
North American Spine Society Journal (NASSJ) 7 (2021) 100075 

Contents lists available at ScienceDirect 

North American Spine Society Journal (NASSJ) 

journal homepage: www.elsevier.com/locate/xnsj 

Basic Science 

Pedicle subtraction osteotomy with patient-specific instruments 

Marco D. Burkhard 

a , ∗ , Daniel Suter b , Bastian Sigrist b , Philipp Fuernstahl b , Mazda Farshad 

a , c , 

José Miguel Spirig 

a , c 

a Department of Orthopedics, Balgrist University Hospital, University of Zurich, Switzerland 
b Research in Orthopedic Computer Science (ROCS), University Hospital Balgrist, University of Zurich, Zurich, Switzerland 
c University Spine Center Zürich, Balgrist University Hospital, University of Zurich, Switzerland 

a r t i c l e i n f o 

Keywords: 

Spine 

Pedicle subtraction osteotomy 

Sagittal imbalance 

Spinal osteotomy 

Patient-specific 

3D-print 

a b s t r a c t 

Background: Although the utility of patient-specific instruments (PSI) has been well established for complex 

osteotomies in orthopedic surgery, it is yet to be comparatively analyzed for complex spinal deformity correction, 

such as pedicle subtraction osteotomy (PSO). 

Methods: Six thoracolumbar human cadavers were used to perform nine PSOs using the free-hand (FH) technique 

and nine with PSI (in total 18 PSOs). Osteotomy planes were planned on the basis of preoperative computed 

tomography (CT). A closing-wedge angle of 30° was targeted for each PSO. Postoperative CT scans were obtained 

to measure segmental lordosis correction and the deviation from the planned 30° correction as well as the osseous 

gap of posterior elements. 

Results: The time required to perform a PSO was 18:22 (range 10:22–26:38) min and 14:14 (range 10:13–22:16) 

min in the PSI and FH groups, respectively (p = 0.489). The PSI group had a significantly higher lordosis gain 

(29°, range 23–31° vs. 21°, range 13–34°; p = 0.015). The lordosis gain was significantly more accurate with 

PSI (deviation angle: 1°; range 0–7°) than with the FH technique (9°; range 4–17°; p = 0.003). PSI achieved a 

significantly smaller residual osseous gap of the posterior elements (5 mm; range 0–9 mm) than the FH group 

(11 mm; range 3–27 mm; p = 0.043). 

With PSI, an angular difference of 3° (range 1–12°), a translational offset of 1 (range 0–6) mm at the level of 

the lamina, and a vertebral body entry point deviation of 1 (range 0–4) mm was achieved in the osteotomies. 

Conclusions: PSI-guided PSO can be a more feasible and accurate approach in achieving a planned lordosis angle 

than the traditional FH technique in a cadaver model. This approach further reduced osseous gaps, potentially 

promoting higher fusion rates in vivo. 
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Adult spinal deformities with sagittal imbalance have been a major

ause of pain and decreased quality of life. Various surgical techniques

ave been developed to restore lumbar lordosis, with pedicle subtrac-

ion osteotomy (PSO) being among those with the highest potential [1] .

SO, which involves a V-shaped closing-wedge osteotomy through the

osterior elements, pedicles, and vertebral body, was first described by

ivind Thomasen in 1985 for the correction of lumbar kyphosis in anky-

osing spondylitis [2] . Since then, it has been performed in different vari-

tions for several conditions, with the fixed sagittal imbalances due to

atrogenic misaligned lumbar fusion being the most common condition

3] . 

According to Bridwell et al., the osteotomy is closed in such a way

hat bone-on-bone contact is accomplished in the posterior, middle, and

nterior columns [ 4 , 5 ]. In general, a lordosis gain of 25–35° can be ex-
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ected following a PSO [ 1 , 4 ]. The procedure aims to not gain as much

ordosis as possible but achieve an individually optimized spinal balance

nd physiologic posture. Thus, preoperative planning and preparation is

rucial for achieving this goal [ 6 , 7 ]. However, PSO is a technically de-

anding procedure and has been associated with increased blood loss,

ew postoperative motor deficits, pseudarthrosis, implant failure, and

he loss of correction [ 3 , 8-10 ]. Increased blood loss may further obscure

he situs overview and prevent the achievement of optimal spinal re-

lignment. Thus, the established lordosis restoration goals can be easily

issed and, ultimately, result in unfavorable postoperative spinopelvic

arameters and continued pain and disability, which may necessitate

ven more challenging revision surgery [ 11 , 12 ]. 

