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Article focus
 � Assess the accuracy of 3D PSI in pelvic 

tumour resection in a cadaveric model.
 � Use of PSIs yields more accurate results 

than standard manual technique in pelvic 
tumour resection.

 � computer-assisted planning and PSI-
guided osteotomies result in more pre-
cise pelvic tumour resections.

Key messages
 � PSIs could benefit clinical practices per-

forming pelvic bone tumour resections

 � PSIs would be especially useful in centres 
with limited financial resources, by 
improving execution of pre-operatively 
planned osteotomies.

 � In an experimental study, computer-
assisted planning and PSIs improved 
accuracy of pelvic osteotomies in com-
mon bone tumour resections, when 
compared with freehand techniques.

Strengths and limitations
 � Strength: the literature includes no previ-

ous reports evaluating the precision of 
PSIs in pelvic tumour surgery.

How 3D patient-specific instruments 
improve accuracy of pelvic bone  
tumour resection in a cadaveric study 

Objectives
To assess the accuracy of patient-specific instruments (psIs) versus standard manual tech-
nique and the precision of computer-assisted planning and psI-guided osteotomies in pelvic 
tumour resection.

Methods
cT scans were obtained from five female cadaveric pelvises. Five osteotomies were designed 
using Mimics software: sacroiliac, biplanar supra-acetabular, two parallel iliopubic and 
ischial. For cases of the left hemipelvis, psIs were designed to guide standard oscillating saw 
osteotomies and later manufactured using 3D printing. osteotomies were performed using 
the standard manual technique in cases of the right hemipelvis. post-resection cT scans 
were quantitatively analysed. student’s t-test and Mann–Whitney U test were used.

Results
compared with the manual technique, psI-guided osteotomies improved accuracy by a 
mean 9.6 mm (p < 0.008) in the sacroiliac osteotomies, 6.2 mm (p < 0.008) and 5.8 mm 
(p < 0.032) in the biplanar supra-acetabular, 3 mm (p < 0.016) in the ischial and 2.2 mm 
(p < 0.032) and 2.6 mm (p < 0.008) in the parallel iliopubic osteotomies, with a mean lin-
ear deviation of 4.9 mm (p < 0.001) for all osteotomies. of the manual osteotomies, 53% 
(n = 16) had a linear deviation > 5 mm and 27% (n = 8) were > 10 mm. In the psI cases, 
deviations were 10% (n = 3) and 0 % (n = 0), respectively. For angular deviation from pre-
operative plans, we observed a mean improvement of 7.06° (p < 0.001) in pitch and 2.94° 
(p < 0.001) in roll, comparing psI and the standard manual technique.

Conclusion
In an experimental study, computer-assisted planning and psIs improved accuracy in pelvic 
tumour resections, bringing osteotomy results closer to the parameters set in pre-operative 
planning, as compared with standard manual techniques.
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 � Strength: the previous studies are made with saw-
bones or comparing with navigated surgery.

 � limitation: this was an experimental cadaveric study 
with few cases; more extensive clinical studies involv-
ing multiple surgeons should be performed to vali-
date these results.

Introduction
Surgical treatment of malignant bone tumours within the 
pelvis is challenging due to the complex 3D bone struc-
ture geometry, as well as the proximity of vital structures 
such as blood vessels, sciatic and femoral nerves and the 
bladder and/or rectum. Furthermore, a wide resection 
with safe tumour margins is the most important prognos-
tic factor. local recurrence rate can be as high as 70% 
after a marginal resection and 92% in cases of intrale-
sional resection, as compared with a 5% to 17% recur-
rence rate with negative surgical margins.1-5 However, 
excessive resection may alter or reduce reconstructive 
options and may lead to negative functional outcomes,6 
taking into account that limb salvage surgery is the pre-
ferred procedure for most patients with malignant 
tumours of the pelvis and lower limb.7

cartiaux et al8 performed an experimental study to 
analyse the surgical accuracy of pelvic tumour resection 
by four experienced surgeons. the study clearly demon-
strated that freehand osteotomy of pelvic tumours is not 
an accurate technique: 11 of the 24 cutting planes stud-
ied did not meet the accepted 5 mm tolerance above or 
below the targeted 10 mm surgical margin; two cutting 
planes were intralesional. In a study in which 24 patients 
underwent wide resection of malignant pelvic tumours, 
the surgical resections, classified according to the system 
described by enneking et al,9 were found to be wide in 19 
cases, marginal in six and intralesional in one.10

