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Abstract
Introduction The implementation of 3D-navigation in the operating theater is reported to be complex, time consuming, and 
radiation intense. This prospective single-center cohort study was performed to objectify these assumptions by determining 
navigation-related learning curves in lumbar single-level posterior fusion procedures using 3D-fluoroscopy for real-time 
image-guided pedicle screw (PS) insertions.
Materials and methods From August 2011 through July 2016, a total of 320 navigated PSs were inserted during 80 lumbar 
single-level posterior fusion procedures by a single surgeon without any prior experience in image-guided surgery. PS mis-
placements, navigation-related pre- and intraoperative time demand, and procedural 3D-radiation dose (dose-length-product, 
DLP) were prospectively recorded and congregated in 16 subgroups of five consecutive procedures to evaluate improving 
PS insertion accuracy, decreasing navigation-related time demand, and reduction of 3D-radiation dose.
Results After PS insertion and intraoperative O-arm control scanning, 11 PS modifications were performed sporadically with-
out showing “learning curve dependencies” (PS insertion accuracies in subgroups 96.6 ± 6.3%). Average navigation-related 
pre-surgical time from patient positioning on the operating table to skin incision decreased from 61 ± 6 min (subgroup 1) to 
28 ± 2 min (subgroup 16, p < 0.00001). Average 3D-radiation dose per surgery declined from 919 ± 225 mGycm (subgroup 
1) to 66 ± 4 mGycm (subgroup 16, p < 0.0001).
Conclusions In newly inaugurated O-arm based image-guidance, lumbar PS insertions can be performed at constantly high 
accuracy, even without prior experience in navigated techniques. Navigation-related time demand decreases considerably 
due to accelerating workflow preceding skin incision. Procedural 3D-radiation dose is reducible to a fraction (13.2%) of a 
lumbar diagnostic non-contrast-enhanced computed tomography scan’s radiation dose.
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Introduction

Originating from spinal plate osteosynthesis, pedicle screw 
(PS)-based posterior stabilization systems have been suc-
cessfully applied for an array of indications after the pro-
totype “fixateur interne” had been presented in 1984 [1, 2]. 
During more than three decades of wide-spread use all over 
the world, PS insertion procedures have become increasingly 
sophisticated, when computer navigation started to inter-
lace with the original surgical approach. These first steps in 
image-guided spine surgery were arduous and technically 
complex, so that acceptance was low among spine surgeons. 
But the idea of increased procedural safety at low radiation 
doses even in anatomically challenging spinal regions forced 
both, industry and therapists, into a rapid evolution of inno-
vative computer navigation techniques. Although still being 
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time consuming and technically demanding, advantages of 
today’s navigated procedures cannot be neglected. Non-navi-
gated PS insertion techniques show malposition rates beyond 
the 10%-threshold [3–8], and reoperation rates of about 5% 
[9], even in the hands of experienced surgeons. In navigated 
procedures, however, reoperation rates are reported to be 0% 
[10–12], with PS placement accuracies commonly surpass-
ing those of non-navigated techniques [3–6, 11].

Among the diversity of computer-assisted surgical 
devices on the market, O-arm navigation has evolved as 
very promising appliance concerning imaging quality and 
accuracy [7, 13, 14]. Nevertheless, these modern technical 
aids are expensive and usually not reimbursed by health care 
systems. Critics furthermore emphasize higher irradiation 
doses for patients and personnel during computer-assisted 
spinal procedures, and complain about time-consuming 
navigational steps that prolong surgeries. But these issues 
are not immutable problems that have to be tolerated, when 
computer-assisted surgery is implemented in the operating 
room. They are rather subjected to learning processes end-
ing up in maximized accuracy and safety for the patient at 
acceptable time demand and irradiation dose.

This prospective study was performed to investigate 
learning curve effects on accuracy, navigation-associated 
time demand, and radiation dose in O-arm based naviga-
tion-assisted PS instrumentation procedures. To limit con-
founding factors that might arise from the number of instru-
mented vertebrae, anatomical peculiarities of various spinal 
sections, or different experience levels of participating sur-
geons, observations are restricted to lumbar single-level pos-
terior fusion procedures performed during a 5-year period by 
a single surgeon who had never used image guidance before.

Materials and methods

All navigated lumbar single-level posterior fusion proce-
dures conducted by the author from August 2011 through 
July 2016 were included in this study. Procedures were 
standardized according to a pre-established study proto-
col utilizing navigation unit plus O-arm (StealthStation S7 
Surgical Navigation System, O-arm®, Surgical Imaging 
System, Medtronic Sofamor Danek, Memphis, TN, USA). 
Prior to surgery, patients gave written informed consent 
after having received information about the use of O-arm 
and navigation unit for 3D-image-guided PS instrumenta-
tion and post-instrumentation screw position control. Dur-
ing surgery, patients were under general anesthesia in prone 
position on a radiolucent carbon fiber-operating table. The 
O-arm was adjusted to the surgical site for two imaging 
(anteroposterior and lateral view) and one parking posi-
tion. These three standard settings were digitally stored for 
reliable reproduction of 2D-fluoroscopy and 3D-imaging 

