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METHOD AND A DEVICE FOR COMPUTER
ASSISTED SURGERY

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a method for computer assisted
determination of positioning parameters for positioning of a
medical device relative to a target structure and to a medical
device for use with the method.

The task of placing implants plays a key role in trauma
and orthopedics as well as 1n several other medical disci-
plines. Not only with upcoming minimal nvasive tech-
niques, orientation in anatomical terrain 1s demanding and
requires experience of the operator. Prolonged surgery time
accompanied by intense radiation and poor surgical results
are the consequence. Computer assisted surgery (CAS)
concepts aim at easing surgical handling. They are generally
based on a three step approach where 1n a first step medical
imaging of the region of interest 1s required, secondly a
virtual surgical plan of the operation 1s generated and 1n a
third step the surgeon 1s reliably guided in executing the plan
on the patient. Medical imaging 1s mainly performed by CT
(Computed tomography), MRI (Magnetic resonance imag-
ing) or radiography such as 3D 1socentric scanning. On the
costs of a considerable radiation dose, these technologies
deliver highly defined 3D images for convenient planning
but coniront particularly the smaller clinics with a major
investment. Moreover, 1n many hospitals CT or MRI are
considered as a bottleneck in the clinical worktlow. After the
surgical planning costly and accident-sensitive tracking
devices based on optical, mechanical, electromagnetic or
acoustic principles are required in the operation room to
interlink the patient with the operational plan. This step 1s
called patient registration which 1s currently one of the most
challenging 1ssues in the field of computer aided surgery and
influences significantly the overall accuracy of the surgical
procedure. For tracking of anatomy and implants, reference
bases need to be ngidly and 1n many cases invasively
attached to several relevant elements. This 1s generally
perceived as a time consuming and hindering necessity
during surgery. Hence, a simplified assistance technology
tor reliably and efliciently performing medical interventions
carries potential to significantly improve current surgical
workilows.

2. Description of the Related Art

A computer assisted surgery system and a method for
operating the same 1s known from US-A 2011/213379
BLAU ET AL. This known computer assisted surgery sys-
tem essentially comprises a reference body which can be
positioned 1n relation to an anatomical structure, a detector
device for detecting the position of the reference body 1n
relation to the anatomical structure and a computer suitably
programmed for superimposing the anatomical structure
with a virtual representation of a medical device, e.g an
intramedullary nail, to modify the position of the reference
body and to optimize the virtual position of the medical
device, e.g. the intramedullary nail with respect to the
anatomical structure.
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The reference body can be fixed to a medical tool, e.g. a
bore tool or to an intramedullary nail. The reference body 1s
provided with a plurality of fiducial markers which are
distributed over the reference body so that the position of the
reference body can be determined from a single two-dimen-
sional medical image. Alternatively, the reference body can
be a medical tool having a umique geometry to 1dentify the
position thereof 1n a medical image. In another alternative
embodiment an intramedullary nail can be the reference
body because the intramedullary nail may have a unique
form.

The method for operating the above computer assisted
surgery system comprises the steps of:

a) positioning of a reference body 1in relation to an

anatomical structure;

b) taking a first 2-dimensional medical 1mage at a first
angle, the reference body virtually representing a posi-
tion of a medical device, e.g. an intramedullary nail to
be applied to the anatomical structure;

¢) viewing the image data obtained from the first 2-di-
mensional 1mage on a display device;

d) viewing the anatomical structure with a virtual repre-
sentation of a medical device, e.g. an intramedullary
nail to be applied which 1s superimposed on the 1image
data;

¢) viewing an optimal virtual position of the medical
device, e.g. the intramedullary nail to be applied to the
anatomical structure so as to obtain a best fit with
respect to rules, e.g. a surgical plan for allowable
ranges for applying the medical device, e.g. the
intramedullary nail to the anatomical structure; and

1) modifying the position of the reference body.

One problem associated with the above described com-
puter assisted surgery system and the method of using the
same can be that the position of an implant or a surgical
instrument 1s determined on the basis of a separate reference
body comprising a plurality of markers which has to be
attached to the implant or instrument 1n a defined position.

Furthermore, fiducial markers need a comparatively wide
spreading for adequate tracking. This can be problematic
since the field of view of a conventional C-arm 1s limited and
the space for attachment of the markers 1s restricted. Fur-
thermore, undesired overlapping in the projected medical
image might occur. This wide spreading of the markers or
targets 1s not required when using cylindrical reference
means. Radiopaque markers must be embedded 1nto a radio-
lucent structure like a carbon handle. The fiducial markers
cannot be used e.g. on metallic implants. Producing radio-
lucent means equipped with radiopaque markers 1s more
demanding than drilling holes 1nto existing structures or
even using existing holes.

Thus, there remains a need for an improved method and
device for computer assisted surgery.

BRIEF SUMMARY OF THE INVENTION

It 1s an object of the 1nvention to provide a method and a
medical device permitting to position the medical device
relative to a target structure or to a reference base by means
ol a computer, wherein the medical device comprises one or
more reference means of simple and explicit shape, which
are already present in an 1mplant or mstrument or which can
be easily mcorporated 1n an existing implant or imstrument.

The invention solves the posed problem with a method for
computer assisted determination of positioning parameters
for positioning of a medical device comprising the features
as heremnafter disclosed and claimed and with a medical
device for use with the method comprising the features as
hereinafter disclosed and claimed.
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The advantages of the method for computer assisted
surgery according to the mvention are essentially that:
the advantage of reference markers realized as cylindrical
reference means, €.g. bore holes within radio-opaque
material lies 1n theiwr simplicity. They are easy to
produce, can be incorporated 1in the majority of existing
implants and nstruments with minimal effort and do
not compromise the handling and the surgical work-
flow. No additional reference objects are needed;

rapid and robust object tracking 1s possible by use of
simple and explicit-shapes of the cylindrical reference
means requiring only a few distinct landmarks in an
image for 2D-3D reconstruction;

already existing holes, e.g. drill guide holes in aiming

devices or locking holes 1n an intramedullary nail can
be used as cylindrical reference means;

the required radiography can be reduced to a minimum of

projections;

orientation of the radiographic device 1s not critical with

the only limitation that a projection of the cylindrical
reference means needs to be visible; and

compared to established surgical practice for routine

interventions in a free-hand manner using repeated
fluoroscopy, the medical device according to the inven-
tion increases surgical precision, reduces operational
time and diminishes exposure to radiation of patient
and operating room personnel.

Moreover, known surgical navigation systems use posi-
tion tracking technologies based on optical, electromagnetic
or comparable principles. Reference to a targeted anatomical
structure needs to be established by a work step called
patient registration, interlinking a reference base of the
tracking system with a radiographic image or a CT scan. By
use of the method and device according to the mnvention this
step can be omitted, since object tracking and registration of
anatomical structures are performed by 1image processing of
the same 1mage. A further advantage 1s essentially to be seen
therein that no additional tracking or 1maging equipment 1s
needed despite a conventional C-arm which 1s already
available 1n the majority of clinics. Known surgical work-
flows can be maintained without additional training or
additional qualified stafl. Known surgical navigation sys-
tems provide real-time tracking of spatial movements of
instruments operated in a free-hand manner. The proposed
method and medical device provides rigid guiding of instru-
ments or implants 1n static positions eliminating 1naccura-
cies due to unconstrained manual instrument handling.

As used 1n this application the term “landmark™ has the
meaning of a distinctive feature marking a particular loca-
tion of an object, e.g. detectable anatomical landmarks like
a hole, a vertex, an edge or spherical aspects, e.g. a femoral
head.

The term “C-arm” includes a medical X-ray image inten-
sifier wherein the C-arm encompasses the X-ray source and
an 1mage intensifier, e.g. a fluoroscopic system or an elec-
tronic sensor permitting to display and to process the
obtained medical 1mage on a computer.

