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Abstract

Background The Taylor spatial frame is a fixation device used to implement
the Ilizarov method of bone deformity correction to gradually distract an
osteotomized bone at regular intervals, according to a prescribed schedule.

Methods We modify conventional technique by: (a) preoperatively plan-
ning a virtual three-dimensional (3D) correction; (b) basing the correction
on the actual location of the frame with respect to the anatomy, immediately
compensating for frame mounting errors; and (c) calculating the correction
based on 3D CT data rather than measurements from radiographs. We have
performed a laboratory study using plastic phantoms, and a pilot clinical
study involving five patients.

Results In 20 tibial phantom experiments, we achieved average correction
errors of <2◦ total rotation and <0.5 mm total lengthening. We observed
clinically acceptable corrections with no complications in our pilot clinical
study.

Conclusions Our method achieved high accuracy and precision in a
laboratory setting, and produced acceptable outcomes in a pilot clinical
study. Copyright  2008 John Wiley & Sons, Ltd.

Keywords computer-assisted surgery; orthopaedic surgery; Ilizarov technique;
distraction osteogenesis

Introduction

Rotational and translational deformities in the long bones can be corrected
using distraction osteogenesis, developed by Russian orthopaedic surgeon
Gavril Ilizarov. Ilizarov’s method is based on the biological principle of
inducing new bone growth by gradually distracting a fracture at regular
intervals. More specifically, the method is achieved by performing a
corticotomy or osteotomy on the deformed bone, fixating the distressed
bone with a mechanical fixator, and distracting the bone according to a
set schedule of corrections. Ilizarov’s method has been successfully used for
limb lengthening, limb reconstruction, limb salvage, fracture management,
treatment of osteomyelitis, angular deformities, non-unions and malunions
(1–3).

The Taylor spatial frame, which we describe in greater detail in Section 1.1,
is one type of Ilizarov fixator. Conventional surgical technique for this fixator
is subject to two sources of error: (a) preoperatively planning the required
correction requires the precise measurement of 13 parameters from clinical
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examination and radiographs; and (b) angular and
translational errors may be present if the frame is mounted
such that it does not accurately mimic the deformity.

We have developed a computer-assisted technique
that modifies the conventional approach to deformity
correction, using the Ilizarov method in four fundamental
ways:

1. The need for the surgeon to preoperatively compute
the frame parameters is removed.

2. The performed correction is based on the actual
location of the frame with respect to the anatomy;
any translational or angular malalignments that occur
while mounting the frame are compensated for
immediately, thereby potentially removing the need
for residual correction.

3. The correction is calculated based on 3D coordinates
from CT data, rather than measured from radiographs.

4. The surgeon has flexibility in frame placement;
hence, anatomical constraints that may not have been
apparent preoperatively can be compensated for in
surgery.

The Taylor spatial frame

The Taylor spatial frame (Smith & Nephew, Memphis, TN,
USA) is an external fixator that consists of six telescopic
rods (called struts) connecting two circular bases (or
rings). By adjusting the lengths of the struts, the rings
move with respect to each other. Adjusting the strut
lengths can reproduce a wide range of deformities. The
frame is adjusted postoperatively by the patient according
to a prescribed schedule of corrections. Figure 1 shows
the Taylor spatial frame before and after adjustment of
the struts.

In the conventional technique, the surgeon sets and
measures 13 parameters preoperatively from plain X-rays
and in the clinic. The 13 parameters are used by a
computer program – supplied by the manufacturer of the
frame – to generate the six specific strut lengths and the
correction schedule for the frame. The frame is then
surgically mounted to the patient. The patient adjusts the
frame each day according to the correction schedule (4).

More specifically, the surgeon determines the correction
and 13 frame parameters preoperatively. The 13
parameters are (5):

• Three rotational and three translational parameters that
describe the anteroposterior angulation, mediolateral
angulation and axial angulation, measured using plain
film X-ray and physical examination.

• Three frame parameters that specify the two ring
diameters and neutral frame height.

• Four parameters that describe the location and axial
rotation of the reference bone fragment with respect to
the reference ring.

The Taylor spatial frame is kinematically equivalent to
the Stewart platform, which is fully coupled (6); hence,
changing the length of any one strut results in a six-
degree-of-freedom change in the configuration of the
frame.