Patient-specific instruments (PSI) with three-dimensional (3D)-

rinted guides have been introduced for several challenging orthope-

ic procedures [ 13 , 14 ]. The guides are designed on the basis of the pa-
l, University of Zürich, Forchstrasse 340, 8008 Zürich, Switzerland. 
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Fig. 1. Patient-specific instrument planning. A) Cranial and caudal osteotomy planes. B) Simulation of alignment after pedicle subtraction osteotomy (PSO) wedge 

closing. Note that the inferior aspect of the lamina of the PSO vertebra was left intact to achieve a bony bridge posteriorly. C) Ground block (dark green) attached 

to the adjacent upper and lower vertebrae and fixated with 2.7-mm wires through yellow drill guides at first. The drill guides are later removed, and cannulated 

pedicle screws are inserted (not shown) to fix the ground block. D) Horizontal osteotomy guide (light green) attached to the ground block. E) Vertical osteotomy 

guide (purple) attached to the ground block. F) left (brown) and right (light blue) horizontal osteotomy guides for anterior vertebral body osteotomies. 
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ient’s computed tomography (CT) scan. PSI has been established for

omplex corrective osteotomies of the lower leg and optimal prosthe-

is alignment [ 15 , 16 ]. Currently, PSI is also more routinely applied in

he correction of malunions of the upper and lower extremities and in

argin-respecting orthopedic tumor surgery [ 15 , 17-19 ]. Moreover, PSI

as been found to be particularly valuable for pedicle screw insertion

uring spine surgery, promoting more accurate screw placement com-

ared with the free-hand (FH) technique [ 20 , 21 ]. Recent reports have

resented the first cases treated with PSI-guided vertebral resection os-

eotomies and extended PSOs for patients with severe kyphoscoliosis

econdary to ankylosing spondylitis [ 22 , 23 ]. However, in addition to

hese few cases, PSI has not been employed in a standardized manner or

ompared with the conventional FH technique in terms of any corrective

pinal osteotomies, including PSO. 

This study, therefore, aimed to investigate the feasibility and accu-

acy of preoperatively planned lordosis gain during PSI-guided PSOs and

ompare it with the conventional FH technique. The secondary objec-

ive was to compare the congruence of posterior column elements after

steotomy closure between these two techniques. 

ethods 

tudy characteristics 

After obtaining an approval from the local ethics committee (BASEC-

r. 2020-01326), six fresh frozen thoracolumbar spine cadavers (T10–

acrum) from human donors (Science Care, Phoenix, AZ, USA) were

sed for this study. CT scans of all specimens were obtained before dis-

ection. The cadavers were stored at − 20°C until dissection. After the
2 
pecimens were carefully dissected, the paraspinal musculature was re-

oved to reveal the spinous process and laminae of each vertebra. Each

pecimen underwent three PSOs at the L1, L3, and L5 levels, leading

o 18 (3 × 6) PSOs in total. Nine PSOs were performed using the con-

entional FH technique and nine using the PSI. To minimize selection

ias through inter- and intracadaveric changes, these two techniques

ere alternatively assigned to the randomly ordered specimen. As such,

ach specimen underwent either two FH-PSOs (L1 and L5) and one PSI-

uided PSO (L3) or vice versa, with each technique being used three

imes at each vertebral level (L1, L3, and L5). 

