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Abstract

Introduction

Malposition of the acetabular component has been thought to have an influence on
increasing increase the risk instability, impingement, and ultimately revision surgery.
Hip navigation technology has been developed to provide the surgeon with real time
intraoperative metrics to make critical decisions in implant placement. The goal of
this study was to compare the accuracy of acetabular component positioning in direct
anterior approach hip replacements using conventional fluoroscopy only technique,

fluoroscopic image dependent navigation, and imageless navigation.
Methods

A retrospective data collection and prospective analysis was conducted for this study.
After sample size calculations, fifty patients were collected for each group for
analysis. Intraoperative cup inclination and anteversion was collected for all three
groups. Post-operative AP radiographs at six weeks post-surgery were analysed in all
three cohorts to determine final inclination and anteversion. Two readers conducted
radiographic analysis. The primary outcomes for the study included: absolute
deviation from intraoperative and post operative anteversion/inclination, absolute
mean deviation from surgeon’s target zone, and number of cups within target zone.
Secondary outcomes included operative time and 60-day complications (dislocation,
infections, periprosthetic fracture). In previous literature, the use Lewinnek’s safe
zone has been utilised as the ideal target for acetabular component position. In our
study, we used specific surgeon’s preference for the target zone. Surgeon A had a
target zone of inclination 40° +/- 5° and anteversion 20° +/- 5°. Surgeon B had a

target zone of inclination 35° +/- 59 and anteversion 15° +/- 5°,



Results

The inter-rater reliability demonstrated good agreement for radiographic analysis
between observers for inclination (ICC = 0.855 (n=200)) and anteversion (ICC =
0.894 (n=200)). Our study analysed the absolute deviation of cup position determined
by 6-week post-operative radiographs from target position, the mid-point of each
surgeon’s specific safe zone. This variation was defined as placement error. There
was no significant regarding final cup position from desired targets of anteversion
(P=0.08) and inclination (P=0.94) when comparing all three groups. Our study also
looked at intraoperative versus post operative cup positioning accuracy known as
estimated error. Conventional fluoroscopic use demonstrated statistically significant
inaccuracy in inclination and anteversion (P<0.0001). Imageless navigation

demonstrated significant inaccuracy in anteversion (P=0.00043).

In terms of final cup positioning, Surgeon A achieved 59% (16/27 cups) within the
specific target while Surgeon B obtained 48% (11/23 cups) when using conventional
fluoroscopy only. With the use of image guided navigation, VELYS, Surgeon A
achieved 83% (20/24 cups) while Surgeon B obtained 69% (18/26 cups) within their
defined zones. With the use of imageless navigation, Surgeon A had 76% (20/26
cups) while Surgeon B had 50% (12/24 cups) within target zone.

Imageless navigation demonstrated increase length of operative time in comparison to
VELYS and fluoroscopy only group on average with 75.5 mins (P<0.0001). There

was no difference in complication rates across all three groups at 60 days follow-up.

Conclusion

Our study found that in comparison to conventional fluoroscopy, hip navigation
allowed for more accurate placement of cups. Image guided navigation demonstrated
significant estimated error in evaluation of cup anteversion. We found that operative

time was increased when using imageless navigation.
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Lay Summary

Malposition of the acetabular component has been thought to have an influence on
increasing the risk instability, impingement, and ultimately revision surgery. Hip
navigation technology has been developed to provide the surgeon with real time
intraoperative metrics to make critical decisions in implant placement. The standard
use of intraoperative fluoroscopy has been adopted to aid the surgeon in component
placement in the direct anterior approach. At our institution, we utilise two hip
navigation systems in direct anterior hip replacements. The image guided navigation
system relies on intraoperative fluoroscopic imaging to create a digital map for
intraoperative implant positioning. The imageless navigation system relies on
intraoperative kinetic data points of anatomical landmarks to provide real-time

component position parameters.

The goal of this study was to compare the accuracy of component positioning in direct
anterior approach hip replacements using conventional fluoroscopy only technique,
fluoroscopic image dependent navigation, and imageless navigation. This was
achieved by comparing intraoperative measurements of acetabular component

position with postoperative radiographic measurements.

Our study found that in comparison to conventional fluoroscopy, the use of hip
navigation technology allowed for more accurate placement of acetabular
components. Image guided navigation demonstrated significant estimated error in
evaluation of cup anteversion. We found that operative time was increased when

using imageless navigation.

Keywords

Total Hip replacement, Navigation, Direct Anterior Approach
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Chapter 1

1 Study Summary, Purpose and Hypothesis

In 2020-2021, there were 55,300 hips replaced in Canada according to registry data. It
is estimated that there will be an increase of 172% in demand for hip arthroplasty over
the next decade. ! The direct anterior approach has also seen a rise in popularity with
enthusiasm for potential faster early recovery, reduction of pain, and lower instability

with preservation of soft tissue.

Malposition of the acetabular component has been thought to possibly increase the
risk of instability, impingement, wear, and ultimately revision surgery. The supine
patient position in the direct anterior approach allows for the use of fluoroscopy as an
intraoperative tool to provide real time component position. Hip navigation
technology has also been developed to provide the surgeon with real time

intraoperative metrics to make critical decisions in implant placement.

At our institution, we utilise two hip navigation systems in direct anterior hip
replacements. The VELYS™ navigation system (Depuy, Warsaw, IN) relies on
intraoperative fluoroscopic imaging to create a digital map for intraoperative implant
positioning. The INTELLIJOINT® navigation system (INTELLIJOINT® Surgical,
Inc, Waterloo, ON, Canada) is an imageless system that relies on intraoperative
kinetic data points of anatomical landmarks to provide real-time component position

parameters.

The goal of this study was to compare the accuracy of component positioning in direct
anterior approach hip replacements using conventional fluoroscopic technique,
fluoroscopic image-dependent navigation, and imageless navigation. This was
achieved by comparing intraoperative measurements of acetabular component
position with postoperative radiographic measurements. We hypothesized that the two
navigation systems would demonstrate improved accuracy in comparison to

conventional technique. When comparing VELYS™ and INTELLIJOINT®



navigation accuracy, we predicted that they will be equivalent in accuracy of

component positioning.

Chapter 2

2 Literature Review

2.1 Hip Anatomy

The hip joint is a synovial joint made up of the femoral head and acetabulum as the
main components. 2 The anatomy is depicted in Figure 1. The joint itself experiences

forces up to five times body weight during running and climbing stairs. *

Pelvis

Acetabulum
(Socket)

~

Femur
(Thighbone) ~ Femoral Head(Ball)
Covered with Articular
Cartilage

Figure 1: Anatomy of the Hip
(Reproduced with permission from Ortholnfo. © American Academy of Orthopaedic
Surgeons. https://orthoinfo.org/ )




Soft tissue structures such as the labrum, ligaments and musculature help to support
the joint. The two articulating surfaces of the hip joint are lined by hyaline cartilage.
The hyaline cartilage is made up of chondrocytes interspersed in extracellular matrix,
which is comprised of proteoglycans. Aggrecan and Type II collagen are
predominantly found in the matrix, providing the major scaffolding of cartilage. The
negatively charged glycoprotein gives cartilage its viscoelastic properties. Nutrition to

the cartilage is provided by diffusion through the matrix. 2

The acetabular architecture is composed of three ossification centres: the ilium,
ischium, and pubis. The anterior, posterior and dome of the acetabulum originate from
the combination of the three ossification centres. Fibrocartilage lines the outer
perimeter while hyaline cartilage compromises the weight bearing portion of the
acetabulum. The weight bearing cartilage forms a horseshoe shaped distribution with
the acetabular fossa central to this. * The acetabular fossa contains the ligamentum
teres and pulvinar at the floor of the acetabulum. The ligamentum serves as an
attachment to the femoral head fovea. The labrum, comprised of fibrocartilage over
the outer edge of acetabulum, helps to deepen the socket and to distribute forces seen
at the joint. The transverse acetabular ligament has as its main role to form a tension
band between the anterior and posterior wall, also serving as a landmark for total hip
implant positioning. The anterior and posterior columns help to support the

acetabulum, providing a foundation for force transmission. 3

At the age of 14-16, the triradiate cartilage is fully ossified leading to 170 degrees of
concentric femoral head coverage. The average diameter of an adult acetabulum is 52
+/- 4mm. The mean anteversion of the native acetabulum is between 16-21 degrees
and a mean inclination of 48°. Males tend to have a smaller magnitude of

anteversion. >

The bony anatomy of the proximal femur is made up of the femoral head, neck,
greater and lesser trochanter. The average anteversion of femoral neck is 10.5+/- 9.22
degrees. 3 The average neck-shaft angle is around 125 degrees. The greater trochanter

serves as the insertion point of the abductor muscle complex, gluteus medius and



minimus. The lesser trochanter is posteromedially positioned with a retroverted

position of 31.5 degrees. The iliopsoas tendon inserts on to the lesser trochanter. *

The hip capsule is comprised of the iliofemoral, ischiofemoral and pubofemoral
ligaments. The inner aspect of the capsule is made up of the circumferential zona
orbicularis layer fibers. The capsule serves as a network of structures for stability of
the hip joint and to provide nutrients, blood supply to the joint. The capsule spans
from the lateral border of the acetabulum to the intertrochanteric area of the proximal
femur. Besides the capsular structures that provide the static stability of the hip, the
muscles surrounding also provide dynamic stability. The hip is surrounded with the
flexor compartment anteriorly, extensor muscles posteriorly and the abductor complex
including the tensor fascia lata laterally. The adductor muscles can be found on the
medial aspect of the joint. The external and internal hip rotators also provide stability

around the hip joint. 3



2.2 Osteoarthritis

Destroyed cartilage

Narrowed Joint Space

a1l
@\

Bone spurs

Figure 2: Osteoarthritis of the hip
(Reproduced with permission from Ortholnfo. © American Academy of Orthopaedic
Surgeons. https://orthoinfo.org/ )

The definition of osteoarthritis (OA) is a disease process that initially begins with
molecular derangement, abnormal joint tissue metabolism leading to subsequent
anatomic derangement. Physiologic changes lead to cartilage degradation, bone
remodelling, osteophytes formation, joint inflammation, and loss of normal joint
destruction. Osteoarthritis is the most common joint affecting disease worldwide. It is
characterized by cartilage degeneration and subsequent joint destruction. The major
risk factors implicated are age, female sex, obesity, genetics and previous joint

trauma. °

It has been found the osteoarthritis leads to decreased physical activity amounting to a
20% higher age-adjusted mortality for patients. The financial implication of income

losses due to OA has been estimated at $65 billion and medical financial burden



exceeding $100 billion. ° Patients diagnosed with OA have 10-25 % lower quality of

life in comparison to control population. ¢

There appears to be an increasing prevalence of radiographic OA with aging in both
men and woman. Men demonstrate a high prevalence of hip OA before the age of 50,
while women demonstrate higher prevalence after the age of 50. This difference in
prevalence based upon sex is thought to be attributed to hormonal protective factors. 2
There is a 25% lifetime risk of symptomatic hip osteoarthritis in patient’s aged 85
with a 10% lifetime risk of requiring a total hip replacement. ” Caucasian populations
have 3-6% prevalence of hip osteoarthritis in comparison to less than 1% in Asian and

