Proceedings in
¢ MANUFACTURING
] SyYSTEMS Proceedings in Manufacturing Systems, Volume Tidsy 2012 ISSN 2067-9238

DESIGN AND RAPID MANUFACTURING OF PATIENT-SPECIFIC
SPINAL SURGICAL GUIDES: A SURVEY

Diana POPESCU"", Dorel Florea ANANIA?Z, Citilin Gheorghe AMZA3, Dumitru Titi CICIC*

Y Lecturer, PhD, Machine and Production Systems Beeat, University Politehnica of Bucharest, Buasay Romania
2 Lecturer, PhD, Machine and Production Systems Beeat, University Politehnica of Bucharest, Buasay Romania

% Assistant Prof, PhD, Materials Technology and Wigjdepartment, University Politehnica of Buchar@sicharest, Romania
4 Lecturer, PhD, Materials Technology and Weldingp@#ment, University Politehnica of Bucharest, Bareist, Romania

Abstract: The approach of customizing the surgical instruragans and using them along with com-
puter-aided surgical planning and advanced imaginiachniques for increasing the accuracy and reli-
ability of surgical procedures represents a trendhe medical field. It implies cooperation betwesn
gineers and medical specialists (radiologists, sangs, etc.) for all the process steps: computeotpar
phy/magnetic resonance imaging (CT/MRI) scanninthefpatient, medical modelling of the anatomical
areas of interest, planning surgery and designing guide, choosing the material and manufacturing
process, building the guide, sterilizing and usibgn the operation room. Patient-specific guidesmnc
mach exactly patient bone structures and help maizing the planned trajectory for drilling, tappg

or cutting. Therefore, these guides improve accyraicthe surgical procedure, helping the surgeans t
better orient during intervention, decreasing thegery time, costs and risks of infections. Themudd-
jective of the current paper is to present a revigfndifferent patient-specific guides used for pkdi
screws insertion in human spine. The paper invattgythe design criteria (anatomical landmarks sys-
tem, stability, precision, unique placement, etmaterial and Rapid Manufacturing issues relatedhis
application field and presents critical views orifelient surgical guides designs. Based on this ysig|
several proposals for improving the spinal drillides placement accuracy are presented.

Key words: rapid prototyping, design, surgical guides, surnagcuracy, pedicle screws, spine.

1. INTRODUCTION tient/clinical case [3]. The standard workflow faltain-
ing a physical model from patient scanning datares
Rapid Manufacturing (RM) processes (such assented in Fig. 1, while Fig. 2 presents an exarfgri¢he
Stereolithography- SLA, 3D Printing— 3DP, Fused prototype of the third lumbar vertebra (L3), mamuafa
Deposition Modelling- FDM or Selective Laser Simmgr  tured using FDM on a Dimension 3D Printing Machine.
- SLS, to mention only the most frequently used)dui RM processes are usually used in medical applicatio
objects in an additive manner by successively agdin for visualization purposes, surgical planning amdua-
horizontal layers of material which are correspagdio  tions — enhancing the communication with the patoen
the sections created by the intersection of a 3DDCA other medical specialists [3 and 4], for obtainswaf-
model with parallel planes oriented perpendicutatie  folds for tissue engineering [5] or implants witbne
building direction [1 and 2]. These layers of miteare  trolled architecture [6] and for manufacturing ghesis
formed by selectively solidifying a fotocurable dig  [7] or surgical templates [3 and 8]. For all thegmplica-
resin, laser sintering powder material, depositingr-  tions which require low production volumes, complex
moplastics extruded through a nozzle or bounding-po geometrical shapes and patient customization, Rd¢-pr
der materials using a liquid binder. This particula esses represent the best manufacturing solution.
method of generating solid objects allows buildigep- The current paper presents a review of different pa
metrical complex prototypes otherwise difficultdbtain  tient-specific guides for spine surgical procedafen-
using traditional manufacturing technologies, which serting screws in vertebral pedicles, all theseptates
recommends it for medical applications where thieps  being manufactured using RM processes. This approac
specific anatomy (available by computer tomography represents an alternative to the free-hand teckniqu
CT or magnetic resonance imaging — MRI) is imposingwhich requires experience and has a long learnimgeg
an individual solution (i.e. prototype) for each-pa Or to the use of advanced imaging navigation system
which are expensive and therefore not availablalin

