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grade 1, perforation of pedicle wall by screw placement, 
with the external edge of screw deviating out of the lateral 
pedicle wall equal to or less than 2 mm and grade 2, critical 
perforation of pedicle wall by screw placement, large than 
2 mm.
Results  A total of 129 screws (12.64  %) were demon-
strated as lateral pedicle wall perforation, of which 101 
screws (9.86  %) were classified as grade 1, whereas 28 
screws (2.73 %) as grade 2. Among the segments involved, 
C3 showed an obviously higher perforating rate than other 
(P  <  0.05). The difference between the anatomical pedi-
cle transverse angle and the screw trajectory angle was 
higher in patients of grade 2 perforation than the others. In 
the 28 screws of grade 2 perforation verified by axial CT, 
26 screws had been palpated as abnormal during opera-
tion. However, only 19 out of the 101 screws of grade 1 
perforation had shown palpation alarming signs during 
operation. The average follow-up was 36.8 months (range 
5–65 months). There was no symptom and sign of neuro-
vascular injuries. Two screws (0.20  %) were broken, and 
one screw (0.10 %) loosen.
Conclusion  Placement of screw through a correct tra-
jectory may lead to grade 1 perforation, which suggests 
transversal expansion and breakage of the thinner lateral 
cortex, probably caused by mismatching of the diameter 
of 3.5  mm screws and the tiny cancellous bone cavity of 
pedicle. Grade 1 perforation is deemed as relatively safe 
to the vertebral artery. Grade 2 perforation means obvi-
ous deviation of the trajectory angle of hand drill, which 
directly penetrates into the transverse foramen, and the risk 
of vertebral artery injury (VAI) or development of thrombi 
caused by the irregular blood flow would be much greater 
compared to grade 1 perforation. Moreover, there are two 
crucial maneuvers for increasing accuracy of screw place-
ment: identifying the precise entry point using a curette 

Abstract 
Purpose  To present the technique of free-hand subaxial 
cervical pedicle screw (CPS) placement without using 
intra-operative navigating devices, and to investigate the 
crucial factors for safe placement and avoidance of lateral 
pedicle wall perforation, by measuring and classifying per-
forations with postoperative computed tomography (CT) 
scan.
Summary of background data  The placement of CPS has 
generally been considered as technically demanding and 
associated with considerable lateral wall perforation rate. 
For surgeons without access to navigation systems, experi-
ence of safe free-hand technique for subaxial CPS place-
ment is especially valuable.
Materials and methods  A total of 214 consecutive trau-
matic or degenerative patients with 1,024 CPS placement 
using the free-hand technique were enrolled. In the opera-
tive process, the lateral mass surface was decorticated. Then 
a small curette was used to identify the pedicle entrance by 
touching the cortical bone of the medial pedicle wall. It 
was crucial to keep the transverse angle and make appropri-
ate adjustment with guidance of the resistance of the thick 
medial cortical bone. The hand drill should be redirected 
once soft tissue breach was palpated by a slim ball-tip 
prober. With proper trajectory, tapping, repeated palpation, 
the 26–30 mm screw could be placed. After the procedure, 
the transverse angle of CPS trajectory was measured, and 
perforation of the lateral wall was classified by CT scan: 
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or hand drill to touch the true entrance of the canal after 
decortication, and guiding CPS trajectory on axial plane by 
the resistant of thick medial wall.

Keywords  Cervical spine · Pedicle screw · Free-hand · 
Complication

Introduction

As the cervical pedicle screw (CPS) can provide more reli-
able biomechanical stability than the lateral mass screw 
or transarticular screw [1, 2], the CPS system has been 
increasingly and widely accepted by surgeons for the treat-
ment of a variety of unstable cervical spine conditions [3]. 
The subaxial CPS can be used to effectively treat traumatic 
and nontraumatic conditions as well as kyphosis correction 
and destructive spondyloarthropathy, as it allows for shorter 
instrumentation with improved spinal alignment [4].