African populations. 2

A healthy joint normally experiences physiological biomechanical loading, which
helps to maintain a homeostatic equilibrium between joint tissue degradation and

repair. Several factors at the cellular and molecular level are released as result of

abnormal joint shear stress. This stress leads to increasing expression of

proinflammatory cytokines and subsequent apoptotic cellular damage in OA. 7

Several proinflammatory cytokines like interleukin 6, monocyte chemoattractant
protein 1 have been implicated in contributing to osteoarthritis. These
proinflammatory cytokines are responsible for stimulation of matrix-degrading
enzymes like metalloproteinases. °> These proteases lead to degradation of aggrecan
and collagen framework in cartilage. ? There is an overall imbalance in the catabolic
and anabolic factors influencing joint health, with proinflammatory factors causing
tissue degradation more rapidly than tissue repair can occur. > The combination of
biomechanical and biochemical factors leads to imbalance between damage and repair
of tissue. Swelling, decreased tissue compliance, fracturing and fibrillation leads to
destruction of cartilage with subsequent eburnation of the underlying subchondral
bone. The subchondral bone and articular cartilage behave as a functioning unit in a
healthy joint. The abnormal forces lead to cartilage microcracks that affect the non-
calcified, tidemark and calcified cartilage regions. Fissuring of these layers leads to
neovascularization and passageways for cytokines to damage and create remodelling

of the underlying subchondral bone. ” The tissue reparative process creates Type 3



collagen forming fibrocartilage. This tissue unfortunately lacks the same unique

characteristics of hyaline cartilage of compliance and shock absorbance. 2

Synovitis found in osteoarthritis has been attributed to macrophage activity in
comparison to rheumatoid disease where T cell activity is the underlying mechanism.
> The pathophysiology of OA is a constellation of biological process that involves the
cartilage, bone, synovium, ligaments, periarticular fat, meniscus, and muscle. The
radiographic findings are characterized by loss of joint space due to cartilage wear,

sclerosis of the subchondral bone, and cyst and osteophyte formation. 3

Osteoarthritis is classified as primary or secondary. In primary OA, the cause is
unknown however its thought to be contributing of genetic factors, aging of
chondrocytes, mechanical factors (wear and tear) and biochemical factors. A twin
study reported 60% risk for hip OA attributed to genetic factors. ® In secondary OA,
there is a predisposing risk factor such as posttraumatic, mechanical incongruity
(congenital versus traumatic), previous inflammatory joint disease (septic joint), blood
dyscrasia, neuropathic joint, endocrinopathies or repeated steroid injections. ? Risk
factors for hip OA can be subdivided into joint level and patient level risk factors.
Joint level risk factors include abnormal joint morphology such hip dysplasia or
femoral acetabular impingement. Patient level factors include age, sex, weight,
ethnicity, occupation, and genetics. A five-point increase in BMI is linked with an

11% increased risk of hip osteoarthritis. ’

Patients with hip arthritis suffer from pain as the primary symptom. This is usually
characterized by a dull ache with catching symptoms in the groin and lateral aspect of
the hip. The pain is thought also to be generated by the periosteal reaction,
interosseous congestion, synovitis, and surrounding muscular contractures. More than
50% of patients have hip pain, which can radiate to their knee as a primary complaint.
Stiffness, crepitus, and gait disturbance are other symptoms experienced with an
osteoarthritic hip. Hip arthritis leads to impairment of mobility, loss of independence

and increased health service demand. 8

The diagnosis of hip OA is based upon the history and physical examination of the
patient, in conjunction with plain radiograph imaging of the hip. The physical



examination includes inspection of leg lengths, deformity, gait, neurovascular exam,
and joint range of motion evaluation. The Lawrence Kellgren classification for OA of
hip is defined as four parameters: 1) osteophytes at the joint margins 2) narrowing of
articular cartilage with sclerosis of subchondral bone 3) subchondral cysts 4)
remodelling of femoral head. % Osteoarthritic changes are depicted in Figure 2.

Patient reported outcomes like the Oxford Hip scores have been utilised to assess
disease progression. There is a discrepancy between symptoms experienced and
radiographic findings in a portion of patients with hip osteoarthritis. 7 Therefore it is
important that history, physical examination, and radiographs are considered during

formulation of the diagnosis.

2.3 Treatment of Hip OA

The initial steps of the treatment algorithm are primary prevention which involves
lifestyle changes like weight reduction and activity modification. 7 The aim of weight
reduction to reduce the forces and subsequent joint impact is especially important.
Increasing one’s weight by ten pounds leads to an increase of sixty pounds of pressure
experienced at the hip joint with each step. There are number of nonpharmacological
treatment modalities having been recommended for the management of symptomatic
hip arthritis. The focus of physical therapy, which includes aquatic based activities, is

to strengthen periarticular musculature to ease hip pain. ®

The use of oral analgesics has been explored in non-operative management of joint
arthritis. Acetaminophen in comparison to NSAIDS (Non-Steroidal Anti-
Inflammatory Drugs) has been shown to have less of an effect in the hip. Diclofenac
and etoricoxib have been shown to be most effective in pain relief of hip OA. ® Intra-
articular injections in the hip joint are variable in reported therapeutic effect due to the
anatomical challenges of accessing the joint. Corticosteroid infections have been
shown to have no greater pain relief in comparison to placebo after 3 months follow
up and potentially inferior to physical therapy at 1 year. > With therapies such as
hyaluronic acid injections and platelet rich plasma injections, the evidence regarding
efficacy as a treatment is still inconclusive. Regarding PRP (Platelet Rich Plasma)

injections for treatment of hip OA, two studies conducted demonstrated conflicting



conclusions with one demonstrating no difference while the other found efficacy at 2

and 6 month follow ups. ’

2.3 Total Hip Replacement

Acetabular
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* Femoral
Stem

Figure 3. Total Hip Replacement

(Reproduced with permission from Ortholnfo. © American Academy of Orthopaedic
Surgeons. https://orthoinfo.org/ )

The mainstay of treatment for end stage arthritis of the hip joint is joint replacement
when non-operative treatment has been fully exhausted. The first total hip was created
by Wiles in 1938, but was not widely adopted until Sir John Charnley introduced his
prosthesis for treatment of hip arthritis. ° 330 000 Primary total hip replacements are
performed annually in the US, with 90% of the surgical indication for OA. It is
estimated that there will be a 172% increase in need for hip replacement surgery in the
next ten years. '° THA is a safe procedure, with 90-day mortality less than 1% and 90-
day serious complications occurring less than 5%. 90% of patients having undergone
a THA report little to no residual pain. °> Laupacis et al found that in the first three
years following total hip replacement, there was a $8731 per QALY (quality-adjusted
life years) gained, leading to the conclusion that this procedure is highly cost effective

in addition to its other merits.!!
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Other surgeries like arthrodesis or pelvic osteotomy have been utilised as alternatives
to THA. Arthrodesis in the young arthritic patient was a popular surgical intervention
due to previous concerns of hip replacement longevity. However, with improving
survivorship in hip replacement surgery and higher patient dissatisfaction associated
with arthrodesis; this procedure has fallen out of favour even in the young adult
population. 12 With excellent survivorship of implants and high patient satisfaction,
total hip replacement has become the gold standard treatment of end stage arthritis.
Total hip replacement surgery, measured by validated health related outcome tools,
has been shown to decrease hip pain, improve mobility and motor function in patients
with end stage arthritis. ! Total hip arthroplasty has been shown to have an
associated health care cost saving of $278 per annum per patient operated versus

patients who are non-operative and incur an increase of $1978 every year. !?

Prior to Charnley's innovation, interposition graft and crude attempts at the modern
total hip replacement were attempted. Fascia lata grafts and gold foil were among the
trialled interposition layers inserted between acetabulum and femoral head to treat
arthritis. Charnley was responsible for many factors that have led to the modern total
hip replacement. Charnley’s concepts included the ideas of low frictional torque

arthroplasty, hip biomechanics, materials, design, and fixation. 4

The evolution of the modern total hip replacement has seen much advancement since
Sir Charnley’s low frictional torque hip arthroplasty. Development of metallurgy,
tribology and surgical techniques has led to improved survivorship of hip
replacements. Cementation fixation techniques have slowly been modernized from the
simple finger packing of the polymer to proper femoral preparation and pressurization
to form a uniform cement mantle. The bearing surface, in particular introducing of
highly cross-linked polyethylene has revolutionized wear properties and longevity of

hip arthroplasty.

The modern total hip replacement consists of a femoral component, femoral head,
acetabular shell and liner (Figure 3). There exist a variety of femoral stem designs
with uncemented versus cemented fixation. The modern hip implants provide a degree
of modularity with the femoral head and acetabular liner separate from the shell. !°

The most common bearing surfaces utilised in Canada are metal (cobalt-chrome) and



11

highly cross-linked polyethylene with cementless acetabular and femoral component
fixation. The main innovations in total hip replacement surgery have been targeted
towards implant durability, reduction of wear regarding articulating components and
technical adjustments to improve patient recovery and accuracy of implant

positioning. '#

The most common complications associated with total hip replacements can be
categorized as intraoperative, early and late. Intraoperative complications include
fracture, neurovascular injury, leg length discrepancy, malposition, and anaesthetic
complications. Early complications include bleeding, periprosthetic infection,
instability, and venous thromboembolism. Late complications include periprosthetic

fracture, aseptic loosening and implant failure. '°
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2.4 Total Hip Implant Orientation

~
~

~
~
Coronal Tilt ~~_

angle Z“‘

Anteversion
angle

Figure 4. Diagram demonstrating Cup Inclination and Anteversion. (Reproduced
with permission from Mirza et al. (2010). Basic science considerations in primary
total hip replacement arthroplasty. The open orthopaedics journal, 4, 169—180.
https://doi.org/10.2174/1874325001004010169