The numerical procedure used to determine the position
of the cylindrical reference means with respect to a local
system ol coordinates generally performs the following
steps:

1) detection of all relevant landmarks i1n the medical

1mage;

2) establishment of a virtual representation of the cylin-

drical reference means:
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3) calculation of virtual projection landmarks depending
on the position of the wvirtual cylindrical reference
means; and

4) numerically matching the virtual and actual landmarks
by adjusting the virtual position of the medical device
to derive the true position with respect to the radio-
graphic device.

Thereby, the position of several objects can be determined
in relation to each other and to the anatomy of the patient.
Defined surgical manipulation of the positions may then lead
to a desired positioning of instruments and/or implants.

After calculation of the actual relative position of all
clements, e¢.g. the medical device and the target structure
with respect to each other the situation can be visualized on
a display of a computer.

As used herein, the singular form “a”, “an” and “the” does
not exclude plural references unless the context clearly
dictates otherwise. For example, the term *“a cylindrical
reference means” or “at least one cylindrical reference
means’ or “a medical image™ does not exclude a plurality of
cylindrical reference means or a plurality of medical images.

The medical device may be a surgical instrument, e.g. an
aiming device or an implant, e.g. an mtramedullary nail or
a surgical instrument rigidly attached to an implant.

The target structure may be a further surgical instrument
or an implant, e.g. an intramedullary nail or an anatomical
structure, €.g. a bone comprising characteristic and detect-
able landmarks like a hole, a vertex, an edge or spherical
aspects, e.g. a femoral head.

The reference base may be the operating room, an oper-
ating table, a bone or bone fragment, the patient (non-
invasive to the skin) or a pre-inserted implant. Generally
everything can be used as a reference base which can be
maintamned 1 a static position 1n relation to the target
structure or with, depending on the application, acceptable
relative movement of the target structure.

An additional medical device may be a screw or a pin or
comparable.

Further advantageous embodiments of the method and the
device according to the invention can be described as
follows.

In a special embodiment the method further comprises
betore step C) the step of:

B1) detecting at least a portion of an 1maged target
structure which 1s recetved by a projection of the target
structure into the medical 1image by means of the radio-
graphic device.

In a further embodiment of the method the radiographic
device has an optical axis and a focal point and the method
comprises the additional step of Al) obtaining at least a
second medical image of the medical device and of the target
structure by means of the radiographic device, wherein the
optical axis of the at least one second medical image 1s
adjusted at an angle with respect to 1ts position when
obtaining the first medical 1image.

In a further embodiment the method turther comprises the
step of A2) determining the position of the local system of
coordinates for the at least one second medical 1mage
relative to the position of the local system of coordinates for
the first medical 1image.

In another embodiment of the method a 2D-3D recon-
struction 1s obtained from the at least one second medical
image and the first medical image.

The spatial position of the medical device relative to the
target structure can only be calculated from a single medical
image 1f at least one constrain 1s known (e.g. the distance
between the target structure and the medical device) 1s
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known which 1s the case 1n e.g. distal locking of an
intramedullary nail. If the distance between the target struc-
ture and the medical device 1s not known at least a second
medical 1image from a different view angle 1s necessary.
Assuming that during acquisition of these at least two
medical images the cylindrical reference means has not been
moved, and both, the cylindrical reference means and the
target structure are visible on the medical images the local
system of coordinates for the first medical image and the one
for the second medical 1image can be related to each other
and the spatial position of the target structure can be
obtained.

Preferably, the medical image includes a projection of at
least a portion of the medical device including the cylindri-
cal target and of at least a portion of the target structure.

In a further embodiment of the method the medical device
1s attached to the target structure or to a reference base 1n a
first static position of the medical device relative to the target
structure.

Preferably, the numerical procedure comprises the use of
a virtual geometric representation of the cylindrical refer-
ence means.

In yet another embodiment of the method the cylindrical
reference means 1s 1n a fixed position relative to the medical
device.

In another embodiment of the method the detection of an
imaged target structure 1s performed by using a first set of
digital data. The first set of digital data may define a
geometric representation or approximation of the target
structure or of a specific aspect of the target structure.

In a further embodiment of the method the desired second
position of the medical device relative to the target structure
and/or the virtual geometric representation of an additional
medical device 1s retrieved from a second set of digital data
using the computer. The second set of digital data may be a
data set defining a surgical plan or/and a data set defining a
desired position of the medical device relative to the target
structure only.

In again a further embodiment the method further com-
prises the step of determining the relation between the
position of the local system of coordinates for the at least
one second medical image and the position of the local
system of coordinates for the first medical image in a global
system ol coordinates fixed to a set of cylindrical reference
means.

In another embodiment of the method the target structure
comprises an implant.

In another embodiment of the method the target structure
comprises an anatomical structure.

In again another embodiment of the method the target
structure comprises an instrument, tool and/or a further
medical device comprising a cylindrical reference means.

In a further embodiment of the method the additional
medical device comprises an implant, e.g. a bone screw, an
instrument, a tool and/or a further medical device.

In a further embodiment of the method further comprising,
betfore step A) the step:

positioning of a radiographic device with an optical axis,

a focal point and an 1mage sensor with an 1mage field
relative to the medical device and the target structure so
that at least a portion surrounding the cylindrical ref-
crence means of the medical device and a relevant
portion of the target structure are projectable into the
image field of the image sensor.

In another embodiment of the method the first set of
digital data 1s pre-operatively stored on a data storage of the
computer.
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In yet another embodiment of the method the second set
of digital data 1s pre-operatively stored on a data storage of
the computer. The second set of digital data can comprise a
surgical plan of an osteosynthetic or orthopedic treatment
including desired relative positions of the medical devices
and/or target structures involved 1n the surgical plan.

In a further embodiment the method additionally com-
prises the step of transmitting the values of the correction
parameters to a robotic positioning device.

In again another embodiment the method comprises the
additional step of positioning the medical device in the
desired second position relative to the target structure by
means ol the robotic positioning device.

In another embodiment the method comprises before step
A) the steps of:

providing a medical device comprising a cylindrical ret-
erence means, wherein the cylindrical reference means
has a different density than the surrounding material of
the medical device, a longitudinal axis, a height h and
a centre; and

attaching the medical device to a target structure or to a
reference base 1n a first static position relative to the
target structure.

In another embodiment the method further comprises the

step of:

planning the desired second position for the medical
device relative to the target structure and storing the
planned second position as a second set of digital date
on the data storage of the computer.

In another embodiment the method comprises the addi-

tional step:

displaying the wvalues of the correction parameters
between the actual first position and the desired second
position of the medical device relative to the target
structure on a display of the computer.

In a further embodiment the method comprises the further
step of manually positioning the medical device in the
desired second position relative to the target structure,
preferably by using the displayed values of the correction
parameters.

In again a further embodiment the method comprises the
turther step of positioning the medical device in the desired
second position relative to the target structure by using
mechanically adjustable devices and by using the displayed
values of the correction parameters.

In another embodiment of the method the detection of at
least a portion of an imaged target structure which 1is
received by a projection of the target structure into the
medical 1mage by means of the radiographic device 1s
automatically performed.

In another embodiment of the method the desired second
position of the medial device relative to the target structure
and/or the virtual geometric representation of an additional
medical device 1s automatically retrieved from a second set
of digital data stored on the data storage of the computer.

In another embodiment of the method the first set of
digital data defines a geometric representation or approxi-
mation of the target structure or of a specific feature of the
target structure.

In a further embodiment of the method the numerical
procedure essentially comprises the steps of:

1) automatic detection of a lens-shaped projection of a
circular cylindrical reference means 1n the medical
image and determination of the two points of 1ntersec-
tion and the first and second apex of the lens-shaped
projection of the cylindrical reference means;

-
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11) generating a virtual geometric representation of the
cylindrical reference means with the diameter d, the
longitudinal axis, the centre and the height h;

111) determining the virtual projection points representing,
the two points of intersection and the first and second
apex using the virtual geometric representation of the
cylindrical reference means; and

1v) 1terative determination of the position and orientation
of the cylindrical reference means by matching the
virtual projection points of the virtual geometric rep-
resentation of the cylindrical reference means with the
two points of mtersection and the first and second apex
of the lens-shaped projection.

