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Abstract

Introduction The insertion of thoracic pedicle screws
(T1-T10) is subject to a relevant rate of malplacement.
The optimum implantation procedure is still a topic of
controversial debate. Currently, a postoperative computed
tomography is required to evaluate the screw positions. The
present study was undertaken to clarify whether intraop-
erative 3D imaging is a reliable method of determining the
position of thoracic pedicle screws.

Methods This prospective study involved 40 consecutive
patients with thoracic spinal injuries, with intraoperative
3D scans being performed to determine the positions of
240 pedicle screws in T1-T10. The results of the 3D scans
were compared with the findings of postoperative CT
scans, using a clinical classification system.

Results The positions of 204 pedicle screws could be
viewed by means of both 3D and CT scans and the results
compared. The 3D scans achieved a sensitivity of 90.9 %
and a specificity of 98.8 %. The rate of misclassification by
the 3D scans was 2.5 %. Nine pedicle screws were clas-
sified as misplaced and their position corrected intraoper-
atively (3.8 %). No screws required postoperative revision.
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Conclusions Performing an intraoperative 3D scan
enables the position of thoracic pedicle screws to be
determined with sufficient accuracy. The rate of revision
surgery was reduced to 0 %.

Keywords Intraoperative three dimensional imaging -
3D image intensifier - Thoracic spine - Pedicle screw -
Reliability - Imaging studies

Introduction

The implantation of pedicle screws (PS) in the T1-T10
spinal section is regarded as difficult, owing to the particular
anatomical features of the thoracic vertebral column [1]. The
optimum implantation procedure is still a matter of contro-
versial debate. Recommendations include “freehand”
implantation, conventional image intensifier-controlled
implantation and navigation-assisted application [2—4].
Pedicle screws with a diameter equal to or larger than the
pedicle itself have to be used in the thoracic area to ensure
adequate stability of the instrumentation [5]. Perforations of
the pedicle walls are therefore to be expected. Between 0.3
and 8.5 %, thoracic pedicle screws are malplaced and require
revision [2, 6, 7]. Malpositioned screws can impair the
stability of the fixateur and cause neurovascular damage [8].

Conventional X-rays do not assess the position of ped-
icle screws reliably. For example, plain radiographs show
medial pedicle violations only with a positive predictive
value of 0.43 [9]. A correct classification is only possible
by means of postoperative computed tomography [10, 11].
Only few hospitals have computed tomographic equipment
installed for intraoperative use [12].

The development and introduction of 3D imaging
technologies in recent years have made a new diagnostic
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procedure available in which multi-dimensional images of
bone structures, fractures and implants in all areas of the
skeleton can be viewed intraoperatively [13]. In the area of
the spinal column, it is possible to reliably assess the
position of pedicle screws between T11 and L5 [14].

The present study is intended to clarify whether an
intraoperative 3D scan is a reliable method for determining
the position of thoracic pedicle screws.

Materials and methods

Between October 2008 and December 2010, a total of 40
consecutive patients (13 female, 27 male) with unstable
vertebral fractures were treated. We stabilized 3 incom-
plete (A3.1) and 20 complete (A3.3) burst fractures, 7 burst
split fractures (A3.2), 1 transverse bicolumn and 9 fractures
with a posterior disruption associated with Type A fracture
(B1.2). 240 pedicle screws were inserted into the T1-T10
vertebrae. The distribution of the pedicle screws among the
individual vertebrae is shown in Table 1. In this prospec-
tive study, an intraoperative 3D scan was conducted after
implantation of the pedicle screws, using the 3D imaging
system “Ziehm Vision Vario 3D” (Ziehm Imaging GmbH,
Nuremberg, Germany). The “Ziehm Vision Vario 3D” is a
second-generation 3D imaging system which provides
improved image quality through the use of a pulsed gen-
erator and improved software with enhanced gray-scale
differentiation.

The ages of the patients ranged between 11 and 78 years
(median 44, average 45.8).

