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Validation of the registration accuracy of
navigation-assisted arthroscopic d�ebridement
for elbow osteoarthritis
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Background: The identification and precise removal of bony impingement lesions during arthroscopic
d�ebridement arthroplasty for elbow osteoarthritis is technically difficult. Surgical navigation systems,
combined with preoperative 3-dimensional (3D) assessment of bony impingements, can provide real-
time tracking of the surgical instruments and impingement lesions. This study aims to determine the
registration accuracy of the navigation system for the humerus and ulna during elbow arthroscopy.
Methods: We tested the registration procedure using resin bone models of 3 actual patients with elbow
osteoarthritis. We digitized bone surface points using navigation pointers under arthroscopy. We initially
performed paired-point registration, digitizing 6 preset anatomical landmarks, and then refined the initial
alignment with surface matching registration, digitizing 30 points. The registration accuracy for each
trial was evaluated as the mean target registration error in each reference marker. Three observers
repeated the registration procedure 5 times each with the 3 specimens (total, 45 trials). The median
of the registration accuracy was evaluated in total (45 trials) as the accuracy of the registration procedure.
The differences in the registration accuracy among the 3 observers (median of 15 trials) were also
examined.
Results: The total registration accuracies were 0.96 mm for the humerus and 0.85 mm for the ulna. No
significant differences were found in the registration accuracy for the humerus and ulna among the 3
observers.
Conclusions: This arthroscopic-assisted registration procedure is sufficiently feasible and accurate for
application of the navigation system to arthroscopic d�ebridement arthroplasty in clinical settings.
Level of evidence: Basic Science Study; Computer Modeling
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Symptomatic primary elbow osteoarthritis (OA)
commonly occurs in middle-aged athletes and in in-
dividuals engaged in heavy manual labor.1,32,33 Typical
symptoms of elbow OA include pain, restricted range of
motion (ROM), and joint catching and locking caused by
loose bodies.3,23 Radiography frequently reveals the pres-
ence of osteophytes and loose body formations on the
olecranon and coronoid processes and the fossae, whereas
the ulnohumeral joint is relatively well preserved.7,36,39

Therefore, d�ebridement arthroplasty, including synovec-
tomy, loose body removal, capsular release, and impinging
osteophytes removal, is recommended using an open3,23,39

or arthroscopic procedure1,10,15,17,34 for treating mild-to-
moderate elbow OA. Arthroscopic d�ebridement arthro-
plasty (ADA) is increasingly preferred because of the
reduced intraoperative bleeding and postoperative pain, as
well as early functional recovery.24 However, these pro-
cedures are technically demanding because of the limited
field of view and working space, as well as the close
proximity to neurovascular structures. Moreover, the
treating surgeons need to be careful not to miss any bony
impingement lesions, because even small lesions can
compromise the clinical outcome.

Preoperative radiologic assessments of the elbow joint
using plain radiography and computed tomographic (CT)
images provide useful information on the location and size
of the osteophytes. However, these techniques are insuffi-
cient for precise identification of bony impingement le-
sions. On the contrary, technological advances in medical
imaging have made it possible to analyze 3-dimensional
(3D) kinematics of the elbow joint using 3D computer
bone models reconstructed from CT data.11,12,21 This
technique provides preoperative visual 3D images for as-
sessments of bony impingement lesions that need to be
removed to achieve optimal elbow ROM.22,40 However, the
bony impingement lesions cannot be easily removed ac-
cording to the preoperative 3D assessment plan because of
difficulty in acquiring an accurate spatial sense under
elbow arthroscopy, considering the shape of the bone sur-
face changes while removing the osteophytes. Accord-
ingly, we focused on ADA for elbow OA using a surgical
navigation system in combination with a preoperative 3D
assessment. The aim of our study was to determine the
registration accuracy of the navigation system for elbow
arthroscopic procedures.
Materials and methods

This is a validation study of the registration accuracy of the
navigation system for an elbow arthroscopic procedure using an
arthroscopy simulator. Several published registration accuracy
validation studies in orthopedic surgery have used plastic bone
models or cadavers; however, few studies have considered the
restricted operation of a navigation pointer under arthroscopic
conditions.4,8,20,37 In addition, the shape of the intracapsular bone
surface of patients with OA differs from that of normal in-
dividuals, which may affect the registration accuracy. 3D-printed
bone models of actual patients based on CT data have been used
for surgical simulations and validation studies, because these
models display patient-specific anatomical pathologies.16,18

Therefore, we designed a validation study using an arthroscopy
simulator with 3D-printed resin bone models of actual patients
with elbow OA.