Several procedures for improving surgical accuracy 
have been described, such as computer-assisted surgical 
navigation, robot-assisted surgery and use of patient-spe-
cific instruments.3,11-14

the patient-specific instrument (PSI) is a personalised 
tool that guides the saw, chisel or drill in a specific, pre-
designed cutting path. A short clinical series and a cadav-
eric study comparing PSIs with navigation have shown 
that PSIs perform well in a clinical setting and are as pre-
cise as navigation-assisted resection.7,12 currently, there 
are no cadaveric studies comparing standard freehand 
technique with PSI-guided resections. the aims of this 
experimental study were to assess the accuracy of PSIs 
versus standard freehand technique and the precision of 
computer-assisted planning and PSI-guided osteotomies 
in pelvic tumour resection. For the purposes of this study, 
accuracy is defined as the distance of a cut from its pre-
operatively planned target and precision is defined as the 
degree of variability of cuts among the study cases in rela-
tion to their surgical targets.

Materials and Methods
An experimental study was performed using five female 
cadaveric pelvises from the Anatomy laboratory 
(Universitat Autónoma de barcelona, barcelona, Spain). 
the pelvises were scanned (Aquilion vision; toshiba, 
Irvine, california) in 0.5 mm slices. Digital Imaging and 
communications in Medicine (DIcoM) files were then 
exported to the Mimics (Materialise, leuven, belgium) 
software. Semi-automatic segmentation was then per-
formed for each pelvis, and a 3D pelvic bone model was 
created (1:1). Next, using Materialise 3-matic software, 
five pelvic osteotomies commonly performed in pelvic 
bone tumour resections were designed (Fig. 1). the first 
osteotomy was a single-plane sacroiliac osteotomy, par-
allel and medial to the joint. Also designed was a biplanar 
supra-acetabular osteotomy, a single-plane ischial oste-
otomy and two parallel iliopubic osteotomies. According 
to the enneking classification,15 these osteotomies would 
serve for t1, t2 and iliopubic bone resections. Sacroiliac 
and supra-acetabular osteotomies are commonly used 
for tumours in pelvic area type I of the enneking classifi-
cation (confined to the ilium). the supra-acetabular oste-
otomy, also commonly used for both type I or II resections, 
was biplanar, to test the supposed advantage of PSI in 
custom resections for custom implants. two parallel ilio-
pubic osteotomies were designed to evaluate accom-
plishment of parallel cuts. the ischial osteotomy is also 
commonly employed in type II resections. We did not 
design a pubic symphysis osteotomy as these are not 
difficult to perform freehand.

For the right hemipelvis, resection plans were 
designed using measurements of the dimensions and 
angles of the designed planes. Plane endpoints were ref-
erenced with key anatomic landmarks to aid freehand 

Fig. 1

Design of the five osteotomies using Materialise 3-matic. From left to right, 
top to bottom: single-plane sacroiliac; biplanar supra-acetabular; single-plane 
ischial; and parallel iliopubic osteotomies.
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resection technique. For the left hemipelvis, PSIs were 
designed using Materialise 3-matic software to guide 
each individual osteotomy (Fig. 2). these guides were 
designed to adapt to the cortical surfaces; each included 
three orifices for stabilisation with a 1.5 mm Kirschner-
wire (K-wire). each guide had a 2 cm wide planar surface 
over which the oscillating saw would pass. the guides 
were manufactured in polyamide using a Formiga P110 
3D printer (eoS GmbH electro optical Systems, Krailling, 
Germany) with Avinent Implant System, S.l. (barcelona, 
Spain). each PSI was then packaged with an identifica-
tion number that correlated with the specific pelvis for 
which it had been designed.