Preferably, the virtual geometric representation includes
values for the height h, the diameter d and the position of the
centre of the cylindrical reference means.

In another embodiment the device further comprises an
attachment means permitting to attach the medical device to
a target structure or to a reference base.

In another embodiment of the device the reference base 1s
statically constrained with respect to the target structure.

In another embodiment the device comprises a guiding
structure to receive and guide a surgical tool or implant. A
surgical tool or implant can be a drill bit, a screw, guide wire,
a screw driver, a tap, a scalpel, a cannula or comparable or
any other object to be positioned within the patient’s body
along a specified path.

In again another embodiment of the device the guiding
structure 1s positioned 1n a fixed position with respect to the
cylindrical reference means.

In a further embodiment of the device the guiding struc-
ture 1s positionable 1n a desired position with respect to the
cylindrical reference means.

In another embodiment the device comprises a mechani-
cal means for manually repositioning the medical device
relative to the target structure or a reference base with
respect to at least one degree of freedom. This mechanical
means can be:

a mechanism for translational and/or rotational adjust-
ment to be operated by a set-screw or a slider from a
first state to a second state;

a flexible and lockable mechanical means like a flexible
arm allowing an adjustment with respect to six degrees
of freedom and a rigid fixation in a specific position;

a 1Irictionally engaging connection, e.g. between an
intramedullary nail and a bone enabling a maintenance
of a static position between two members against
external forces while at the same time allowing a
mampulation of the position by exceeding the static
frictional forces.

In another embodiment of the device the medical device
1s suitable to recerve one or more additional medical devices
to match a desired plan without repositioning the medical
device itsell. For example used for anatomical plating e.g.
bone plates, screw lengths and/or screw orientation.

In a further embodiment of the device the actual first
position of the medical device 1s indicated on at least one
mechanical or digital scale. For example a mechanical
rotational or translational scale attached to the medical
device or a scale printed on an adhesive label stuck to the
skin of the patient.

In a further embodiment of the device the actual first
position of the medical device 1s transierred to the computer
by wire connection or wireless transmission.

In another embodiment of the device the medical device
additionally comprises a radiopaque structure visible 1n
X-ray projections. The radiopaque structures can be aligned
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with virtual geometric representations of the radiopaque
structures projected into the X-ray image.

In another embodiment the device comprises computer
controlled actuators to position the medical device relative
to the target structure in the desired second position.

In again another embodiment of the device the medical
device comprises a surgical tool, preferably an aiming
device. The aiming device can be attached to a reference
base such as an 1mplant, a bone, an operating table or to the

skin of the patient or comparable.

In another embodiment the device the medical device
comprises an isertion handle attachable to an implant.

In yet another embodiment the medical device comprises
an orthopedic or osteosynthetic implant, e.g. an intramed-
ullary nail.

In a further embodiment the medical device comprises a
plurality of cylindrical reference means, preferably two or
three cylindrical reference means 1n a known position with
respect to each other. In case of circular cylindrical reference
means at least a second circular cylindrical reference means
1s necessary to determine the position of an object with
respect to six degrees of freedom. Furthermore, known
distances between target centre points can be used to
increase the accuracy of determining the position n a
direction normal to the projection plane, particularly when
using perspective projection.

In a further embodiment of the device all cylindrical
reference means are equally sized. Preferably, the longitu-
dinal axes of all cylindrical reference means are parallel. A
configuration with equally sized cylindrical reference means
and/or an arrangement with parallel longitudinal axes con-
figuration 1s easy to produce and allows for the largest
possible corridor of view angles ensuring that all cylindrical
reference means are visible 1n the medical images.

In another embodiment of the device the longitudinal axes
of the cylindrical reference means are arranged at an angle
with respect to each other in a defined manner. Preferably,
the ratios of the height h to the diameter d of the cylindrical
reference means are different. A arrangement of the cylin-
drical reference means with angled longitudinal axes and/or
a configuration of the cylindrical reference means with
different ratios h/d allows a unique allocation of each of the
cylindrical reference means from its projection and elimi-
nates the risk of numerical procedures converging to local
minima and therefore to wrong solutions during iteratively
matching virtual and actual projection landmarks.

The device according to the mvention 1s preferably suit-
able for placement of an intramedullary hip implant.

The device according to the invention can be suitable for
anatomical fracture reduction, particularly for adjusting
rotational misalignment of fractured long bones.

The device according to the invention can be suitable for
distal interlocking of intramedullary nails.

The device according to the mvention can be suitable for
anatomical plating of a bone, particularly of the proximal
humerus.

The device according to the mvention can be suitable for
insertion of bone screws.

A BRIEF DESCRIPTION OF THE DRAWINGS

Several embodiments of the invention will be described in
the following by way of example and with reference to the
accompanying drawings 1n which:

FIG. 1 illustrates a schematic perspective view of an
embodiment of the device according to the ivention;
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FIG. 2 1llustrates a perspective view of a further embodi-
ment of a medical device used with an embodiment of the

method according to the mvention;

FI1G. 3 1llustrates a perspective view of the embodiment of
a medical device used with the embodiment of the method
according to the invention of FIG. 2 with calibration bolts
inserted;

FIG. 4 1llustrates a perspective view of a further embodi-
ment of a medical device of FIG. 3 used with various
embodiments of the method according to the invention;

FIG. 5 1illustrates a perspective view ol another embodi-
ment of a medical device used with an embodiment of the
method according to the mnvention;

FIG. 6 illustrates a perspective view of again another
embodiment of a medical device used with an embodiment
of the method according to the invention;

FIG. 7 illustrates a perspective view of yet another
embodiment of a medical device used with a further embodi-
ment of the method according to the mvention;

FIG. 8 illustrates a perspective view of again another
embodiment of a medical device according to the invention;

FIGS. 9a and 9b illustrate schematic representations of
turther embodiments of a medical device according to the
invention; and

FIG. 10 1llustrates a schematic view of a central perspec-
tive ol a circular cylindrical reference means used 1n each
embodiment of the medical device according to the mnven-
tion.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

Brief Description of the General Clinical Procedure

An mmplant, e.g. an intramedullary nail 110 and/or 1nstru-
ment equipped with cylindrical reference means 16,
¢.g. bore holes will be roughly placed with respect to
the anatomy of the patient;

The current situation will be statically captured by taking
a mimimum of one medical 1image 50 with a conven-
tional radiographic device 20 available 1n the operation
room, e¢.g. a C-arm. The C-arm can be arbitrarily
oriented under the condition that all relevant cylindrical
reference means 16 and the relevant anatomy are
visible 1n the medical image 50;

The one or more medical 1images 50 will then be pro-
cessed by a specific algorithm including the numerical
procedure according to the imvention to derive the
spatial information of all relevant elements (1nstru-
ments, 1mplants, anatomy). The algorithm and the
numerical procedure can either be implemented on the
radiographic device or on an external computer con-
nected to the C-arm. Non-sterile operation room statt,
¢.g. an X-ray technician can operate the solftware;

Planning of the desired implant position will be per-
formed on the basis of the taken medical images 50
during the operation. Planning can be performed manu-
ally or automatically by image processing algorithms.