Specimens

We randomly extracted CT data of 3 men with primary elbow OA
from our institution’s database. All patients underwent ADA based
on the preoperative 3D assessments of bony impingement lesions
at our institute.22 We acquired CT images of the whole humerus,
radius, and ulna using a helical CT scanner (LightSpeed Ultra 16;
General Electric, Waukesha, WI, USA) with a low-dose radiation
protocol: 120-kV tube voltage, 30-mA current, 1.25-mm-thick
slices, and 0.48-mm pixel size.26 We sent CT data to a workstation
in Digital Imaging and Communications in Medicine (DICOM)
format. The 3D computer bone models of the humerus, ulna, and
radius were reconstructed in Standard Triangulation Language
format from CT data with a dedicated threshold-based segmen-
tation software (BoneViewer; Orthree, Osaka, Japan) using a
200–Hounsfield units threshold.27,28 We designated the distal
humerus and proximal ulna as the target regions for surgical
navigation because osteophytes are usually removed from the
coronoid and olecranon fossae and from the tips of the coronoid
and olecranon processes. We defined 4 ground truth reference
points (RPGTs) on the surface of the distal humerus (1, immedi-
ately proximal to the olecranon fossa; 2, medial epicondyle; 3,
lateral epicondyle; and 4, immediately proximal to the coronoid
fossa) and proximal ulna (1, tip of the olecranon; 2, medial aspect
of the olecranon; 3, lateral aspect of the olecranon; and 4, coro-
noid process) using planning software (BoneSimulator;
Orthree)27,28 to evaluate the registration accuracy in the peri-
articular region of the elbow (Fig. 1). We also created hemi-
spherical markers (3.0 mm in diameter) as reference points on the
bone models. A dimple at the center of each marker suitably
accommodated the tip of a navigation pointer to digitize the
reference points precisely (Fig. 2). We created the resin bone
models, including reference markers, using acrylic compounds
(VeroWhitePlus-RGD835; Stratasys, Eden Prairie, MN, USA) and
a 3D printer (Objet prime 30; Stratasys) with a 0.1-mm 3D
shaping accuracy. We linked the resin bone models with elastic
bundles that mimicked collateral and annular ligaments to allow
passive movement of the elbow during arthroscopy. We deter-
mined the size of the intracapsular area available for digitalization
of the registration procedure under arthroscopy, avoiding the area
that would be covered with articular cartilage because the thick-
ness of the cartilage might cause matching errors between the
surface data of an actual patient and the computer bone model
constructed from CT data. We drew the boundary of the intra-
capsular areas on the bone models with a permanent marker
according to the model in a previous anatomical study (Fig. 3, A
and B).31



Figure 2 Reference markers on the bone models. The hemi-
spherical reference markers (yellow) had dimples at the center that
suitably accommodated the tip of the navigation pointer (*) to
correctly digitize the reference points (red).

Figure 1 Computer bone models created from computed to-
mography data. Posterior (A) and anterior (B) views. Four ground
truth reference points were defined on the distal humerus (red 1,
immediately proximal to the olecranon fossa; 2, medial epi-
condyle; 3, lateral epicondyle; and 4, immediately proximal to the
coronoid fossa) and the proximal ulna (blue 1, tip of the olec-
ranon; 2, medial aspect of the olecranon; 3, lateral aspect of the
olecranon; and 4, the coronoid process).
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Arthroscopy simulator

The elbow arthroscopy simulator for this study was based on those
in studies of arthroscopy simulator surgical training for novices in
shoulder and knee surgery.2,29,30 The simulator consisted of the
resin bone models, enclosed in rubber skin and spongy subcu-
taneous tissue (#1411 arthroscopic elbow; Sawbones, Vashon,
WA, USA) (Fig. 3, C), and clamps. To simulate the elbow
arthroscopy in the prone position, with the shoulder at 90�

abduction and the forearm dropping, we fixed the bone models at
the proximal humerus on a table using a clamp (Fig. 4, A). We set
an arthroscopy tower (Smith & Nephew, London, UK), including
a monitor, camera system, and light source, on the proximal side
of the humerus. We used a 2.7-mm � 30� scope (Smith &
Nephew) and a 5-portal technique for the elbow arthroscopies,
palpating the anterior intracapsular areas through the proximal
anteromedial and anterolateral portals. Direct posterior, postero-
lateral, and soft spot portals were used to palpate the posterior
intracapsular area (Fig. 4, B-E).