" Corresponding author: Splaiul Indepen@B13, Sector 6, hospitals. Due to anatomical issues, an accuraeepl
060042, Bucharest, Romania; ment of screws in cervical spine and mid and uplpey
lg;; 8838312853;23: racic spine is a difficult task. During surgeryteafexpo-
E-mail addressestiana@mix.mmi.pub.réD. Popescu), sure, the visual identification of the scremirg point
dorel.anania@yahoo.cokD.F.Anania) acatal@camis.pub.ro is followed by several steps, which are repeateelaah

(C.Gh.Amza) dumitru.cicic@gmail.con(D.T. Cicic)) spine level: cannulating the pedicle along plenne



116 D. Popescu et al.Proceedings in Manufacturing Systems, '7, Iss. 2, 2012 / 11320

Patient data i
- Age/sex/weight CT/MRI -dicom Medical modeling interest area
- Medical history scanning fil (Mimics, 3D Doctor etc.)
iles

- Physical activity, etc.
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-Path planning
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(RM Machine)
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A 4
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Fig. 1. Standard workflow for the design and rapid manufiacyy of prototypes for medicapplications.

Fig. 2. FDM prototype of L3 verteb.

trajectory, probing in order to find potential peédi
breaches, tapping and inserting the sc

Moreover,surgical templates are very useful irr-
cutaneous medical proceduresl dar reducing the -ray
radiation exposure during surgery. Thase was clinica
proved to increasaccuracy by transferring the toc
trajectories from computerided planning to surge for
different types of surgeries (orthopedic«cranio-
maxillofacial, etc.) Specific design criter for pedicle
screw guiding templategnatomical landmarks, as w
as aspects regarding the material issuesRapid Manu-
facturing methods are discussiedthis pape. Based on
this analysisseveral proposals for impring the spinal
drill guides placement precision are presel

2. PATIENT-SPECIFIC GUIDESFOR PEDICLE
SCREW INSERTION

Currently, an increase of the reliability and aeoy
of implantation techniques or other orthopaedigery
procedures is possibleith the use c intra-operative
radiological contral The irradiation during these pe-
dures is higher for percutaneous surgery in whioh
making the mcisions as small as possible, the anaton
landmarks identification requires the use of in¢n-

tional radiology. In the last couple of ye, intra-
operative navigation system were developed ande-
mented in the operation room for visualizing théigra
anatomical structure without the use of intervemsi
radiology. However His approac, based on pre-
operative images acquisition and on an anatomazd-
marks system sedt the beginning of surgical intein-
tion, still presents problems due to a very complici
calibration process antb the fact thathe static land-
marks established at the bening of surgery do not
always maintain their position during the wholegscal
procedure, which obviously les to imprecision. In this
context, the use of patient specific surgical teatgd
which guides the cutting, drilling or tapping treteries
requred for preparing the bones for screws, rods
plates implantation and fixation, offer a higheegsion
because are personalized to the patient and aigndd:
to respond tahe surgeon requirements, i.e. from in-
structivefunctional point of view hey offer all the ele-
ments for an efficienttilization — dimensions, shapes,
adjustment possibilities, material properties, and for
an ergonomically point of view are easy to use plade
in a correctposition during surger These patient-
specific templates are used, for example, as @
blocks or as positioning jiga hip or knee surgery [9 and
10], as drilling guides for increasing implantation u-
racy in spine, dental or reconstructive skull defesar-
geries [3].

Screws placement in vertebrae pedicles is e-
quently used procedure for the posterior stabibrabf
the spine with documented advantages over otheh-
ods of spinal fixation. Its difficulty is related the smal
dimensions of pedicles (especially cervical and upper
thoracic vertebraejo their variability in terms of dinn-
sions, shape and spatial orientation (especialtypa-
tients with spinal deformities), as well as to theinity
of nerve roots and vascular struct. Therefore, for
increasing screws implantation accuracy in verteb
pedicles, drilling guides customized for each putend
each vertebral level can be u (Fig. 3).
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Fig. 5. Multiple guides for pedicle screw inserti— intra-
operative image [12].