The cup inclination is the angle between the longitudinal axis of body and the
acetabular axis. The cup anteversion is defined by the angle between the acetabular
axis and the coronal plane.!” Inclination angle is measured between the face of the
acetabular component and the horizontal axis drawn by connecting the intra-tear drop

line. This is depicted in Figure 4.
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The definition of combined anteversion refers to position of acetabular and femoral
components within a safe zone of impingement free range of motion. '* The safe zone
to prevent dislocation has been described by several groups making a consensus target
to be desired still. Barrack et al described an acceptable target of 45° +/- 10°
abduction and 20° +/- 10° anteversion. Several studies have adopted Lewinnek et al
described safe zone of 40° +/- 10° abduction and 15°+/- 10°. In a study done by
Abdel et al., 58% of 206 dislocated hip replacements had components within the
Lewinnek safe zone. !° Barrack et al proposed anteversion of 10° - 20° for both cup
and stem components. 2° Sendtner et al suggested combined anteversion of 25° to 40°,
while Dorr et al proposed a target of 35°, with range from 25°-50°, 21-22 A recent study
by Hevesi et al found that the ideal modern safe zone lies within 27-47° inclination
and 18-389 of anteversion. 2* Snijders et al failed to find a consensus for ideal
acetabular component orientation due to variations in methods for analysis in studies

collected through systematic review. 24

It is known that other elements also influence total hip component positioning such as
pelvic inclination and obliquity. ?° Pelvic orientation depending on positioning can
significantly vary when using the anterior pelvic plan on lateral radiographs on the
pelvis. 26 A change in pelvic inclination of 1° has been shown to change functional

cup anteversion by roughly 0.7°. 27

2.5 Consequences of Total Hip Malposition

Accurate implant positioning is important in stability and prevention of impingement
of the total hip replacement. Appropriate positioning of components may help to
avoid pelvic osteolysis, acetabular component aseptic loosening, impingement and
intercomponent polyethylene wear due to a vertical cup position. 282°

One of the major risks of revision surgery is dislocation post total hip replacement.
Dislocation affects 1-4% of total hip replacement patients, with 77% occurring in the
first year postoperatively. 3° In the Canadian Joint Registry, instability is the third
most common cause of revision accounting for 14.8% of revision cases. ! Similar to
the Canadian registry, instability accounts for roughly 15% of the hip revision in the

UK registry. 3! The financial consequence of early dislocation within the early

postoperative period has been estimated to cost 342% of the primary cost. 2° The risk
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of dislocation is multifactorial, categorized by patient and surgical factors. Patient
host factors include previous surgery, dementia, inability to follow postoperative
rehabilitation, female sex, and neuromuscular disease. The surgical factors are
focused on implant selection, implant position, restoration of offset and leg length,

and surgical approach.

With high volume of cases, the risk of instability decreases. One study found that for
every 10 cases, there was a 50% reduction in a surgeon’s dislocation rate. 3 It has
been found that increasing age is a risk factor for dislocation, with a bimodal
distribution with high dislocation prevalence in <50 and >70-year-old patients. 3
Body mass index greater than 30 has been shown to be associated with a greater risk
of dislocation in meta-analysis. ** One study demonstrated that early dislocation was
more frequently seen in patients with a BMI> 35, with a 5% increase for every unit
BMI increase above 35. 3° Patients with a spinal fusion have been shown to have a
higher rate of dislocation. A single level fusion was also associated with dislocation
rate of 1.5%, while a two level and three level fusion were associated with a 2.92%
and 4.12% respectively. *¢ Inflammatory conditions like ankylosing spondylitis have
also demonstrated higher risk of dislocation. *’ Patients with a diagnosis of avascular

necrosis had twice the risk of revision for instability. 8

Specifically, cup version has been implicated in directional implant instability. In one
study, cup position with respect to Lewinnek’s safe zone was found to be an
independent risk factor for instability with an odds ratio of 1.88. 3 Lewinnek et al
established the safe zone after reviewing a series of 300 total hip replacements which
had a dislocation rate of 3%. The dislocation rate was 1.5% within the safe zone

versus a 6.1% dislocation rate outside this zone. *°

Coventry et al found that with a cup position of 7-10 degrees of retroversion was
associated with 50% of posterior dislocation in their study. *! McCollum and Gray
proposed a safe zone of 20°-40° of anteversion particularly in the posterolateral
approach. #* A cup anteversion of greater than 25° has been linked to increased
anterior instability. 2® Acetabular components with greater than 20° had a 6.3 fold
increased risk for anterior instability. ** A study by Biedermann et al demonstrated

similar findings to Lewinnek et al in their series of 127 dislocations. The study found
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that an abduction target of 45° and 15°- of anteversion had the lowest incidence of
instability. Components with <10° of anteversion lead to a sixfold increased relative
risk for posterior instability.** A CT scan study found that patients with posterior
orientated instability were found to have cup position with less than 20° in
anteversion. * One study through computer simulation indicated that ideal cup
abduction is in the range of 45°-55°, however with this position comes unacceptable

higher wear rates.

The malposition of acetabular components has been thought to influence wear rates
and long-term survival of total hip replacements. Little et al examined 43 THAS with
conventional polyethylene with 49-month average follow up. Abduction angle greater
than 45 degrees had a mean wear rate of 0.18mm/year wear rate. *° Patil et al found
that a 40% increase in mean linear polyethylene wear was noted in cup placement
greater than 45° abduction angles.*’” Kennedy et al found that with increasing
inclination with a mean angle of 61.99, this led to pelvic osteolysis in 24% of hips.
Asymmetric polyethylene was observed in 5.1% of hips with high inclination. *® Del
Shutte et al examined wear rates of cemented all polyethylene acetabular components
and the effect of abduction angle. Their study did not find a correlation between
degree of abduction and polyethylene wear. *° The high wear rates seen in older
studies is likely attributed to the use of conventional polyethylene. Goyal et al found
no significance between cup inclination and use of highly crosslinked polyethylene

wear. °

Crowninsheild et al found that maximal tensile stress on polyethylene was five times
greater when placed in a vertical cup position and use of 40mm heads or greater. °!
Waewasawangwong and Goodman found in case report that despite the use of highly
cross-linked polyethelene, a vertical cup position, thin polyethylene thickness and
large femoral head led to fracture of superior rim at the locking groove of the liner. >2
Tower et al also concluded that thin polyethylene liner, vertical cup alignment and
decreased mechanical properties can lead to failure of the rim. Inclination angle of
greater than 65° with a thin polyethylene liner has been found to increase failure of

highly crosslinked polyethylene bearing. >3
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The abduction angle greater than 55° of the acetabular component has been found to
lead to increasing levels of cobalt and chromium release in metal-on-metal bearings
by De Haan et al. >* In ceramic-on-ceramic bearings, Sexton et al found that high cup
inclination, high femoral offset, lateralization of hip centre or extremes of acetabular
anteversion were predictors of squeaking. > Griffin el al reported that acetabular
component increased anteversion or cup inclination was an integral factor leading

wear and metalosis in metal-on-metal bearing surfaces. ¢

Component position also plays a role in the degree range of motion for the patient.
Kummer et al reviewed range of motion in sawbone models. The study found that cup
anteversion greater than 20° and abduction angle greater than 45° led to limitations in
hip flexion, internal and external rotation. >’ D’Lima et al found through computer
modelling that acetabular cup abduction less than 45° led to decreased flexion and
abduction of the hip. In contrast, abduction greater than 45° led to decreased
adduction and rotation.’® Malposition of the cup can lead to pain due to impingement
post hip replacement. Trousdale et al found that retroverted cup positioning leads to

psoas impingement via the anterior rim of the acetabular shell. >

2.6 Traditional Technique of Acetabular Component Positioning

Prior to the advent of computer navigation, surgeons relied on mechanical devices to
physically track acetabular component positioning. The mechanical devices are reliant
on bony landmarks, gravity assisted systems or use of pins to control component
positioning. These conventional manual techniques have limitations in
reproducibility given that patient position, specifically pelvic position can change

during the procedure.

Conventional positioning of the acetabular component has been demarcated by the
anterior pelvic plane (APP) orientation. Robinson et al initially described the concept
of the APP in 1922. % It consists of the anterior superior iliac spines (ASIS) and the
pubic symphysis. Using an intraoperative mechanical alignment rod, surgeons would
assess the acetabular cup position based upon anatomical landmarks. However, with

conventional techniques, there has been wide variability and inaccuracy in cup
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placement. A study conducted by Callanan et al, found that only 62% of 1952 hip
replacements were within their desired inclination target, demonstrating the
inaccuracy of referencing the anatomic landmarks of pelvic orientation and patient
positioning. ® Most computer assisted navigation systems rely on the APP as the
reference plane in a 3-dimentionsional (3D) system to help determine component

positioning. 2

McCollum and Gray suggested using the sciatic notch as a bony landmark guide. 42
Maruyama et al reccommended the use of the acetabular notch angle. ® Sotereanos et
al advocated using the lowest point of the acetabular sulcus found on the ischium,
prominence of superior pelvic ramus and superior point on the acetabular rim to guide

acetabular component placement. %

Another traditional landmark used for acetabular orientation is the transverse
acetabular ligament (TAL). This is usually used in conjunction with mechanical
alignment jigs to obtain implant positioning. A study conducted by Kelley and Swank
examined the use of the TAL reference for cup position and found 82% and 71% of
cups fell within Lewinnek’s safe zone for inclination and anteversion respectively. 2
Despite studies demonstrating good results using the TAL as an adjunct, many times
the ligament is not identifiable. % The variability in the TAL has been demonstrated to

have a wide range of natural anteversion of 5.3 to 36.1° on MRI study.

McCollum and Gray pointed out that in the lateral position, the lumbar spine’s
lordotic curve flattens and the pelvis could be excessively flexed to 35°. The
acetabulum may subsequently be abducted towards the distal end of the table by 10-
159. This positioning then leads to inaccuracy of mechanical alignment outrigger
devices, which rely on relation of the table and body position to reference cup

positioning. 2

Outlier placement of component positioning has been attributed to up 3% of primary
hip dislocations. ¢” The estimated error of cup positioning has been reported as high as
26-78% with the use of conventional freehand techniques. %670 It has been reported

that traditional non-navigated placement of component position leads to variations of
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12°-21° degrees in the literature. The use of mechanical jigs and freehand technique

have been reported to achieve an accuracy of 44 to 88% in some studies. 7!