There are two primary methods of surgically mounting
the Taylor spatial frame (5) for treatment of malunions or
congenital deformities; additional methods are available
for treatment of acute fractures. In the chronic-deformity
correction method, the struts of the assembled spatial
frame are adjusted so that the frame mimics the deformity;
the strut lengths are computed based on the 13 frame
parameters using a software program. The surgeon
attaches the frame to the patient so that the frame
matches the nature of the deformity; the deformity is

Figure 1. (Left) The deformed Taylor spatial frame before correction. (Right) The neutral Taylor spatial frame after correction
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fully corrected once the frame reaches its neutral shape,
with all six struts having equal length. Alternatively, the
rings-first method of deformity correction mounts the
rings to the patient prior to attaching the struts. The rings
are mounted perpendicular to the distal and proximal
ends of the bone, and the struts are attached to the frame.
The deformity is corrected when the frame is returned to
its neutral shape with the correct frame height.

In both primary methods, the surgeon mounts the rings
approximately perpendicular to the weight-bearing axis
of the limb under fluoroscopic guidance, using either
Steinman pins or flexible tensioned Kirschner wires.
The surgeon simulates a bone fracture by performing
a corticotomy or osteotomy and mounts the frame to the
patient in the configuration prescribed by the software.
The patient adjusts the struts according to the schedule
of corrections, which is calculated by the software. When
the schedule is complete and the frame is in its neutral
position, any residual deformity is corrected by applying
a secondary correction schedule. According to Taylor and
Paley, this residual-correction phase is usually required to
correct accumulated errors (4).

Both the chronic deformity-correction and rings-first
methods assume that the frame accurately mimics the
deformity when it is first mounted to the patient. If there
are measurement errors in the frame parameters or proce-
dural errors in mounting the frame, then there will some
residual error when the frame is returned to its neutral
shape and height. The residual-deformity correction and
total-residual-deformity correction methods compensate
for any residual deformity which may exist after either
of the first two methods is used. The residual-deformity
correction method is used when there is a remaining
deformity after the frame is returned to its neutral config-
uration. The total-residual deformity correction method
can be used even when the frame is not in its neu-
tral configuration; Taylor (5) refers to this situation as
‘the problem of a crooked bone in a differently crooked
frame’. Both methods require the reassessment of most of
the frame parameters.

Related work

Rajacich and colleagues observed that a single point of
failure in performing the Ilizarov method is planning the
procedure (9). In the case of the Taylor spatial frame, 13
frame parameters must be measured from the patient and
radiographs. Measurement error in any one parameter
will propagate through the entire preoperative plan, likely
resulting in a residual deformity. A second source of error
is the misapplication of the frame, such that translational
and angular problems are introduced during surgery.

Seide and colleagues described a hexapod fixator that,
like the Taylor frame, was based on a Stewart platform.
A study using 16 consecutive patients treated with a
manually adjusted fixator was reported (7). Reasons for
surgery were: displaced tibial fractures; deformities after
treatment of tibial fractures; and axial deformity after

tibial lengthening. Rotational deformities up to 35◦ and
translational displacements up to 40 mm were treated.
They reported a 9◦ correction error in one case that
was caused by misinterpretation of the radiographs.
More recently, the authors have described a motorized
version of their fixator (8), where the shape of the fixator
was controlled by a computer driving linear motors on
each strut. They alluded to surgical navigation being a
possibility.

Feldman and colleagues (2) reported on a consecutive
series of 18 cases of tibial mal-union and non-union
treated with the Taylor spatial frame; 17 of the 18 patients
ultimately achieved total angular correction no worse than
3.6◦ and translational correction no worse than 3 mm.
Seven patients required residual deformity correction;
the authors speculated that the cause may have been loss
of stiffness in the wires or errors in calculating the frame
parameters. They reported that the need for residual
correction was higher in larger deformities and during
their learning curve phase.

Fadel and Hosny (10) reported on 22 cases of lower
limb deformity correction using the Taylor spatial frame.
Two cases failed to achieve the desired correction, one of
which was attributed to an inaccurate initial assessment.

In a conference proceedings, we described a small study
comparing six traditional to six of our computer-assisted
Taylor spatial frame corrections of a deformed plastic
tibia (11). A normal version of the same tibia was used
to determine the ground-truth correction. The traditional
method produced a mean correction error of 5.5◦ (1◦
standard deviation), and our computer-assisted method
produced a mean correction error of 1.6◦ (0.7◦ standard
deviation).

