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Recent developments in computer assisted
surgery offer promising solutions for the trans-
lation of the high accuracy of the preoperative
imaging -and planning into precise infraopera-
tive surgery, Broad <clinical application is hin«
dered by high costs, additional time during in-
tervention, problems of intraoperative man-and
maching interaction, and the spatially con.
straied arrangement of additional equipment
within the operating theater. An alternative
technigue for computerized tomographic image
based preoperative three-dimensional planning
angd precise surgery on bone structures using i
dividual templates has been' developed. For the
preoperative customization of these mechanical
tool guides, a desktop compuier controlled
milling device is used as a three-dimensional
printer to mold the shape of small reference ar-
eas of the bone swrface automatically into the
body of the femplate. Thus, the planned position
and orientation of the tool guide in spatial rela:
tion o bone is stored in a structural way and can
be reproduced intraoperatively by adjusting the
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position of the customized contact faces of the
template until the Jocation -of exact fit to the
bone is found. No additional computerized
eqmpment or time is needed during surgery.
The feasibility of this approach has been shown
in sping; hip, and knee surgery, and it has been
applied .clinically for pelvie repositioning os-
teotomies inacetabular dysplasia therapy.

Recent research activities in the area of com-
puter assisted surgery have concentrated on
the introduction of additional sensor and robot
based guiding systems into the operating the-
ater to enable adequate computer assisied
transferral of the high accuracy of preopera-
tive imaging and planning to precise surgery.
Different promlsmg solutions have been de-
veloped concerning the related. problems of
multimodal information processing and regis-
tration, safety and sensor concepts, and ade-
quate control strategies. 51222 Nevertheless,
problems still remain such as the time needed
intraoperatively for the intecaction with addi-
tional technical systerh components, for the
additional intraoperative registration of bone
structures, the: spatial arrangement of dis-
plays, sensors and robot systems within the
operating room, the overall costs of the sensor
or robot based systems, and mismatches re-
garding ergonomic design aspects of cogni-
tion and manual control}? An exact medical,
technical, and ergonomic analysis is neces-
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sary to identify during which phases and se-

quences of intraoperative work addmonal
guiding. systems of even robotic: assistance
contributing a specific complementary func-
tion would be required.

In this context, the task sequences of dif-
ferent conventional orthopaedic interven-
tions were investigated,’?16 guch as total hip
and total knee replacement surgery being
typical applications for computer assisted
surgery systems.S® One result of these in-
vestigations was that observable activities of
direct orientation® only took. approximately
2% to 4% of the overall operating time. If all
activities are taken into account that have
some counnection with exact three-dimen-
sional positioning, their share of total inter-
vention time is approximately 10% to
15%.1236 Hence, the potential to shorten op-
erating time and the related time slot for the

“introduction of computer assisted guiding
systems seems to be limited, Prolongation of
the operating time by additional intraopera-
tive tasks and interactions with additional in-
traoperative equipment can be tolerated only
'to a limited degree because of medical, orga-
nizational, and economic reasons, In every
case, it would have to be justified by signifi-
cant. enhancement of the therapeutic out-
come. Moreover, the costs -of additional
equipment must be halanced against the re-
quirement to deliver higher quality treatment
to a larger number of patignts.

The goal of the work described here was
to develop arelatively simple, fow cost solu-
tion that facilitates exact, safe, and fast im-
plementation of planned surgery on bone
structures, eliminates the need for continual
radiographic monitoring, and avoids over-
burdening surgery with complex equipment
and time consiming procedures,

PRINCIPLE OF INDIVIDUAL
TEMPLATES

In orthopaedic surgery standard template sys-
- tems arée familiar fechnical means-to guide
drills and saws in total knee replacement.

However, the design of these tool guides is
based on averaged anatomic geometries. The
positioning of the template on the bore bears
no precise relationship to the position defined
by individual preoperative planning,

Essentially, the missing information is the
precise spatial correspondence between the
individual bone structure in situ and the in-
tended position of the tool guides.