SI planning and guide development 

Using the obtained CT data, triangular surface models of all verte-

rae were generated. A computer-aided design surgical planning soft-

are CASPA (Balgrist CARD, Zurich, Switzerland) was then used to plan

he PSO wedge, with a cranial and caudal osteotomy plane meeting each

ther approximately 0.5 cm posterior to the anterior border of the ver-

ebral body in a 30° angle ( Fig. 1 A). The cranial osteotomy plane cut the

osterior structures (i.e., spinous process, laminae, and inferior articular

rocess) of the upper adjacent vertebrae and entered the vertebral body

f the PSO at the cranial border of the pedicle. The caudal osteotomy

lane cut the spinous process and lamina of the PSO vertebra and en-

ered the PSO vertebra body caudal to its pedicle. During all PSOs, some

amina and both inferior articular processes of the PSO vertebral body

emained intact, allowing bony contact between the posterior structures

fter the wedge closure ( Fig. 1 B). 

A PSI design comprising the following five parts was developed:

he ground block, two posterior osteotomy guides, and two anterior
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Fig. 2. Surgical technique of a patient-specific instrument-guided pedicle subtraction osteotomy (PSO). A) Front and side view of 5-mm and 10-mm depth- 

limited osteotomes with a stopping element 80-mm distant to the tip end. B) An example of a PSO of vertebra L3 is shown. The ground block is placed over L2 

to L4. A 2.7-mm drill bit (L4 on the left) is used to predrill the trajectory of the pedicle screws, which are later inserted to fix the position of the ground block. 

C) Mounted posterior horizontal osteotomy guide with an inserted chisel. D) Mounted posterior vertical osteotomy guide. E) En-bloc removal of the osteotomized 

posterior structures revealing the spinal canal. F) After bilateral removal of the L3 pedicles and L2/3 facet joints, 30° wedge osteotomy of the vertebral body is 

performed. The right sided anterior osteotomy is illustrated, which is later followed by the left anterior osteotomy. The nerve roots were protected with a retractor. 

G) After completing the osteotomy, the osteotomy guides are removed. H) The PSO is closed and fixed with vertical rods. 
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steotomy guides (left and right). The ground block was constructed

ith contact areas at the laminae and around the pedicle screw inser-

ion sites of the cranially and caudally adjacent vertebrae ( Fig. 1 C). The

steotomy guides were mountable on the ground block. The first pos-

erior osteotomy guide comprised the gauges that horizontally cut the

pinous process, laminae, and facet joints of the PSO vertebra as well as

he cranial adjacent vertebra ( Fig. 1 D). The second posterior osteotomy

uide comprised the posterior vertical osteotomy gauges that allowed

n-bloc removal of a quadrangular osteotomy piece, including the os-

eotomized lamina and spinous process ( Fig. 1 E). The two anterior os-

eotomy guides (left and right) were planned for the wedge osteotomy

f the vertebral body ( Fig. 1 F). 

For the PSI group, special osteotomes with a width of 5 and 10 mm

ere constructed using a depth-limiting stopper after a cutting length

f 80 mm (Ulrich AG, St. Gallen, Switzerland) ( Fig. 2 A). 

The length and width of the cutting gauges were adapted to each ver-

ebra to ensure that the depth-limited osteotomes did not penetrate the

pinal canal and nerve roots during posterior osteotomy or the anterior

ortex of the vertebral body during anterior osteotomy. 

SO surgical technique 

All PSOs were performed by an experienced spine surgeon. The goal

f each PSO was to gain a 30° lordosis with both the FH and PSI tech-

iques. In the FH group, the spine surgeon performed PSO as he would

n living patients, except for the special goal of achieving the 30° of

ordosis correction. 
3 
After defining the level of the PSO, the ground block was set and

xed using four pedicle screws (cannulated poly-axial pedicle screws;

edacta International, Castel San Pietro, Switzerland). The ground

lock contained four removable, cannulated cylinders that served as

rill guides (2.7 mm) before pedicle screw placement above and be-

ow the index level. Thereafter, cranial and caudal horizontal posterior

steotomies were performed, followed by vertical posterior osteotomies

 Fig. 2 B and C). The underlying spinal canal and nerve structures were

xposed by removing the osteotomized bone ( Fig. 2 D). The anterior os-

eotomy was then performed using the respective mounted anterior os-

eotomy guides ( Fig. 2 E). The dural sac and nerve roots were retracted to

rovide the chisel access to the vertebral body. The anterior osteotomy

uide predefined the osteotomy of the lateral and anterior aspects of

he vertebral body. The posterior and central aspect of the vertebral

ody, which lies directly anterior to the spinal canal, had to be removed

anually using curved rongeurs. After the removal of the bony wedge

reated in the vertebral body, the osteotomy was closed and fixed with

 screw–rod construct ( Fig. 2 F). 