CPS placement is generally considered to be tech-
nically demanding. The pedicle is much smaller in the 
cervical spine than in the thoracic or lumbar spine, and 
the anatomy varies between individuals. The reported 
rate of pedicle wall perforation with CPS placement 
varies from 3.7 to 21 % [3, 5, 6], with lateral wall per-
foration being the most common. To increase the accu-
racy of CPS placement, intra-operative image assistant 
techniques were recommended [7]. However, CPS mal-
position causing vertebral artery injury (VAI) or neu-
rological complications has also been reported even 
when using navigation system [8]. Moreover, for sur-
geons without access to navigation systems, experience 
of safe free-hand technique (particularly regarding the 
axial trajectory of the cervical pedicle) for subaxial CPS 
placement is especially valuable. Such experience is par-
ticularly beneficial when reliable stabilization anchors 
are needed, such as in deformity correction or posterior 
revision procedures.

Postoperative axial CT scan to assess the accuracy 
of pedicle screw placement is widespread. Several stud-
ies have detected perforations after CPS placement using 
CT scans, and researchers tended to grade the breaches by 
referring the screw diameter, to acquire precise and conven-
ient evaluations [9, 10]. However, the relationship between 
different grades of perforation and the risk of VAI has not 
been clarified.

The purpose of this study was to present our method of 
free-hand subaxial CPS placement technique which does 
not use intra-operative navigation device, and to investi-
gate the crucial factors for safe placement and avoidance of 
lateral pedicle wall perforation, by measuring and classify-
ing perforations using postoperative computed tomography 
(CT) scans.

Materials and methods

Patient data

This study involved 214 consecutive patients who had 
undergone C3–C7 CPS placement (with all together 1,024 
screws) by a single surgeon (Jingming Xie) using the free-
hand technique from July 2004 to July 2009 (detailed in 
Table  1). The average age of the patients was 47.7  years 
(range 9–73  years). Pedicle morphology was fully evalu-
ated preoperatively by radiographs and reconstructed CT 
scans. The angles of each pedicle trajectory on the axial 
plane were measured. Pedicles with a diameter of less than 
3.5 mm were excluded from this study.

Neurological and vascular complications were assessed 
though preoperative, immediate postoperative, and the final 
follow-up physical examination and clinical notes. Instru-
mentation and bone union status at the final follow-up were 
reviewed using radiographs and CT scans.

Surgical technique

Patients were placed on a prone position under general 
anesthesia. Intra-operative fluoroscopy was used only for 
locating the relevant vertebrae, or for showing sagittal 
alignment of the cervical spine, if necessary. A long straight 
posterior midline incision was made between the spinous 
processes of C2 and C7. The vertebrae being planned to 
insert screws were identified and the lateral masses were 
exposed until reached to their lateral margins. The cortex 
of the lateral mass on the lateral and superior quadrant was 
partly removed with a high-speed burr. Then an osseous 
hole of 3.5 mm depth was created. We used a small curette 
to gently scrape off the cancellous bone through the bottom 
of the hole and towards the interior side, until the cortical 
bone of the medial pedicle wall was touched. Our method 
for identifying the pedicle entrance was similar to Karai-
kovic reported “funnel technique” [11]. In some cases, the 
screw insertion point was directly observable at the bottom 
of the osseous hole, as a round area of cancellous bone sur-
rounded by solid cortical bone. After that, a 2-mm hand 
drill was put into the track to probe the cortical resistance 
again.

The hand drill was held at a transverse angle of approxi-
mately 35–45° (not solely dependent on the data measured 
for each pedicle on the CT scan) and was gradually drilled 
deeper using a smooth rotational motion. The trajectory of 
the CPS track on the axial plane was guided by the resist-
ance of the medial cortical bone, and appropriate adjust-
ment of the transverse angle was made when needed. It was 
necessary to ensure that the tip of the hand drill proceeded 
smoothly in the cancellous tunnel without any sudden 
advancement.
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Palpation of the pedicle track with a slim ball-tip probe 
was performed if any abnormalities were felt while drill-
ing, to identify the floor and the walls of the pedicle track 
and the intra-osseous borders. Particular attention was 
paid to the first 15–18  mm of the track, as the distance 
from the posterior projection points of the pedicle axis 
on the lateral mass to the junction of the vertebral body 
and pedicle [12]. If a soft tissue breach was palpated, the 
hand drill was carefully redirected and bone wax was 
placed in the pedicle track. After tapping and repeated 
exploration in the correct trajectory direction, screws with 
3.5–4.0 mm diameter and 26–30 mm length were placed 
(Figs. 1, 2).