The authors investigated a means of
adding this missing information to the clas-
sic templates by providing shape based phys-
ical matching between the reference surface
of the individual bone and the reference sur-
face of the computer based model. This in-
formation is incorporated iito an individual
template.12-16

Individual templates are customized on the
basis of three-dimensional re¢onstructions of
the bone strucfures extracted from computerP
ized tomographic (CT) image data in accor-
dance with individual preoperative surgical
planining. For preoperative customization, a
low cost desktop milling machine is used as a
three-dimengianal printer to mold the shape of
a small reference area on the individual bone
automatically into the template: By this means
the planned position and orientation of the tool
guide in spatial relation to the bone is stored in
a structural way and can be reproduced in sity
adjusting the position of the contact faces of
the template until they fit exactly on the bone
(Fig 1). Neither iterative time consuming work
under radiographic control or registration pro-
cedures, nor any additional computerized
equipment is needed intraoperatively. Mechan-
ical guides for drills, saws, chisels, or milling
tools are adaptable orintegrated into these indi-
vidual templates in predefined positions for
different types of interventions. Moreover, in-
dividual templates also can be used for fixation
of a reference base for standard tool guides or
other devices in a defined position on boue.
The individual templates can be autoclaved
and delivered to the operating room with the
conventional irstrument sets. The feasibility
and adaptability of this approach has been
shows-on anatentic models and in cadaver tests
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A PRINCIPLE OF INDIVIDUAL TEMPLATES .

Fig 1. Pedicle screw placemant: {A} the principle
ofindividual templates based on preoperative CT
imaging dnd computer based planning; {B) com
puter assisted planning of a padicle sorew place:
ment with the DISOS planning  system; (G)

interactive specification of the reference contact

face; (D) formelosed Intraoperative fitting of the
{template; and (B} radicgraphic control of the
placement of B-mm rods in the pedicles without
any petrforation in situ,

for various applications. %4416 Results of in
vitro studies on accuracy have been reported in
previpus publications. 244

Among the applications of this technique
are pedicle screw placement (especially in sco-
liosts therapy; Fig 2} repositioning os-
teotomies in spine surgery; puncture of a ¢ystic
cavity in the femoral head; intertrochanteric
repositioning osteotorny; initial reference os-
teotomies for total knee replacement (espe-
cially in the case of pathslogic deformations);
periacetabular repositioning osteotomies; open
door decompression In the cervieal - spine;
transcorporal decompression in the cervical
spine; and decompression in the Tumbal spine,

To depict the spectrum and potential of

various implementations of the principle of

individual templates, four typical examples
will be described in more detail, with empha-
sis on the clinical application of triple repo-
sitioning osteatomies for the treatment of ac-
etabular dysplasia.}2.14.18.20.22

PEDICLE SCREW PLACEMENT

The selection of a pedicle serew of the appro-

priate length and caliber and its accurate fixa-
tion in: the cortical bone of the pedicles and the:

yertebral body is essential for good anchoring.
Perforations are the major specific complica-
tion of pedicle. screw placements, implying a
high risk of bone weakening or lesions of the
spindl cord, nerveroots, or blood vessels 37 To
monitor the placement of the piloting
Kirschner wire and finally the screw, as many
as four to five radiographs in different planes
are recomumended per screw placement.? The
authors selected this application for their initial
investigations -of the principle of individual
templates’2!* (Fig 1). Human anatomic speci-
mens of lombar spines were scanned with CT
{stices 2~mm thick and 2-mm apatt). The Im-
age data were transferred 10 the personal com-
puter based DISOS planning workstation
{(Gemetec mbH, Aachen, Germany). Based on
three-dimensional reconstructions automati-
cally provided by the system, the surgeon se-
lects an appropriate screw and defines its.opti-
mal placement (Fig 1B). The position and
orientation of the related ddll guide then is
specified and can be incorporated into the indi-
vidual template; To provide shape based intra-
operative matching, small reference contact
faces to the vertebral bone have to be specified
on the display in the vicinity of the transverse
process, the arch, or the spinous process. To
this end, the surgeon interactively selects and
positions an appropriate template within the
three-dimensional - view of the vertebral bene
structure (Fig 1C). The surgeon is supported by
the system, which automatically constrains the
positioning to'the dircction of the defined bore

axis and evaluates the quality of the contact.
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Fig 2A~B. "Total knee arthroplasty: (A) laboratory investigation on a plastic bone mede! (1):individ-
ual template guiding the reference osteotomy. (3) in tibial bone, optional fixation with a bone pin (4);
(B) customized reference contact face (5) and copying profile (6) limiting cutting depth {7} to the dor-

sal contour {8) of tibial bone.