The required repositioning of the elements relative to each
other will then be calculated:;

To reposition and guide the elements according to the
plan, the following approaches are possible:

a) Passively guided. The software displays the required
correction values on a display unit. The surgeon
adjusts a mechanical aiming device accordingly.
According to the static nature of the method accord-
ing to the invention the medical images of the actual
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situation will be captured, required adjustments will
be calculated to match a desired surgical plan; or

b) Image guided. The software displays guiding land-

marks on the display unmit. The surgeon manually
matches projections of structures on the instrument
or 1mplant with the guiding landmarks under
repeated fluoroscopic control; or

¢) Actively gmided. The correction values are sent to a

robotic positioning device adjusting the instrument
and/or implant automatically. The principle of an
actively guided system differs from a passively
guided solution therein that actuators automatically
perform re-positioning according to the calculated
values of the correction parameters. Particularly, 1n
complex applications where several degrees of free-
dom need to be adjusted, inaccuracy and potential
mal-operation by the surgeon may be avoided;

A control 1mage 1s taken and a control calculation 1is
executed to confirm the desired alignment of the 1nstru-
ments, implants and/or anatomy; and

The surgical intervention 1s subsequently performed by
the surgeon.

The processing of the one or more medical images 50 can

include:
determining an actual first position of the medical device
1 with respect to a local system of coordinates 24 fixed
with the radiographic device 20 by calculating the
position of the cylindrical reference means 16 with
respect to the local system of coordinates 24 by means
of a numerical procedure using a computer 32 and the
medical image 50;
detecting at least a portion of an 1maged target structure
which 1s received by a projection of the target structure
10 into the medical image 50 by means of the radio-
graphic device 20, wherein the detection of an 1maged
target structure 10 can be performed by using a first set
of digital data. The first set of digital data may define
a geometric representation or approximation of the
target structure or of a specific aspect of the target
structure that can be used as a template. This first set of
digital data can be pre-operatively stored on a data
storage ol the computer 32 permitting to automatically
or semi-automatically perform the detection of at least
a portion of an 1imaged target structure; and

calculating the actual first position of the medical device
1 relative to the target structure 10 by using the
computer 32.

Planning of the desired implant position on the basis of
the taken medical images 50 can include the step of retriev-
ing a desired second position of the medical device 1 relative
to the target structure 10 and/or retrieving a virtual geomet-
ric representation of an additional medical device 3, e.g.
bone screw 750 using the computer 32. Thereby, the desired
second position of the medical device 1 relative to the target
structure 10 and/or the virtual geometric representation of an
additional medical device 3 can be retrieved from a second
set of digital data using the computer 32. This second set of
digital data can be pre-operatively established and stored on
a data storage of the computer 32 and can include a surgical
plan of an osteosynthetic or orthopedic treatment including
desired relative positions of the medical devices 1 and/or
target structures 10 and/or a virtual geometric representation
of an additional medical device 3 mvolved in the surgical
plan. This allows to retrieve the desired second position of
the medial device 1 relative to the target structure 10
automatically or semi-automatically from the second set of
digital data stored on the data storage of the computer 32.
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The calculation of the required repositioning the elements
relative to each other can comprise the step of calculating
values of correction parameters between the actual first
position and the desired second position of the medical
device 1 relative to the target structure 10 and/or values
defining a desired position of the additional medical device
3 relative to the medical device 1 by means of the computer
32. After calculation of the actual relative position of all
clements with respect to each other the situation can also be
visualized on the display 33 of the computer 32 1n addition
to the correction parameters.

The various steps of the method according to the inven-
tion as well as combinations thereof will be described in
more detail in the below examples 1 to 5.

FIG. 1 1llustrates an embodiment of the device according,
to the invention including a radiographic device 20, a
computer 32 which 1s electronically connected to the radio-
graphic device 20 and a medical device 1 comprising a
cylindrical reference means 16. The computer 32 1s pro-
grammed to perform the method steps according to the
invention. The cylindrical reference means 16 has a different
density than the surrounding material of the medical device
1, a longitudinal axis 18, a height h, a diameter d and a centre
47 (FIG. 10). The computer 32 comprises a display 33
permitting to indicate one or more digital scales to display
values of correction parameters between the actual first
position and the desired second position of the medical
device 1 relative to the target structure 10 and/or values
defining a desired position of the additional medical device
3 relative to the medical device 1. The medical device 1 can
be configured as an aiming device 7 as described below with
reference to FIGS. 2 and 3. The target structure 10 comprises
an intramedullary nail 110 having a distal end including
interlocking holes 111. The radiographic device 20 defines a
local system of coordinates 24 and comprises an optical axis
21, a focal point 22 and an 1image sensor 23 with an 1image
field 25.

In FIGS. 2 and 3 a medical device 1 1s 1llustrated which
1s configured as an aiming device 7 for use in distal locking
of and intramedullary nail 110 (FIG. 1). The medical device
1 essentially comprises a guide body 200 arranged at one
end of the medical device 1 which can include three cylin-
drical reference means 16 and a plurality of guiding struc-
tures 5 which can be configured as guide holes penetrating
the guide body 200. At the other end of the medical device
1 an attachment means 2 in the form of an adapter 1s
arranged. By means of the attachment means 2 the medical
device 1 can be attached to a target structure 10, 1n particular
to an mtramedullary nail 110 (FIG. 1) or to a reference base
like an operating table. Between the attachment means 2 and
the guide body 200 which includes the cylindrical reference
means 16 a mechanical means 6 1s arranged permitting to
manually reposition the guide body 200 of the medical
device 1 relative to the intramedullary nail 110 (FIG. 1)
which forms the targeting structure 10. The mechanical
means 6 comprise a mechanism including a scale 9 for
translational adjustment of the guide body 200 and a flexible
and lockable arm comprising a plurality of articulations to
permit an adjustment of the medical device 1 with respect to
s1x degrees of freedom and a rigid fixation in a desired
position. As 1llustrated in FIG. 3 calibration bolts 13 can be
inserted 1n the guding structures 5 which permit a pre-
calibration to a specific implant such as an intramedullary
nail 110 (FIG. 1) before surgery. The guiding structure 3 can
be positioned 1n a fixed position with respect to the cylin-
drical reference means 16.
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FIG. 4 illustrates a medical device 1 for general implant
insertion procedures like drilling a hole and screw 1nsertion
with respect to an anatomical structure forming the target
structure 10 (not shown). The medical device 1 essentially
comprises a guide body 200 arranged at one end of the
medical device 1 which includes a plurality cylindrical
reference means 16 and one or several guiding structures 3
which can be configured as guide holes penetrating the guide
body 200. At the other end of the medical device 1 an
attachment means 2 1n the form of an adapter 1s arranged. By
means of the attachment means 2 the medical device 1 can
be attached to a target structure 10 or to a reference base like
an operating table. Between the attachment means 2 and the
guide body 200 which includes the cylindrical referenc
means 16 a mechanical means 6 1s arranged permitting to
manually reposition the guide body 400 of the medical
device 1 relative to a targeting structure 10. The mechanical
means 6 comprise a mechanism including a scale 9 permit-
ting an adjustment of the guide body 200 with two or three
rotational degrees of freedom and a flexible and lockable
arm comprising a plurality of articulations to permit an
adjustment of the medical device 1 with respect to six
degrees of freedom and a rigid fixation 1n a desired position.
The mechamsm including the scale 9 can comprise a
radiopaque structure 14 in the form of a radiopaque ring or
the spherical guide body 200 can be radiopaque permitting
to track the translational positioning of the guiding structure
5 relative to a target structure 10 (not shown) by repeated
fluoroscopy. Guiding landmarks like a targeting circle (not
shown) may be projected into the X-ray image to ease the
translational positioning procedure. Alternatively, the medi-
cal device 1 can comprise computer controlled actuators to
position the medical device 1 relative to the target structure
10 in the desired second position. The position of the
medical device 1 can be transferred to the computer by wire
connection or wireless transmission.