All pelvic resections were carried out in the cadaver 
lab. For each osteotomy, the pelvic specimen was secured 
to a table with external support pads. Pre-operative 
plans, which included all dimensions, were printed out 
and made available for each hemipelvic manual resection 
on the right-hand side. All hemipelvic resections on the 
right-hand side followed the standard technique, inter-
preting the visual, printed pre-operative plans and using 
key anatomic landmarks to measure and mark the 
desired osteotomies.

the osteotomies were performed using an oscillating 
saw. resected bone specimens were marked, identified 
and packaged in transparent plastic transport bags. For 
hemipelvic resections on the left-hand side, each pelvis 
had its own set of PSIs (Fig. 3). local bone exposure was 
performed and then the PSIs were placed according to 
plan and each fixed with three K-wires. After confirming 
good cortical anatomic match between the specimen and 
the guide, with a visible gap of < 1 mm between the bone 
surface and the PSI, the osteotomy was performed using 
an oscillating saw, sliding above the guide. resected bone 
specimens were marked, identified and packaged in trans-
parent transport plastic bags. Aquilion vision was used to 

scan the specimens with 0.5 mm slices. DIcoM files were 
then exported to the Mimics software. Next, semi- 
automatic segmentation was performed on each speci-
men and 3D models were created (1:1).

the sacroiliac and ischial osteotomies were performed 
with their corresponding monoplanar PSIs. the biplanar 
supra-acetabular and parallel iliopubic osteotomies were 
performed with biplanar PSIs. each surgical cut was com-
pared with its pre-operative target plane and maximum 
absolute deviation was obtained. Mean improvement,  
as we use it here, refers to the difference between the 
mean of the maximum distances between the actual and 
planned cuts.

We used the Mimics software to analyse the pre- and 
post-resection 3D reconstructed specimens. For each 
specimen, the software superimposed the pre-operative 
and post-operative images, placing both in common 
coordinates. linear deviation was then measured, in mil-
limetres, as the perpendicular distance from the target 
plane osteotomy to the point on the cut specimen far-
thest from the planned target plane. Angular roll and 
pitch deviations were measured, in degrees, as rotation 
about the bone’s anteroposterior axis and mediolateral 
axis, respectively, between the target plane osteotomy 
and the cut specimen.
Statistical analysis. this was performed using SPSS 
Statistics (SPSS 20.0 for Windows; IbM corp., Armonk, 
New york). Descriptive statistics were used to present 
the results. Quantitative variables were compared using 
the parametric Student’s t-test and the non-parametric 
Mann–Whitney U test, considering a p-value of < 0.05.

Results
Accuracy of PSI versus standard freehand technique:  
distance improvement. compared with the standard 
manual technique, the PSI-guided osteotomies resulted in 

Fig. 2

Design of the patient-specific instruments using Materialise 3-matic software for each individual osteotomy.
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a significant mean improvement of 9.6 mm (p < 0.008) 
in the sacroiliac osteotomies, 6.2 mm (p < 0.008) and 
5.8  mm (p < 0.032) in the biplanar supra-acetabular 
osteotomies, 3 mm (p < 0.016) in the ischial osteotomies 
and 2.2 mm (p < 0.032) and 2.6 mm (p < 0.008) in the 
parallel iliopubic osteotomies. Mean maximum linear 
deviation was 4.9 mm (p < 0.001) for all osteotomies 
(table I). A total of 53% of the standard technique oste-
otomies (n = 16) had a linear deviation > 5 mm and 27% 
(n = 8) were > 10 mm. In the PSI osteotomies, the per-
centages were 10% (n = 3) and 0 % (n = 0), respectively.
Accuracy of PSIs versus standard freehand technique: 
angular improvement. For angular deviation from pre-
operatively planned planes, we observed a mean 7.06° 
improvement (p < 0.001) in pitch and a mean 2.94° 
(p < 0.001) improvement in roll. comparing the stan-
dard manual technique with PSI-guided osteotomies, we 
found that PSIs produced a significant mean pitch-angle 
improvement of 9.34° (p < 0.008) in the sacroiliac oste-
otomies, 6.76° (p < 0.016) and 9.7° (p < 0.008) in the 
biplanar supra-acetabular osteotomies, 5.42° (p < 0.008) 
in the ischial osteotomies and 5.84° (p  <  0.008) and 
5.28° (p < 0.008) in the parallel iliopubic osteotomies. 
compared with the standard manual technique, PSI-
guided osteotomies resulted in significant mean roll-
angle improvements of 4.08° (p < 0.008) in the sacroiliac 