Preparing the navigation system

We used an optical computer navigation system with a 0.070 �
0.032-mm optical localizer accuracy9 (Stryker Navigation System
II Cart; Stryker, Kalamazoo, MI, USA) to perform the navigation
procedure. We imported the original CT data into the 3D navi-
gation and planning software (Orthomap, Stryker) in the DICOM
format, and reconstructed the 3D bone model in the navigation
system with the same Hounsfield unit threshold using BoneViewer
software. The placement of 2 dynamic reference trackers was
decided manually. We placed the humeral tracker on the dorso-
lateral safe zone of the distal humerus to avoid radial nerve injury.
This area is located proximally along the lateral humeral shaft,
from the lateral epicondyle to the level of the transepicondylar
distance, where the radial nerve crosses the humerus in the mid-
lateral plane.14 Subsequently, we placed the ulnar tracker on the
dorsal aspect of the proximal ulna, avoiding the extensor carpi
ulnaris and flexor carpi ulnaris muscles. We fixed 2 dynamic
reference trackers to the humerus and the ulna using two 3-mm-
diameter half pins and clamps of an external fixator system
(Hoffman II system; Stryker) through small incisions. We decided
the positions of the dynamic reference trackers so as to avoid
interrupting the arthroscopy and navigation pointer operations
(Fig. 4, A).

Before evaluating the registration accuracy, we conducted a
preliminary validation of the sampling precision of the digitizing
reference markers in the navigation system. One researcher (A.S.)
manually and repeatedly digitized the same reference marker 20
times with the navigation pointer perpendicular to the bone sur-
face and recorded these coordinates. We validated the sampling
precision based on the standard deviation of the distance between
the reference point and the origin of the coordinate system of the
navigation system.
Registration procedure

Three researchers (A.S., S.M., and S.A.) used 3 specimens to
perform the registration procedures. A.S. built the registration
protocol using planning software (Orthomap, Stryker), and S.M.
and S.A. carefully reviewed the registration protocol. Paired-
point registration (PPR) was initially performed, and the initial
alignment was then refined with surface matching registration
(SMR) based on the iterative closest point algorithm.5 We per-
formed point acquisition for PPR and SMR using the navigation
pointer. PPR was performed by digitizing 6 preset anatomical
landmarks for the humerus (radial fossa, coronoid fossa, 2 points
on the olecranon fossa under arthroscopy, and tips of the medial
and lateral epicondyles through small incisions) (Fig. 5, A) and
for the ulna (the lateral and medial tips of both the coronoid
process and olecranon under arthroscopy, the dorsal aspect of the
olecranon, and the styloid process through a small incision)
(Fig. 5, B). We considered a mean deviation of fiducial



Figure 3 Resin bone models created by the 3D printer. Posterior (A) and anterior (B) views. The black line on the resin bone models
indicates the boundary of the intracapsular area available for digitizing. (C) A resin bone model was enclosed in a rubber skin and sub-
cutaneous sponge (#1411 arthroscopic elbow; Sawbones). H, humerus; U, ulna; R, radius.

Figure 4 Arthroscopy simulator Overview (A). Arthroscopic view from the proximal anteromedial portal (B), anterolateral portal (C),
soft spot portal (D), and posterolateral portal with the arthroscopy simulator (E). *, navigation pointer; T, trochlea; CP, coronoid process;
RH, radial head; C, capitellum; O, olecranon; OF, olecranon fossa.
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registration error of less than 2.0 mm displayed by the navigation
system after PPR as acceptable. If the mean deviation was more
than 2.0 mm, we redigitized the landmark. Consecutive SMR was
performed by digitizing 30 points on the bone surface, according
to a published result.35 As for the digitizing area, distant surfaces
on the distal humerus have been reported to assist in constraining
the surfaces together during SMR and to improve the registration
accuracy.20 Therefore, we digitized both intracapsular and
extracapsular surfaces on the distal humerus and proximal ulna to
maximize the distance between one surface and the other one.
For the humerus, a researcher digitized 7 intracapsular points
each on the anterior and posterior intracapsular surfaces, 4
extracapsular points on the medial epicondyle, 4 points on the
lateral epicondyle, and 8 points on the dorsolateral surfaces of the
humeral shaft around the insertion of the fixation pin for the
humeral tracker (Fig. 6, A-C). For the ulna, the researcher digi-
tized 8 intracapsular points on the anterior intracapsular surface,
10 intracapsular points on the posterior intracapsular surface, 4
extracapsular points on the tip of the olecranon, and 8 extrac-
apsular points on the dorsal surfaces of the ulnar diaphysis
around the insertion of the fixation pin for the ulnar tracker
(Fig. 6, D-F). To avoid a learning curve bias, all 3 researchers
practiced the registration procedure 3 times before the registra-
tion trials.