A study by Digioia et al demonstrated the inaccuracy of mechanical outrigger
alignment guides in the lateral position due to pelvic position. It was found that 78%
of acetabular components were deemed to have unacceptable alignment. 7> Another
study demonstrated using mechanical outrigger devices led to almost half of the
acetabular components, twenty-one of fifty cases, being placed outside the target
zone. 7° Saxler et al found that conventional freehand technique led to only twenty-
seven of one hundred and five acetabular components being placed within the target
safe zone. ® A study by Goyal et al demonstrated only 43.6% of cases fell within the

Lewinnek safe zone in the traditional lateral approach. 7

The use of fluoroscopy in total hip replacement has been integrated by surgeons to
assist in placement of components. With the direct anterior approach, the use of
fluoroscopy with a supine positioned patient allows for seamless integration. A study
by Rathod et al found decrease in variances with use of fluoroscopy in the direct
anterior approach versus a comparative posterior approach group.” When compared
to mechanical jigs, the use of fluoroscopy was 2.3 times more likely to be placed
within Lewinnek’s safe zone in one study by Beamer et al.”> 7>The accuracy of
intraoperative fluoroscopy is influenced by several factors, including a learning curve
associated with interpretation of obtained intraoperative images, pelvic position, and
patient position. One study conducted found that intraoperative fluoroscopy
underestimated the cup inclination in comparison to post operative radiographs while

anteversion was overestimated in comparison to follow up AP radiograph films.”¢

2.7 Hip Navigation

The innovation of computer navigation in hip replacement surgery began in 1992.%
Navigation is defined as a tool that provides information regarding patient anatomy
and surgical implant positioning in reference to this. 7’ Dealing with rigid surgical
instrumentation and bony landmarks make orthopaedic procedures ideal to implement
navigation technology.”® William Bargar was the first to integrate computed

tomography-based navigation system in joint replacement, with the goal of accurate
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femoral component placement.?® The philosophy of this technology is to provide the
surgical team with intraoperative real-time data to allow for accurate execution of pre-

operative planning.?’

Approximately 97% of hip replacement surgeries in the United States are performed
using conventional technique without navigation technology.” The use of hip
navigation and robotics was only found in 1.9% of 130,000 hip replacements in a
database study conducted by Boylan et al. Adoption of technology was primarily seen
at centers offering private insurance healthcare and high-volume institutions
predominantly. 3 The perceived barrier such as increasing surgical time linked with
the learning curve of computer-assisted surgery (CAS) has contributed to the lack of
widespread adoption.?! Valsamis et al demonstrated no difference in operative time
when utilizing imageless navigation versus conventional instrumentation in their
study.®? In a large database study, computer assisted surgery was associated with an
increased number of reoperations and superficial wound infections, however lower

rate of minor adverse events like blood transfusion.”®

With increasing pressures on healthcare systems to curtail spending, the use of
technology like navigation has been seen as a luxury adjunct for surgeons. Initial
purchase price, maintenance cost and additional surgeon reimbursement have been
cited as potential factors in deterring many healthcare networks from investing in such
devices. 3 Estimates of certain large console navigation systems have been reported
to cost around $250,000 to purchase the device with added costs of maintenance and

disposable instrument costs per case. 34

There exist two main types of navigation: image based and imageless based system.
The image-based navigation system relies on either intraoperative fluoroscopic
images or a pre-operative CT scan. An imageless based system requires demarcation
of anatomical bony landmarks on the patient to determine the anterior pelvic plane
(APP). The APP is defined as both anterior superior iliac spine and the pubic tubercle.
Imageless navigation requires the use of mounted sensors on surgical equipment such
as the acetabular component insertion handle to feedback to the computer system,
allowing accurate real-time feedback. Imageless systems consist of a four-stage

procedure: set up, registration, planning and execution.®> Imageless navigation
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technology uses kinematic and anatomical data received during the registration
process to deliver intraoperative data to the surgeon. This data can be further made
accurate with other sources of data such as anatomical imaging and implant

selection.8®

There exists both optical and electromagnetic tracking technology in imageless
navigation. Optical tracking is based upon infrared stereoscopy to allow tracing the
position of reference points placed on bony landmarks and surgical instrumentation.
This tracking system requires that all reference points be visible to the stereoscopic
camera, therefore any visual impedance can interfere with tracking. The technology is
based upon utilizing optical system in combination with device cameras to gather
positional data. This positional data is referenced off an infrared light from dynamic
reference frame (DRF) in combination with light-emitting diodes or infrared light
reflecting markers. 87 The dynamic reference frame (DRF) are trackers fixed to bony
landmarks and surgical instrumentation that allow the camera to detect and determine
spatial relationships. The major advantages associated with this technology are the
accuracy and is not affected by ferro-magnetic objects within the field of view of the
stereoscopic camera. Electromagnetic tracking creates an electromagnetic field in
surgical field, with determination of the position of bony landmarks and surgical
instruments with trackers. This technology does not require visualization of a camera
required in optical tracking. However, instruments with ferro-magnetic properties can
disrupt the accuracy.’”® Imageless navigation also makes assumptions like pelvic
positioning and overall patient positioning to provide intraoperative readings. It is
therefore susceptible to changes in pelvic tilt and overall patient positioning.?’ The
learning curve for imageless navigation is around 3 to 5 cases.® A significant
advantage of imageless navigation is the avoidance of parallax and operator error with

imaging. %

One of the major limitations of imageless navigation systems presently is the level of
accuracy for registration of pelvic reference points. There have been concerns
regarding soft tissue density overlying the reference points for the anterior pelvic
plane. A study examining soft tissue density overlying these reference points found
that anteversion was most affected with increasing soft tissue density. The study

found that soft tissue overlying the pubis could be 5.7 +/- 3.4mm thicker than on the
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ASIS, leading the mean underestimation of anteversion by as much as 2.8° +/-

1.89 .2 The other major issue is that systems do not account for the level of pelvic tilt,
which can play a major role in accuracy of overall component positioning. Pelvic tilt
has been shown to influence definitive anteversion, with a 1° change in ventral-to-
dorsal tilt is associated with a 0.8° change in acetabular anteversion. To address this,
the use of invasive techniques like direct puncture of soft tissue to register bony
landmarks has been adopted in some system workflows. With this invasive
registration comes the risk of morbidity like infection, bleeding, fracture and

mechanical pullout. °!

Two major studies have demonstrated concerns in the reliability of APP. Barbier et al
found significant discrepancies in mean anteversion between intraoperative and
postoperative findings. The intraoperative mean anteversion was 20.9° compared to
29.59 post —operatively. The significant difference in mean anteversion was attributed
to difficulty in establishing the APP with registration and inter-observer variation

intra-operatively.”?

A study comparison of imageless navigation versus traditional technique found that
cup position was reproducible to within 5° of desired anteversion and inclination as
compared to cups placed with traditional jigs. *> A prospective randomized control
trial compared the accuracy of component positioning with the use of conventional
technique versus imageless navigation in 130 patients. The study did not show any
improvement in cup inclination accuracy however did demonstrate improved accuracy
in anteversion with navigation.”* In contrast, a retrospective review of navigated
THASs by Suksathien et al demonstrated significance in mean anteversion and
inclination accuracy. All navigated cups fell within the safe zone versus only 48.4%

of conventional cups were within the safe zone.”

Fluoroscopic guided navigation systems are reliant on intraoperative images taken of
the pelvis, which can be performed in the supine or lateral position. Although an x-ray
technician and imaging equipment are required in the surgical workflow, the patient
does not require repositioning during point registration like imageless based
technology. The use of image guided navigation is reliant on utilizing landmarks like

the anterior pelvic plane (APP) to determine component and hip position. The APP
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however is not always level, and therefore susceptible to incorrect patient positioning
and deformity. Some systems attempt to overcome this by using the functional pelvic
plane (FPP) which is defined in the supine position on the CT table. The pelvis is
axially manipulated until both ASIS are within the same horizontal plane and the inter

teardrop line is instead adopted as the mediolateral plane. 87

Image dependent navigation has demonstrated overall reduction in components
placement outliers when compared to manually placed components. '°! Suggested
limitations of this technology include the need for c- arm fluoroscopy machine,
radiolucent operating room table and projection errors associated with obesity and
pelvic positioning.?® The major concern in image-based systems, including CT
navigation, is the radiation risk posed to patients and the additional time added to the
surgical planning and workflow.?” With intraoperative fluoroscopy use in the direct
anterior approach, the maximum dose of radiation was achieved in the first 100 cases.
Performing more than 189 DAA hip cases per year has been hypothesized to have

long term health effects. %7

Kalteis et al conducted a study examining conventional technique, computed
tomography based navigation and imageless navigation accuracy in the direct lateral
approach. The study found that conventional technique led to only fourteen of the
thirty-acetabular components placed in Lewinnek’s safe zone. Both CT and imageless
navigation led to comparable results in terms of components placed within the safe
zone.”® Lass et al conducted randomized control trial comparing conventional
freehand technique to imageless navigation in 130 patients in the direct lateral
approach. The study found improvements in postoperative cup anteversion and
reduction in outliers, however failed to find differences in patient outcomes or

revision rates at two years follow up.*

Parratte et al conducted a long term follow up of 10 years of thirty hip replacements
which utilised hip navigation and thirty hip replacements conducted with conventional
technique. No difference was found between navigation versus conventional in terms
of instability, function, wear, or survivorship.”® A retrospective cohort study
conducted by Bohl et al. found that the use of navigation was associated with a lower

rate of dislocation (1.00% versus 1.70% for no navigation; adjusted hazard ratio
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[HR]= 0.69; 95% confidence interval [CI]= 0.58 to 0.82; p<0.001) and aseptic
revision of acetabular component (1.03% versus 1.55%; adjusted HR =0.75; 95%
CI=0.64 to 0.88; p<0.001).3

Another large retrospective review of 475 total hip replacement patients utilizing the
posterior approach was conducted. The study found 11 dislocations, all within six
weeks post operatively, with a rate of 2.3%. Nearly all dislocations were associated
with severe bony deformities, neuromuscular or cognitive disorders. The study
concluded that navigation decreased the risk of instability in mild to moderate bony
deformity patients and reducing outliers in terms of cup placement.!?’ In assessing
leg length, utilizing mechanical and navigated systems have all been susceptible to a

degree of error, with reported discrepancies measuring 1 and 9 mm.”®

A study by Domb et al compared, robotic-guided hip surgery, navigation guided,
fluoroscopic guided and conventional techniques in posterior approach and direct
anterior approach surgery in terms of accuracy of cup placement. The study found that
robotics and navigation provided greater reliability in comparison to traditional

techniques.!°!