The use of patierdgpecific surgical guides was fit
reported by Van Brussel et al. [1for inserting pedicle
screws in vertebral spinghese devices were built bas
on the 3D medical model of the patient’ spine amely
used the spinous process as a negative for shapér
guides. Based on this worBerry et al. 12] proposed
different designs for cervical, thoracic and lumbpine,
for one level of the spine or for multiple lev (Fig. 4).
Figure 5 presents an intogerative image showing tl
use of a drill guide from duraform polyamide maic-
tured with SLS process [12].

Also, Porada et al. [13] describe:design methodol-
ogy for apersonalized drill guide, the drilling trajector
being specified in the planning software and thm-
ported in Mechanical Desktop for designing the gu
The prototype is designed to materialize the ddl
paths, its shape being built as supportn the transverse
and spinous processes (Fig. Bhother design criterio
is the stability, the guide being held by surgewith
hand during surgerjoreover, the shape of this guide
designed so that to be placed in the correct jpositith-
out the exision of too much soft tissue, which is not
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Fig. 6. Pedicle screw insertion design witt-shape knife edges
— intra-operative image [1:

case with other solutions using suri-surface fit ap-
proach [14and 15]. The drilling guides designed ¢
manufactured using laser sintering process wered
for validating the design and for assessing theur@aoy
and repeatability in use.

Birnbaum [16]also uses the reverse engineerip-
proach, based on patiestanning data, for designing
drill guide for pedicle screw spine implantationhel
novelty proposed is that the guide is manufactfnea a
transparent material which contributes to a bgitate-
ment of the guides surfaces over the vertebra Isor-
faces.

In [17] the authors prese a drill guiding device for
inserting screws in vertebral pedicle manufactuved
FDM from medical ABS. The guide is desied as a
block of material, the 3Dnodel of the vertebra and
the guide being obtained using in-house software
package (Fig. 7)The guide is materializing the ti-
tional insertion trajectory along the pedicle axis,attn-
tion being paid to the ergonomic issues (the tetg)
being difficult to use due to its shap

Goffin et al. [1§ designedtwo spinal drilling tem-
plates with clamps, oneonneced only to the lamina of
the second cervical vertebra, not considering fieosis
process as interfacevhile the other was connected to
lamina and also interfacing the spinous procesesd
designswere tested on a cadaver and the results sh
that the first device could not provide enough isitsb
and accuracy.

Ryken et al. presents two studies regarding thigyd:
of personalized drilling guide for cervical pedicierews
implantation. The firsstudy is assessing the feasibility
different RM process for manufacturing spine suab
templates, based on patient CT data and on prexdk
drilling trajectories [15], while the second study] is a
laboratory investigation in which the designguide is
used for placing 3.5mm pedicle screws ir-7 vertebrae
of 4 cadavers. The drilling template fits thestgoiol

Fig. 7. Design ofa block guide fc pedicle screw insertion [17].
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Fig. 8. Design of a drill guide placed on a cada
vertebra [19].

Fig. 9. Virtual and physical prototype of a spinal drilliggide
for lumbar spine [22].

surface of the cervical vertebra providing a largamtact
surface (Fig. 8). This solutioprovides better stability
but requires the removal @bft tissue in order for tr
guide to come in contact with tiertebri bone structure.

Also, Owen presents in [20]design for a drill guid:
to match, in a surfacsdrface mannethe posterior sur-
face of the right side of the fifth cervical ventat

Lu et al. [14, 21, and 23jresents the design proct
of two surgical guides for cervical vebra C2 and m-
bar vertebra L2, modelled in a surfag@face manne A
3D model of the vertebra is built in Mimics and rit
exported in UG Imagewartor determning the screw
diameter and pedicle orientation. The insertiofett@ry
is along pedicle axis and it is established bysiheeor
based on the patient scanning data, bone q, pedicle
orientation,etc. The guide is designed, as the most
of the solutions presented in the literature, conside
the spinous process as major anatomical land The
prototype was manufactured using a medical poly
Somos 14120, on a SLA machiriehe accuracy of th
drill templates was tested [R@n 9 patients fr position-
ing 17 pedicle screws (Fig. 9).