osteotomies, 2.98° (p < 0.008) and 3.28° (p < 0.016) 
in the biplanar supra-acetabular osteotomies and 3.94° 
(p < 0.008) and 3.42° (p < 0.008) in the parallel iliopu-
bic osteotomies. the ischial osteotomy mean roll angle 
was 2.76° for the standard manual technique; in the PSI 
group, the angle was 2.8° (p > 0.05). Descriptive data 
collected are shown in table II.

Discussion
In this cadaveric study, we demonstrate that 3D patient-
specific instruments could improve bone resection 
accuracy during surgery, especially compared with the 
standard manual technique.

reproducing the pre-operative plan as accurately as 
possible is crucial in pelvic tumour surgery, in order to 
achieve negative surgical margins and thus decrease the 
likelihood of local recurrence, a critical factor for patient 
survival.5,14,16,17 However, resecting significantly more tis-
sue than planned, out of concern for leaving a positive 
margin, can compromise patient function and/or suc-
cessful reconstruction.14 thus, accuracy in executing the 
pre-operative plan is crucial for safe surgical margins and 
for preserving maximum bone stock.

In 2004, Hüfner et al18 first described the use of  
navigation-assisted surgery for improving bone resection 
technique in the treatment of pelvic tumours. the use of 

Fig. 3

For hemi-pelvic resections on the left-hand side, each osteotomy had its own pair of patient-specific instruments (PSIs). PSIs were placed according to anatomi-
cal landmarks and fixed with Kirschner-wires. A correct match between anatomical cortical bone and the guide can be observed (arrow).
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computer navigation assistance in pelvic tumour surgery 
has been shown to decrease the intralesional resection 
rate from 29% to 8.7%.11 Where navigation is used, both 
the intralesional resection rate and the local recurrence 
rate compare favourably with traditional techniques due 
to their improved accuracy.3,11 Sternheim et al19 studied 
pelvic bone cut accuracy using a navigated system (navi-
gated osteotome and oscillating saw). According to the 
authors, navigation can improve accuracy in pelvic bone 
tumour resections and pelvic osteotomies to within  
5 mm of the planned cut, resulting in > 95% of cuts with 
a safe margin of 5 mm between the target tumour  
volume and the planned cut.

However, pre-operative and intra-operative errors  
can occur with navigation-assisted surgery, especially in 
relation to surface registration (where the surgeon must 
re-interpret the correct localisation).20 Image-to-patient 
registration must be checked before resection. this step 
can be avoided where PSI is used, although PSI does 
require careful bone-surface preparation. Furthermore, 
navigational instruments can be costly, navigated sur-
geries can be lengthy and becoming proficient with the 
technique involves a steep learning curve.11

It has also been shown that cutting accuracy can be 
improved using robot-assisted surgery.13,14 According to 
the studies cited, the robot-assisted technique provided a 
mean locational accuracy of 1.7 mm, as compared with 
2.8 mm for the navigated freehand process (p < 0.0001). 
However, the saws currently available may not be entirely 
suitable for robot-assisted surgery due to their limited 
ability to produce gap-free surfaces.13 As demonstrated 
by Fadda et al,21 current saws, when held by a robot 
manipulator, can produce gaps of a maximum of  
0.2 mm. Khan et al14 designed a novel passive (haptic) 
robot-assisted resection that leaves cut control in the 
surgeon’s hands. compared with the manual group, 
the haptic-robotic group improved mean maximum 
deviation from the pre-operative plan by 7.8 mm (statis-
tically significant).

