul D. Curtin, Quantitative Analysis of Technological Innovation in Knee Arthroplasty Using Patent and Publication Metrics to Identify Developments 

and Trends, 1366-1372, Copyright (2016), with permission from Elsevier. 
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Table 1 

Technology group Search terms 

Unicondylar (“knee arthroplasty” OR “knee replacement”) AND 

(unicondylar OR uni OR unicompartmental) 

Patient specific 

implants 

(“knee arthroplasty” OR “knee replacement”) AND 

(custom OR customized OR customised OR 

patient-specific OR personalized OR personalised) 

Navigation (“knee arthroplasty” OR “knee replacement”) AND 

navigation 

Robotics (“knee arthroplasty” OR “knee replacement”) AND 

(robot OR robotics OR robotic) 

Alignment and 

balancing with CAS 

(“knee arthroplasty” OR “knee replacement”) AND 

(alignment OR balance OR balancing OR 

soft-tissue OR “soft tissue”) AND 

(navigation OR CAS OR “computer aided” OR 

“computer assisted” OR computer-aided OR 

computer-assisted OR robot OR robotics OR 

robotic) 

Alignment and 

balancing without CAS 

(“knee arthroplasty” OR “knee replacement”) AND 

(alignment OR balance OR balancing OR 

soft-tissue OR “soft tissue”) NOT 

(navigation OR CAS OR “computer aided” OR 

“computer assisted” OR computer-aided OR 

computer-assisted OR robot OR robotics OR 

robotic) 

a  

t  

(  

t  

l  
alton et al. 

 I i 
normalised = 

I I i 
original 

c i 

here c i = 

t i 
t 2014 

here II is the innovation index (number of patents or publications

n area), i is year, t is total number of patents granted or paper

ublished and c is the innovation constant. Data were then plotted

sing a 4-period moving average as per Dalton et al. [57] . 

Between 2001 and 2004, the normalised number of publica-

ions regarding navigation multiplied by 10 ( Fig. 4 ). At the time,

ost of the large global multinational orthopaedic companies

ad little expertise with CAOS systems apart from Stryker and

edtronics [8,58] . Most of the systems commercialised at the time

ere from smaller orthopaedic allied companies, e.g., Brainlab/

ünchen, Germany; Aesculap/ BBraun Tuttlingen Germany; Or-

hoSoft, Montreal, Canada [59] . 

Whether this sudden interest in CAOS made the larger com-

anies react vigorously or not is difficult to confirm due to their

trategic secrecy. However, it is clear that from 2003 onwards

60] a wave a publications, supported by the large corporations,

romoted Minimally Invasive Surgery (MIS) for both hip and knee

rthroplasty [61,62] , which created a temporary diversion from the

doption of CAOS technology [63] . 

In 2014, we published a paper examining the reasons why

AOS was not mainstream at the time, as opposed to laparoscopic

urgery and neuro-stereotactic guided surgery as both of them
re unchallenged methods in their field [59] . Many factors limited

he spread of CAOS for wide adoption in total knee replacement

TKA), the object of our study, because of its perceived risks, addi-

ional surgical times and additional attendant costs [1] . Nonethe-

ess, we found that two main factors limiting CAOS expansion were
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Figure 4. Normalised (to 2014) publication growth curves of the individual technology clusters of unicompartmental knee arthroplasty, PSI (patient specific instrumentation), 

navigation and robotics from 1980 to 2018. 
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C  
ergonomics and economics [59] . Zheng et al. confirmed the first

factor in his recent review and wrote “that one of the barriers to

adoption of navigation” comes from “intra-operative glitches, un-

reliable accuracy, frustration with intra-operative registration and

line of sight issues” [5] . 

According to Dalton et al. between 20 04 and 20 08, the num-

ber of patents registered under the “knee replacement” or “knee

arthroplasty” label by industry grew steeply ( Fig. 2 ). We could de-

duce from this, that the orthopaedic industry responded to the de-

mand for CAOS and invested in new and better designed systems

to match surgeons’ expectations. The number of publications rock-

eted during this period showing solid evidence of interest in the

technology but also genuine vigilance from orthopaedic commu-

nity in order to avoid worrying past experiences [64] . 

Ergonomic issues generated early scepticism in CAOS technol-

ogy immediately after its introduction. Moreover, studies revealed

fractures related to pin tracker fixation [65–67] , infections on

trackers sites [58,68] and lengthy surgery too [69] . Some early

CAOS prototypes were probably launched too quickly, driven by

the desire to be first, or the need to counteract competition. With-

out the correct support and training, these issues created fear in

some of the early adopters [70] . However, later evidence did not

confirm the initial impressions regarding the increase of compli-

cation rates but undoubtedly emphasised the increasing operative

time due to the additional manipulations compared to conven-

tional knee surgery [71] . 