Early work by Kochs (12) attempted to reduce
complications of the frame due to incorrect preoperative
planning and inaccurate application by simulating the
planned correction. Optimal joint positions and ring
locations were obtained by simulation on images acquired
from hand-tracing radiographs and scanning these
images. Postoperatively, a radiograph was compared to
the preoperative plan to determine the necessary residual
corrections. Lin et al. (13) proposed a preoperative
planning system for the Ilizarov method that created
a bone template using an ultrasonic digitizer, manually
characterized the deformity from radiographs and patient
examination, and performed a virtual osteotomy on
the template. The frame was assembled using a life-
size diagram of the fixator assembly output by the
computer. In both methods, the correction is calculated
from radiographs rather than 3D coordinates from CT
data.

More recently, Iyun and colleagues (14) applied the
inverse kinematics of the Taylor spatial frame to the
final (neutral) configuration of the frame to derive the
initial (deformed) configuration. The placement of the
Steinman pins was determined preoperatively and guided
intraoperatively. Their methodology had two impractical
assumptions. The first and most significant assumption
was that the frame is always mounted using rigid pins,
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which is not the case when a ring must be mounted
close to a joint line using Kirshner wires. The second
assumption was that the location and direction of the
fixation pins could be determined during the planning
phase. In practice, the configuration of the wires, pins
and Rancho cubes (used to attach the wires or pins
to the frame) are best chosen intraoperatively because
of anatomical constraints that may not be apparent
preoperatively. The results of the laboratory study were
limited by a learning effect present in the results; once
the surgeon mounted the first frame in the conventional
manner; subsequent frames were mounted without error.

Our approach

The major sources of error when using the Taylor frame
are measuring the frame parameters, planning the 3D
correction based on radiographs and clinical examination,
and intraoperatively mounting the frame to the patient
so that it accurately mimics the deformity. We aim to
minimize the effects of these errors by: preoperatively
planning the correction using 3D CT data; intraoperatively
measuring the position and orientation of the frame
relative to the bony anatomy; and postoperatively
computing an appropriate correction schedule.

We perform preoperative planning using 3D models
rendered from the CT dataset. The 3D models allow
the surgeon to visualize and understand the deformity.
If desired, a physical replica of the deformed bone can
be produced using rapid prototyping technology. If the
deformity is unilateral, then a model of the unaffected
limb can be used as a template to guide the correction.
We believe that planning in 3D allows for a more accurate
assessment of the six parameters describing the deformity.

The four parameters describing the relationship
between the reference ring and bone fragment are
determined by registering the patient and the rings to the
CT coordinate system. The registration transformations
yield the initial (immediate postoperative) configuration
of the rings in CT coordinates, and the preoperative
plan gives the final configuration of the rings; hence, an
appropriate correction schedule can be computed without
the need to accurately mount the frame to the patient.
The neutral frame height parameter is not required by our
approach. In the remainder of this paper, we present our
detailed methodology, demonstrate the improvement of
our technique over the traditional approach in a study of
20 phantoms, and discuss five of our clinical procedures.
This article is an expanded version of work previously
published in two conference proceedings, wherein we
described the results of a smaller laboratory study (15)
and a single patient case study (16).

Materials and methods

Our technique consisted of three phases (A–C) divided
into a total of eight major steps (plus one additional

validation step used in our laboratory study). Technical
details can be found in the Appendix. In summary, our
technique was:

A: Preoperative phase

A1: Patient care. Preoperative patient care was the same
as for conventional technique. Clinical assessment of
the magnitude of the deformity angles was performed
to aid in planning, even though a CT scan would later
be performed.

A2: CT scan. A CT scan of the target anatomy was
obtained, from which a 3D surface model was
computed.

A3: Preoperative planning. A preoperative plan was
created using custom software developed at our
institution. First, a virtual osteotomy was performed
by cutting the model into two fragments; we
represented the distal fragment as fixed and the
proximal fragment as mobile. Next, a reference point
on the distal fragment was selected (usually at the
geometric centre of the cut surface of the distal
model). Finally, a virtual correction was performed
by rotating and translating the proximal fragment
into the desired position. An example plan using the
unaffected contralateral limb as a template is shown
in Figure 2; the surgeon must rely on experience
and anatomical knowledge if there is a bilateral
deformity. Mathematical representations of the plan
were saved for subsequent steps.