A metanalysis of 13 randomised control trials, with 1071 hips, demonstrated that
navigation led to a higher number of acetabular components being inserted in the safe
zone parameters regarding anteversion and inclination. In terms of complications of
instability post operatively, there was no difference between navigated and non-
navigated hips.!% A study by Moskal et al demonstrated decreased rate of instability

in navigated THA patients in comparison to conventional technique.!%

A metanalysis
conducted by Li et al, found that the use of navigation led to significant improvements
in accuracy of cup anteversion and decreased in acetabular outliers. The study failed

to find any differences however in abduction angle and average blood loss.!*

A study by Inoue et al examined the concerns regarding prosthetic joint infection
associated with integration of technology and subsequent increased operative time.
Their study looked at CT navigation use and PJI and found no significant difference
compared to non-navigated total hip replacement. The study found a 20-minute

increase in operative time on average. ' A retrospective study by Bohl et al found no
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association with navigation use and increase risk of periprosthetic joint infection

based on Medicare database. 83

2.8 Direct Anterior Hip Approach

Most national joint registries and surveys of hip surgeons around the world
demonstrate that posterior approach followed by lateral approach is the predominant
surgical approach to performing hip arthroplasty. Less than 5% of surgeons in the
United Kingdom, Sweden and New Zealand utilise the anterior approach.!% In
Canada, a survey of surgeons reported that the direct lateral approach was the popular

surgical approach at around 60% with posterolateral approach utilised by 36%.1%7

During a recent AAHKS (American Academy of Hip and Knee Surgeons) meeting,
greater than 50% of attendees reported that the direct anterior approach (DAA) was
their standard approach. The DAA has been steadily increasing, with a survey of

surgeons reporting its use rising from 12% in 2010 to around 50% in 2019.°

The anterior approach was initially described in 1870 by Hueter and then by Smith-
Petersen et al and the Judets. This approach is described as a muscle sparing
approach. The patient is positioned supine. A skin incision is performed distal and
lateral to the anterior superior iliac spine, careful to avoid injury to the lateral femoral
cutaneous nerve. The initial intermuscular interval between tensor facia lata and
satorius is used. Careful dissection is required to address the ascending branches of
lateral femoral circumflex artery. The deep layer interval is between rectus and
gluteus medius. As this is a muscular sparing approach, the abductor musculature is
left unscathed.!%® With the use of the direct anterior approach, the gluteus medius is
spared however up to 30% of direct anterior hips had damage to the tensor fascia lata.
108 After adequately exposing the capsule and femoral head, the neck cut is performed.
The extraction of the femoral head allows the acetabulum to be addressed. Special
instruments including double offset broach handles, offset acetabular preparation

instruments, and femoral stems with anatomical design may be required in the DAA.°
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The enthusiasm for this approach has been based upon the potential reduction of risk
of dislocation, faster recovery, less pain and fewer surgical complications. The
disadvantages associated with this approach are the steep learning curve, difficulty in
utility in obese patients, difficulty in management of intraoperative or postoperative

complications through the approach.

The other major concern with the DAA approach is the effect on the staff and surgeon
during the procedure. The use of heavy lead aprons, increased risk of infection with
use of intraoperative fluoroscopy, surgical team radiation exposure has all been cited
as potential disadvantages of this approach.!®-!!! In direct anterior approach,
surgeons have been found to reach half of the recommended maximum dosage of
radiation within the first 100 cases due to routine use of fluoroscopy. **7 A study by
Curtin et al reported that after 157 fluoro-assisted direct anterior hips, the radiation
exposure to the patient is equivalent to a mammogram around 3 mGy and roughly

four times less than a chest CT (13mGy).!!?

A systematic review conducted found that most patient reported outcome scores
demonstrated better mean scores at the first six weeks post operatively however no
significant difference upon 6 month and 1 year follow-up in comparison to other
surgical approaches. Operative time was lengthier initially due to the steep learning
curve in direct anterior approach.!!® Parvizi et al found that the anterior approach was

associated with less blood loss in comparison to the direct lateral approach.!!*

A systematic review found that the direct anterior approach had higher percentage of
early discharge from hospital as well as cup placement in within the safe zone in
comparison to posterior approach patients. !> Anterior approach patients had a 26%
shorter length of stay in comparison to posterior approach patients with a higher
likelihood of discharge to home. ''® There was a 20% increase in operative time and
higher lateral femoral cutaneous nerve injury in the direct anterior group. !'7 When
compared to direct lateral approach, the DAA was found to have less pain and shorter
length of stay however blood loss and operative time was equivocal. '8 A study
comparing direct anterior approach to anterolateral approach found no difference in
blood loss, risk of transfusion, operative time or length of stay.!!” There was no

significant difference in periprosthetic fracture. !¢ In another study comparing direct



26

anterior, posterolateral and direct superior hip approach; they found that there was no
difference in readmission rates, dislocation, infection or deep vein thrombosis. 2°
Infection rates were no different between DAA versus Non-DAA cohort in a recent

systematic review and meta-analysis!?! 12

The DAA has been reported to have a lower risk of instability as well.” The
dislocation rate in direct anterior approach ranges from 0.17 — 1.2% in the literature.
122-124 Over 60% of patients with a single episode of dislocation will have recurrent

instability, while 50% of patients will require revision surgery. '?°

One of the challenges of this approach is exposure and placement of components
given limited visualization of the acetabulum. High body mass index, wide or
horizontal iliac wing, and surgical approach make placement complex. The use of
navigation and intraoperative fluoroscopy has been adopted to overcome these

patients and surgical factors that make accurate component placement challenging. 2

A paper by Free et al determined that pre-operative radiographic signs influenced
component placement. Coxa profunda predicted cup anteversion falling outside
acceptable range while an increased centre edge angle predicted postoperative leg
length discrepancy. Decreased neck-shaft angle and lower preoperative leg length
discrepancies (LLD) were found to be predictive for femoral stem coronal
malalignment.'?” In one study by Lin et al, the BMI of 30-34 was associated with 7.4
higher odds of unacceptable inclination and restoration of offset in DAA hips. Rathod
et al found that there was less variation in inclination and anteversion in DAA
compared to posterior approach. Matta et al examined the DAA approach using
fluoroscopy only and found that 96% of hips obtained target abduction angle (30-50
degrees) and 93% within acceptable anteversion (10-25 degrees). '?® The one major
criticism of other papers analysing accuracy of component placement utilise the safe
zone of Lewinnek, which was originally based upon posterior approach. It is likely
that each approach including the direct anterior approach have slightly varied “safe”
zones.'? In a cadaveric study, Nogler et al found that imageless navigation improved
accuracy of cup placement in the direct anterior approach.!3® Debi et al found that in

direct anterior approach, they had fewer components as outliers outside the safe zone
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in comparison to anterolateral approach. The use of fluoroscopy was however utilised

only in the direct anterior approach hips.!3!

2.9 Radiographic imaging of the hip

Plain radiograph imaging has been the standard diagnostic tool for surveillance of the
hip joint. The common radiographic views consist of the anteroposterior (AP) pelvis
view and cross-table lateral view of the hip. This imaging modality has been utilised
in the post-operative evaluation of component position and alignment. In long term
follow up, plain radiographs can help detect wear, osteolysis and implant failure. The
two main angles described in acetabular component positioning are anteversion and

inclination.

Inclination is defined as the angle between the transverse axis and face of the
acetabular shell in the coronal plane. This angle is measured off a horizontal line

across bony landmarks such as the tear drops or ischial tuberosities.

Anteversion is defined as the angle between the longitudinal axis and opening face of
the acetabular shell in the sagittal plane. CT imaging remains the most accurate for
measuring acetabular component anteversion, however due to impracticalities like
cost and risk of radiation, x-ray imaging is more appropriate modality. There is no
consensus on measurement of anteversion. Historically, protractors were used to
measure anteversion. Mathematical formulas and computer program with edge

detection software have been devised to calculate anteversion and inclination.

Woo and Morey’s method and ischiolateral method are techniques, which measure
anteversion from a cross-table lateral. Woo and Morey’s method uses a line
perpendicular to the horizontal plane of the radiograph and the opening face of the
acetabular component. The ischiolateral method uses a reference line perpendicular to
long axis of ischium. The angle between the reference line and acetabular shell on

cross table lateral determines the radiographic anteversion of acetabular component.®’
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There are several methods used to determine anteversion on an anteroposterior
radiograph. One of the methods to assess anteversion on a single anteroposterior
radiograph is the Lewinnek et al method. This is based upon the calculation of the
version = arcsin (D1/D2). The D1 is denoted as the short axis of the cup, while D2 is
the long axis of the acetabular ellipse. *° The Liaw et al technique relies on the
calculation of version = sin! tan . 132 Pradan’s technique is again based upon the AP
radiograph of the pelvis, utilising a formula of version = arcsin (p/0.4D). '3 The D
denotes the long axis of the ellipse. Lee et al found comparable accuracy of
Lewinnek’s method to Pradhan et al, and Liaw et al techniques for anteversion

assessment. 134

Limitations in use of the cross table lateral radiograph is that there is a degree of
overestimation of anteversion and may not be a reliable method. !*3 The anteversion
measured on the lateral is affected by pelvic tilt in the sagittal plane. 2* As dislocations
have been found to occur in all zones, there is an implication that the “optimal”
position is patient specific. 2* CT has been found to be superior to plain radiographs in

determination of anteversion. 136138

One of the other major determinants of hip stability in addition to acetabular
component, is the femoral implant position. The femoral component version is
difficult to assess on single plain radiographs, often requiring CT imaging or biplanar
radiographs. CT imaging is not conducted during weight bearing, has high cost and
radiation risk associated for routine use of interrogating acetabular component
positioning. Esposito et al found that the use of biplanar radiographs provided a
reliable safe modality of interrogating combined anteversion. '3° The concept of

combined version is difficult to assess on plain radiographs.

2.10 Summary

Total hip replacement is the definitive treatment for end-stage joint disease of the hip.
With increasing numbers of hip replacement surgery being performed, it is important
to determine whether navigation technologies demonstrate improvement in terms of

acetabular component placement when compared with traditional techniques.
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Navigation accuracy and use has been explored in the comparison with mechanical
instrumentation and their use in other surgical approaches like the modified Hardinge
and posterolateral approach to the hip. As the use of the direct anterior approach
becomes more popular amongst hip surgeons, a comparison of intraoperative
fluoroscopy, imageless navigation and image guided navigation with regards to

accuracy of acetabular positioning is important to investigate.

Chapter 3
3 Objectives

3.1 Research Objectives

Our primary objective was to compare the accuracy of component positioning in
direct anterior approach hip replacements using conventional fluoroscopic technique,
fluoroscopic image dependent navigation, and imageless navigation. The secondary
objective of this study was to compare each technique with operative time and

complications such as periprosthetic infection, periprosthetic fracture, and dislocation.