Previous studies have shown that using PSIs in bone 
tumour resection within the pelvis provides good  cutting 
accuracy, simplifying tumour resection and later pros-
thetic reconstruction.7,22 cartiaux et al23 performed an 
experimental study similar to the current study; how-
ever, rather than operating on cadaveric bones (which 
differ anatomically between individual human speci-
mens), they used identical synthetic bones and addressed 
only one periacetabular tumour. the authors observed 
that the use of PSI and navigation produced results 
 significantly better than those obtained with the unas-
sisted technique. Surgical times were also reduced in 
such cases. the same study compared the use of PSI 
technology by senior and junior surgeons. No significant 
difference in results was observed between the two 
groups in terms of location accuracy and surgical mar-
gins obtained.23 the authors concluded that PSI could be 
an easily managed technology for experienced and 
newer surgeons alike. Synthetic cadavers were used in 
the study, with no intrinsic anatomical differences from 
one case to the next. this could have facilitated planning 
and execution, favourably affecting results.

Table I. Mean and standard deviation (sd) distances (mm) in osteotomies, 
comparing freehand versus patient-specific instruments

Osteotomy Distance p-value*

 Freehand PSI Mean 
improvement†

 

SI 14.60 (3.85) 5 (1.73) 9.6 0.008
SA1 10.20 (2.68) 4 (1.41) 6.2 0.008
SA2 9.40 (2.51) 3.60 (2.70) 5.8 0.032
IScH 5.20 (2.28) 2.20 (1.10) 3 0.016
PI1 3.00 (1.58) 0.80 (0.84) 2.2 0.032
PI2 3.60 (1.14) 1 (0.71) 2.6 0.008

*Student’s t-test and Mann–Whitney U test
†Mean improvement refers to the mean of the maximum distances between 
actual and planned cuts
PSI, patient-specific instruments; SI, sacroiliac; SA1, supra-acetabular 1;  
SA2, supra-acetabular 2; IScH, ischial; PI1, parallel iliopubic 1;  
PI2, parallel iliopubic 2

Table II. Descriptive details of the values observed in pitch (°), roll (°) and 
distance (mm) of the different osteotomies

SI SA1 SA2 ISCH PI1 PI2

right pitch  
1 10.1 9.1 20.2 7.1 8.3 5.1
2 17.2 12.3 14.1 10.1 9.3 8.6
3 10.2 15.3 11.6 6.8 5.4 5.4
4 9.4 19.1 14.3 7.4 6.8 7.8
5 22.1 10.2 10.1 3.2 3.7 3.2
right roll  
1 5.1 7.3 7.2 2.1 5.5 4.5
2 5.2 6.1 6.5 3.1 4.5 4.3
3 4.9 5.3 4.3 4.1 4.3 3.4
4 8.9 8.1 7.6 3.2 4.5 4.9
5 7.3 4.3 3.4 1.3 2.1 1.2
right distance  
1 15 8 7 5 4 2
2 19 8 12 5 1 4
3 13 12 9 4 2 5
4 9 14 7 3 5 4
5 17 9 12 9 3 3
left pitch  
1 3.1 9.1 3.1 2.1 1.1 1
2 4.5 5.7 3.2 2.2 1.2 0.9
3 5.1 9.1 9.2 2 1.3 1.1
4 3.2 3.1 3.2 0.1 0.5 0.5
5 6.4 5.2 3.1 1.1 0.2 0.2
left roll  
1 2.2 3.1 1.7 3.4 0.4 0.4
2 2.1 4.3 2.1 4.5 0.5 0.5
3 1.1 1.8 3.7 2.8 0 0
4 2.1 3.4 2.6 2.2 0.2 0.2
5 3.5 3.6 2.5 1.1 0.1 0.1
left distance  
1 4 5 1 1 0 0
2 4 3 2 4 1 1
3 5 6 8 2 0 1
4 4 3 4 2 2 2
5 8 3 3 2 1 1