The patients underwent surgery in a prone position on
a radiolucent carbon table. The fixateur used was the
“Universal Spine System” (USS, Synthes, Umkirch near
Freiburg, Germany) with pedicle screws 4.0-6.0 mm in
diameter. The thickness of the pedicle screws to be
employed was determined prior to surgery in the axial
planes of the CT scans performed. The pedicle screws were
positioned by four surgeons using the conventional open
technique by reference to the dorsal anatomical structures
of the spine and under simultaneous fluoroscopic control.
The “scanning procedure” was defined as the amount of
time, measured in minutes, taken from the calibration of
the equipment to the end of the isocentric image

Table 1 Distribution of pedicle screws and revisions in relationship
to the vertebra bodies

Vertebra n TL T2 T3 T4 TS5 T6 T7 T8 T9 TI0

Pedicle
screws

Revision of 9 1 1 2 1 1 2 1

SCIrews

240 4 8 16 26 28 32 30 38 30 28
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acquisition cycle. The isocentric image acquisition was
conducted, with the patient in apnea, by means of a fully
automated orbital motion of the C-arm around the patient
with a maximum rotational radius of 135°. A total of 110
individual images were acquired for each patient. After
completion of the isocentric scan, the device used recon-
struction algorithms to calculate a 3D data set on the basis
of the cineloop images, the scan volume of which is
equivalent to a cube with edge lengths of ~12 cm. The
data set enables reconstructions to be made in axial, sagittal
and coronal planes. In the spine segment under investiga-
tion, it is normally possible to illustrate five complete
vertebral bodies. For each patient, only one scan was
necessary in order to produce an image of the instrumented
spine segment.

The 3D scan was evaluated intraoperatively by the
operating surgeon. The basis for evaluation was the clas-
sification system developed by Zdichavsky et al. [15]
(Table 2). If malpositionings requiring correction were
found, the screws were repositioned. Malpositionings in
absolute need of correction were classified as Types Illa
and IIIb, and malpositionings in relative need of correction
were classified as Types Ila and IIb. In cases of screw
correction and repeated intraoperative scan, the second 3D
scan was evaluated in comparison with the CT scan.

Postoperative computed tomographies were performed
of 36 patients on the instrumented spine segment to plan an
additive ventral procedure. The equipment used was the
“Aquilion 64” spiral CT scanner (Toshiba Computer
Systems, Neuss, Germany) with a collimation of 0.5 mm
and with employment of a metal artifact reduction pro-
gram. The postoperative evaluation of the images was
carried out by the two experienced spinal surgeons (T.M.,
M.B.) using a web server (Impax ES Web 1000 System,
Agfa-Gevaert Group, Germany) and employing the

Table 2 Criteria of the classification scores

Classification of Criteria

Zdichavsky

et al. [15]

Ia > half of PSD within the pedicle and > half
of PSD within the vertebral body

Ib > half of PSD lateral outside the pedicle and >
half of PSD within the vertebral body

ITa > half of PSD within the pedicle and > half of
PSD lateral outside the vertebral body

IIb > half of PSD within the pedicle and tip of PS
crossing the midline of the vertebral body

IIIa > half of PSD lateral outside the pedicle and >
half of PSD lateral outside the vertebral body

IIIb > half of PSD medial outside the pedicle and tip

of PS crossing the midline of the vertebral body

PS pedicle screw, PSD pedicle screw diameter
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consensual procedure. When findings differed, the “higher-
grade” misplacement was assumed. The CT results were
taken as the “gold standard” for the comparisons. In the
axial reconstructions produced using both procedures, the
positions of the pedicle screws were determined and
compared using the classification systems developed by
Zdichavsky et al. [15] (Table 2; Fig. la—e).

In addition, the postoperative computed tomography
scanned screws were classified into four groups “com-
pletely intrapedicular”, “penetration of cortical”, “pedi-
cles perforation up to 2 mm” and “extension beyond the
pedicle wall up to 3 mm”.