Despite, in 2007, Novack concluding that CAOS navigation was

potentially a cost-effective or cost-saving addition to TKA [73] ,

economics was found to be one of the main issues limiting CAOS

adoption, not only due to the high capital cost of the systems

themselves, but also due to the overall overhead cost related to
ncreased length of surgery [72] and increased operating expenses

ith regards to inventory and surgical assistances [59] . 

The number of patents dedicated to navigation after 2008 re-

uced, whereas more investment was directed towards on PSI and

wo years later towards robotic technologies [57] ( Fig. 2 ). Also by

008, the number of publications for navigation declined whereas

hey increased for PSI [74,75] . It can be postulated, therefore, that

he industry felt that investing more into PSI may, on the one

and, solve the ergonomic issues surgeons complained about but

lso, on the other hand, may solve their economic problems re-

ated to navigation. 

The original claims for using CAOS, and specifically naviga-

ion, was that the technology would be more accurate and precise

han conventional surgery, enhancing the three-dimensional posi-

ion and alignment of joint replacements, spine screws or the safe

one/tissue resection in orthopaedic oncology [4] . While the evi-

ence demonstrating the superiority of knee navigation over con-

entional instrumentation in accuracy and precision for alignment

rew, some surgeons questioned the concept of alignment itself.

t is difficult to identify what triggered this trend whether it is

safe vigilance reaction”, “backfire effect” or, “confirmation bias”

mongst orthopaedic community and companies [71,76–78] . Di-

iding the number of papers published on knee alignment and

KA between 1976 and 2018 into those related to CAOS and those

hich are not, it seems clear to use that CAOS technology drove

he discussion associated with knee replacement as far as align-

ent and balancing are concerned ( Fig. 5 ). Therefore, challenging

he concept of alignment was maybe a natural evolution to the dis-

ussion. 

After challenging the evidence on accuracy and precision of

AOS systems in knee arthroplasty navigation, a dispute also arose
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Figure 5. Relationship between alignment and balancing publications with CAS (yellow) and without (black). The steep increase in alignment without CAS (starting around 

2010) follows the increase of papers with CAS (2002 to 2008). 
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round the lack of evidence of patient functional improvements

79–83] . Siston et al. [71] had already argued in 2007 the lack of

vidence in any kinematic knee improvement after CAOS knee re-

lacements. The combination of a lack of strong evidence of func-

ional improvements and controversies around alignment in knee

rthroplasty potentially fuelled new technological concepts, such

s the so-called kinematic alignment, driven by PSI, more popu-

ar after 2014 according to number of publication ( Figs. 4 and 5 ).

his may have suggested that accuracy and precision in knee re-

lacement may not be paramount as we thought [84,85] . 

In the same vein, some argued about the lack of improvement

f long-term implant survivorship in well-aligned knee replace-

ents with or without navigation [86,87] . However, De Steiger

t al. showed from Australian registry data that in 44,573 computer

ssisted primary TKAs (14.1% of total) there was a reduction in the

verall rate of revision in patients less than 65 years old [88] . At

he same time, new publications confirmed functional improve-

ents after CAOS TKA. Rebal et al. showed that navigated TKAs

ad a higher increase in Knee Society Score at 3-months follow-up

nd at 12 months follow-up compared to conventional knee re-

lacement [89] . 

As already mentioned, after 2010, the orthopaedic industry had

nvested heavily in robotic-assisted technology [90] despite the un-

uccessful past market introduction [91–93] , and less in navigation

ertainly to offset implant price reduction and the lack of instal-

ents for the costly surgical trays/instruments [93] . Selling at a

ery high price, robots became suddenly appealing to the indus-

ry but on the other hand, high capital costs remained an obvious

nd significant restraining factor of in the use of this technology
95–97] . Investment grew more abruptly by 2012 onwards where

ndustry tried to change the paradigm from computer aided tech-

ology to robotic aided technology [90] . The Mako R © robot was one

f the drivers of robotics in orthopaedics in reviving UKA market

learly noticeable on Dalton et al. figures with growing number of

ublications in UKA but also patents related to UKA [98] ( Figs. 2

nd 3 ). 

Mako R © attracted Stryker R ©, one of the leading orthopaedic

ajors in the world leading to the acquisition of Mako R © for

1.6 billion between 2012 and 2013 by Stryker, launching the

robot wars” between competitors. Smith & Nephew bought the

avio R ©/BlueBelt Technology for $275 million in 2016, Zimmer

ought the ROSA 

R © robotic system for at least $132 million, and

ore recently Johnson & Johnson invested in a new robot named

rthotaxy R © for an undisclosed amount. 