We hypothesized that the use of navigation would demonstrate improved accuracy in
comparison to conventional technique. When comparing VELYS™ (image-guided
navigation) and INTELLIJOINT HIP ® (imageless navigation) accuracy, we predicted
that the use of the two navigation systems will be equivalent. We hypothesized that
operative time would be increased with the use of navigation however complications

would be similar across all groups.
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Chapter 4
4.1 Study Design

Ethics approval was obtained from our institutional review board. Our institutional
arthroplasty database was used to obtain patient information between 2016 and 2022
including their age, height, weight, gender, date of their total hip arthroplasty,
laterality of the hip, duration of procedure, implant information and surgical approach
utilised for the procedure. All total hip replacements were performed by two
fellowship trained high-volume surgeons, each trained in the direct anterior approach
and performing more than 250 direct anterior total hip replacements per year. Patients

were collected in three groups.

4.2 Eligibility Criteria

The inclusion criteria included patients over the age of 18 who underwent primary
elective total hip arthroplasty using the direct anterior approach, with diagnosis of end
stage osteoarthritis or inflammatory arthritis. Patients with a diagnosis of hip
dysplasia, post traumatic deformities, declined consent for use of clinical data for
research, patients who underwent alternative hip approaches, and revision surgery

were excluded.

4.3 Sample Size

We hypothesized that the rate of malposition of components would be decreased from
40% to below 15% using either navigation system. Using standard assumptions of
a=0.05 two-sided, power = 0.80, chi-squared test, at least 49 patients would be
required in each group. This power calculation was based upon a previous study
conducted by Kalteis et al which estimated a decrease of 50% to below 15% using

navigation.”®

Acetabular components used in the study were all press fit, hemispherical shells, and
included), R3™(Smith and Nephew, Memphis, TN), Pinnacle®(Depuy, Warsaw, IN)
and Trident®(Stryker®, Kalamazoo, MI).



31

4 4 Intervention

The anterior approach was initially described in 1870 by Hueter requires the patient to
be positioned supine. One of our surgeons used a normal operating table while the
other surgeon preferred the HANA® table (Mizuho, CA) during direct anterior hip
replacement procedure in the study. A skin incision is performed distal and lateral to
the anterior superior iliac spine while being careful to avoid injury to the lateral
femoral cutaneous nerve. The initial inter-muscular interval lies between the tensor
facia lata and sartorius. The deep layer interval is between rectus and gluteus medius.
After adequately exposing the capsule and femoral head, the neck cut is performed.

The extraction of the femoral head allows the acetabulum to be addressed.’

During the direct anterior hip replacement procedure, conventional intraoperative
fluoroscopy, image guided navigation (VELYS™) or imageless navigation system
(INTELLIJOINT HIP ® ) was utilised. In the conventional technique group, the
surgeon utilised intraoperative fluoroscopy to aid in cup placement. This would
require a C-arm fluoroscopy machine and radiology technician to obtain
intraoperative imaging of the hip. The patient would be in the supine position during

the procedure and obtaining imaging.
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Figure 5 — Anteroposterior Pelvis radiograph and Anteroposterior Hip
radiographs Reference imaging required for the VELYS™ Navigation system.

VELYS™ gystem is a fluoroscopy dependent navigation which requires initial
baseline AP pelvis radiograph and AP of the operative hip for landmarking (Figure 5).
These images are transferred to the VELYS™ separate display, and the surgeon or his
assistant must identify anatomical landmarks such as the anterior superior iliac spine
(ASIS), tear drop and pubic tubercle. The software then enables the measurement of
acetabular position on this display on subsequent images. This system requires no

devices within the surgical sterile field. The software imaging is shown in Figure 6.
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Figure 6: VELYS Navigation screen
First image of the reference AP pelvis is utilised for establishing bony landmarks as
references for cup position. Second image demonstrates software determination and readout

of cup inclination and anteversion.




34

INTELLIJOINT® system is an imageless navigation program which requires an
infrared optical camera and tracker which are placed within the surgical field. This is
demonstrated in Figure 7. Imageless based navigation systems utilise the anterior
pelvic plane (APP) to determine component position spatially. Solid pins are placed
by the surgeon into the iliac wing to establish a stable platform for the optical camera
within the surgical field. The navigation system requires registration of anatomical
bony landmarks on the patient to determine the APP which is the bilateral ASIS and
pubic symphysis.

Figure 7: INTELLIJOINT® optical camera and probe
Registration of bony landmarks is being performed in the image.

ation | Anteversion

8 | 23°

- Reference Plane

Figure 8: INTELLIJOINT® software screen
The image is depicting the software readout of the intraoperative cup inclination and
anteversion.
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Both navigation systems provided the surgeon with intraoperative cup anteversion and
inclination values. This is demonstrated in Figure 6 and Figure 8. Intraoperative
radiographs of cup position were obtained for analysis of anteversion and inclination
in the fluoroscopy only cohort. Post-operative AP radiographs were analysed in all

three cohorts to determine final inclination and anteversion.

4.5 Data Analysis

The conventional fluoroscopy and image guided navigation group was collected
retrospectively while the imageless navigation group was collected prospectively.
The first five cases for each navigational group were excluded for learning curve of
adoption of new technology. Radiographs were performed intraoperative and
postoperatively at the 6-week follow up period. Anterior posterior (AP) pelvis was
conducted according to our radiology department protocols. The patient was
positioned in the supine position with legs internally rotated approximately 15° with
the beam directly centred on the pubic symphysis with a focus distance of 115cm. The
AP radiograph of the pelvis suitability was evaluated by examining the symmetry of
the obturator foramen, the central sacral line parallel to the pubic symphysis, an
approximate distance of 3cm between the sacrococcygeal junction and pubic
symphysis and ensuring that the ilioischial line was in line with the acetabular tear

drop.

Using Picture Archiving and Communications System (PACS), we measured the
radiographic inclination angle and anteversion both intraoperatively and
postoperatively. Radiographs were analysed by two observers. A subset of the
population was measured by both, to calculate the concordance correlation coefficient
to confirm adequate inter-observer reliability. Differences in measurements, when
present, were reconciled through mutual agreement. We utilised radiological
definitions based upon Murray.!” Inclination is the angle between longitudinal axis of
body and acetabular axis while anteversion is defined by the angle between the

acetabular axis and the coronal plane.!” Inclination angle was measured between the
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face of the acetabular component and the horizontal axis drawn by connecting the

intra-tear drop line. This is depicted in Figure 9.

Figure 9: Inclination angle:
Inclination angle was measured between the face of the acetabular component and the
horizontal axis drawn by connecting the intra-tear drop line.

Anteversion was measured using the technique described by Lewinnek et al. on a
plain AP pelvis radiograph. This technique is depicted in Figure 10. This method of
measuring anteversion on a plain radiograph has been shown to have high reliability

and reproducibility. 134140.141
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Figure 10: Anteversion Angle
Anteversion was measured using the technique described by Lewinnek et al. on a

plain AP pelvis radiograph. This is based upon the calculation of the version = arcsin
(D1/D2). The D1 is denoted as the short axis of the cup, while D2 is the long axis of

the acetabular ellipse. Blue line is denoted as D1. Red line is denoted as D2.

The two surgeons in this study had different acetabular component targets. Surgeon
A’s target cup inclination and anteversion were 40 +/- 5 degrees and 20 +/- 5 degrees.
Surgeon B’s target cup inclination and anteversion were 35+/- 5 degrees and 15 +/- 5
degrees respectively. The accuracy of each method of cup positioning was evaluated
by three methods. The primary outcome was to determine the percentage of cups
which were placed within each surgeon specific safe zone. The second outcome was
to analyse the absolute deviation of cup position determined by 6-week post-operative
radiographs from target position, the mid-point of each surgeon’s specific safe zone.
This variation was defined as placement error. The intraoperative anteversion and
abduction was compared to the post-operative cup position with review of post-

operative radiographs. The deviation was defined as the estimated error.

The mean inclination and anteversion was reported for each surgeon’s target for the

three surgical groups. Anteversion and inclination were analysed as the absolute



38

deviation from the target that each surgeon set for themselves. For example, a
measured inclination of 47° for surgeon A, would be computed as a deviation of 7°,
since his target is 40°. The same deviation, 7°, would be reported if surgeon A had a

measured inclination of 33°.

Secondary outcomes included operative time and 60-day complications (dislocation,

infections, periprosthetic fracture).

To assess the inter-rater reliability of the observation, the intraclass correlation
coefficient (ICC) was computed for both, the anteversion and the inclination
measures. The function icc of the irr package was used in R. Based on Mast et al.

(2011) an ICC value > 0.75 was considered as acceptable.

Statistical analysis was performed using the chi-squared test for categorical data (sex)
and analysis of variance (ANOVA) for continuous measurements (all others). For
research questions with interaction terms, the interaction was first tested. If non-
statistically significant, then the response variable (e.g. OR time) was individually
tested for each explanatory variable (e.g. navigation system & surgeon). Only where
statistical significance was found were Tukey Honest Significant Differences
performed, using the function TukeyHSD. Adjusted p-values were used while
performing multiple comparisons. Assumptions of homogeneity, independence and

normality were confirmed.

To assess the accuracy of the intraoperative measure versus the postoperative measure
of anteversion and inclination for all navigation system, a paired t-test was performed.
A test was performed on each measure (inclination and anteversion) for each

navigation system.

Statistical analysis was performed in R version 3.6.0 (R Core Team, 2017). Values of

p < 0.05 were considered statistically significant.
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Chapter 5: Results

The demographics across the three groups were similar as depicted in the Table 1.
Age on average in the INTELLIJOINT® cohort was increased in comparison with the
other two categories. There was a significant difference in operative time between the
use of imageless navigation (INTELLIJOINT®) in comparison to conventional and
image based navigation (VELYS™), with a mean operative duration of 75.5 mins
compared to 65.8 and 68.9mins respectively. Table 2 demonstrates results for mean
operative time. The inter-rater reliability demonstrated good agreement for
radiographic analysis between observers for inclination (ICC = 0.855 (n=200) and

anteversion (ICC = 0.894 (n=200).

Table 1 — Demographic description of the three navigational system patient groups. Letter
indicate the groups, when significance is detected
Conventional (n=50) VELYS (n=50) INTELLIJONT p-value

(n=50)
Age (yrs) a a b
Mean (SD; range) 63.3 (10.3; 44-87) 61.7 (12; 34-87) 68.9 (11.1; 42- 0.0045
88)
Sex
Women:men 27:23 27:23 25:25 0.899
BMI (kg/m?)

Mean (SD; range) ~ 26.7 (5.1;22.6-40.5)  27.9(5.2; 19.3-42.5) 28.2(4.6;19.9- 0274
41.2)
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Table 2 — Duration of total hip arthroplasty (THA) for the three navigational system.
Conventional VELYS (n=50) INTELLIJONT  p-value

(n=50) (n=50)
Duration of THA (mins) a a b
Mean (SD; range) 65.8 (8.54; 48- 68.9 (10.7;43-101) 75.5(10.8; 49- <0.0001
87) 100)

Our study analysed the absolute deviation of cup position determined by 6-week post-
operative radiographs from target position, the mid-point of each surgeon’s specific
safe zone. This variation was defined as placement error. There was no significant
difference regarding final cup position from desired targets of anteversion (P=0.08)
and inclination (P=0.94) when comparing all three groups. The results are available

in Table 3.