Criteria for the need of postoperative correction were
medial constriction of the spinal canal by more than
3 mm and lateral malpositioning with an extracorporeal
screw tip in the immediate vicinity of viscero-vascular
structures, as well as pedicle screws where more than half
the screw shaft was positioned outside the pedicle and
corpus.

The radiation times (seconds) and radiation doses
(cGy/cm?®) were recorded for the conventional X-ray for the
3D scan and as a total.

Results

The average width of the pedicles, which was measured by
CT preoperatively, was 4.6 mm (3—7 mm, median 4). The
diameter of the implanted pedicle screws (PS) was in 32
cases larger than, in 142 cases equal to and in 66 cases
smaller than the measured maximum diameter of the
pedicle to be instrumented.

For each patient, one 3D scan was performed over the
instrumented spine segment. Intraoperative assessment of
the 3D scans resulted in nine screws in eight patients being
assessed as relevant misplacements, and these were
immediately repositioned (5 lateral, 4 medial misplace-
ments) (Fig. 2a—c). Five of the corrected PS were checked
in a repeat 3D scan (Fig. 3a, b).

The positions of 204 PS could, therefore, be compared
using both imaging procedures.

CT scan evaluations (208 PS) showed 174 PS to be in
the ideal Type I position, 34 PS were moderately malpo-
sitioned (Type Ib 10x, Type Ila 10x, Type IIb 14x), and
no PS were classified as being in need of repositioning
(Type IIla, IIIb).

Fig. 2 Intraoperative 3D scan after instrumentation of T4/5 and T7/8 to stabilize an instable T6 fracture. 3D projection of axial, sagittal and
coronal reconstructions focused on T7. Axial and coronal 3D reconstructions show the medial malplacement of the left PS clearly
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Fig.. 3 Axial 3D
reconstructions of a new 3D
scan after correction show the
PS in ideal position. The
postoperative CT confirmed the
ideal position

When the CT and 3D scans (204 PS) were compared, it
was found that 169 out of 171 PS had been correctly recog-
nized by the 3D scans as Type Ia, 9 out of 10 PS as Type Ib, 8
out of 9 PS as Type Ila and 13 out of 14 PS as Type IIb. Five
PS were incorrectly classified by one classification level;
there were no incorrect classifications by two classification
levels. We did not find any PS requiring repositioning (Type
IIT) or causing neurovascular complications.

The sensitivity reached 90.9 % and the specificity
98.8 %. Out of 204 PS, 199 (97.5 %) were correctly clas-
sified and 2.5 % of the PS (5 out of 204) were incorrectly
classified.

In the postoperative computed tomography, 75 screws
were found to be in a completely intrapedicular position,
41 screws penetrated the cortical bone to a minimal extent,
84 screws perforated the pedicles up to a width of 2 mm
and 4 screws extended beyond the pedicle wall up to
3 mm. There were no malpositionings causing injury to the
superior and inferior pedicle borders.

The median scan duration was 5.1 min (4-7 min). The
median overall time including the 3D scan assessment
required 8 min (5-11 min).

The median radiation time during the isocentric imaging
was 66 s (60-72 s, average 67 s) and the median entire
scanning time amounted to 317 s (average 378 s, 154-901 s).
The median radiation dose applied in the 3D scan was
250 cGy/cm® (average 247.4 cGy/em?®, 87-380 cGy/cm?)
and the median total radiation dose was 1,591 cGy/cm®
(average 1,846.2 cGy/cm?, 445-4.,545 cGy/em?).

Discussion
Functionally and anatomically, the T1-T10 vertebrae form
the kyphosis region of the thoracolumbar spine. This region

has a number of specific anatomical features. The corpora
shows a heart-shaped structure; pedicle screw length and
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pedicle width are significantly affected by patient sex, and
the convergence angle of the pedicles varies between 7°
and 28.4° with a median diameter of only 3.7 mm at T5
[16-18].