face. Afterward, the systern automatically gens
erates the manufacturing program and cus-
tonizes the semifinished template with its inte-
grated drilling guides. Intraoperatively, the
defined position of the bore is reproduced by
placing the self locating template where it fits
exactly on the bone. Additionally, an optional
radiographic control of the position of the
stainless steel drilling guide is possible, be-
cause the plastic material of the template body
1s radiolucent, T two cadaver studies, in which
one macerated specimen and one specimen
with soft 1issue were used, 5~mm bores have
been reproduced exactly according to the pre-
operative planning without any perforation in
situ.

TOTAL KNEE ARTHROPLASTY

In total knee arthroplasty accurate placement

of implant components with respect to the

individual mechanical axis of the leg is es-
sential. Conventionally, modular mechanical
devices corrssponding to the intrinsic shape
of the implant components are used to guide
the osteotomies and borés for the preparation
of the implant’s seat. By mounting these
conventional tool guide systems on an indi-
vidual template as a basic customized refer-
ence, it is possible to reproduce the preoper-
atively planned position exactly even in the

case of severely deformed bone. Moreover,
for preservation. of the posterior cruciate lig-
aroents and the nerves and vessels in the hol-
low of the kneg, not only the reference sur-
face of the bone but also a copying surface
limiting the cutting dépth to the dorsal con-
tour of the tibia can be molded into the fem-
plate (Fig 2B). The geometry of the saw has
10 be known and a calibrated copying cam
has to be mounted on the conventional saw.

Figure 2 shows a feasibility study with a
CT image based individual template for the
reference tibial cut for total knee replacement
on a plastic bone model.'s The geomefry of
the cut with its position, orientation, and limi-
tations was planned on the basis of CT images
(slices 2-mm thick and 2-mm apart). In addi-
tion, topograms could be used to identify the.
bone axis. A conventional saw guide ¢an be
mounted on ‘the individual template, which
serves as a reference base for subsequent
work on the bone. The template has been cus-
tomized in the areas of the reference surface
and the individual copying profile ‘corre-
sponding to the dorsal contour of the tibial
bone within the cot plane. The accuracy of the
reproduction was measured directly -on the
bone model using a conventional precision
goniometer and a caliper gauge. The prede-
fined cut plane and the position of the copying
profile limiting the cutting depth were repro-
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duced with an accuracy better than 1 mm in
all directions and 1° inclination in the sagittal
and transverse planes,

OPEN DOOR DECOMPRESSION IN
CERVICAL SPINE

The authors investigated the possibility of ap-
plying this principle to open door decompres-
sion in ‘the cervical spine, which involves
even more delicate constraints on the requiced
accuracy of imaging, planning, and imple-
mentation. 415 The task i to mill away one
side of the lamina complétely and to preserve
the anterior cortical layer .on the other side,
which acts as a hinge for the dorsal open door
laminoplasty. Figure 3 shows a corresponding
design of an individual template and the plan-

ning and intraoperative implementation in the.

framework of a cadaver study.'3% Applying
the principle of copying profiles, a miniatur-
fzed copying cam corrgsponding to the geom-
etry of the milling tool was mounted on a
standard roicromilling machine, with a sliding
jig plate to guide the micromill perpendicular
to the template, A bore with a defined depth
was provided in the template for a final on site

calibration of the length of the milling tool

with respect to the copying cam. Then, both
laminotomies were performed within less
‘than 10 minutes, subsequently removing sev-
eral layers of bone to less then | mm on the
left side and approximately 1 mm on the right
side. The micromilling tool was guided by the
copying profile, leaving the anterior cortical

hinge of the right lamina intact. It perforated

only slightly at two points on the left side
without damaging the dura (Fig 3E-F).