B: Intraoperative phase

B4: Mount frame. The surgeon mounted the frame to the
patient using either the chronic deformity correction
or rings-first method. Unlike conventional technique,
it was not necessary to accurately mimic the shape of
the deformity unless the surgeon wished to compare
the final correction schedule against the correction
schedule computed using the conventional technique.
The surgeon was free to use any combination of
Kirschner wires and Steinman pins to mount the
frame.

B5: Patient registration. A tracked coordinate reference
frame (CRF) was rigidly mounted to the target
anatomy. The surgeon used a tracked sharp stylus to
digitize, or collect data from, the surface of the bone,
typically 20 or fewer. A robust registration algorithm
was used to estimate the transformation from patient
coordinates to the preoperative CT coordinates (17).

B6: Locate rings. The surgeon digitized the fiducial
landmarks on each ring. These points were used
to register computer models of the rings to the actual
Ilizarov rings that were attached to the patient.

B7: Calculate initial strut lengths. The initial length of
each strut was computed as the distance between
corresponding end points, using the location of each
ring known from the previous step. This provided
a useful intraoperative validation of the procedure

Copyright  2008 John Wiley & Sons, Ltd. Int J Med Robotics Comput Assist Surg 2008; 4: 310–320.
DOI: 10.1002/rcs



314 A. L. Simpson et al.

Figure 2. Planning the correction of a deformed tibia. (Top) A
deformed left tibia shown in the standard anatomical reference
planes. (Middle) A normal tibia used as a template to guide
the correction of the deformed tibia. The surgeon must rely on
knowledge of anatomy and experience if the contralateral limb
cannot be used as a template. (Bottom) A virtual osteotomy
was performed and the proximal end of the deformed tibia was
manipulated to restore the bone to normal anatomical alignment

because the actual strut lengths could be compared
against the computed strut lengths.

C: Postoperative phase

C8: Compute correction schedule. The final strut lengths
were computed by applying the planned rotation

and translation to the location of the proximal ring
(in CT coordinates). The duration of the correction
was computed so as to move the reference point
by approximately 1 mm/day. Interpolation was used
to determine the daily lengths of each strut. The
surgeon examined the schedule and discussed the
process with the patient.

C9: Laboratory validation. To validate our technique,
additional surface points were digitized from the
proximal and distal fragments. These were separately
registered to the computer models, providing an
actual correction that could be compared to the
planned correction.

Laboratory study

We performed a study using tibial plastic models, or
phantoms (Sawbones, Pacific Research Laboratories Inc.,
Vashon, USA). Our study was designed to simulate
the clinical situation where a normal contralateral
limb is available to serve as a template to plan the
correction. Our apparatus consisted of: an Optotrak 3020
optical tracking system (Northern Digital Inc., Waterloo,
Canada); a coordinate reference frame (CRF) attached to
the proximal end of the tibia phantom; a tracked surgical
stylus; 15 phantoms of deformed tibias (Figure 3); and
one phantom of a normal tibia.

For each phantom, a 3D surface model was constructed
from CT data. Planning software was used to plan a
correction for each phantom. The plan for each of the
15 deformed phantoms was to correct the deformity.
A corresponding normal, undeformed phantom was
available for 10 of the tibias; the normal tibia was used
to define the template for the ground truth correction.
The magnitude of the deformity was specified by the
manufacturer for the remaining five tibias; the templates
for the ground truth corrections were based on this
information. We also attempted arbitrary displacements
of the unaffected distal end using four of the phantoms.

Figure 3. The three types of deformed phantoms used in our
laboratory study. Approximate deformities were: (left) 10◦
valgus with 30◦ internal rotation; (middle) oblique deformity
15◦ varus with 10◦ procurvatum; (right) 30◦ varus

Copyright  2008 John Wiley & Sons, Ltd. Int J Med Robotics Comput Assist Surg 2008; 4: 310–320.
DOI: 10.1002/rcs



Computer-assisted distraction osteogenesis by Ilizarov’s method 315

Figure 4. Examples of planned corrections used in the laboratory study. The three left-most images show examples of corrections
of deformed phantoms. The fourth image shows an example of a primarily lengthening displacement on the distal end. The last
image shows the 75◦ axial rotation displacement using the normal phantom

We attempted a 75◦ axial rotation displacement using the
normal phantom. Examples of the planned corrections are
shown in Figure 4.

The Taylor spatial frame was mounted to the bone
phantom using Kirschner wires and Steinman pins. We did
not attempt to exactly mimic the shape of the deformity
when mounting the frame to the phantom. The CRF
was attached to the proximal end of the phantom for
registration purposes after mounting the frame.