Figure 5 Six anatomical landmarks for paired-point registration. (A) Anatomical landmarks for the humerus (1 and 2, middle and lateral
points on the olecranon fossa; 3, tip of the medial epicondyle; 4, tip of the lateral epicondyle; 5, radial fossa; and 6, coronoid fossa); (B) for
the ulna (1 and 2, lateral and medial tips of the coronoid process; 3 and 4, lateral and medial tips of the olecranon; 5, dorsal aspect of the
olecranon; 6, styloid process).

Figure 6 Digitization area for surface matching registration of the humerus (A-C) and ulna (D-F). Red area, intracapsular area; yellow
area, extracapsular area; half pin for tracker fixation; and pointing to the colored area, number of digitizing points. The green dots in C
correspond to the numbers shown in A and B and those in F to the numbers in D and E. The actual point set for surface matching
registration displayed by Orthomap (Stryker) is shown in C and F.
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Table I Registration accuracies by each researcher and in total

n Mean TRE, mm P values*

Median Interquartile range RSR 1 vs. 2 RSR 2 vs. 3 RSR 1 vs. 3

Humerus
RSR 1 15 0.99 0.80-1.31 .93 .87 .50
RSR 2 15 0.91 0.76-1.28
RSR 3 15 0.84 0.69-1.08
Total 45 0.96 0.71-1.20

Ulna
RSR 1 15 0.92 0.65-1.27 >.99 .99 .91
RSR 2 15 0.82 0.71-1.11
RSR 3 15 0.85 0.72-0.97
Total 45 0.85 0.71-1.18

TRE, mean target registration error; RSR, researcher.
* Multiple comparisons among researchers using the Steel-Dwass test.
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Evaluation of the registration accuracy

After the registration procedure, we removed the soft tissue from
the resin bone models to palpate the reference markers using the
navigation pointer. We digitized the 4 reference markers each on
the humerus and ulna according to the coordinates of the navi-
gation system. These coordinates were transformed into the co-
ordinate system of the BoneSimulator software as the registered
reference points (RPREG’s). We calculated the target registration
error (TRE) as the distance between corresponding RPGT and
RPREG. We calculated the mean TRE of the 4 reference points as
the registration accuracy of each registration procedure. Three
researchers repeated the registration procedure and mean TRE
evaluation 5 times with 3 specimens each (for a total of 45 trials).
We evaluated the total registration accuracy using the median of
the mean TRE of the 45 trials. The differences in the registration
accuracy among the 3 researchers were also evaluated using the
median of 15 trials.

Statistical analysis

All statistical analyses were performed using the JMP Pro 12.2.0
software (SAS, Cary, NC, USA). Shapiro-Wilk test was used to
determine normality of the data distribution. Data are presented as
medians and interquartile ranges (IQRs). Differences in the
registration accuracy among the 3 researchers were evaluated
using the Steel-Dwass test. We considered P values <.05 as sta-
tistically significant.
Results

The sampling precision of the reference points using the
navigation system was 0.06 mm, which was similar to the
optical localizer error of the navigation system.9 Table I
shows the registration accuracy of our registration proced-
ure. The total registration accuracy was 0.96 mm (IQR,
0.71-1.20 mm) for the humerus and 0.85 mm (IQR, 0.71-
1.18 mm) for the ulna. The IQRs showed that our regis-
tration procedure achieved <1.20-mm registration accuracy
for the humerus and 1.18-mm registration accuracy for the
ulna, with a 75% probability. Of the 45 trials of the hu-
merus, 2 (4.4%) resulted in a TRE of >2 mm. We found no
significant differences in the registration accuracies among
the 3 researchers (Fig. 7).
Discussion

Application of a surgical navigation system, combined with
preoperative 3D assessment of bony impingement lesions,
could provide real-time tracking of both the surgical in-
struments and bony impingement lesions.22,40 Navigation
systems for arthroscopic surgery have been used for the
knee, hip, ankle, and shoulder6,13,25,38; however, to our
knowledge, no validations for elbow arthroscopy have been
published to date.