during surgery. After skin disinfection and sterile draping 
of patient and O-arm, surgery started with skin incision, 
sub-periosteal preparation of spinous processes and vertebral 
arcs, and navigation reference clamp fixation to a spinous 
process in the caudad end of the surgical field. During the 
initial scan for navigational data acquisition, patients were 
not ventilated to prevent poor image quality due to trunk 
movements. Scan data were transformed for multiplanar 
reformations and transferred to the navigation unit. With 
the combination of navigation work station, infra-red cam-
era, special surgical navigated tools (blunt probe, awl), and 
image-guidance software, real-time tool tracking was pos-
sible on the navigation unit’s monitor in 2D-sectional images 
(coronal, transaxial, sagittal orientation) after navigated 
tools had been referenced. PS beds were prepared using a 
navigated awl and probe. With the navigated probe, screw 
diameters and lengths were determined by calibrated virtual 
display on the StealthStation monitor. For PS application, 
a non-navigated screwdriver was used after non-navigated 
thread cutting.

Evaluation of PS insertion accuracy

For controlling PS positions, a second 3D-fluoroscopy scan 
was performed after spinal instrumentation to visualize 
screw positions in the three two-dimensional views (transax-
ial, sagittal, and coronal orientation). Initial scan parameters 
could optionally be changed. Screw positions were modified 
in case of insufficient vertebral anchorage jeopardizing the 
instrumentation’s stability (due to extrapedicular/extraver-
tebral screw positions or suboptimal insertion depth), or if 
anatomical structures (facet joints, neural structures in the 
spinal or nerve root canal, retroperitoneal vessels) were at 
risk of harmful violation. These screw modifications were 
recorded post-surgically and categorized into major (con-
cerning a screw’s vertebral starting point, its trajectory, or 
replacement due to suboptimal screw size) and minor modi-
fications (mere alterations of a screw’s vertebral insertion 
depth after control scanning) for accuracy evaluation. Only 
in case of major modifications, another 3D-fluoroscopic con-
trol scan was conducted.

Evaluation of navigation‑associated time demand

In image-guided surgery, several procedural steps are addi-
tionally performed, or conducted in a modified way com-
pared to the conventional surgical approach. For determining 
navigation-associated time requirements, durations of navi-
gation-associated pre-skin-incision periods (including prone 
positioning of anesthetized patients, O-arm adjustment, 
finding imaging and parking gantry-positions, skin disin-
fection, and sterile draping of patient and O-arm) and post-
skin-incision periods (i.e., navigation-related interruptions 
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of the actual surgical workflow, including 3D-fluoroscopy 
scanning, dataset processing for visualization, plus the time 
the surgical team needed for leaving and re-entering the 
room during scans) were separately recorded and evaluated 
as total, pre-, and post-skin-incisional navigation-associated 
time demands.

Evaluation of radiation dose

For every 3D-fluoroscopy scan (initial and control scans), a 
standard or high-density (HD) scan mode had to be selected 
affecting image resolution, radiation dose, and scanning time 
(120 kVp, 156.4–596.0 mAs, 13, respectively, 25 s). Four 
different preset 3D-radiation dose programs could addition-
ally be chosen, e.g., adapted to the patient’s body mass index 
(Table 1). The cylindrical scan field with 16 cm length could 
be shortened in cephalad-caudad direction to cover only a 
limited number of segments (collimated scan). Radiation 
dose of 3D fluoroscopy (dose-length-product, DLP) was cal-
culated by the O-arm software and recorded for evaluation, 
post-operatively.

Statistical analysis and evaluation of learning 
curves

Comparative data were summarized in consecutive sub-
groups of five patients. Values were expressed as mean and 
standard deviation of the mean. Student’s t test was used for 
comparison of continuous, and Fisher’s exact test for cat-
egorical variables. Significance was set at p < 0.05. Learning 
curve effects were assumed, if average data in consecutive 
subgroups showed decreasing values for “malposition rate”, 
“navigation-associated time requirement”, or “radiation 
dose”, with significant differences between the first and last 
subgroup. Analyses were conducted with SPSS 15.0.1 for 
Windows (SPSS Inc, Chicago, IL).

For this observational study, the STROBE statement was 
followed.

Results

From August 2011 to July 2016, 80 patients underwent 
lumbar single-level posterior fusion using spinal 3D-fluor-
oscopy-based navigation. Baseline conditions and under-
lying diagnoses are given in Table 2 (see also Electronic 
Supplementary Material). Intraoperative data acquisition for 
navigation was successfully performed in all cases. A total 
of 320 PSs (diameters 5.5–8.5 mm, lengths 45–65 mm) were 
inserted in vertebral levels L1–L6 (Fig. 1). The number of 
control scans was 83 in 80 surgeries.