The phantom and rings were digitized and registered
according to our methodology and as described more
fully in the Appendix. Approximately 20 registration
points were collected from the osteotomy region, as
well as from other surfaces that could be easily digitized
percutaneously, such as the shaft and medial malleolus of
the tibia; these were registered to the computer models, as
described in the Appendix. Three fiducial landmarks were
digitized from each ring. The struts were assembled, with
the actual lengths noted for comparison to the computed
lengths. The tibia phantom was then cut and distracted
by setting the lengths of the struts to the calculated final
lengths.

We measured the actual correction by separately
registering the distal and proximal fragments after
distracting the cut phantom; the ICP algorithm (18) was
used for registration purposes. Approximately 50 points
distributed over the surface of the entire fragment were
digitized for shape-based registration. The registration
points were registered to the template model (not
the model of the planned correction); thus, for the
15 deformed phantoms, our measurements included
planning errors caused by failing to exactly replicate the
template. As described in the Appendix, we computed the
rotational and translational errors between the actual and
planned corrections.

Results

All error measurements for the laboratory study are
tabulated in Table 3 (rotational errors are absolute values
measured in the standard anatomical planes). The worst-
case rotational error had a magnitude of 4.4◦ and occurred
when we were performing the 75◦ axial displacement.
The worst-case lengthening error was a 3.0 mm over-
correction that occurred when we were performing a
primarily lengthening displacement.

In three cases we observed obvious error in registering
the phantom. We repeated the registration of the phantom
in each of these cases.

Preliminary clinical results

Five clinical procedures have been performed at Kingston
General Hospital (Kingston, Canada) to date. We obtained
ethical approval for our study from all of our affiliated
institutions. We obtained informed consent from all of
our patients. All of the surgeries were supervised by one
of the authors (D.P.B).

The first patient presented with a proximal tibial
growth-plate arrest that was secondary to a fracture;
the result was a recurvatum deformity secondary to
an eccentric growth arrest anteriorly (Figure 5). This
deformity caused a stretch of the posterior capsule
and posterior cruciate ligament that produced an
unstable knee. The achieved correction, measured
radiographically, was from an initial −14◦ to a final +7◦
of posterior slope. Figure 6 illustrates the mounting
of the frame to the patient, patient registration and
ring registration steps. Figure 7 shows the lateral
intraoperative and 1 month postoperative X-ray images.

The second patient presented with a proximal tibial
soft-tissue imbalance that was thought would eventually
lead to a recurvatum deformity. An increase in the

Figure 5. Photograph from our first clinical case illustrating the
tibial recurvatum deformity
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Figure 6. Intraoperative photographs from our first clinical case. (Left) Mounting the frame to the patient. (Middle) Registration
of the patient to preoperative CT coordinates. The surgeon was able to use a sharp stylus to percutaneously digitize registration
points from the bony anatomy. (Right) Registration of the rings

Figure 7. Intraoperative (left) and 1 month postoperative lateral X-rays from our first clinical case

posterior slope of the tibia was induced to compensate for
the soft tissue deformity. The radiographic correction was
an increase in posterior slope from +7◦ to +14◦ and from
5◦ varus to 8◦ varus.

The third patient presented with a partially-healed
malunited tibial fracture with 14◦ of proximal tibial varus
and 16◦ of posterior slope. In spite of an uncomplicated
frame application, the patient was not compliant with

postoperative care and the frame was removed before
correction could be achieved.

The fourth patient had a 3.2 cm leg length discrepancy
secondary to fibular hemimelia. His associated foot
deformity exacerbated the leg length discrepancy. His
tibia was lengthened by 4 cm and an increase in the
posterior slope of the tibia was induced in order to
compensate for a deficient anterior cruciate ligament.

Copyright  2008 John Wiley & Sons, Ltd. Int J Med Robotics Comput Assist Surg 2008; 4: 310–320.
DOI: 10.1002/rcs



Computer-assisted distraction osteogenesis by Ilizarov’s method 317

The fifth patient presented with a 20◦ external rotation
deformity of his femur that was affecting his gait. He
also had an incidental 3◦ valgus deformity of the femur.
His rotation was corrected to a neutral foot axis, which
improved his gait, and the 3◦ valgus deformity was
corrected concomitantly.