SO evaluation 

The time required to execute PSO was measured in both groups,

tarting from the identification of the PSO level until closing and fix-

tion. After each PSO, CT images were obtained to measure the accu-

acy of the planned versus executed PSO. CT measurements were per-

ormed while being blinded to the technique used. The lordosis gain

ithin the PSO level was calculated as the difference between pre- and

ostoperative sagittal angulation between the upper and lower end-
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Fig. 3. Lordosis correction and osseous gap, two illustrative cases. A–D: Example of a free-hand pedicle subtraction osteotomy (PSO). Vertebral lordosis angle 

corrected from 1° of kyphosis to 20° of lordosis = 21° of lordosis gain (A and B). Large posterior osseous gaps encountered on paramedian sagittal and coronal 

computed tomography images (C and D). E–H: Example of patient-specific instruments (PSI)-guided PSO. The correction of 4° of lordosis to 33° of lordosis = 29° of 

lordosis gain (E and F). Small posterior osseous gaps encountered with the PSI technique. 

Fig. 4. Accuracy of executed versus planned patient-specific instrument-guided PSO. A) Yellow marker points on cranial lamina and vertebral body of cranial 

osteotomy plane. B) Red plane = calculated best fitting reconstructed osteotomy plane according to the yellow marker points. C) Angle measurement between 

preoperatively planned (green) and executed (red) plane. D) Perpendicular distance of the yellow marker points to the preoperatively planned osteotomy plane was 

measured (in the direction of the blue arrow). 
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late of the PSO vertebra ( Fig. 3 A-B; E-F). Furthermore, the osseous

aps between the posterior elements after osteotomy reduction were

easured through CT scan ( Fig. 3 C-D; G-H). In both the coronal and

agittal planes, the shortest distances between the dorsal elements were

easured on the left and right, with the average of the two values be-

ng recorded. The sagittal and coronal gaps as well as the average of

he sagittal and coronal values were separately compared between both

roups. 

In the PSI group, the accuracy of the planned versus executed upper

nd lower osteotomy planes of the PSO was separately evaluated. For

his purpose, separate CT scans were performed and 3D-reconstructed

fter reopening the PSO wedge for better imaging of the osteotomy

lanes. In total, 6–8 marker points were set at the cranial and caudal

steotomy planes ( Fig. 4 a), half of which were set at the surface of the

steotomized laminae and the other half at the osteotomy entry of the
 t

4 
ertebral body. The executed osteotomy plane was 3D-reconstructed by

alculating the best fit of the marker points on the surface of the verte-

ral osteotomy ( Fig. 4 B). The largest possible angle between the planned

nd executed osteotomies was recorded ( Fig. 4 B). In addition, the per-

endicular distance between each of these markers to the planned os-

eotomy plane was measured, with the overall average and average of

he anterior and posterior marker points being recorded ( Fig. 4 D). 