When assessing the estimated error, the accuracy of intraoperative and post-operative
inclination and anteversion, the use of conventional fluoroscopy demonstrated
significance in terms of inaccuracy for both parameters. The image guided navigation
system demonstrated statistically significant inaccuracy in terms of anteversion
between the intraoperative and postoperative cup position. The imageless navigation
demonstrated low estimated error in both radiographic cup inclination and

anteversion. The results are available in Table 4.

Table 3 - Deviation from the desired inclination (35-40°) and anteversion (15-20°) by the three
navigational system.

Conventional VELYS (n=50) INTELLIJONT p-value

(n=50) (n=50)
Deviation from inclination
target — Intraoperative
Mean (SD; range) 5.6(29;0.1- 3.7(29;0-12) 5.6 (6.3;0-32) *
12.2)
Deviation from anteversion
target — Intraoperative
Mean (SD; range) 36(29;0- 39(2.8;0-15) 5.1(5.2;0-28) 0.115
10.6)
Deviation from inclination
target — Postoperative
Mean (SD; range) 31(22;04- 32(3.1;0-13.8) 33(@2.7;0.1- 0.94
10.8) 12.9)

Deviation from anteversion
target — Postoperative
Mean (SD; range) 4(3.5;0-15.55) 2.7(21;0-9.7) 3.6(3.1;0-11.8) 0.08
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Table 4 — Accuracy of the intraoperative measures in comparison to the postop measures for the
different navigation system.

Conventional VELYS (n=50) INTELLIJONT
(n=50) (n=50)
Accuracy of anteversion <0.0001 0.00043 0.409
(p-value)
Intraop Mean (SD; range) 15.4(5.3; 44— 19.2 (5.5; 7-30) 16.2 (7.3; 3 —43)
25.1)
Postop Mean (SD; range) 18.8(5.3; 7-32) 16.3 (3.5; 5.3 - 15.5(4.8; 3.2 -25.6)
24.9)
Accuracy of inclination <0.0001 0.774 0.698
(p-value)
Intraop Mean (SD; range) 32.6 (4.3;23.8— 35.8 (6.3; 23 —46) 36.7(8.6;15-67)
42.8)
Postop Mean (SD; range) 37.2 (5.6; 28.4 — 35.6 (5.6;21.2— 37.1(4.9;27.1—
47) 42.5) 52.9)

In terms of final cup positioning, Surgeon A achieved 59% (16/27 cups) within the
specific target while Surgeon B obtained 48% (11/23 cups) when using conventional
fluoroscopy only. The conventional group is depicted in Figure 11. With the use of
image guided navigation, VELYS™, Surgeon A achieved 83% (20/24 cups) while
Surgeon B obtained 69% (18/26 cups) within their defined zones. The VELYS™
group is depicted in Figure 12. With the use of imageless navigation, Surgeon A had
76% (20/26 cups) while Surgeon B had 50% (12/24 cups) within target zone. The
INTELLIJOINT® group is depicted in Figure 13.

In terms of final component inclination, there was very similar standard deviations
found between conventional and computer assisted navigation demonstrated in Figure
14 box and whisker plot. Final cup anteversion demonstrated smaller variation with a
lower standard deviation seen with use of VELYS™ navigation in comparison to

INTELLIJOINT® navigation or conventional technique seen in figure 15.

When comparing post operative complications, there were no differences across the
three groups. There were no dislocations across the three groups. Results are available

on Table 5.
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Conventional Final Cup Position
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Figure 11: Conventional Fluoroscopy Final Cup position

Target zone is delineated by the colour coded box. Surgeon A defined in Blue with a
target of inclination 40°+/-5 and anteversion of 20%+/-5. Surgeon B defined in Red
with a target of inclination 35%+/-5 and anteversion of 15%+/-5.
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VELYS Final Cup Position
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Figure 12: Image guided Navigation (VELYS™) Final Cup position

Target zone is delineated by the colour coded box. Surgeon A defined in Blue with a
target of inclination 40°+/-5 and anteversion of 20%+/-5. Surgeon B defined in Red
with a target of inclination 35%+/-5 and anteversion of 15%+/-5.
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Figure 13: Imageless Navigation INTELLIJOINT®) Final Cup position

Target zone is delineated by the colour coded box. Surgeon A defined in Blue with a
target of inclination 40°+/-5 and anteversion of 20%+/-5. Surgeon B defined in Red
with a target of inclination 35%+/-5 and anteversion of 15%+/-5.
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Figure 14: Final Inclination Cup Position

The boundaries of the boxes are indicated by the 25" and 75" percentile, with the
mean value marked as the line within the box. Whiskers above and below the box
indicate the 90" and 10™ percentile.
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Figure 15: Final Anteversion Cup Position

The boundaries of the boxes are indicated by the 25" and 75" percentile, with the
mean value marked as the line within the box. Whiskers above and below the box
indicate the 90" and 10™ percentile.



Table 5: 60 Day Complications across all three groups

47

Complications
Conventional | VELYS™ INTELLIJOINT®
Periprosthetic 1 1 0
Infection
Periprosthetic 0 0 0
Fracture
Dislocation 0 0 0
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Chapter 6: Discussion

The accurate placement of total hip components is a three-dimensional consideration.
We hypothesized that the use of navigation technology would demonstrate increased
accuracy in comparison to conventional fluoroscopy. In our study, we demonstrated
an improvement in reduction of outliers of component positioning with the use of
image guided navigation and imageless navigation in comparison to conventional
fluoroscopy. Our study utilised narrow target zones specific to each surgeon’s
preference for their ideal cup position. Surgeon A’s target zone was defined as
inclination 40+/-5 and anteversion 20 +/-5. Surgeon B had a target zone of inclination
35+/-5 and anteversion 15+/-5. Most studies published have adopted the much wider
Lewinnek’s safe zone as a study target zone. Lewinnek’s safe zone is defined as of
40°+/- 10° inclination and 15°+/- 10° of anteversion.!® This may have accounted for
the difference in accuracy seen in comparable studies. For example, a study done by
Chang et al, found that using imageless navigation led to no outliers from their target
safe zone compared to ten conventional cases falling outside the zone. The study used

a “safe zone” parameter of cup inclination 40°+/- 10° and anteversion 20%+/-10°_ 8¢

The estimated error, defined as the difference between intraoperative cup position
from final cup position, was significant in the conventional fluoroscopy group for
both inclination and anteversion. Image guided navigation (VELYS™) demonstrated
significant estimated error with cup anteversion. Our study found that
INTELLIJOINT® demonstrated a much lower estimated error of cup anteversion than
the use of VELYS™ navigation and conventional fluoroscopy. This could be due to
the challenges in obtaining fluoroscopic images, reproducing these images,
identifying anatomic landmarks on the anteroposterior pelvis and hip radiographs, and

patient positioning.

Our study found limitations of fluoroscopy use and image guided navigation in
estimation of cup anteversion. Several studies have also reported that image-based
navigation resulted in errors in anteversion evaluation. A study by Jennings et al
found that the use of fluoroscopy in the direct anterior approach was only statistically

significant for cup inclination, not anteversion. The study did find that use of
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intraoperative imaging led to high number of cups placed within the ideal safe
zone.'*? Tannast et al evaluated fluoroscopy-based navigation. The study found no
improvement in anteversion in comparison to conventional techniques citing that
registration of the mid-point pubis led to inaccuracy.!* Stiehl et al found similar

variability in cup version accuracy when utilizing fluoroscopic guided navigation.'#*

The limitations seen with fluoroscopy use and VELYS™ image guided navigation
may be linked to the limitations associated with obtaining accurate imaging. In direct
anterior approach, positioning of the C-arm is crucial to accurate imaging and cup
position interpretation. It has been reported that upwards of 100 cases are required to
achieve refinement of appropriate C-arm positioning in DAA. ¥ A 10-degree
deviation in C-arm tilt angle may lead to 9 degrees error of perceived anteversion. 46
Conventional fluoroscopy is susceptible to pelvic tilt and extension leading to
inaccuracies of estimating anteversion and inclination. 46147 Shah et al report that the
initial pelvic position tends to move into a position of extension by the time of cup
impaction. The pelvis will roll as much as 9 degrees and 1 degree of pelvic roll prior
to cup impaction in the direct anterior approach. This leads to 0.64° and -0.20°

changes in anteversion and inclination. 4’

INTELLIJOINT® imageless navigation system demonstrated low estimation error
rates in both cup inclination and anteversion in our study. With the imageless
navigation system, the software makes assumptions upon the position of the patient
being in a neutral supine position, parallel to the floor, to determine the anteversion
and abduction angles. In a comparison of supine versus lateral positioning and the use
of imageless navigation, the study conducted by Tetsunaga et al found no significant
difference in reference to acetabular inclination and anteversion. This has been
attributed to the fact that the anterior pelvic plane (APP) is the same bony landmarks
utilised regardless of patient position. '8 Despite this, it has been reported that the use
of the anterior pelvic plane (APP) has susceptibility to pelvic tilt and patient position
variation. Pelvic tilt can range from 30 to 60 degrees, with a change in upwards of 10
degrees from a seated to standing position.'#!%? The issues with using APP are also
rooted in the fact that patients have natural variations in pelvic tilt. Wan et al found
that 8.6% had no anteroposterior pelvic tilt, 40.4% had posterior pelvic tilt of 1° to 9°,
12.6% had posterior pelvic tilt of 10° to 25°, 33.6% had anterior pelvic tilt of 1° to 9°,
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and 4.8% had anterior pelvic tilt of 10° to 20°. '>! Functional pelvic orientation has

been proposed as an alternative, based upon spinopelvic axis. 8

Variation in pelvic tilt can significantly alter the navigations system’s interpretation of
the cup position leading to increased margin of error in presented data. Gofton et al
found that placing the patient in the supine position during acetabular component
placement demonstrated less variability in acetabular orientation. The lateral position
commonly used in the posterolateral and Hardinge approach demonstrated a higher
proportion of deviation >10° in anteversion and/or inclination in comparison to the
direct anterior approach. The lateral position has been attributed to greater variation in
pelvic position due to the difficulty of securing and maintain pelvic position
throughout the entire surgical case. The study found that a difference of greater than

10 degrees can lead to a 3.5-fold increase in risk of malposition. 7!