Discussion

In the laboratory validation, the largest rotational
error occurred when we attempted the 75◦ axial
rotational displacement of the normal phantom. The
final configuration of the frame was very unusual in
this case because we were simulating a deformity rather
than a correction. We found that the frame had a
noticeable rotational laxity about its vertical axis in its
final configuration that contributed to the measured axial
rotation error of 4.2◦. In the other cases, significant frame
laxity was not observed, and we speculate that the two
most significant sources of error were registration error of
the bone (step B5) and frame (step B6). Because we did
not have access to engineering drawings of the frame, our
model of the strut end points (Table 1) may also contain
some small errors that would contribute to the frame
registration error. We do not believe that loss of tension
in the mounting struts and wires was a significant source
of error in our laboratory study.

We have demonstrated that our technique is able to
achieve high accuracy and precision in a laboratory
setting, and that it achieved clinically acceptable outcomes
in a small pilot study. Our method has additional desirable
features.

The intraoperative registration of the patient and the
rings effectively measured the 3D geometric relationship
of the rings to the patient. Knowledge of the geometric
relationship eliminated the need to radiographically
measure the four parameters describing the location and
axial rotation of the reference bone fragment relative
to the reference ring, and the surgeon was no longer
required to mount the frame so that it mimicked the
deformity. Freedom in positioning the rings is clinically
useful because incorrectly positioned rings do not need
to be remounted and rings can be repositioned if
necessary to eliminate awkward strut configurations. Our
method is essentially a computer-assisted version of the
conventional total-residual-deformity correction method.

Our technique has some limitations. We required a
preoperative CT scan that would not be required when

Table 1. Strut end points for 180 mm diameter rings

Proximal ring Distal ring

(109.5, 0 − 6.67◦, −16) (109.5, 300 + 6.67◦, 16)
(109.5, 0 + 6.67◦, −16) (109.5, 60 − 6.67◦, 16)
(109.5, 120 − 6.67◦, −16) (109.5, 60 + 6.67◦, 16)
(109.5, 120 + 6.67◦, −16) (109.5, 180 − 6.67◦, 16)
(109.5, 240 − 6.67◦, −16) (109.5, 180 + 6.67◦, 16)
(109.5, 240 + 6.67◦, −16) (109.5, 300 − 6.67◦, 16)

using conventional technique. The additional dose of
ionizing radiation from the CT scan may not be acceptable
to some surgeons and patients; note, however, that we
did not require intraoperative fluoroscopy to check the
alignment of the rings. The reported technique relied
on 3D models that must be segmented from the CT
scan and imported into customized planning software.
Intraoperatively, a tracking system was required to
perform the necessary registrations of the patients and
rings.

This technique is a considerable advance over our
previous efforts to navigate the fixation pins that hold
the rings to the patient (14). Navigating pin placement
is possible when using plastic phantoms, but we found
it much more difficult to do so in clinical practice. The
main reason for this was that the pin placement had to
be preoperatively planned, but intraoperative conditions,
such as the positioning of the patient or unforeseen
soft-tissue constraints, made it impractical to carry out
the plan. Furthermore, it is not easy to navigate the
thin, flexible Kirschner wires that some surgeons prefer
to use for ring fixation. One advantage of navigating
the ring placement is that the rings could be navigated
into the conventional placement; the conventional frame
parameters could then be computed and the conventional
software used to compute the correction schedule.
Surgeons might feel more comfortable using a navigated
system that produces the conventional end result of a
neutral frame configuration.

We used a straightforward percutaneous shape-
based registration for the patient-to-CT registration.
In laboratory experiments, our registration algorithm
produced median rotational registration errors of 2–3◦
(17); such registration errors will affect the final
correction. It would be possible to use other modalities,
such as fluoroscopy or ultrasound, to perform the
registration. Such modalities might be preferable to
our approach, especially on anatomy that cannot be
easily digitized percutaneously. We observed obvious
registration failures in our laboratory study; as with all
computer-assisted procedures, the surgeon must be ever
mindful of the possibility of registration failure.

There is an intriguing extension of our method that
could also be useful: we believe that it may be possible
to perform a computer-assisted Ilizarov procedure by
using only a postoperative CT scan of the frame and the
limb on which it is mounted. The 3D relationship of the
rings relative to the patient and a postoperative planned
correction could be determined from the postoperative
CT scan; this would provide sufficient information to
compute an appropriate correction schedule. The rings
of the Taylor spatial frame, being made of aluminium,
would not cause significant degradation of the CT images,
although the stainless steel pins and wires might make
imaging of the bony anatomy difficult. The advantages
of this extension would be that it would retain all of the
desirable features of our current method and eliminate
the need for intraoperative registration and navigation.
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Results of a preliminary laboratory study (19) suggest
that the extension may also be clinically useful.