TRIPLE OSTEOTOMY OF PELVIC
BONE FOR THE TREATMENT OF A
DYSPLASTIC HIP JOINT

Perfacefabular triple osteotomy for the. treat-
ment of hip dysplasia was chosen as:the first
exemplary clinical -application -of individual
temaplates 141618 In acetabular dysplasia the-
task is to enlarge the weightbearing part of the.

acetabulum covering the femoral head to re-
duce the pressure on this area to physiologic
Himits. The major therapentic goals are relief
from pain and prevention of premature os-
tecarthrosis,

Using the operative procedure reported by
Tounis? and Tonnis and coworkers,2! the ac-
etabulum has to be mobilized by three os-
teotomies, which have to be performed in 4
defined position and orientation in relation to
the acetabulum. If the distance from the ac-
etabulum is too short there is a higher risk of
avascular necrosis, and if the acetabular frag-
ment becomes too large its free rofation may
be impeded. 2! Moreover, the inclination of
the cut planes influences the ability to rotate
the fragment freely in a specific direction,
Conventionally, the three osteotomies have 10
be performed under repeated radiographic

control. The ischial osteotomy has to. meet

the obtdrator foramen and preserve the sciatic
nerve and the sacral ligamenis, Although the
public osteotomy is less critical, it is directly
adjacent to the femoral vein. For the manipu-
lationr and repositioning of the acetabulur, a
Schanz screw has to be fixed on the acetabu-
lar fragment. The final iliac osteotomy has to
meet the distal part of the incisura ischiadica,

This is the longest and most difficolt os-

teotory and has the greatest influence on the
mobility of the acetabular fragment and the
initial stability of the fixation.

For the repositioning of the acetabulum,

erpiric standacd values still are based on bi-

planar xray projections in the anteroposterior
(AP) and faux profile planes. According to
Tonnis et al?! lateral center edge and anterior
center edge angles of approximately 30° to
35° should be achieved. Additionally, three-
dimensional CT imaging is recommended
for diagnosis and surgical planning ‘to
achieve more accurate and reliable assess-
ment of the individual anatomic and biome-
chanical conditions in the weightbearing
area of the hip.24810 Nevertheless, the au-
thors know of no validated standards based
on three-dimensional imaging, comparable
with the empiric data provided by TOnnis et
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Fig 3. Open door decompression inthe cervical spine: {A) design of an individual template (2) with
a capving profile (6) limiting cutting depth of the milling head {7) to the anterior cortical layer of the
Jaming {1); a micromilling machine {4} is equipped with a.sliding jig platé (8); (B} planning of the
milling work on bane, arrows indicating the specified are of bone to be removed; (C) the reference to
the bone structure is provided by an individual contact face {9); the two individual parts of the tem-
plate are cormected by a simple adapter (10} (D) intraoperative execution in the tramework of a ca-
daver study; (E) result on the left side showing the intact dura; and (F) result on the right side with the
intact sortical hinge, '
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al,?? Therefore, in addition to the convén-
tional technique, the authors use a combina-
tion of anterior center edge and lateral center
edge angle measurements in AP and faux
profile xray projections reconstructed from
CT data, automatic measurements of the an-
terior center edge and lateral center edge an-
gles on the reconstructed three-dimensional
bone model, and an analysis of the surface
coverage of the femoral head in the weight-
bearing zone. Comparison and evaluation of

these different assessment methods dare sub-

jects of ongoing research.

Computed tomographic scans of the pa-
tients normally are done at 3~ to 4—mm slice
distaices with 30 to 40 images including one
AP topogram. The data are transmitted to the
DISOS planning system with which a non-
technical user can generate individual tem-
plates autonomouslty. The entire computer

based surgical planning session .of approxi-

mately 5 to 10 minutes is subdivided -into
sections for three-dimensional diagnosis,
planning of osteotomies, simulation and bio-
mechanical analysis of the repositioning, and
the specification of appropriate reference
contact faces of the template on bone.t At
the beginning of the planning session the
surgeon selects the type of intervention and
the specific surgical technique. After this se-
lection he or she is guided along the subse-
quent steps of surgical planning according to
established guidelines and handbooks.