FIG. 5 1llustrates an embodiment of the medical device 1
for controlled placement of a hip screw 310 or blade into the
center of a femoral head 520. Before mserting the hip screw
510 the medical device 1 can be adjusted in two degrees of
freedom, namely the insertion depth of the intramedullary
nail 110 and the rotation about the axis of the intramedullary
nail 110. The medical device 1 can essentially comprise a
combination of an insertion handle 8 and an intramedullary
hip 1mplant including an intramedullary nail 110 and a hip
screw 310. The 1nsertion handle 8 comprises an attachment
means 2 at one end permitting an attachment of guiding
structures 5 (not shown) and surgical instruments, a plurality
of cylindrical reference means 16 and mechanical means 6
permitting to reposition the medical device 1 relative to a
target structure 10 formed by the femoral head 3520 rota-
tionally and coaxially with respect to the axis of the
intramedullary nail 110. The medical device 1 comprises a
scale 9 to read the rotational and translational repositioning
of the intramedullary nail 110 with respect to the target
structure 10. Pins 550 for a temporary fixation of the scale
clement 9 to the bone are arranged at the terminal end of the
mechanical means 6.

Another embodiment of the medical device 1 for a
controlled placement of an intramedullary nail 110 as
described with reference to FIG. 5 1s illustrated 1n FIG. 6.
The medical device 1 can essentially comprise a combina-
tion of an 1nsertion handle 8 and an intramedullary nail 110.
The insertion handle 8 comprises an attachment means 2 at
one end permitting an attachment of guiding structures 5
(not shown) and surgical instruments, a plurality of cylin-
drical reference means 16 and mechanical means 6 permait-
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ting to reposition the medical device 1 relative to a target
structure 10 formed by the femur rotationally and coaxially

with respect to the axis of the intramedullary nail 110. The
mechanical means 6 comprises a Irictionally engaging con-
nection between the mtramedullary nail 110 and the target
structure 10 formed by the bone (not shown) enabling a
maintenance of a static position between the medical device
1 and the target structure 10 against external forces while at
the same time permitting a manipulation of the relative
position by exceeding the static frictional forces. The scale
9 1s attached to the bone to indicate the relative rotational
and translational repositioning of the intramedullary nail 11
with respect to the bone. A pin 650 for a temporary fixation
ol the scale 9 to the bone 1s attached to the scale 9.

FIG. 7 illustrates a further embodiment of the medical
device 1 for controlled positioning of a plate implant 710, at
the example of a proximal humerus fracture fixation. Ideal
screw lengths for angular stable locking bone screws 750
can be determined with respect to the actual position of the
medical device 1 relative to the humeral head 720 forming
the target structure 10 by using an embodiment of the
method according to the invention. The medical device 1 1s
formed by an isertion handle 8 and a humerus plate 711.
The mnsertion handle 8 comprises a guiding structure S for
surgical instruments and implants (or permits attachment of
a guiding structure 5) at one end, a plurality of cylindrical
reference means 16 and a coupling member 760 for coupling
the 1nsertion handle 8 to the humerus plate 711. The humeral
plate 711 can be temporarily clamped to the humerus to
maintain the actual position of the medical device 1 relative
to the humeral head 720. The medical device 1 1s configured
to receive one or more additional medical devices 3 which
are configured as bone screws 750. By applying an embodi-
ment of the method according to the invention the screw
length of the bone screws 750 can be determined by using
values defining a desired position of the additional medical
devices 3 relative to the medical device 1, namely the
insertion depth of the bone screws 750 calculated by means
of the computer 32.

FI1G. 8 1llustrates an embodiment of the medical device 1
consisting ol an orthopedic or trauma 1mplant, e.g. a femoral
hip 1implant comprising a plurality of cylindrical reference
means 16 for tracking purposes. The position of the medical
device 1 relative to a bone or relative to a further medical
means such as an acetabular cup forming the target structure
10 can be determined by using the cylindrical reference
means 16 of an embodiment of the method according to the
invention.

FIG. 9a schematically illustrates a medical device 1
comprising an attachment means 2 for attachment to a target
structure 10 (not shown) or to a reference base and three
cylindrical reference means 16 which are equally sized and
the longitudinal axes 18 of which are parallel. FIG. 9b
schematically 1illustrates a medical device 1 comprising an
attachment means 2 for attachment to a target structure 10
(not shown) or to a reference base and three cylindrical
reference means 16 the longitudinal axes 18 of which are
arranged at an angle with respect to each other in a defined
manner and which have diflerent ratios of the height h to the
diameter d of the cylindrical reference means 16.

Example 1: Placement of an Intramedullary Hip
Implant

Intramedullary hip implants are frequently used for treat-
ment of proximal femur fractures. An intramedullary nail
110 1s inserted into the intramedullary channel of the femur

10

15

20

25

30

35

40

45

50

55

60

65

14

and a hip screw 3510 or blade 1s inserted through the
intramedullary nail 110 into the femoral head 520 (FIG. 5).
Particular 1n porotic bone, accurate placement of this hip
screw 510 1s important for stable fixation. To achieve
positioning 1n the center of the femoral head 520, current
practice involves repeated radiology i two orthogonal
planes. Position of the intramedullary nail 110 can be
adjusted 1n two degrees of freedom, namely the nail inser-
tion depth and the rotation about the nail axis.

To simplity this procedure the medical device 1 according
to the invention comprises an 1mplant or a nail insertion
handle 8 with cylindrical reference means 16. From two
oblique (not necessarily orthogonal) X-ray images display-
ing the projections of the cylindrical reference means 16 as
well as the projection of the femoral head 520 (approxi-
mated as periect sphere) the spatial position of the femoral
head 520 1s derived with respect to the intramedullary nail
110. Correction values for adjustment of the nail 1nsertion
depth and for the nail rotation to achieve a central position
of the hip screw 510 inside the femoral head 3520 are
depicted on a display 33 of a computer 32. In addition the
current position of all relevant elements with respect to each
other can be visualized on the display 33 as well. A reference
scale 9 according FIG. 5 of FIG. 6, showing the actual
position of the implant and the performed adjustment of that
position, 1s temporarily attached to the proximal femur 520.
After adjusting the implant position according to the values
of the correction parameters the standard surgical procedure
can be performed.

Example 2: Anatomical Fracture Reduction:
Adjusting Leg Rotation

A common complication after intramedullary nailing of a
long bone 1s malrotation of the mjured limb. A bone frag-
ment can Ireely rotate about the axis of an mtramedullary
nail 110. For the operator it 1s difhicult to define the ana-
tomical orientation of this fragment from a plamn X-ray
projection.

The method and device according to the invention allow
adjusting for example the orientation of a distal femur
fragment with respect to the proximal femur fragment belfore
locking the intramedullary nail 110 into place. A medical
device 1 according to FIG. 2 without the need for gmiding
structures 5 or mechanical means 6 1s rigidly attached to the
insertion handle 8 of a femur mtramedullary nail 110 with
known orientation between medical device 1 and the
intramedullary nail 110. The medical device 1 can be a rigid
arm with cylindrical reference means 16 attached to a handle
8. Preferably, a medical device 1 according to FIG. 2 1s used
because 1t can be used for distal interlocking of the intramed-
ullary nail 110 as well. Performing the method according to
the invention by taking 1 or 2 medical images 50, e.g. X-rays
and 1dentifying the posterior-most aspects of the medial and
lateral condyles as target structures 10 1n the medical images
50 allows calculation of the orientation of the distal femur
with respect to the intramedullary nail 110. One medical
image 30 1s suflicient if assuming a standardized distance
between both condyles. Two medical images 50 are required
if this distance shall be measured during the procedure. The
known orientation of the intramedullary nail 110 waith
respect to femoral head 3520, known for example from
proximal locking as described 1n example 1, allows calcu-
lating the current anteversion of the femur. The anteversion
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can then be corrected by manually rotating the leg of the
patient and the procedure can be repeated until a desired
anteversion 1s 1nstalled.

Example 3: Distal Interlocking of Intramedullary
Nails

Locking an intramedullary nail 110 distally 1n place 1s
difficult since the intramedullary nail 110 detlects inside the
intramedullary channel. The position of the distal interlock-
ing holes 111 (FIG. 1) cannot be predicted from the outside
for reliably drilling and inserting the transverse locking
bolts.