Conclusion

We have presented an approach for Ilizarov’s method
with the Taylor spatial frame that uses preoperative CT
scanning and intraoperative navigation. In our laboratory
study using plastic phantoms, we measured angular and
lengthening errors no larger than 4.4◦ and 3.0 mm,
respectively. We have successfully tested our methods
in a small clinical pilot study.

Appendix

We represented points and transformations in homoge-
neous coordinates. A point q, located in the patient-
coordinate frame, was represented by a column vector:

q =



qx
qy
qz
1


 .

If q was transformed from the patient frame to another
frame (say, frame A), the point’s coordinates in frame A
were computed, using the rigid transformation TA, as:

qA = TAq =
[

R t
0 1

]
q

where R is a 3 × 3 rotation matrix and t is a 3 × 1
translation vector.

This Appendix provides further mathematical details of
the steps given in Materials and methods, above.

Step A3: Preoperative planning. The surgeon performed a
virtual osteotomy by selecting a plane at which
the bone model will be cut. The surgeon then
selected a point xref that was the reference point
for the distraction procedure; typically, xref was
chosen as the point in the middle of the bone
on the plane of the osteotomy. Our convention
was to locate the reference on the distal model
fragment.

The surgeon then rotated and translated the proximal
fragment to plan the desired correction. The software
computed the net result of all the actions as the trans-
formation matrix Tplan, which was the transformation of
the distal fragment relative to the proximal fragment as
measured in the CT coordinate system.

Step B5: Patient registration. The patient-coordinate
frame was located and orientated by a coor-
dinate reference frame (CRF), which is a device
that can be tracked in 3D by a tracking system.
Because this frame was more or less arbitrary, we

use a registration to transform points from the
patient-coordinate frame to the CT-coordinate
frame (the frame in which planning and visual-
ization were performed).

Registration proceeded by the collection of a small
number of points ri. The points were collected by touching
a tracked sharp stylus on distinctive bony anatomy and
served to initialize the registration algorithm. Additional
points, usually fewer than 20, were collected to refine
the process. The algorithm used the CT model of the
patient and the collected points to estimate the rigid
transformation Treg that took any point q from patient
coordinates to CT coordinates as:

qCT = Tregq

Details of the registration algorithm were presented by
Ma and Ellis (17).

Step B6: Locate rings. The guidance software used
computer models of the Taylor rings to find the
locations of the actual rings (these models can
be derived from manufacturer specifications or
by empirical reconstruction). Distinctive fiducial
points on the actual rings corresponded to
specific points on the computer models.

The surgeon used a tracked sharp stylus to collect
fiducial points on the actual rings; these points were
measured in patient coordinates. The model of the
proximal ring was registered to the actual ring using
the fiducial points {Fp}, giving the transformation Tp.
Similarly for the distal ring, fiducial points {Fd} yield
the transformation Td. This type of registration can be
performed using any absolute-orientation solver, such as
Horn’s method (20).

For the rings of 180 mm diameter, Figure 8 illustrates
the rings, fiducial landmarks, and end points of the struts.
Table 2 specifies the fiducial landmarks numerically in
cylindrical coordinates (radius, angle, z), where the radius

Figure 8. Proximal and distal ring models of 180 mm diameter,
showing fiducial landmarks and strut end points
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Table 2. Fiducial landmarks for 180 mm diameter rings

Proximal ring Distal ring

(116.4, 0◦, 0) (116.4, 0◦, 0)
(116.4, 120◦, 0) (116.4, 180◦, 0)
(116.4, 240◦, 0) (116.4, 300◦, 0)

Table 3. Rotational and lengthening errors measured in the
laboratory study

Rotation (◦)
Length

Coronal Sagittal Transverse Total (mm)

Value (correction
of deformity)

0.8 0.2 0.2 0.8 −0.7

1.0 0.4 1.2 1.6 3.0
0.2 0.9 0.3 0.9 2.8
1.5 0.8 3.7 1.7 0.6
1.2 2.1 0.0 2.4 −2.0
2.0 2.6 0.5 3.3 0.2
0.3 0.1 0.7 0.8 0.1
0.5 1.0 1.4 1.8 0.7
1.6 0.2 1.2 2.0 −2.5
0.2 0.4 1.1 1.2 1.3
0.8 0.7 1.3 1.8 −0.5
0.7 0.2 0.4 0.8 0.6
0.4 0.9 0.4 1.0 0.2
0.3 2.0 2.4 2.7 0.7
0.1 0.0 1.6 1.7 −0.7
0.2 1.3 0.9 1.4 0.3