The study presented by Ma [2B] dedicated to th
development of drilling guides for thoracic spifhe
standard approach already discusisespplied, the guid
being designed as a negative of the posterictebral
surface. Comparison between the accuracy of pe
screw insertion with and without a guide is madeb4
screws. The results showed anprovement of scre\
placement precision with the use of navigationim-
plates, the evaluation being mademain radiographie
and CT scansAlso, this paper gives information on t
time necessary to design and manufacture a dritle
for one vertebra (1h) and the cost of material anadu-
facturing (50USD).

A design novelty is proposed tKashani in [24].
Based on CT scanning data of a patient ¢, a surgical
drilling guide which fit on the vertebra surfaces ce-
signedfor providing the possibility ochanging the drill
diameter.

Salako presents in [25] two designs, one based
surface-surface registtion method and the other or
point-tosurface registration method with 6 support
points,both using as main landmark the spinous proc
The second design has the particularity of beingable,
by changing theposition of drill guide componentsut
due to its complexityand relatively large number
parts we consider it difficult to u¢ during surgery.
Moreover, comparing to other research presentesiea
no clinical studies were performed for tng this design.

Literature mentions alsdesgn solutions which are
materialized by metal guide26 and 27], but these are
not considered in the current pa

2.1. Design criteria

The surgical guidegersonalized for each pati
must be designed so that theasitioning and orientation
during surgery to ensure: stability, unit placement,
precision, easy placement and use, as to offer possi-
bilities for checking position (e.g. transpare or control
probes).Also, the drill guidesshould be designed to be
placed and pressed by handhe right positio and they
must maintain this positiomlong the whole surgical
procedure.

The most important part of the design process
establish the anatomicidndmarks ancthe number and
position of supporting points in order to satishe td-
ready mentioned conditionIhese issues are also pa-
tient-dependent and they are established by the su
in the planning stage of the surgelPre-operatively,
analysing the bone quality and CT/ll scans of the
interest area/¢for determining the pedicle isthmus &
pedicle orientationaind according to the specific surgi
approach and choseentry poins for the screws, the
surgeon establigs the available bone surfi and ana-
tomical reference systeninsertion direction, diamete
for the K-wires, diameteand lengthof the screw/s and
desired safety limits.

The drilling guides for inserting pedicle scre\
should contain as comm@eometricafeatures:

1. Cylinders,which materialize the planned drillir
trajectories and indicate the depth of the dril;

2. Supports,designed in relation to the anatomi
landmarks for ensuring placement stak (avoiding
rotation during use) andumique positioning of the guide
on the vertebra;

3. Connection arche$or linking cylinders and <p-
ports in an ergonomic manner.

There are severgbossibilities to design these p-
ports starting from the available anatomical landm.
The first approach i consider the guide shaas nega-
tive of the vertebra bone surface (which requiesieate
tissue excisiorfrom the posterior surface of the \e-
bra). The other approach usésor U-shape knife edge
supports to fit on the transverse process, spiponsess
and/or lamina.

Reseath showed that, in order to increase gt
placement accuracy on the vertebra, spinous pri
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should be mandatory used as refere Therefore, the
guide could be designed #lse negative shape of t
spinous process or could haveor U knife-shape edges
to support on the spinous proceAkso, in cas of guides
containing V-shape knife edgés supporting on lamin
or/and transverse proceskese should be positior as
closed laterallyas possible from the spinous proce
while maintaining stability.