Evaluation of screw position

The integrity of the floor and four walls of the pedicle track 
were cautiously examined by using a ball-tip probe (or a 
tip bended 1-mm K-wire) after the drilling procedure or 
trajectory adjustment, as well as before screw insertion. All 
abnormal soft tissue breaches were recorded.

Postoperatively, superior or inferior pedicle wall per-
foration was assessed using left and right oblique radio-
graphs; medial or lateral wall perforation and anterior 
vertebral perforation were assessed using axial CT scans 

with 1-mm slices to minimize the influence of boundary 
artifacts, and with sagittal and coronal two-dimensional 
CT reconstruction for detailed assessment. The transverse 
angle of the CPS trajectory was measured. The position 
of the CPS was assessed by two blinded spinal surgeons. 
Perforation of the lateral wall was classified according to 
the following definitions: grade 1, burst of pedicle wall 
by screw placement, with the external edge of the screw 
deviated out of the lateral pedicle by ≤2 mm; or grade 2, 
critical perforation of the pedicle wall by screw placement, 
with the screw deviated >2 mm out of the lateral pedicle 
(Fig.  3). Postoperatively, several patients with demon-
strated pedicle perforation were nonrandomly selected for 
angiography under three-dimensional CT reconstruction, 
to investigate the changes of the blood flow of the verte-
bral artery.

Statistical analysis

Measured data were analyzed using SPSS software version 
17.0. Kappa statistics were applied to test the inter-rater 
reliability of the classification of the grade of pedicle perfo-
ration. Groups were compared using the Pearson χ2 test for 
categorical data. P values less than 0.05 were considered 
statistically significant.

Table 1   Patient demographics 
and screw placement results

n n % Breach  
(n)

Breach rate  
(%)

Difference of 
breach rate

Total of patients 214 76

 Male 143 66.8 48 33.6 P > 0.05

 Female 71 33.2 28 39.4

Etiology

 Trauma 149 69.6 52 34.9 P > 0.05

 Nontraumatic 65 30.4 24 36.9

  Spondylotic myelopathy 48 22.4

  OPLL 12 5.6

  Congenital deformity 4 1.9

  Tuberculosis sequelae 1 0.5

Age

  ≤60 years 172 80.4 61 35.5 P > 0.05

  >60 years 42 19.6 15 35.7

Instrumentation information

 One segment 84 39.3 26 31.0 P > 0.05

 Two or more segment 130 60.7 50 38.5

Total number of screws 1,024 129

 Direction: left side 505 49.3 58 11.5 P > 0.05

 Direction: right side 519 50.7 71 13.7

Inner diameter of pedicle

 ≤3.5 mm 356 34.8 37 10.4 P > 0.05

 >3.5 mm 668 65.2 92 13.8
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Results

Among the 1,024 screws placed, 129 screws (12.64  %) 
breached the lateral pedicle wall, of which 101 (9.86  %) 
were classified as a grade 1 perforation (burst of pedicle 

wall) and 28 (2.73  %) as a grade 2 perforation (critical 
perforation). The inter-observer agreement rate was 87  % 
for the grade of pedicle perforation (mean kappa =  0.74) 
and intra-observer agreement rate was 93  % (mean 
kappa  =  0.82), indicating good agreement for both 

Fig. 1   Operation schema of the CPS free-hand technique: decorti-
cating on the lateral and superior quadrant area of the lateral mass, 
to create a bone hole (a); using a curette to scrape off the cancellous 
bone though bottom side of the hole and touch the interior side of 
medial pedicle wall (b); inserting 2-mm hand drill and feeling the 

cortical resistance of medial wall, making appropriate adjustment of 
the transverse angle (c); the hand drill proceeding smoothly in the 
cancellous tunnel and building the primary trajectory (d); identifying 
the integrity of the floor and four walls of the pedicle track by a slim 
probe, particularly for the first 15–18 mm (e); screw being inserted (f)
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inter-observer and intra-observer analyses. The general 
information involved patient demographics, screw place-
ment results and breach rate of lateral pedicle wall are 
described in Table 1.