tatistical analysis 

Statistical analyses were performed using SPSS (version 25; IBM,

rmonk, NY). Data were nonnormally distributed using Shapiro–Wilk

ests. Intergroup comparisons were performed using the Mann–Whitney

 test. The level of statistical significance was set at p < 0.05 (for two-

ailed analyses). 
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Table 1 

PSI-guided PSO versus FH-PSO 

PSI (n = 9) FH (n = 9) p-Value 

Median Range Median Range 

Time (min:s) 18:22 10:22–26:38 14:14 10:13–22:16 0.489 

Preoperative vertebral lordosis [°] − 4 − 11–( + 10.0) − 2 − 11–( + 5) 0.825 

Postoperative vertebral lordosis [°] − 32 − 38–( − 16) − 26 − 35–( − 10) 0.102 

Gain of lordosis [°] 29 23–31 21 13–34 0.015 

Difference to 30° aim [°] 1 0–7 9 4–17 0.003 

Osseous gap sagittal [mm] 5 0–9 10 3–26 0.043 

Osseous gap coronal [mm] 4 0–9 11 3–28 0.027 

Average osseous gap ( 𝑠𝑎𝑔𝑖𝑡𝑡𝑎𝑙+ 𝑐𝑜𝑟𝑜𝑛𝑎𝑙 
2 

) [mm] 5 0–9 11 3–27 0.043 

PSO, pedicle subtraction osteotomy; PSI, patient-specific instruments; FH, free-hand. Negative values 

( − ) of lordosis represent actual lordosis, whereas positive values ( + ) indicate kyphosis. Bold-faced val- 

ues indicate statistical significance. 

Table 2 

Planning versus execution of PSO with PSI 

Median Range 

Overall deviation angle [°] 3 1–12 

Cranial osteotomy plane [°] 3 1–6 

Caudal osteotomy plane [°] 3 1–12 

Overall posterior translational distance [mm] 1 0–6 

Cranial osteotomy plane [mm] 1 0–3 

Caudal osteotomy plane [mm] 1 0–6 

Overall vertebral body translational distance [mm] 1 0–4 

Cranial osteotomy plane [mm] 1 1–3 

Caudal osteotomy plane [mm] 1 0–4 

PSO, pedicle subtraction osteotomy; PSI, patient-specific instruments. 

Overall deviation angle and overall translational distance = median 

and range of both the cranial and caudal osteotomy planes. 
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In total, 18 PSOs were performed, 9 with the PSI and 9 with the

H technique, on six human thoracolumbar cadavers. Median age of

he donors —five males and one female —was 65 (range 54–73) years.

one of the cadavers revealed any spinal alignment pathology or had

reviously undergone any surgical intervention on the thoracolumbar

pine. No complications such as neural damage or unintentional frac-

ures were observed during the PSO procedures in either group. Median

ime required to execute PSO was 18:22 (range 10:22–26:38) min and

4:14 (range 10:13–22:16) min in the PSI and FH groups, respectively,

ith no significant difference between the groups (p = 0.489) ( Table 1 ).

The PSI group had a significantly higher lordosis gain than the

H group (29°, range 23–31° vs. 21°, range 13–34°), respectively

p = 0.015). The PSI-guided PSO was significantly more precise and

ccurate than the FH-PSO, with a median deviation from the targeted

0° correction of 1° (range 0–7°) versus 9° (range 4–17°), respectively

p = 0.003). Moreover, the PSI group exhibited a significantly smaller

esidual osseous gap between the posterior parts of the closing wedges

i.e., laminae) compared with the FH group (p = 0.043), with a median

verall osseous gap of 5 (range 0–9) mm and 11 (range 3–27) mm in

he PSI and FH groups, respectively ( Table 1 ; Fig. 3 ). 

Assessment of the planned versus executed osteotomy in the PSI

roup revealed an angular difference of 3° (range 1–12°) with similar

ndings in both the cranial and caudal osteotomy planes ( Table 2 ). The

ranslational offset of the osteotomy planes at the level of the lamina

nd vertebral body entry point was 1 (range 0–6) mm and 1 (range

–4) mm, respectively, with the cranial and caudal osteotomy planes

evealing similar values ( Table 2 ). 

iscussion 

The present study aimed to investigate the value of PSI in the plan-

ing and execution of PSOs. Our results revealed that PSI-guided PSO
5 
as safe and did not cause any intraoperative complications in the

adaver model. A comparison between the FH- and PSI-guided PSOs

howed that the latter promoted more extensive lordosis gain, achiev-

ng the set gain of 30°, and had greater precision and accuracy than the

tandard technique. The PSI technique allowed for achieving not only

he closure of the wedge in the vertebral body but also bone-on-bone

ontact of the posterior elements (i.e., laminae of PSO vertebra and up-

er adjacent vertebra). 