Different types of surgical navigation systems,
including CT-based, fluoroscopy-based, and image-free
systems, are available for orthopedic surgery.19 One
advantage of CT-based navigation systems is that they can
be combined with preoperative 3D assessments of bony
impingement lesions. For this study, we adopted an
imageless registration technique to digitize the bone sur-
face data because imageless registration does not require a
3D C-arm CT and additional radiation exposure. To
determine the registration set point, we referred to a
validation study that used imageless registration with a
small portion of the articular surface and the shaft of the
distal humerus during an open procedure of the elbow.20

This study described the humeral shaft surface as a sig-
nificant landmark in the registration process.20 We deter-
mined the point sets in a manner that allowed for
digitization of the intracapsular points under arthroscopy
and the extracapsular points on the shafts of the humerus
and ulna through small incisions for tracker placement.
Thus, our registration protocol is feasible for use during
actual elbow arthroscopies.



Figure 7 Box plot of the mean target registration error (mm). Mean target registration error in total (A) and by each researcher (B). Open
circles represent statistical outliers.

Figure 8 Navigation-assisted arthroscopy combined with preoperative 3D assessment of bony impingement lesions. (A) Arthroscopic
view from the posterolateral portal showing the tip of the calibrated shaver blade. (B) The navigation system displays real-time tracking of
impingement lesion (red) and the tip of the calibrated shaver blade (green) during arthroscopic d�ebridement arthroplasty.
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Bony impingement lesions and surgical instruments,
such as chisels, shaver blades, and abrader burrs, could be
tracked in real-time with reasonable accuracy using the
navigation system (Fig. 8). However, the TRE was >2
mm with 4.4% probability in the humerus. This may have
been caused by error of PPR for the humerus. Unlike the
6 anatomical landmarks on the ulna that included the
ulnar styloid process distant from the other landmarks,
the 6 anatomical landmarks on the humerus were deter-
mined only on the distal humerus for PPR because it was
difficult to identify and digitize the extracapsular
anatomical landmarks on the middle and proximal part of
the humerus. Thus, the 6 anatomical landmarks of the
distal humerus for PPR were close to each other, which
may have caused a large registration error on the prox-
imal humerus after PPR. The iterative closest point al-
gorithm for SMR requires a good initial alignment after
PPR20; therefore, the registration error of the humerus
may occasionally be large. Accordingly, it would be
necessary to visually confirm the arthroscopic findings
and navigation screen for the humerus. If the discrepancy
between them is visually observed, the registration pro-
cedure should be repeated to refine the registration
accuracy.
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We are aware of the limitations in our study. First, we
used an arthroscopy simulator that consisted of a resin bone
model of actual patients with elbow OA and mimicked soft
tissues to approximate the conditions in an actual surgery,
but our specimen did not include cartilage, capsule, or
synovium around the intracapsular area, which may have
affected the registration accuracy. Second, in clinical set-
tings, differences in shape between the actual bone and the
3D computer bone model reconstructed from 1.25-mm-
slice CT data (our protocol of CT) may cause a registration
error. Unlike under clinical settings, we used resin bone
models created from CT data by a 3D printer. The surface
difference between the 3D computer bone models and the
resin bone model entirely depended on the accuracy of the
3D printer (0.1 mm). Therefore, we may have under-
estimated the error in this study compared with that in an
actual clinical setting. Finally, our study validated the
registration accuracy of the navigation system for elbow
OA but not the accuracy of removal of bony impingement
lesions. Therefore, verifying the accuracy of bony
d�ebridement for clinical application in the future is
warranted.

Overall, this preliminary validation study using an
arthroscopy simulator provided evidence suggesting that
arthroscopic-assisted registration is feasible and reasonably
accurate for ADA. Although this finding needs further
clinical confirmation and validation before implementation
during actual surgeries, a navigation system can facilitate
accurate identification and removal of bony impingement
lesions.
Conclusions
The arthroscopic-assisted registration procedure is suf-
ficiently feasible and accurate for application of the
navigation system to arthroscopic d�ebridement arthro-
plasty in clinical settings.
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