The incidence of lateral wall breaches in C3–C7 is 
described in Table  2, and breach of the lateral wall was 
significantly more frequent in C3 than in the other ver-
tebrae (P  <  0.05). Moreover, preoperative and postop-
erative axial CT measurements showed that the difference 
between the pedicle transverse angle and the screw tra-
jectory angle was higher in the group with grade 2 per-
forations (18.15º  ±  7.89º) than in grade 1 perforations 
(10.23º ±  6.17º). Twelve screws (1.17 %) also perforated 
the inferior cervical pedicle wall. No screws were observed 
to breach the medial or superior cervical pedicle walls.

Seven planned screw placements were aborted 
or changed to lateral mass screws during operation, 
because  >2  mm of soft tissue was palpated on the lat-
eral side during the hand drilling procedure. Of the 1,024 
screws inserted, lateral soft tissue breach was palpated in 
82 pedicles (8.01 %) during hand drilling. After bone wax 
insertion and trajectory adjustment, a tiny lateral wall per-
foration could still be detected in 56 pedicles (5.47 %). If 
a soft tissue breach occurred in the first 15–18 mm of the 
track and was less than 1  mm, all intra-osseous borders 
were carefully identified, and then tapping and screw place-
ment was performed. Among the 28 screws with grade 2 
perforation detected by axial CT scan, intra-operative 
abnormalities had been detected in 26 screws. However, 
intra-operative abnormalities had been detected in only 19 
out of the 101 screws with grade 1 perforation. In addition, 
there were 37 screws encountered soft tissue breach but 
without CT-detected perforation.

The average follow-up time was 36.8  months (range 
5–65 months). No patient showed symptom or sign of neu-
rovascular injury related to CPS placement. Two screws 
(0.20 %) broke due to failed union in a trauma patient, but 
there was no subsequent deformity or neurological dys-
function secondary to removal of the screw and rod sys-
tem. One screw (0.10 %) loosened in another patient who 
remains under observation and is asymptomatic.

Discussion

Perforation of the lateral pedicle wall in the cervical spine 
has been regarded as strongly associated with VAI. In our 
series of patients, a total of 101 screws were found to be 
grade 1 perforation (<2  mm) on postoperative CT scan, 
without clinical signs of VAI. Only in 19 of them intra-
operative alarm signs were detected through palpation. 
We speculated that the reasons for this are as follows. 
First, anatomical data indicate that even though the outer 

Fig. 2   Due to differences of the pedicle entrance, the transverse 
angle of the hand drill may deviate the truly pedicle transverse angle, 
and its trajectory may be still within the cortical bone of the cervi-
cal pedicle (a, b). We emphasized that the hand drill was guided by 
the resistance of the medial cortical bone in our free-hand technique. 
Axial CT scan on C4 in which both side CPS were placed without 
perforation also revealed the difference of the transverse angle: left of 
patient 46.6°, right of patient 29.6° (c)
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diameter of the cervical pedicle is usually  >3.5  mm, the 
actual width of the cancellous bone cavity (inner diam-
eter) is usually  <3.5  mm [13]. The cervical pedicle has a 
tear drop shape, with the inner height larger than the width 
and the medial cortex significantly thicker than the lateral 

cortex. When a 3.5 mm screw is placed in the correct tra-
jectory, there may encounter transverse expansion and burst 
of the lateral cortex. Second, it should be noted that such 
injuries to the integrity of the lateral wall are difficult to 
palpate, as there are frequently fragments of pedicle cortex 