The time to perform a PSO was similar, but slightly and non-

ignificantly increased with the PSI-guided technique (18 min 22 sec),

ompared to freehand (14 min 14 sec). However, performance of a new

perative technique such as PSI may involve an effort-intense learning

urve, before it may be compared to a more routine procedure, which

he investigating surgeon is more familiar with. With continuation of

his technique and further optimization of the PSI design and surgical

ools (i.e. depth-limited osteotomes), a further increase in surgical per-

ormance is plausible. 

The PSI design and osteotomy technique in our study was inspired

y the original PSO reports by Thomasen as well as further technique

escriptions by Bridwell et al. [ 2 , 4 , 5 ] In their illustrative descriptions,

he posteroinferior lamina and inferior articular process of the PSO ver-

ebra was left intact, which resulted in a continuous posterolateral bony

ridge. This technique stands in contrast to that published by other au-

hors who have described the complete removal of the lamina and facet

oints of the PSO vertebra. [ 1 , 24 , 25 ] The complete removal of the pos-

erior structures was also the approach used by the investigating spine

urgeon in this study in the FH-PSO group. This may explain the signif-

cantly larger osseous gap between the posterolateral structures in the

H group on sagittal and coronal CT slices. However, using the tech-

ique could preserve the facet joint caudal to the PSO, which should be

urgically addressed to promote bony fusion at this site in cases with

nossified facet joints. 

In 2018, Pijpker et al. [22] reported the first case to receive a PSI-

uided complex coronal and sagittal spinal correction osteotomy. Af-

er performing a bone–disc–bone T11/12-extended PSO on a child with

ongenital kyphoscoliosis, they reported an astonishing clinical and ra-

iographic postoperative course. Contrary to our approach, they con-

tructed separate guides for the cranial and caudal osteotomies. How-

ver, these guides were used for orientation only and were removed after

he initial osteotomy, which was then completed without the guide. Tu

t al. [23] further reported a case series of nine patients who under-

ent spinal osteotomy realignment procedures using PSI for patients

ith severe ankylosing spondylitis; they used PSI for screw placement

nd as a reference for the osteotomy. However, although their titanium

emplates seemed to provide significant aid for wedge osteotomy orien-

ation, they did not provide closed guidance with cutting gauges. 

In contrast to these previously reported PSI designs, the approach

escribed herein allowed for a more sophisticated PSI technique that

ot only orientated the osteotomy trajectories through the posterior el-

ments but also separately guided the wedge osteotomy of the vertebral
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ody. This study is also the first to compare the PSI approach to the

onventional FH technique. Our findings showed that the PSI technique

equired, on average, more time than the FH technique, although no

ignificant differences were observed. We believe that these differences

ould be attributed to 1) the lack of experience with PSI in complex

pine surgery and 2) the extra-manufactured depth-limited osteotomes.

he depth-limited osteotomes were the major concern of the spine sur-

eon, given that the shape of these osteotomes required more time for

sseous penetration and removal than the standard osteotomes used in

he FH group. Although the concept of the PSI and depth-limited os-

eotomes showed superior results in our study, the described design of

he instruments still leaves room for improvement in future applications.

linical significance 

In general, optimal sagittal realignment requires a horizontal gaze

nd head position over the pelvis, creating an ergonomically efficient

tanding and walking alignment. [26] On the basis of the formula (lum-

ar lordosis [LL] = pelvic incidence [PI] ± 9°), spinopelvic realignment

rocedures have generally aimed to achieve an LL that equals the PI,

ith the C7 vertebra being centered over the sacrum (sagittal vertical

xis < 5 cm) [ 11 , 27 ]. However, age- and individual-specific differences

eed to be additionally considered [ 28 , 29 ]. Failure to achieve these

oals have been associated with poor patient outcomes and increased

eoperation rates [30-32] . Moreover, failure to restore an appropriate

L leads to increased force loadings at adjacent segments, possibly trig-

ering adjacent segment disease, proximal junctional kyphosis, and im-

lant failure [33-37] . The incongruence between surgical planning and

xecution (i.e., 1° with the PSI technique vs. 9° with the FH technique)

ight have considerably impacted patient outcomes, accounting for the

ifference between surgical success and failure. 