After 2014, while the number of publications increased for PSI,

avigation and robotic publication numbers went to opposite di-

ection in favour of the later to the former. This would confirm

ur previous statement about the “robot-war” between companies

 Figs. 4 and 5 ). 

Swank M. et al. suggested that capital cost of robotic knee

rthroplasty maybe recovered in as few as two years if 50, 70, and

0 cases were performed in the first three years [97] . Moschetti

t al. carried out a Markov analysis on UKA and showed that above

4 UKAs a year, robotic UKA is cost-effective [96] . All these stud-

es speculated on significant better functional outcomes [51,99] and

he potential reduction in revision [95] . 

In surgical fields other than arthroplasty, the additional accu-

acy afforded by navigation enhances patient safety and facilitates
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more complex surgery to be attempted. However, in joint replace-

ment, the additional benefit of navigation resides purely in the ac-

curacy and resulting alignment itself: the technology is being used

to replicate conventional surgery, as opposed to opening up new

surgical possibilities. Indeed, the MAKO 

R © is now being used to per-

form THR – a highly successful conventional operation. Therefore,

in essence, to have a wider adoption of CAOS in arthroplasty, sur-

geons must admit, individually and as a community, that their con-

ventional arthroplasty surgery could be performed “better” with

computer-assistance and with increased cost-effectiveness. Some

surgeons hold this view, whilst others do not. This cognitive disso-

nance amongst many orthopaedic surgeons, which has made them

sceptical about CAOS for some years, may generate a complex co-

nundrum for the orthopaedic industry promoting robotic systems

as more accurate and precise than navigation, since today’s robotic

systems are only navigators with a robotic tool. To quote Cartiaux

et al. “It is not yet possible to say unequivocally that improve-

ments in the accuracy of the assisted surgical gestures substan-

tially impact the outcomes of surgical procedures” [4] . However,

there are surgeries in orthopaedics where the consensus is con-

vincingly in favour of CAOS such as in oncology [100] , spine appli-

cations [101] or complex cases in arthroplasty [102] . 

7. Future of CAOS 

CAOS combines many sorts of technologies and each one of the

components is evolving along its own path. For example, sensors

used with devices like the “VERASENSE Knee System”, (Ortho sen-

sors, Dania FL, USA.) are the result of sustainable technology com-

ing from microelectronics [103,104] . There are today dozens of dif-

ferent sensors measuring pH, temperature, motion, speed, etc.… all

becoming smaller, being more efficient and more accurate [105] .

This is how these nanotechnology or small sensors are now even

used in some experimental surgical implants, like knee replace-

ments. [106,107] The sensor is only an example of one technology

that evolved on its own all over the years for the benefit of current

or future CAOS systems. 

We can divide the future of CAOS into four main categories:- 

(1) Improvement of image-guided surgery; 

(2) Navigation systems and peri–operative assessment devices; 

(3) Robotics and simulation; 

(4) Artificial intelligence, algorithms and simulation 

1- Image-guided surgery. 

Zheng and Nolte [108] reported a potential evolution in their

paper published in 2015 with regards to a 2-D/3-D im-

age stitching principle involving intra-operative C-arms, which

could be used in spine surgery or trauma for long bone frac-

tures. Combining MRI [109] , CT data sets mainly used in spine

surgery, as well as in oncology, will certainly benefit from this

new technology. Statistical shape modelling [15,110] has great

potential and it is true that the concept can be used with

image-free technology, fluoroscopic images or even ultrasound

tracking technology [14] . There is great potential to use all of

those in joint reconstruction and revision in particular, but also

complex primary joint replacements with severe deformities of

large bone defects making difficult for surgeons to plan such

abnormal anatomy. Therefore, a statistical model renders a bet-

ter virtual anatomy construct to build up the missing parts. The

other potential progress should come from the use of combined

technology, such as EOS TM (EOS Imaging, Paris, France), which

reduces considerably the radiation dose during joint x-ray as-

sessment [111] . 

Hybrid CAOS systems are already under development and are

able to combine all these image-guided tools, which will allow
the surgeon to not only plan prior to surgery but also guide sur-

gical intervention more accurately and, most importantly, more

easily than today. 