SI, sacroiliac; SA1, supra-acetabular 1; SA2, supra-acetabular 2; IScH, ischial; 
PI1, parallel iliopubic 1; PI2, parallel iliopubic 2
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the use of PSIs does not offer the same intra-operative 
feedback as is available in navigation-guided systems, 
feedback that can reveal errors in the pre-operative plan-
ning and allow for procedural adjustments.12,24 Another 
limitation of PSI surgery may be the incorrect placement 
of the PSI on the bone surface. A recent review stated that 
a footprint with more contoured bone surfaces may be 
less prone to errors since the PSI would fit better.25 
Navigation systems also offer the advantage of being 
available upon request for scheduling a surgery, whereas 
PSI use requires four to five days for instrument design 
and manufacture.

An experimental study comparing PSI and navigation 
in treating periacetabular tumours showed that both 
could achieve clinically acceptable accuracy, with a mean 
deviation of < 2 mm from planned parameters.12 the 
mean time required for resection was significantly reduced 
in the PSI group as compared with the navigation group, 
and surgeons described intra-operative use of PSI as sim-
pler. on the other hand, a PSI can only be assessed sub-
jectively with respect to its being correctly fitted to the 
bone surface, whereas navigation calibration systems 
objectively evaluate image-to-patient registration.12 While 
both techniques can achieve similar outcomes, PSIs offer 
lower associated costs than navigated surgery.

one clinical study used computer-aided design and 
PSIs in treating osteosarcoma of the knee in eight male 
patients.26 the authors observed shorter surgical dura-
tions, reduced radiation exposure and blood loss and 
greater ease of execution.

Several limitations must be considered when review-
ing the present study. First, only five cadaveric specimens 
were available, with significant differences observed. 
Second, because PSIs can only guide bone osteotomies, a 
soft-tissue mass associated with the tumour must some-
times be resected using the standard technique, so that 
the overall impact of PSI use on achieving negative  
oncologic margins may be less than expected. this is a 
factor that has also previously been noted regarding  
navigation-assisted surgery.11 Although the standard 
technique requires exposure of the bone surface through 
healthy, uncontaminated tissue, large soft-tissue masses 
may impede or limit application of PSIs, since these 
require more soft-tissue exposure to achieve correct 
placement. Nerves and vessels are also present in the  
surgical field which can affect results due to incorrect 
placement or iatrogenic damage. Moreover, all manual 
osteotomies in this study were performed on the right 
hemipelvis, whereas PSIs were only used on the left.  
thus, the right- or left-handedness of the participating sur-
geons could have affected accuracy. Ideally, steps would 
have been taken to eliminate this variable. Additionally, 
there are the effects of user variability in accurate place-
ment of the PSI in areas of differing anatomic contours and 
with restricted exposure and visibility. cadaveric studies 

are carried out in a much more controlled environment 
than in live surgeries, without the need to manage real-
time surgical situations such as excessive bleeding, which 
could affect correct PSI placement.

PSIs offer the advantage of being case-specific, i.e., they 
are custom-manufactured for the individual patient, with 
no need to invest in an expensive navigation system. It is 
an accessible technology with a minimal learning curve;27

3D PSI is an effective method for high-accuracy repro-
duction of pre-operative planning. In clinical practice, 
PSIs could be helpful for pelvic bone tumour resection in 
centres with limited financial resources by improving the 
execution of pre-operatively planned osteotomies. there 
are no previous reports in the literature evaluating the 
precision of PSIs in pelvic tumour surgery. computer-
assisted planning and patient-specific instruments 
improve the accuracy of pelvic osteotomies in common 
bone tumour resections when compared with standard 
manual techniques in an experimental study.
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