Fig. 3   Perforation of the lateral 
wall: grade 1, the external edge 
of the screw (right of patient) 
deviating out of the lateral pedi-
cle by ≤2 mm (a, b); grade 2, 
with the screw (left of patient) 
deviating >2 mm out of the lat-
eral pedicle (c, d). Postoperative 
CT angiography of the grade 2 
perforation at left C4 demon-
strated normal diameter of the 
left vertebral artery (e)

Table 2   The incidence of 
breached lateral walls in C3–C7 
(n/% of the total screws in the 
corresponding vertebra)

C3 C4 C5 C6 C7 Subtotal

Normal 71/63.4 175/81.0 246/89.5 237/94.8 166/97.1 895/87.4

Grade 1 38/33.9 33/15.3 22/8.0 8/3.2 NA/NA 101/9.9

Grade 2 3/2.7 8/3.7 7/2.5 5/2.0 5/2.9 28/2.7

Total 112 216 275 250 171 1,024/100.00
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on the outside of the screw pathway, between the screw 
and the vertebral artery. For a 3.5-mm screw, grade 1 per-
foration is defined as a <2 mm breach, indicating deviation 
of nearly half of the screw diameter. It was indicated that 
the center axis of the trajectory tends to be in the cancel-
lous bone cavity close to the original lateral cortical wall. 
The summation of the radius of screw and the thickness of 
lateral cortex was approximately equal to 2 mm. In other 
words, CPS placement in a correct trajectory may, there-
fore, lead to grade 1 perforation which is deemed as rela-
tively safe to the vertebral artery, because of protectiveness 
from the fragment between the screw and the vertebral 
artery.

In our research, a total of 28 screws (2.73  %) showed 
grade 2 perforation, and no patient presented with symp-
toms indicating vascular injury or embolism, such as cer-
ebral infarction. The term of “safe zone” concerning pedi-
cle screws was claimed not only in thoracic spine, but also 
in cervical spine [14]. It describes the distance to which a 
CPS can potentially perforate the cervical pedicle laterally 
without causing vertebral artery injury in the cervical seg-
ment. Considering both the occupation rate and the safe 
zone, Tomasino et al. [14] calculated a theoretical distance 
of 2.5 mm that the CPS can shift the vertebral artery lat-
erally without causing vascular injury. In addition, Sanelli  
et  al. [15]reported significant variations in the size of the 
vertebral artery relative to the size of the transverse fora-
men, with the vertebral artery occupying 8–85  % of the 
foramen (occupation rate), and being precisely in the mid-
dle of the foramen in only 34  % of cases. It seemed that 
grade 2 perforation may not always directly damage the 
vertebral artery, for the fortunate distance between artery 
and pedicle wall. Moreover, lack of the clinical clues of 
VAI can attribute to compensation from opposite side 
vertebral artery, although one side VAI related to grade 2 

perforation has been entercountered. However, our study 
found that a pedicle breach of more than 2  mm (grade 2 
perforation) indicated that the trajectory angle of the 
hand drill had deviated (by an average of 18.15°) and had 
directly penetrated into the transverse foramen, which 
would greatly increase the risk of VAI or thrombus devel-
opment caused by irregular blood flow compared to a grade 
1 perforation (Fig. 4). Vertebral artery irregularities, such as 
tortuous or split arteries should also be considered, because 
of their lower tolerance for grade 2 perforations. In addi-
tion, the biomechanical strength of screws with a grade 2 
perforation would obviously be reduced. It must be noted 
that the primary concern during CPS placement was the 
prevention of grade 2 perforations.

Among the 28 grade 2 perforations, abnormalities were 
palpated during placement of 26 screws. During hand drill-
ing, tapping, and partial screw insertion, the four walls and 
the floor of the pedicle track should be carefully palpated, 
with particular attention being paid to the first 15–18 mm of 
the track and the lateral wall. The surgeon always retreated 
and repeated palpation when an abnormal feeling was 
encountered, to get sufficient information about the pedicle 
walls for decisions of adjustment or abortion. Most grade 2 
perforations were detected, and redirection was attempted. 
This could cause partial overlap between the original and 
redirected tracks, since adjustment of the hand drill trajec-
tory within the narrow space of the cervical pedicle canal 
was very difficult, once the breach had occurred. Based on 
our experiences, we recommended changing to lateral mass 
screws once rebuilt CPS track has been shown difficult or 
demonstrated failure.