To plan an osteotomy, the surgeon defines
a margin of safety of 14 to 20 mm of all cuts
from the acetabulum. The system automati-
cally generates a corresponding periacetabu-
lar safety sphere and automatically constrains
the specification of all three ostegtomies to
be tangential to this sphere (Fig 4A). Thus,
the interactive manipulation and definition of
the osteotomies is facilitated significantly be-
cause only the inclination of the. cut planes
has to be adjusted interactively in the sagittal
and transversé planes, and optimal mobility
of the acetabular fragment is guaranteed. Af-
ter the virtual implementation of the os-
teotomies and avtomatic segmentation of the

acetabulum and the femoral bone, the acetab-
ular fragment éan be manipuiated directly by
the surgeon in the transverse and sagittal
planes, just as it would be done during
surgery (Fig 4B). For gach position, the sys-
tem automatically calculates the resulting an-
terior center edge and lateral center edge an-
gles from the three-dimensional model and

enables three<dimensional analysis of the

coverage of the femoral head. Moreover, the

mobility of the acetabular fragment can be

analyzed to become aware of potential colli-
sions with the surrounding bone structures,
and the possibilities of fixating the fragment
can be assessed. The entire planning session
is documented by the system, and printouts.
of all relevant planning stages and parame-
ters, including the exact angles of the correc-
tion in the sagittal and transverse planes nec-
essary 1o achieve the planned lateral center
edge and anterior center edge angles, can be
provided anfomatically. '

After this planning step, the surgeon de-
cides for which osteotoiies he or she wants to
use a customized tool guide, The pubic cut is
not critical and does not require an individual
template. Clinical trials also have shown that
the ischial osteotomy is facilitated sufficiently
by the preoperative planning step and the in-
traoperative identification of the apprepriate
anatomic landmarks, Nevertheless, individual
templates for the ischial osteotomy can be
manufactured if desired and have beenused in
some clinical cases.’ In contrast, an individ-
ual template always is used for the most criti-
cal iliac osteotomy. As the positioning of the
template already is defined partially after plan-
ning of the osteotomy, the surgeon can be
guided by the system in an efficient and inte-
itive way. He or she uses the three-disien-
sional view to specify the direction of his or
her surgical approach and the desired position
of the template-on the bone, The final step in-
volves the automatic milling of the template.
Then, after 5 to 10 minutes of interactive sur-
gical planning and-10 to 20 minutes automatic
deskiop customization (Fig 4C), the individual
templates can be labeled, packed, and steril-
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Fig 4. Triple pelvic osteotomy: {A) planning of the lHum ostectomy; (B) simulation of the reposition-

ing; (C) DISOS planning station with a deskiop manutacturing unit; (D) the intracperative toolset with'

different individual templates (1), adaptable stainless steel tool guides (2}, and optiona! borie ping
{3y, {E) intraoperative use; and (F} radiographic contral. PC = personal computer,

ized by conventional steam, Because the tem-
plates can be autoclaved to 135°C, they can be
ready for surgery within less than 1 hour after
the transmission of the CT image data.

Data on 24 triple osteotomies collected be-
tween March 1996 and March 1998 are
shown in Table 1. In this group, 11 interven-
tions have been done in the conventional
manner and 13 interventions have been done
using imdividuatl templates. In four cases the
temiplates could not be positioned exactly, Be-
cause of very strong soft tissye, the contact

face between the template and bone that had
been specified during planning the interven-
tion was not accessible without additional re-
section of soft tissue. This problem has been
overcome by a new design of the templates
and the 100l guide. Positioning of the refer-
ence contact face of the iliac template on the
anterior superior iliac spine medial and cra-
nial to the cut plane allows the best agcess to
the bone surface through a less invasive surgi-
cdl approach, After these medifications the
templates conld be positioned appropriately.
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TABLE 1. Triple Osteotomy Interventions March 1996 to March 1998

Number of  Number of Optimal

Failed

Number laterventions Interventions Positioning Positioning
of Without Individual  With individual  of Template of
Year Interventions Templates Templates and Cut* Templates
1996 10 7 3 1 2
1897 10 3 1+6v 5 2
1998 4 1 s 3 o
Total 24 1 18 9 4

“Subjectively assessed by means of radiographs,

“With the new integrated DISOS planning and manufacturing system.,

Intraoperatively the main benefit of pre-
operative planning of individual templates is
avoiding an iterative search of the optimal
cut planes and correction angles under re-
peated radiographic control, better mobility
of the acetabulum; and a shorter time of in-
tervention, The temnplate can be fixed option-
ally by a bone pin or held by the assistant us-
ing a flexible handle (Fig 4D-E). A single
radiograph 15 used to confirm the position-of
the tool guide, after which the osteotomy can
‘be performed with an oscillating saw and op-
tioriaily finished with a chisel (Fig 4F).