The smaller posterolateral osseous gaps may possibly promote faster

ony fusion, which, in turn, could facilitate less pseudarthrosis and less

ardware failure. Accordingly, studies have reported rod fracture rates

f up to 22% within the first 2 years following PSO [10] . Although

od material, thickness, and contour angulation have been identified

s risk factors for rod fracture, the association between posterior os-

eous gap and rod fracture has, to our knowledge, not yet been investi-

ated. [ 10 , 38 ] The advantage of a small osseous gap must, however, be

eighed against the possible disadvantages such as less overview dur-

ng wedge closure and possible neural compression by the remaining

osterior structures. To avoid such complications, Bridwell suggests en-

arging the spinal canal similar to that during midline decompression to

nspect the dura and spinal canal after osteotomy closure [4] . 

Although the aforementioned studies have led to the optimization

f preoperative planning and postoperative realignment control, intra-

perative control of the amount of correction remains challenging. Al-

hough the criteria for optimal spinal alignment have been well defined,

he achieved correction still strongly relies on the surgeon’s subjective

ntraoperative decisions. In cases of complex spinal osteotomy with vig-

rous bleeding and at-risk neural structures, spinal surgeons’ capabili-

ies to simultaneously ensure that the preoperative alignment goals are

chieved may be limited. Although Blondel et al. [39] suggested intra-

peratively obtaining long-cassette radiographs to control the execution

f the preoperative plan, the efficacy and practicability of this approach

as, to our knowledge, not been investigated yet. We believe that the

ntraoperative lordosis measurements, reopening of a closed wedge, and

xtending the osteotomy in case of insufficient deformity correction are

ime-consuming and not routinely practicable in a surgery with mas-

ive blood loss, such as PSO. PSI can be a robust approach for shifting

ntraoperative decisions to preoperative planning and preparation. 

The herein described PSI-guided PSO approach further offers the

ossibility of individual adaption of the wedge angle to the patient’s

natomy. Although the wedge angle of 30° was selected for simplic-

ty and comparability between the PSI and FH techniques, this can be

odified in the approximate range of 15–35°. Furthermore, the wedge
6 
ould be rotated in the craniocaudal and anteroposterior axes to per-

orm asymmetric PSOs. By doing so, deformities in both the sagittal

nd coronal planes could be corrected, for example, in thoracolumbar

yphoscoliosis [40] . However, this falls outside the purview of this pilot

tudy but provides an outlook for future work. 

imitations 

The potentially most prominent limitation of this cadaveric pilot

tudy is that the spinal specimens investigated were in the same position

uring CT and the osteotomy procedures. This eliminates potential is-

ues with positional changes in lordosis. The fit of osteotomy guides set

ver three vertebrae with flexible lumbar discs in between may be lim-

ted in humans, considering that CT images are obtained in the supine

osition and surgery is performed in prone position. Therefore, the per-

ormance of this system in vivo needs to be evaluated. Another differ-

nce between this cadaver study and real intraoperative situations is the

ack of blood, scar tissue, and intraspinal fluid, which can lead to an un-

ealistically good overview during the procedure. Further in vivo evalu-

tion might reveal additional limitations in such conditions, which are

ifficult to simulate in a cadaver. Furthermore, the accuracy measure-

ent of the planned versus executed osteotomies illustrated in Fig. 4 is

et to become a standardized approach. However, we believe this to

e a reliable technique that could also be applied in other osteotomy

ccuracy measurements. 

onclusion 

The present study showed that PSI-guided PSO is feasible and more

ccurate in achieving the planned lordosis angle compared with the tra-

itional FH technique in a cadaver model. Further osseous gaps can be

educed, potentially promoting higher fusion rates in vivo. However,

ore studies on PSI-guided PSO in real patients are needed to deter-

ine its clinical utility. 
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