Among all the vertebrae involved in this study, C3 
showed a higher frequency of breach of the lateral wall 
than others. In our opinion, this was not because of the 
small size of the C3 pedicle, but because of limited soft 

Fig. 4   Axial CT scan on C5 
detected lateral wall perforation 
of both sides: grade 1 on right 
and grade 2 on left (a). Interrup-
tion of the left vertebral artery 
was detected by postoperative 
CT angiography, though the 
patient showed no symptoms 
of vascular injury or embolism 
(b). Grade 2 perforation greatly 
increased the risk of VAI
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tissue exposure due to a desire to avoid C2 involvement, 
since extensive intra-operative soft tissue exposure was 
needed to achieve the correct trajectory angle. Besides, two 
techniques were crucial to increase the accuracy of screw 
placement. First, the ideal entry point cannot be determined 
based on posterior landmarks. According to morphometric 
studies, the location of the pedicle entrance on the posterior 
surface is unique to each level of the cervical vertebrae, and 
there may be large variations among individuals even at the 
same vertebral level [16]. We recommended identification 
of the precise entry point using a curette or hand drill, after 
the lateral mass being decorticated under proper exposure. 
Second, the trajectory of the CPS track on the axial plane 
should be guided by the thick medial wall. The resistance 
of the medial cortex should be carefully felt by the surgeon, 
and the tip of the hand drill should be adjacent to the medial 
wall and slowly advanced through the cancellous bone. 
Perforation of the medial pedicle wall did not occur in our 
series. We stress that carefully feeling the advancement 
of the pedicle screw is important to ensure safe free-hand 
CPS placement, which eliminates undetected medial wall 
perforation. According to our experience, these two tech-
niques are especially helpful in degenerative patients with 
excessive osteophyte formation and osteoporosis, which 
was why in this study the perforation rate was nearly equal 
between patients with degenerative disease and trauma.

Abumi et  al. [17] reported that their perforation rate 
during CPS placement was 6.7 % (45/669). In this study, 
129 of 1,024 screws (12.64 %) showed lateral pedicle wall 
perforation, not including seven aborted pedicle screws. 
This rate seemed unacceptably high compared with previ-
ous reports, but if grade 1 perforations were excluded from 
the calculation, the results of the free-hand technique were 
good. We agreed that the assistance of navigation system 
can improve the accuracy of CPS placement, and it played 
a key role in pedicles with no medullary cavity or an 
extremely small medullary cavity. Richter et al. [18] com-
pared the perforation rate between CPS placement assisted 
by lateral fluoroscopy or by a navigation system, and 
found a significant difference of 8.6 % (8/93) versus 3.0 % 
(5/167). Recently, Ishikawa et  al. [8] reported a series of 
CPS placements using either three-dimensional fluoroscopy 
based navigation or conventional fluoroscopy. They found 
that the navigation system improved the accuracy of CPS 
placement, but the incidence of perforation when using the 
navigation system was 18.7  % (28/150), and severe CPS 
malposition causing VAI or neurological complications 
occurred even when using the navigation system. We could 
not perform a comparison between our free-hand technique 
and placement assisted by navigation system. However, we 
emphasize that the safe and successful application of mod-
ern technology must be based on having experience with 
careful palpation by hand feeling.

Due to the various pathologies and ages of the patients 
in this study, learning curve analysis of our CPS placement 
method could not be performed. However, we believe that 
CPS placement using our free-hand technique is technically 
demanding, and that there must be a remarkably learning 
curve for this method, as has been indicated by similar 
studies [9, 10]. Surgeons should be fully aware of the risks 
of CPS placement and should promptly review their experi-
ence after each unsatisfactory screw placement, to improve 
the accuracy and safety of their techniques.
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