In addition to redesigning tempiates for a
more medial approach to the iliac wing, nu-
merous-other changes have been made in the
course of developing the approach described
in this paper. These include modified patient
positioning (lateral énd supine as described
by Téunis et al*!) and the use of a new type
of saw (jigsaw). Only data from interven-
tions that were done under comparable con-
ditions have been considered for additional
analysis. All templates were planned and
manufactired using the new integrated
DISOS station, and all patients have been
operated on by the same surgeon, who had
more than 12 years-experience with this type
of intervention.

In a first analysis of data from 10 inter-
veations of this type collected during an on-
going comparative study between January
1997 and March 1998 (Table 2), the mean ef-
fective time of iniraoperative xray monitor-
ing was reduced by more than 75%, and the

mean time of intervention was reduced by
25% compared with the conventional proce-
dures without individual templates, The ex-
act positioning of the osteotomies resulted in
optimal mobility of the acetabulum, which
could be repositioned according to the
planned values. No additional soft tissue had
o be removed and the periosteum was pre-
served in every case.

DISCUSSION

Although the number of cases has been. too
small to derive reliable statistical data, the
preliminary results are promising. The indi-
vidual template approach represents a rels-
tively simple, low cost, and easy fo use solu-
tion that facililates precise. preoperative
planning and appropriate intraoperative im-
plementation. The conventional infraopera-
tive procedure is preserved and no additional
intraoperative registration  steps, computer-
ized equipment, space, or personnel are
needed. Continual fluoroscopic monitoring
can be avoided, fewer radiographs are needed;
and the ducation of intervention is reduced.
The position of best fit for positioning the
template can be found easily by hand, be-
cause no significant free motion of the tem-
plate should occur while pressing the tem-
plate slightly against the bone. Because of
the structured surface of the templates’ con-
tact faces and the redundancy of the surface
based matching, the templates are suffi-
ciently robust against preparation artifacts
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TABLE 2. Prehmmary Results of the Comparatlve Cnnical Evaluation

10 lnterventlons With Standardized Techmque
-and Boundary Condltiens

Five Interventions With Five Interventions

January 1997 to March 1998 Individual Templates Without Individual Templates
Time of intervention (minutes) 105~130 105-185
Average (minutes) 118 157
Median (minutes) 120 170
Intraoperative radiograph tima (mmutes) 0,06-0.34 0.08~1.45
Average (minutes) 0.15 .65
0.23

Median {minutés) 0.07

(such as small quantities of remaining soft
tissue or small defects in the modeled sur-
face). The periosteum can be preserved.

Ori¢ main drawback of the -approach is
that it depends. on preoperative CT imaging.
Moreover, no percutaneous applications are
possiblé (except in dental or maxillofacial
surgery}. Lamellar contact faces {with ribs or
arrays of pins) could be manufactured to
compensate to a limited extent for remaining
soft tissue.t Biwt as in most sensor based sur-
face registration techniques, the accuracy
and reliability of this technique depends on
the accessibility and appropriate intraopera-
tive identification -of the rigid reference
structures. segmented and modeled in the
preoperative image data.

Future research will be dedicated to the
ongoing clinical evaluation of the demon-~
strator system for pelvic surgery in coeoper-

ation with additional clinical centers. The
benefit for less experienced surgeons and

the influence on the nitervention specific
learning curve will be investigated in more
detail. Because postoperative CT scanning
of patients does not seem justifiable, addi-
tional cadaver studies will be conducted to
obtain more quantitative data on the overall
accuracy of the technique. It is planned to
integrate additional tools into the system (in
particular for hip, kneg, and spine surgery),
magnetic resonatce image processing mod-

ules and enhanced models for effxcxent bio-
mechanical analysis.
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