The implantation of thoracic pedicle screws is regarded as
difficult, and as late as 1995 Vaccaro et al. [1] recommended
giving preference to other stabilization methods owing to the
high rate of complications. Medial screw perforations
quickly lead to a relevant constriction of the spinal canal, and
itis to be feared that injuries to the dura mater and spinal cord
may occur. Anatomical investigations conducted by Lien
et al. [19] have demonstrated that the distance between the
medial pedicle walls of T1-T10 and the dura mater is only
1.0-1.5 mm. Most breach rates occurred at T4 and T6 using
conventional freehand pedicle screw placement with intra-
operative lateral radiograph [20].

The implantation methods for thoracic pedicle screws
are the subject of controversial debate. The recommenda-
tions range from the freehand technique via image inten-
sifier-controlled insertion to navigation-assisted application
[2-4, 8, 20, 21]. A meta-analysis of 130 published studies
has not found evidence of any advantage of navigation over
conventional implantation techniques for pedicle screws in
the thoracic region [22]. The problem of malpositioned
screws continues to be evident.

Perforations of the thoracic pedicle walls by pedicle
screws, which had a diameter of at least 4 mm in all the
studies, are in many cases unavoidable and have been
described for up to 709 % of pedicle screws [5].
Malplacements classified as acceptable are medial pedicle
perforation by up to 2-3 mm and lateral “in—out—in”
positions [6, 15, 23]. Misplacements considered as clini-
cally relevant are higher-grade perforations by PS, which
lead to neurovascular and visceral injuries or constitute a
secondary cause of these, and laterally malpositioned PS
which impair the stability of the fixateur owing to insuffi-
cient bone contact [8].
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Intraoperative recognition of these relevant screw mis-
placements cannot prevent primary structural damage, but
correction of the screw positions is necessary in order to
prevent secondary complications. Intraoperative conven-
tional image intensifier monitoring does not offer sufficient
safety to detect malplaced screws, and only few centers
have the facilities to perform intraoperative CT scans [12].
This results in rates of up to 8.6 % “high risk” and unac-
ceptable PS, which have hitherto had to be repositioned in
postoperative corrective surgery (Table 3).

The intraoperative use of 3D image intensifiers first
became established in the treatment of intra-articular injuries
to the extremities [24]. Regarding the spine, it was shown in a
comparative experimental cadaver study that the sagittal
cross sections of cement-augmented vertebrae could be
reliably depicted and anatomically accurate measurements
obtained by means of 3D scans [25]. The control of the
positions of pedicle screws using 3D image intensifiers was
first investigated on a cadaver model by Wang et al. [26]. All
pedicle perforations by screws in excess of 2 mm in the
thoracic region were recognized. A clinical study demon-
strated a high overall degree of accuracy in the thoraco-
lumbar region, but a significantly increased rate of
inaccuracy in the case of 3D scans of the TI-T10 segment
when using a first-generation 3D image intensifier [14].

A concurrent intraoperative imaging system that com-
bines intraoperative fluoroscopy with the capability of

multi-dimensional imaging is the “O-arm”. A human
cadaveric study showed nearly the same rates of sensitivity,
specificity and accuracy compared with 3D image inten-
sifier data [26, 27]. The “O-Arm” has a few major disad-
vantages, firstly the higher prime costs, secondly the
“O-arm” is lacking dexterity and on top of that it cannot be
used as a conventional 2D image intensifier.

In thoracic scoliosis surgery, spinal cord monitoring by
EMG threshold testing is another modality in which the
accuracy of pedicle screw placement can be controlled.
Samdani et al. [28] reported a low sensitivity and low
positive predictive value of EMG to predict medial brea-
ches from T2 to T9. Also, de Blas et al. [29] stated that
t-EMG technique has low sensitivity to predict screw
malpositioning and cannot discriminate between medial
cortex breakages and complete invasion of the spinal canal.

In our study, the intraoperative employment of a second-
generation 3D image intensifier led to the repositioning of nine
pedicle screws. The postoperative CT scans did not reveal any
further misplacements requiring correction among the pedicle
screws implanted in our patients. The maximum anticipated
correction rate was reduced from a hypothetical rate of 3.8 %
(9 out of 240 PS) to a real rate of 0 %.