. In our study,
patients were positioned in the supine position for their hip replacement. A standard
operating table and HANA® table were utilised by the two surgeons included in the
study. The HANA® table has a groin post allowing for counter traction and provides a
fixed point for stabilisation of the pelvis. The standard operating room table does not
have this additional component. Having an additional fixed point for patient
positioning provided by the groin post may influence accuracy of component position
by prevent motion of the pelvis. However, the groin post on the HANA® table can

cause abduction of the proximal femur which may impede appropriate hip

fluoroscopic imaging and effect leg length evaluation.

A narrower standard deviation for final anteversion cup placement was found with the
use of VELYS™ navigation in comparison to INTELLIJOINT® navigation and
conventional technique in our study. In our study, we found a mean deviation of 3.1°
and 4° for target inclination and anteversion using conventional fluoroscopy. Image
guided navigation had a mean deviation of 3.2°and 2.7° in terms of target inclination
and anteversion. Imageless navigation was found to have a mean deviation of 3.3% and
3.6" in terms of target inclination and anteversion. The placement error of final cup
position and deviation from surgeon’s target zone was non-significant across all three
groups. Bosker et al found that conventional freehand placement was only accurate to
around 70% of the time in terms of appropriate acetabular inclination. The mean

deviation in an experienced consultant's hand is around 4° inclination and 5°
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anteversion in comparison to a resident with 6.3% and 5.7° degrees respectively. 1>2
Another study reported that the reproducibility of imageless technique in terms of
inclination and anteversion had standard deviations of 6.3° and 9.6° respectively.!>?
Takada et al found that imageless navigation underestimated the cup anteversion
during hip replacement with the patient in the supine position. !> Hasegawa et al
reported that abduction errors were around 2.9-3.2 degrees while anteversion errors
ranged from 3.7-6.5 degrees in the use of imageless navigation systems in the
anterolateral approach. '°> With imageless navigation, the average absolute inclination
errors are reported to be between 2.9°to 3.7° and anteversion between 4.2° to

6.80 99156157 CT navigation has demonstrated absolute inclination errors between 1.2°

to 3.2° and anteversion between 1.0° to 3.30 98,148

INTELLIJOINT® imageless navigation system has been reported to be within <lmm
of leg length and offset and cup position within 1° in sawbones testing. 13 A
cadaveric pelvic study conducted by the Stiel et al found that the use of imageless
navigation was more accurate than fluoroscopic guided navigation. This study cited
that identifying anatomical landmarks during registration was more challenging in the
fluoroscopic navigation group. As this was a cadaveric study, the registration of the
anatomical landmarks with a pointer in the imageless system did not require the
operator to overcome overlying soft tissue, which may have influenced accuracy.
With the use of the pubic tubercle in the APP, the group found an increase of 2-3
degrees anteversion with the image guided navigation. They hypothesized that this
may be due to the pubic symphysis being posterior to the pubic tubercle as established
in the APP. Stiehl et al hypothesized that inclination error would be higher in the use

of imageless navigation as this value is in the coronal plane, colinear with the APP. 1>

It has been recommended that to increase the accuracy of imageless technique,
utilising image guided registration with ultrasound or fluoroscopy can be helpful.
160.161 1t has been proposed to digitalize the transverse acetabular ligament to improve
navigation accuracy for acetabular component position. '4%16> On the contrary,
Mihalko et al did not find the use of the TAL improved accuracy over the use of
posterior interspinal line.!6* Hakki et al reported the utility of the acetabular center

axis, stating comparable accuracy to CT scan and superior to registration of bony

landmarks in the APP. !9 It has been demonstrated that BMI >27 with increasing
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adipose tissue thickness overlying bony landmarks can lead to cup orientation errors
due to inaccurate registration of points. °* Another study demonstrated differences in
consistency of soft tissue layers can lead to inaccuracies in registration of APP
landmarks. One study demonstrated that a registration error of 4mm leads to
approximately 7 degrees error in anteversion and 2 degrees error in inclination. 16
The patient’s BMI has been reported to have no significant influence on accuracy of
component placement in other studies. Lass et al study found no difference between
BMI >27 and BMI <27 groups with use of navigation.”* Similarly, Takeda et al found
equivalent accuracy in component positioning both anteversion and inclination with

BMI >25 versus <25.1¢7

Our study reinforces that computer assisted navigation does improve accuracy in
comparison to conventional techniques. A randomised controlled trial by Verdier et
al found that use of navigation lowered the risk of aberrant cup positioning, with
improvement in anteversion (0.54; 95% confidence interval, 0.31 -0.91). '8 Ghandi el
al reported a metanalysis of three randomized controlled trials, reporting that use of
navigation significantly lowered the chance of cups placed as outliers to intended safe
zone parameters. % Another meta-analysis by Moskal and Capps failed to find a
difference between the use of navigation and conventional technique that was
statistically significant. The study did observe a tendency for navigated hips to have
implants within the safe zone in comparison to conventional techniques. !’ Xu et al.
found that in 13 randomised controlled trials, hips using navigation had improved
precision of cup position and decreased leg length discrepancy. !? Liu et al was
unable to report a statistically significant difference in mean angles of cup anteversion
and inclination and deviation from desired position. The study found that imageless
navigation improved accuracy and reduced the likelihood of components being placed
outside their target zone in comparison to conventional technique. "' Beckmann et al
demonstrated lower relative risk of outlier cup positioning with use of navigation in

their metanalysis (Relative risk, 0.21; 95% confidence interval, 0.13-0.23).!72

Regarding operative time, we predicted that the use of navigation technology would
increase total surgical time. We found that the use of conventional fluoroscopy and
VELYS™ image guided navigation were very similar in length of surgery. With the

use of the imageless navigation, the set-up requirements include placement of pins on
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the patient’s bony landmarks and registration of anatomical landmarks with digitized
pointer. These technical steps are likely responsible for the increased operative time

seen with use of imageless navigation technology. 144146

One of the major concerns
in regarding adoption of this technology is the increased operative time leading to
potential complications such as periprosthetic infection. Our study found no
differences across the three groups in terms of complications. There were no cases
with instability within 60 days of surgery in our study. There were no statistically
significant differences in peri-prosthetic infection seen in our study. The use of
navigation in total hip replacement has been reported to have lower risk dislocation
and aseptic revision according to Bohl et al. 8 A review of the Australian Joint
Registry has demonstrated that navigation helps to reduce long term revision rates and
revision for instability. The use of navigation increased from 1.9% in 2009 to 4.4% in
2019. 1> Montgomery et al found no difference in instability rates between navigated
versus non-navigated cohorts. The study found that computer assisted surgery higher
rates of periprosthetic fracture and revision in comparison to the conventional cohort.
174 Gausden et al found that the use of navigation led to lower readmission and
complication rates. However, there was no significant difference in 90-day revision

rates. 73

Unfortunately, studies looking at long term patient reported outcomes have failed to
find a significant improvement with use of navigation technology. One study found
that Harris Hip Scores were higher in the navigation arm at 6 weeks however follow
up at 1 year demonstrated equivalent outcomes in patient satisfaction, clinical
outcomes, and range of motion. !7® Another retrospective study failed to find a
difference at 5-7 year follow up with regards to patient outcomes, wear rates, range of
motion or periprosthetic bone mineral density. !77 A review of patients having
undergone total hip replacement in the anterolateral approach with computer assisted
navigation demonstrated no differences in patient outcomes or wear rates at ten years

follow up. 178

The use of robotics has been gaining traction and more surgical centers have started to
adopt the technology in the last five years. Robotic technology has been demonstrated

to have an influence in component placement. The use of CT navigation with a
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robotic arm for acetabular cup insertion was found to achieve better accuracy in cup
position with anteversion demonstrating significance in comparison to conventional
technique. All cases utilizing navigation and robotics were within Lewinnek’s safe
zone in comparison to 80% of conventional technique. ! A two-year follow up
study found that robotic assisted total hip replacement led to higher acetabular
placement accuracy and reduction in dislocations in comparison to traditional hip
replacement. Traditional technique led to 5% and 3% rate for early and late
dislocation. This was compared to no cases of instability with use of robotics and

navigation. 7

Chapter 7 Conclusion

/.1 Limitations

Our study had a limited follow up period of 60 days and therefore could not report on
long term patient reported outcomes or late complications. The focus of our study was
centred upon on the accuracy of cup position. We did not include assessment of

femoral stem position, leg length and offset in our study.

The study also relied upon intraoperative and post-operative plain radiographs for
analysis of cup position. CT remains the gold standard, however we elected not to use
this due to cost and radiation risk. The other logistical challenge of utilising CT
imaging would be the need for intraoperative CT imaging for comparative analysis

with post operative imaging.

In our study, we conducted radiographic follow up intraoperatively and
postoperatively at 6 weeks. With this follow-up protocol, we assumed that the cup
position once implanted remained in the same position. Based on radiostereometric
analysis (RSA) research, cup position may change up to 0.33mm and 0.5-1° in angular
position at follow up.!3-182 Cup migration may potentially have influenced the

accuracy of the measurements conducted in our study.



55

When looking at our data regarding the cup anteversion, we noted that one of our
primary surgeons would override the anteversion readout of the navigation system
based upon intraoperative assessment of the cup with concerns for possible coverage
of the acetabular component or impingement. The surgeon would potentially increase
or decrease the anteversion leading to the cup component falling outside the target
anteversion. The study did not include available data regarding surgeon’s decision to
override cup position during cases due to the retrospective nature of the study. A
surgeon’s estimated component position recorded during the procedure with notation

of any overriding of navigation software would be important in future studies.

7.2 Clinical Relevance

Our goal of this study was to determine if the use of two different navigation systems
for total hip cup placement had improved accuracy in comparison to the standard
fluoroscopy use in the direct anterior approach. Based on our study, the use of
navigation as an additional tool for assessment of cup position does improve
placement of component within the surgeon’s desired target zone. One of the major
differences of our study is the use of narrower target zones specific to the surgeon as
opposed to the use of Lewinnek’s safe zone which is commonly adopted in other
studies. This may explain the discrepancy in accuracy between our study and other
published work regarding the accuracy of non-navigated versus navigation guidance
in cup placement. With the use of image-guided navigation, estimation of cup
anteversion is subject to a degree of error, likely linked with the challenges of
obtaining appropriate fluoroscopic imaging and standardised patient positioning.
INTELLIJOINT® demonstrated an advantage in lower estimated error of cup position

STM

in comparison to VELYS"™ and conventional fluoroscopy.
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7.3 Further Direction

The future direction should assess long term follow up leading to collection of patient-
reported outcome measures, assessment of late complications, and analysis of
accuracy of component positioning with the use of robotics in comparison to

navigation and conventional technique.
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