Value (simulated
deformity)

2.2 0.1 0.7 2.3 1.0

0.6 0.2 1.2 1.4 0.9
1.3 0.1 1.4 1.9 −1.6
1.2 0.7 4.2 4.4 1.3

Mean 0.8 0.7 1.2 1.8 0.3
Range 0.1–2.2 0.0–2.6 0.0–4.2 0.8–4.4 −2.5–3.0

and z-coordinate are in millimeters and the angle is in
degrees.

Step B7: Calculate initial strut lengths. The actual length
of each of the six struts was computed as the
Euclidean distance between its proximal end
point and its distal end point. The calculation
can be done in patient coordinates or CT
coordinates (length is invariant to rigid-body
transformation). Table 1 gives the locations
of the end points numerically in cylindrical
coordinates (radius, angle, z), where the radius
and z-coordinate are in millimeters and the angle
is in degrees.

Step C8: Compute correction schedule. As mentioned
above, the distal ring was taken to be stationary.
At any time t during the correction schedule,
the location of the distal strut end point di,
i = 1 . . . 6, in CT coordinates was:

dCT
i,t = TregTddi

The initial location (at time t = 0) and final location (at
time t = n) of the model proximal strut end point pi,

i = 1 . . . 6, in CT coordinates were:

pCT
i,t=0 = I4×4TregTppi

pCT
i,t=n = TplanTregTppi

where I4×4 is the 4 × 4 identity matrix.

The number of days n was calculated from the desired
correction. From the preoperative plan, the reference
point xref would be displaced to Tplanxref . If the correction
included rotation, as is usually the case, the reference
point would be displaced in a helical path. We used a
screw decomposition to find the path, and then applied
the Ilizarov convention of displacing the reference point
by 1 mm/day to find the number of days n of the
correction schedule. The screw displacement was also
used to compute the length of each strut on each day of
the correction.

A screw transformation is a rotation of angle θ about an
axis with direction b passing through the point c, followed
by translation of magnitude M along the same axis (21).
Given a rigid-body transformation, the corresponding
screw parameters can be found; similarly, given screw
parameters, the corresponding rigid-body transformation
S(b, c, θ, M) can be found.

We computed the schedule by interpolating between
I4×4 and the planned transformation Tplan of the proximal
fragment relative to the distal fragment using the screw
representation of Tplan. At time t, the interpolated
transformation was Tt, the CT coordinates of the proximal
strut end points were:

pCT
i,t = TtTregTppi

and the strut lengths si,t were:

si,t = ((
pCT

i,t − dCT
i,t

) · (
pCT

i,t − dCT
i,t

))1/2

We used a discrete search over θ and M to find the strut
lengths:

• Find the screw parameterized by b, c, θ , and M
corresponding to Tplan

• Set dθ = θ/N, dM = M/N for some large N (say
N = 1000)

• Set xold = xref
• Set t = 1
• For j = 1 . . . N:

◦ Set θj = j × dθ

◦ Set Mj = j × dM
◦ Set Tj = S(b, c, θj, Mj)

◦ Set xj = Tjxref
◦ If ||xj − xold|| ≥ 1 mm:

� Compute strut lengths Si,t for day t
� Set t = t + 1
� Set xold = xj

◦ End if:
• End for:
• Compute strut lengths Si,t for the last day t
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Step C9: Laboratory validation. We measured the actual
correction by separately registering the distal
and proximal fragments after distracting the cut
phantom. Points that were distributed over the
surface of the entire fragment were digitized
for shape-based registration. Registration was
performed using Besl and McKay’s ICP algorithm
(18).

The actual rigid-body transformation of the proximal
fragment relative to the distal fragment, Tactual, was com-
pared to the planned displacement, Tplan. The difference
between the two transformations was computed as:

T� = Tplan(Tactual)
−1

The angle of rotation of the rotational component of
T� was taken as the magnitude of the total angular
correction error. We also measured the rotational errors
projected onto the anteroposterior, lateral and axial views.
The translational lengthening error was taken to be the
difference in length between the corrected phantom and
the planned correction of the phantom.
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