The method and device according to the invention permits
to solve the above problem by use of a medical device 1
according to FIGS. 2 and 3 rigidly attached to an insertion
handle 8 of an mtramedullary nail 110 analog to example 2.
In addition the medical device 1 comprises guiding struc-
tures 5 matching with the interlocking pattern of the
intramedullary nail 110 to receive and guide a drill-bit and
an 1nterlocking bolt. Furthermore, the medical device 1
allows defined mechanical adjustment 1n two degrees of
freedom, namely two translations in a plane normal to the
drilling axis or one translation and one rotation about an axis
parallel to the drilling axis. Since the distance between the
medical device 1 and the mntramedullary nail 110 1s known,
a single medical image 50 1s suflicient to calculate the
alignment between the interlocking holes 111 and the medi-
cal device 1 by automatically 1dentifying the center of the
projection of the mterlocking hole 111 in the medical image
50 as a target structure 10. Two correction values are
calculated by the system according to the installed degrees
of freedom on the medical device 1. After executing these
corrections drilling and inserting interlocking bolts can be
performed.

Opposed to the advantages of simplifying a technically
demanding procedure and reducing the required net X-ray
exposure to a single X-ray, the disadvantage of this solution
can be seen 1n the fact that it relates to a specific nail family.
Several medical devices 1 need to be realized for several nail
designs. Another embodiment of the medical device 1
according to the mvention targets universal use for a variety
of intramedullary nails 110. The medical device 1 comprises
mstrument guding structures 5 for various interlocking
patterns and allowing adjustment in one translational or
rotational degree of freedom transverse to the nail axis in a
plane normal to the drilling axis. Furthermore the medical
device 1 1s configured as an aiming device 7 and comprises
as a mechanical means 6 a flexible and lockable arm with an
attachment means 2 configured as an adapter section allow-
ing attachment to various nail insertion handles 8. Before an
intramedullary nail 110 1s 1nserted into a bone, the medical
device 1 1s pre-calibrated by attaching 1t to the insertion
handle 8, placing calibration bolts 13 (FIG. 3) with known
length through the guiding structures 5 1nto the correspond-
ing interlocking holes 111, locking the flexible arm 1n that
position and removing the medical device 1 from the
intramedullary nail 110. After implantation of the intramed-
ullary nail 110, the medical device 1 1s reattached and a
single image 50 1s acquired and processed according to the
method according to the invention. To compensate nail
bending 1nside the intramedullary channel, a single correc-
tion value will be calculated and depicted on a display 33 of
a computer 32. The medical device 1 will be adjusted
accordingly using the mechanical means 6. Afterwards drill-
ing and screw insertion can be sately performed.
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The described procedures 1n examples 1-3 may be com-
bined to assist an entire nailing procedure from a) proximal
locking over b) anatomically adjusting the reduction of the
fracture to c¢) distal interlocking. It appears furthermore
reasonable to combine steps b) and c¢). A single medical
device 1 and a single medical image 30 displaying the
cylindrical reference means 16 of the medical device 1, the
interlocking hole(s) 111 of the intramedullary nail 110 and
the distal femur condyles 1s suflicient to define both, ana-
tomical orientation of a distal femur fragment and alignment
between drill and the interlocking hole(s) 111.

Example 4: Anatomical Plating of the Proximal
Humerus

Particularly for fracture fixation at the proximal humerus
accurate placement of fixation elements 1s of utmost 1mpor-
tance. Especially in porotic bone, bone stock 1s limited and
fixation failure 1s likely to occur. Screws should be placed
close to the cortex which carries a risk for penetration of the
screws 1nto the articulation.

The method and device according to the invention permits
to solve the above mentioned problem by use of a medical
device 1 according to FIG. 7 comprising an insertion handle
8 equipped with a plurality of cylindrical reference means 16
and a plate implant 710 rigidly attached to said insertion
handle 8. Through a standard surgical approach the plate 711
1s positioned with respect to the proximal humerus and
temporarily clamped 1n 1ts current position. From a mini-
mum ol two oblique (not necessarily orthogonal) X-ray
images displaying the projections of the cylindrical refer-
ence means 16 as well as the projection of the humeral head
(at least partially approximated as periect sphere) the spatial
position of the humeral head 720 1s derived with respect to
the plate 711. The number of oblique X-rays may be
increased 1n order to enhance the approximation of the
humeral head. Since the positions and directions of the
angular stable locking screws 750 to be inserted into the
plate body to fix the proximal humerus fragment, are known,
penetration points of the screw direction vectors with the
approximation ol the humeral head can be calculated.
Respective screw lengths aiming at approaching the sub-
chondral bone without penetrating into the joint are calcu-
lated and depicted on a display. The actual alignment
between the elements can be visualized on a display at the
same time. The surgeon has the choice to accept the current
alignment and screw configuration or may reposition the
plate and perform the described procedure again until an
acceptable alignment 1s installed.

Example 6: General Solution for Screw Insertions

A generic approach according to the invention for nsert-
ing and using surgical implants and instruments like screws,
guide-wires, drill-bits or comparable items along a pre-
defined path inside an anatomical structure 1s described 1n
the following.

A medical device 1 e.g. according to FIG. 4 1s attached to
a reference base such as an operation table or a bone part of
the patient. A minimum of two oblique (not necessarily
orthogonal) X-ray images displaying the projections of the
cylindrical reference means 16 attached to the medical
device 1 as well as the projection of a targeted anatomical
structure, such as the sacroiliac joint 1 the pelvis or a
vertebral body 1n the spine, are taken. The desired implant
or instrument path 1s manually indicted by the surgeon 1n all
images by digitally placing a line in the X-rays. By use of
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the method according to the invention the spatial orientation
and position of the target path 1s calculate with respect to the
medical device from the 1mages. Translational and/or rota-
tional correction parameters are provided by the system in
order to align the guiding structure of the medical device
with the desired target path. Translational and rotational
degrees of freedom may be realized in various manners, for
example the medical device may comprise a sphere as guide
body which allows controlled rotational adjustment in two
degrees of freedom. Translational adjustment may be per-
formed under repeated fluoroscopy by repositioning the
guide body and matching the projection of the guide body
with a target circle projected into the X-ray image. The
surgical intervention can be performed when alignment
between guiding structure and virtual target path 1s achieved.

FI1G. 10 illustrates the steps performed for determining the
position of a circular cylindrical reference means 16 1n a
medical device 1. Said circular cylindrical reference means
16 can be configured as a bore hole so that the cylindrical
reference means 16 has a lower density than the surrounding
material of the medical device 1. The cylindrical reference
means 16 has a longitudinal axis 18, a diameter d, a height
h and a centre 47. In particular said steps comprise:

A) acquiring one single medical image 50 (schematically
illustrated 1n the drawing plane of FIG. 6) with a lens-shaped
projection 42 of the cylindrical reference means 16 by
means of a radiographic device 20 including an i1deally
punctual energy emitting source 29 with a central ray 26 and
a receiving device with an 1image sensor 23 which 1s elec-
tronically connected to a computer 32 with a display 33. The
angulation range between the central ray 26 and the longi-
tudinal axis 18 of cylindrical reference means 16 1s restricted
in a way that a projection 42 of the cylindrical' reference
means 16 must be visible on the medical 1image 50;

B) determining the position and orientation of the cylin-
drical reference means 16 from said single medical image 50
using a numerical procedure executed with said computer
32, wherein said numerical procedure essentially comprises
the steps of:

a) automatic detection of said lens-shaped projection 42

of said cylindrical reference means 16 1n said medical

image 50 and determination of the projection points of

the two points of intersection 35, 36 and the first and

second apex 37, 38 of said lens-shaped projection 42 of

said cylindrical reference means 16;

b) generating a virtual geometric representation of said
cylindrical reference means 16, with said diameter d,
said longitudinal axis 18, said centre 47 and said height
h;