Regarding the design ebnnection archi, geometri-
cal features which can allow the uskea handleare pre-
ferred This handle helps the surgeon to press the
guide in place and to maintain it in this positialong
surgery and it can be reused afitarilization

2.2. Material issues

The main conditiongor the material of the surgic
guide arebiocompatibility, sterilization and price. fo-
claving involves changes in some properties of &
(such as dimensional stability, deformation, weab-
sorption or mechanical propertieBerry et al. mention-
ing in [12] that duraform polyamideas an exampl
satisfies the above mentioned conditi

Also, Bibb et al. [§ describe the advantages of us
patient specific drill guides using Rapid Mantturing
processes (such as Stereolithography), and cossile
material issue, mentioning that plastics are naireip
suitable for these applications due to the dan§enmall
chips removal during the drill use. Therefore, riet:
prototypes are prested as an alternative, being -
facture using Selective Laser Melting process. His
case, a higherost of these devices should be consid

2.3. Accuracy evaluation of the pedicle screw place-
ment

Screws placement in the vertebra pedicle is fil
evaluated during surgery by palpation and then-
operative using plain radiography fwo planes (tras-
verse and sagittal) or CT scans.

Literature [28-29]presents several classifications
evaluating pedicle screw pdsi, which considers tw
classes (“in” or “out”), three classes (“in”, “outind
“questionable™) or four class€®ntirely within the pei-

” oo

cle”, “medial or lateral pedicle wall breach lesan 2
mm”, “medial or lateral pedicle wabireach equal to-4
mm”, “medial or lateral wall breach more than 4 nu

The most comprehensive screw paosition classifioe
is proposed by Zdichavsky [B@nd it is based on m-
paring the position of the pedicle screw and itniter
in relation to thepedicle and the vertebral body, six ca
being possible.

Also [31] presentshe framework for a training s-
tems whichuses Competitive Hopfield Neural Netwol
for the automateetermination of the pedicle screw i-
tion within a polyurethane test vebia.

4. DISCUSSION AND CONCLUSIONS

The main conclusion of literature analysis showes
advantages of using patient specific guides fouaately
transferring the tools trajectories from comp-aided
planning to surgery.

This conclusion is basedn the clinical tests |r-
formed using different designs, which shows noty i
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accuracy improvement but a a decrease of the surgery
time. Also, RMproved to be suitable for these types
applications, their accuracy, prototypes stiffnessd
materials range satisfhie imposed criter.

In all analysed papers the guides design starta
patient CT/MRI data and includes the same : for
obtaining the drill guide virtual prototypmedical mod-
elling of the anatomical areas of interechoosing the
landmark system and thenumber of supporting
points/surfacesplanning surgery anthen designing the
guide accordingly using a reverse engineering appr
and, usually, a commercial 3D CAD softw: as de-
scribed in Fig. 1.

The drilling guidedesigns aredifferent due to the
landmark systems used the modelling process. w-
ever, middle posterior surface of thspinous process
represent aranatomical reference used by all tte-
searchers and, iorder to improve stability, supports ¢
designed to fit als transverse process ir point-to-
surface or surface-tsdrface approac Also, all the
guides havesupport structures which are in contact v
the posterior surface of lami@ad/or transverse process.

The most recent works in the field presents ddl
guides with surfacsurface fit between the vertebra ¢
the template, case in whighe positioning precision ¢
the template depends on the accuracy of soft tige-
moval. h this context and in ord to increase the place-
ment precision we propose to build the guides fr
transparent materialThis solution can be applieif
Stereolithography is used as a manufacturing ps

Also, we propos¢hat all the guides to have holes
inserting probes uh scales for verifying tt correct
placement of the guidebefore executing the dr by
comparing the measured dimension with the corred-
ing dimension from the medical virtual moc

In this sense a design solution is presenteFig. 10
and useshte surface of the spinous process as maiir-
ence in a surface-tedrface approach, while the ott
points of support are on the transverse prot

The guide design includes as geometrical fee
three holes for inserting probes with scale, whiethg
assessing the correct positioning of the guidehenvtr-
tebra.

We also propose the developmen a collaborating
environment of a working protocol for e-
sign/manufacturing guiding device for orthopaedicr-
gery, by integrating different sets of tor applications

Fig. 10. Design of a drill guide for L3 vertel.
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and advanced medical modelling methods with CAD,[14] S. Lu et al.,Rapid Prototyping drill guide template for

CAE, CAM, Reverse Engineering (RE) and RM tech
niques. This way the exchange of medical and teahni
information is facilitated and a degree of autooratis

ensured to a process which otherwise has to bdélytota

resumed for each patient/clinical case.
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