2- New generation of navigation systems and perioperative data

measurements: 

A number of smaller, smarter and easier to use systems exist,

utilising tablets and small tracking devices, such as the BrainLab

Dash 

R ©, (Munich Germany) [112] , the OrthoAlign (Orthoalign

Inc, Ca, US) system [113] and the NaviSwiss (Naviswiss AG,

Switzerland) intra-operative portable system [114] , new CAOS

systems using sensors such as accelerometers such as eLIBRA 

R ©
(Zimmer Biomet Warsaw Indiana, US) [115] , navigation-based

technology using Infra-Red (IR) tracking (PhysioPilot R © Surgi-

concept Ltd, UK) for perioperative kinematic knee measure-

ments [116] , accelerometers (BPM Pathway R © UK), Electronic go-

niometers (HALO, Halo Medical Devices, Australia), Ultrasound

tracking system [117] . These devices generate huge amount of

data potentially correlating perioperative to intraoperative mea-

surements and will help to understand phenomena currently

beyond our perception. 

3- Robotic and simulation devices. 

A new generation of robotic-assisted surgical tools will be able

to use complex data to execute better planning. Today, robotic

technology is just performing our current knowledge of con-

ventional surgery. For instance, there are still controversies on

what defines the best indications for UKA or what is the best

alignment for TKA. It is thought that robotics can “reduce in-

ventory, eliminate surgical trays, improve workflow and surgi-

cal efficiency and show net cost neutrality” [94] . Furthermore,

as market-driven evolution has meant CAOS only replicates cur-

rent surgical techniques, the potential exists for CAOS to inspire

surgeon-led innovation to develop new types of surgery, not

possible with conventional tooling. For example, implant design

and CAOS systems have not been co-developed, losing the po-

tential for smaller, bone-sparing prostheses. Ultimately, lesion-

specific, biofabricated, mini-implants, replacing only the dam-

aged tissue with new tissue, may be the final goal of arthro-

plasty surgery. 

4- Artificial Intelligence, Algorithms and simulation. 

The volume of collected data will increase considerably and

will enable a new understanding of patterns in joint kine-

matics and certainly will give the new generation of naviga-

tion planning. CAOS is still at the stage of “measuring data”

without really knowing what the best use of these data is.

Artificial intelligence applied to big data analysis will draw

clearer guideline pathways for professionals working in loco-

motor pathology and will provide surgical recommendations

helping surgeons to perform more reproducibly and more ac-

curately individual solutions for specific patients. Big data

analyses combining peri- and intraoperative measurements of

implant alignment/position, functional outcomes, satisfaction,

long-term durability and so forth will shed light on the best

course of action. Today we are still relying on crude informa-

tion and data, even with the use of CAOS which may still ex-

plain some reticence against it. 

. Conclusion 

Computer Assisted Orthopaedic Surgery is no longer new. Sev-

ral systems have been available for more than 20 years. Current

ystems and particularly the navigation systems are implementing

ature technology whereas new robotic systems are using more

dvanced equipment which still requires assessments especially for

hose more recently launched on the market. 

The original premises of the technology to make any surgery

ore accurate, more precise and reproducible in any circumstances
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iming to improve patient’s functional outcomes and long-term

esults have not been not fully proven. Despite vast amounts of

vidence supporting the use of the technology, CAOS is still not

ainstream. There are many reasons behind this slow uptake

mongst the orthopaedic community which combine safe vigilance

f surgeons, lack of strong evidence for long term benefits, addi-

ional cost of systems not offset by any third parties and mostly

ndustry driven recommendation of practices. 

The industry is still looking for the best model to put into oper-

tion: computer assisted technology or robotic assisted technology

s it is referred today either for semantic or marketing reasons.

echnology will find its place in orthopaedics once the commercial

odel is stable and comprehended enough by all parties involved

n patient care. It took many years for endoscopy and arthroscopy

n orthopaedics to become an undisputed technology in the field.

n the later years, industry, health providers, practitioners and pa-

ients all claimed superiority of the pros with respect to the cons

f this technology in routine practice. This has not happened in the

eld of CAOS yet. 

According to BCC Research, the global surgical robotics and

omputer-assisted surgery market reached nearly $3.5 billion in

015 [118] . This market is expected to increase from $4.0 billion

n 2016 to $6.8 billion in 2021 at a compound annual growth rate

CAGR) of 11.3% for 2016–2021 [118] . Undoubtedly, CAOS will ex-

and over the coming years even though patients and even clini-

ians will still need to find their way into true information circu-

ating on the web [119] and relevant evidence. 

Indeed, CAOS is a broad family covering any technology from

reoperative computer aided planning, intraoperative robotic assis-

ance to postoperative computer measurements and therefore it in-

ludes under its umbrella many different systems and technology

hich do not have the same qualities. 

In this paper, we reviewed some of key features of the past of

AOS, looked at the current “state of the art” and imagine some of

he future options for CAOS that readers will encounter in coming

ears. We hope that this review will help provide a clearer per-

pective on this rather cluttered subject. 
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