¢) determining virtual projection points representing said
two points ol intersection 35, 36 and said first and
second apex 37, 38 using said virtual geometric repre-
sentation of said cylindrical reference means 16
depending on the orientation and position of the virtual
geometric representation of the cylindrical reference
means 16;

d) iterative determination of the position and angular
ortentation of said cylindrical reference means 16 by
matching said virtual projection points of said virtual
geometric representation of said cylindrical reference
means 16 with said two points of intersection 335, 36
and said first and second apex 37, 38, wherein said

cylindrical reference means 16 has three degrees of

freedom:

a position 7 on the z-axis of a local system of coordi-
nates 24 measured between the centre of said energy
emitting source 29 and said centre 47 of the cylin-
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drical reference means 16. Said virtual geometric
representation of said cylindrical reference means 16
can slide along the centre line 43 determined by the
centre of projection 44 and the centre of said energy
emitting source 29. Said centre of projection 44 1s an
approximation of the centre-line projection 51 for
h/H—0. The coordinates x and y of the cylindrical
reference means 16 can be uniquely derived for each
/. position. Therefore, one cylindrical reference
means 16 determines five degrees of freedom but the
algorithm needs only three degrees of freedom;

an angle o between said longitudinal axis 18 and said
centre line 43 measured 1n the y-z plane of said local
system ol coordinates 24 which 1s {ix with respect to
the radiographic device 20; and

an angle [ between said longitudinal axis 18 and said
centre line 43 measured 1n the x-z plane of said local
system of coordinates 24.

The above mentioned numerical procedure includes a
numerical approach for calculating the position of the cylin-
drical reference means 16 and 1s based on the following
mathematical relationships:

Numerical Approach to Determine the Spatial Position and
Orientation of Circular Cylindrical Reference Means:

The procedure relates to the mathematical condition that
the projection of the radiographic device 20 1s based on an
idealized central perspective. A punctiform X-ray source
used as energy emitting source 29 sends rays from an origin
of known distance H to the projection plane 49.

The procedure incorporates the following fundamental
steps:

1. Automatic detection of the lens-shaped projection 42 of
said cylindrical reference means 16 1n said medical image 50
and determination of significant landmarks, 1.e. two points
of intersection 35, 36 and the first and second apex 37, 38 of
the lens-shaped projection 42 of said cylindrical reference
means 16 by use of 1image processing algorithms. Assump-
tion: With h/H—0 the centre-line projection 51 approxi-
mates to the centre of projection 44.

2. Stmulation of a virtual geometric representation of said
cylindrical reference means 16 and of virtual projection
points corresponding to the above mentioned landmarks.

3. Iterative optimization of the angular orientation and
position of said virtual geometric representation by means of
a numerical optimization routine and to determine the actual
spatial position and orientation of the cylindrical reference
means 16.

It should be understood that 11 the described procedure 1s
performed on a single circular cylindrical reference means
16, five degrees of freedom can be obtained, since the
cylindrical target 16 1s rotation symmetric. Using two or
more cylindrical reference means 16 allows constraining an
object 1n 6 degrees of freedom.

Iterative Determination of the Onentation of the Cylindrical
Retference Means or of a Set of Cylindrical Reference Means

A virtual geometric representation of said cylindrical
reference means 16 1s generated with the known attributes d
(diameter) and h (length). The virtual geometric represen-
tation of said cylindrical reference means 16 has one trans-
lational degree of freedom. It can slide along the central line

43, determined by the centre of projection 44 and the centre
of said energy emitting source 29. Sliding position 1s con-
trolled by Z (FIG. 10). With further two rotational degrees
of freedom (., [3) the position of said virtual geometric
representation of said cylindrical reference means 16 1s fully
constrained.
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Four virtual projection points representing said two points
of intersection 35, 36 and said first and second apex 37, 38
are dertved from the ornentation of said virtual geometric
representation of said cylindrical reference means 16.

A numerical optimization routine 1s used to find a global
mimmum for the deviations between said significant land-
marks the actual projection points and the corresponding
virtual projection points using three degrees of freedom
(DOF) (a, P, Z) i order to carry out the optimized orien-
tation of said virtual geometric representation of said cylin-
drical reference means 16. Due to the asymmetry of the
lens-shaped projection 42 (segments b and ¢ appear asym-
metrically, due to the nature of a central projection) it 1s
possible to calculate a unique solution for the orientation of
the cylindrical reference means 16 from a single image.

The procedure can be extended by use of a plurality of
circular cylindrical reference means 16 with known dis-
tances and alignment to each other. The entirety of all
deviations between virtual and actual projection landmarks
of all cylindrical reference means 16 1s numerically mini-
mized over said three degrees of freedom. This approach has
the following advantages:

a) the position of an object comprising a set of circular
cylindrical reference means 16 (at least two) can be
tracked 1mn 6 degrees of freedom and 1s thereby fully
constrained.

b) Taking distances between centre points 47 of cylindrical
reference means 16 into account increases the accuracy of
determining the Z-dimension.

¢) With additional redundant landmarks in the equation, the
accuracy of the procedure increases and the risk of the
algorithm converging to wrong solutions (local minima)
decreases.

Numerical Procedure to Determine the Spatial Position of an

Unconstrained Target Structure from Two Oblique Projec-

tions with Respect to a Set of Cylindrical Reference Means

When aiming at reconstructing the position in space of a
significant landmark within an X-ray projection, such as a
vertex or edge of a bone or the centre of a femoral/humeral
head, the previously described procedure can be used in the
following way:

1. Acquiring two oblique medical 1images 50 of the target
structure 10 and of a set of cylindrical reference means 16
under the precondition that target structure 10 and cylin-
drical reference means 16 remain at a static position
during 1imaging.

2. Detecting a significant landmark of the target structure 10
and the projection of the set of cylindrical reference
means 16 1 both medical images 50.

3. Determining the spatial position and orientation of the set
of cylindrical reference means 16 1n both medical 1images
50 1n coordinates of a local coordinate system 24 (COS)
rigidly bonded with the radiographic device 20 by using
the previously described procedure.

4. Determining the relation between both local COS 1n a
global set of coordinates rigidly bonded with the set of
cylindrical reference means 16.

5. Transforming the line determined by the projected land-
mark of the target structure 10 to the centre of the energy
emitting source of the radiographic device 20 into the
global system of coordinates for both medical images 50.

6. The point of mtersection of both lines defines the spatial
position of the landmark of the target structure 10 with
respect to the set of cylindrical reference means 16.

It should be understood that the procedure can be
extended by increasing the number of oblique projections.
More 1mages allow more accurate 2D-3D conversion of
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more complex geometrical structures. However, this
increases at the same time the complexity of the procedure
and the radiation exposure to the operator, to the operating
room personnel and to the patient.

While various descriptions of the present invention are
described above, it should be understood that the various
features can be used singly or in any combination thereof.
The scope of the present invention 1s accordingly defined as
set forth in the appended claims.

The mvention claimed 1s:

1. A method for computer assisted determination of values
ol correction parameters for positioning a medical device 1in
spatial relation to a target structure comprising the steps of:

A) obtaining a medical image of the medical device and
the target structure [by means of] using a radiographic
device, wherein the medical device comprises a cylin-
drical reference means that 1s surrounded by material of
the medical device, and wherein the cylindrical refer-
ence means has a different density than the surrounding
material of the medical device;

B) determining an actual first position of the medical
device with respect to a local system of coordinates
fixed with respect to the radiographic device by calcu-
lating a position of the cylindrical reference means with
respect to the local system of coordinates [by means of]
using a numerical procedure using a computer and the
medical 1mage;

C) calculating an actual first position of the target struc-
ture 1n spatial relation to the medical device by using
the computer;

D) retrieving a desired second position of the medical
device 1n spatial relation to the target structure;

E) calculating values of one or more correction param-
cters between the actual first position and the desired
second position of the medical device 1n spatial relation
to the target structure [by means of] using the com-
puter; and

F) positioning the medical device 1n the desired second
position 1n spatial relation to the target structure using
the values of one or more correction parameters cal-
culated 1n step E);

wherein the numerical procedure comprises the steps of:

[1) automatically detecting a projection of the cylindrical
reference means 1n the medical 1image and determining
a minimum of four characteristic landmarks within the
projection of the cylindrical reference means;

11) generating a virtual geometric representation of the
cylindrical reference means;

111) determiming virtual projection points representing said
characteristic landmarks using the virtual geometric
representation of the cylindrical reference means; and

1v) 1teratively determining the position and orientation of
the cylindrical reference means by matching the virtual
projection points of the virtual geometric representa-
tion of the cylindrical reference means with the mini-
mum of four characteristic landmarks within the pro-
jection of the cylindrical reference means]

[+)] /) automatically detecting a lens-shaped projection of
the cylindrical reference means 1n the medical 1image
and determining two points of intersection and [the ] a
first and second apex of the lens-shaped projection of
the cylindrical reference means;

[vi)] ii) generating [the] a virtual geometric representation
of the cylindrical reference means with the diameter d,
the longitudinal axis, the center and the height h;

[vii)] iii) determining [the] virtual projection points rep-
resenting the two points of intersection and the first and
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second apex using the virtual geometric representation
of the cylindrical reference means; and

[viii) iteratively] iv) determining the position and orien-
tation of the cylindrical reference means by matching
the virtual projection points of the virtual geometric
representation of the cylindrical reference means with
the two points of intersection and the first and second
apex of the lens-shaped projection;

and additionally comprising the step of transmitting the
values of the correction parameters to a robotic posi-
tioning device, wherein the positioning of the medical
device 1n the desired second position relative 1n spatial
relation to the target structure is effectuated [by means
of] using the robotic positioning device.

2. The method according to claim 1, further comprising,

betore step C) the step of:

B1) detecting at least a portion of an imaged target
structure which 1s received by a projection of the target
structure into the medical image [by means of] using
the radiographic device.

3. The method according to claim 1, wherein the radio-
graphic device has an optical axis and a focal point and the
method comprises before step B) the additional step of:

Al) obtaining at least a second medical 1image of the
medical device and of the target structure [by means of]
using the radiographic device, wherein the optical axis
of the radiographic device when obtaining the at least
one second medical 1image 1s adjusted at an angle with
respect to its position when obtaiming the first medical
image.

4. The method according to claim 3, further comprising

the step of:

A?2) determining a position of the local system of coor-
dinates for the at least one second medical 1image 1n
spatial relation to the position of the local system of
coordinates for the first medical image.

5. The method according to claim 3, further comprising
generating a 2D or 3D reconstruction based on information
obtained from the at least one second medical image and the
first medical 1image.

6. The method according to claim 1, wherein the medical
image includes a projection of at least a portion of the
medical device including the lens shaped projection of the
cylindrical reference means and of at least a portion of the
target structure.

7. The method according to claim 1, wherein the medical
device 1s attached to the target structure 1 a first static
position.

8. The method according to claim 1, wherein the cylin-
drical reference means 1s fixed to the medical device.

9. The method according to claim 2, wherein the detection
of an 1maged target structure 1s performed by using a first set
of digital data.

10. The method according to claim [1] 9, wherein under
step D) the desired second position of the medical device
relative to the target structure 1s retrieved from a second set
of digital data using the computer.

11. The method according to claim 3, further comprising
the step of determining the relation between the position of
the local system of coordinates for the at least one second
medical 1mage and the position of the local system of
coordinates for the first medical image 1n a global system of
coordinates fixed to a set of cylindrical reference means.

12. The method according to claim 1, wherein the target
structure comprises an implant.

13. The method according to claim 1, wherein the target
structure comprises an anatomical structure.
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14. The method according to claim 1, wherein the target
structure comprises one or more of an mstrument, a tool and
a Turther medical device comprising a cylindrical reference

means.

15. The method according to claim 1, further comprising
betfore step A) the step:

positioning of a radiographic device with an optical axis,

a focal point and an 1mage sensor with an 1mage field

in spatial relation to the medical device and the target

structure so that at least a portion surrounding the

cylindrical reference means of the medical device and

a relevant portion of the target structure are projectable

into the image field of the image sensor.
16. The method according to claim 9, wherein the first set

of digital data 1s pre-operatively stored on a data storage of

the computer.
17. The method according to claim 10, wherein the second

set of digital data 1s pre-operatively stored on a data storage

of the computer.

18. The method according to claim 1, comprising before

step A) the steps of:

providing the medical device comprising the cylindrical
reference means, wheremn the cylindrical reference
means has a longitudinal axis, a height h and a center;
and

attaching the medical device to the target structure in a
first static position.

19. The method according to claim 1, further comprising

betore step D) the step of:

planning the desired second position for the medical
device 1n spatial relation to the target structure and
storing the planned second position as a second set of
digital data on a data storage of the computer.

20. [The method according to claim 1, comprising the

additional step:

() displaying the values of the correction parameters
between the actual first position and the desired second
position of the medical device 1n spatial relation to the
target structure on a display of the computer.] 4 method
for computer assisted determination of values of cor-
rection parameters for positioning a medical device in
spatial relation to a target structure comprising the
steps of:

A) obtaining a medical image of the medical device and
the target structure using a radiographic device,
wherein the medical device comprises a cylindrical
reference means that is survounded by material of the
medical device, and wherein the cylindrical reference
means has a different density than the surrounding
material of the medical device;

B) determining an actual first position of the medical
device with respect to a local system of coordinates
fixed with rvespect to the radiographic device by calcu-
lating a position of the cylindvical veference means with
respect to the local system of coordinates using a
numerical procedure using a computer and the medical
image;

C) calculating an actual first position of the target struc-
ture in spatial velation to the medical device by using
the computer;

D) retrieving a desired second position of the medical
device in spatial velation to the target structure;

E) calculating values of one or more correction param-
eters between the actual first position and the desired
second position of the medical device in spatial velation
to the target structure using the computer; and
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F) positioning the medical device in the desived second
position in spatial velation to the target structure using
the values of one or more correction parameters cal-
culated in step E);

wherein the numerical procedure comprises the steps of: >
1) automatically detecting a lens-shaped projection of

the cvlindrical veference means in the medical image
and determining two points of intersection and a first
and second apex of the lens-shaped projection of the
cvlindrical reference means;

ii) generating a virtual geometvic vepresentation of the
cvlindrical rveference means with the diameter d, the
longitudinal axis, the center and the height h;

ii1) determining virtual projection points rvepresenting
the two points of intersection and the first and second
apex using the virtual geometric representation of
the cylindrical veference means; and

Iv) determining the position and an orientation of the

cvlindrical reference means by matching the virtual g

projection points of the virtual geometric represen-
tation of the cyvlindrical reference means with the two
points of intersection and the first and second apex
of the lens-shaped projection; and

(7) displaving the values of the correction parvameters s

between the actual first position and the desived second
position of the medical device in spatial relation to the
target structure on a display of the computer.
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21. The method according to claim [1] 20, wherein the
[step of positioning] medical device is manually positioned
in the desired second position 1n spatial relation to the target
structure [is performed manually].

22. The method according to claim 20, wherein the step
ol positioning the medical device in the desired second
position 1n spatial relation to the target structure 1s per-
formed using mechanically adjustable devices and by using

the displayed values of the correction parameters.
23. The method according to claim [1] 2, wherein the

detection of at least a portion of an 1imaged target structure
which 1s received by a projection of the target structure nto
the medical image [by means of] using the radiographic
device 1n step C) 1s automatically performed.

24. The method according to claim [1] 9, wherein the
desired second position of the medical device in spatial
relation to the target structure 1s automatically retrieved
from a second set of digital data stored on the data storage
of the computer.

25. The method according to claim 9, wherein the first set
of digital data defines a geometric representation or approxi-
mation of the target structure or of a specific feature of the
target structure.

26. The method according to claim 1, wherein the virtual
geometric representation includes values for the height h,
the diameter d and the position of the center of the cylin-
drical reference means.

G o e = x
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