When using 3D image intensifiers of the current
generation, scores should be used which relate to clinical
criteria and take account of the overall position of the PS in
the pedicle and corpus [6, 15]. This leads to a level of high

Table 3 Comparison of malpositions and revision rates of pedicle screws

Study Method of screw Patients Diagnoses/  Vertebral Pedicle Rate of pedicle PS Unacceptable/high
placement indications  region screws (n) cortex perforation diameter  risk screws (%)
(%) (mm)

Belmont Image intensifier 40 Mixed T1-T12 279 43 4.5-6.5 0.7
et al. [23]

Bransford Image intensifier 245 Trauma TI1-T10 1,533 No data 4-7 0.3
et al. [2]

Fisher et al. Freehand technique/ 23 Trauma T1-T12 201 33.8 No data 1.5
[21] image intensifier

Kuntz et al. Image intensifier 28 Mixed T2-T12 199 70.9 5 3.0
(51

Lekovic 2D/3D navigation 37 No data T1-T12 277 18.1 4.5-5.5 22
et al. [3]

Sarlak et al. Freehand 19 Scoliosis T2-T12 185 29 4.5-5.5 2.7
(8]

Schizas Freehand 13 Mixed T1-T6 60 11.7 4.35 0.0
et al. [4]

Upendra Image intensifier 60 Mixed T1-T12 314 50.3 No data 8.6
et al. [6]

Zdichavsky Image intensifier 43 Trauma T1-T10 278 No data 4-6 5.0
et al. [7]

Present 3D fluoroscopy 40 Trauma T1-T10 204 63.2 4-6 0.0
study controlled
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sensitivity and specificity and allows the screw positions to
be correctly determined in 97.5 % of cases.

The amount of time required for the complete procedure
is 8 min, which is reasonable and acceptable.

Preoperative computerized tomographic scans are rou-
tinely obtained to evaluate morphology and classification
of vertebra fractures [2, 7, 20, 21]. Postoperative computed
tomography is the routine method in several clinics with
which the accuracy of pedicle screw placement is evaluated
[3, 5-7, 20, 21, 23]. The effective dose of thoracic spine
CT examination has been reported to be ~17.99 mSV
compared to 0.08 mSV of conventional chest radiograph
[30]. Theoretical risk ratio for inducting a cancer with CT
scanning of the whole thoracic spine over a lifetime is 1 in
1,800, whereas CT imaging of 3 thoracic vertebrae carries
arisk of 1 in 5,800 [31]. Although no study has established
an increased prevalence of malignant disease secondary to
diagnostic imaging procedures yet, these theoretical data
suggest that CT examinations are not benign and ratios of
benefit to risk should be regarded. Postoperative low-dose
spine CT is a reliable method to reduce the estimated
effective dose in the assessment of pedicle screw place-
ment [31, 32].

For the patients in our study, the mean intraoperative
radiation dose increased by 16 %. Dose comparisons
between 3D and CT scans were conducted by Rock et al.
[13] on a phantom. A standardized spiral CT scan of the
lumbar vertebrae showed significantly higher dose values
than a comparable 3D scan. Hence, if the postoperative CT
scan for checking the position of pedicle screws were to be
replaced by the performance of an intraoperative 3D scan,
the total radiation dose to which the patient is exposed
would be reduced. For the operating staff, there is also no
increase in radiation exposure, since the isocentric cineloop
is fully automated and performed solely by the image
intensifier, so that the personnel can maintain an adequate
distance from the scanner.

The performance of an intraoperative 3D scan permits
the position of pedicle screws in the T1-T10 region to be
determined with sufficient accuracy on the basis of a
clinical classification system. The 3D scan offers the
advantage that screws can be repositioned immediately
during the operation, and this led to immediate reposi-
tioning in the case of 3.8 % of the screws. It was possible
to reduce the rate of secondary correctional surgery.
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