Accuracy

Eleven screws were modified (3.4%) to address suboptimal 
insertion depth (minor modifications, n = 8), or to remedy 
impending violation of anatomical structures [major modi-
fications, n = 3, performed for screw penetration into a nerve 
root canal (n = 1), extravertebral screw position (n = 1), or 
medial pedicle wall encroachment (n = 1)] indicating an 
overall accuracy of 96.6% (Fig. 2). All major modifications 
were performed in the L5-level. Excluding minor modifica-
tions from calculations, the mean accuracy in subgroups was 
99.1 ± 2.6%.

Navigation‑associated time demand

The average pre-surgical preparation time from patient 
positioning to skin incision significantly decreased from 

Table 1  Preset O-arm dose protocols according to patient size (“S”, 
“M”, “L”, “XL”) for lumbar or pelvic indications

CTDI Computed tomography dose index, DLP dose-length-product, 
HD high density, L large, mAs milliampere-seconds, M medium, mGy 
milligray, mGycm milligray-centimeter, S small, XL extra-large

Patient size Scan mode mAs-prod-
uct, mAs

CTDI, mGy DLP, mGycm

S Standard 156.40 11.26 180.10
HD 238.40 17.16 274.53

M Standard 195.50 14.08 225.13
HD 298.00 21.46 343.16

L Standard 312.80 22.52 360.20
HD 476.80 34.33 549.05

XL Standard 391.00 28.15 450.25
HD 596.00 42.91 686.32

Table 2  Baseline characteristics of 80 image-guided lumbar single-
level posterior pedicle screw instrumentation procedures

a Mean ± standard deviation
b Multiple diagnoses were possible. Therefore, the percentages do not 
add up to 100

Number of patients n = 80

Age (years) 60.9 ± 12.2a

Sex (female/male) 51/29
Number of screws 320
Underlying  diagnosesb n (%)
Degenerative disc disease 63 (78.7)
Spondylolisthesis 34 (42.5)
Spinal stenosis 29 (36.2)
Kyphosis 15 (18.7)
Revision surgery 15 (18.7)
Scoliosis 11 (13.7)
Spondylodiscitis 2 (2.5)
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61 ± 6 min in the first to 28 ± 2 min in the last subgroup of 
five patients (Fig. 3, p < 0.00001). Navigation-related pro-
cedural interruptions for initial and post-instrumentation 
3D-fluoroscopy took 2.8 ± 0.3 min in the overall collec-
tive without significant differences between subgroups 
(p = 1.0).

Radiation dose

The first 17 individuals were operated on with an average 
3D-radiation dose of 1014 ± 241 mGycm. They all had at 
least one HD scan, either for initial data acquisition, for PS 
control, or for both modalities. After 26 procedures, stand-
ard scans were performed, exclusively. This was the pre-
ferred scan mode in the overall collective (84.7%), provid-
ing high resolution imaging and high accuracy in lumbar 
spinal navigation. After the introduction of collimated scans, 
3D-radiation dose considerably decreased to an average of 
66 ± 4 mGycm in the last subgroup (Fig. 4, p < 0.0001).

Learning curves (Table 3)

During the study period, accuracy was constantly high with-
out notable learning curve effects (p = 1.0, Fig. 5a).

A linear decrease in navigation-related time demand 
was detected revealing a learning curve effect for naviga-
tion-associated pre-surgical preparation time (p < 0.00001, 
Fig. 5b), but not for navigation-related interruptions during 
surgeries (p = 1.0).

An asymptotic decrease of procedural 3D-radiation 
doses from nearly 1400 mGycm to less than 70 mGycm 
(p < 0.0001, Fig. 5c) delineated the learning curve in radia-
tion control.

Fig. 1  Numbers and distribution of inserted and modified pedicle 
screws in 80 image-guided lumbar single-level posterior fusion pro-
cedures

Fig. 2  Pedicle screw insertion 
accuracy during 80 image-
guided lumbar single-level 
posterior fusion procedures in 
16 subgroups of five patients, 
each. Individual accuracies of 
every single procedure, mean 
values and standard deviation 
of subgroups are listed under 
columns. Values are given in 
percent. SD standard deviation
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Discussion

Investigations were restricted to posterior single-level 
fusion procedures of the lumbar spine to keep the study 
collective as homogenous as possible. All surgeries were 
performed by the author in the same medical center. These 
prerequisite helped to exclude heterogeneities resulting 
from anatomical peculiarities of different spinal sections, 
from differences in various surgeons’ skills, and from 
alternating surgical teams.

Numerous studies have documented the advantages of 
navigation for thoracic and lumbosacral PS insertions [3–6, 
11, 13, 15–19]. Hence, most of today’s spine surgeons still 
hold on to non-navigated techniques for reasons such as 
tradition, acceptable accuracy of established techniques, 
lower costs, less time consumption [15, 20], less technical 
problems [15] and less radiation exposure than in computer-
assisted surgery.

This study’s intention was to evaluate the gravity of some 
of these arguments by determining the impact of learn-
ing curve effects on accuracy, navigation-associated time 

requirements, and radiation exposure when a surgeon starts 
to perform navigated PS instrumentations.

In lumbar PS applications, O-arm image-guided PS inser-
tion accuracy was constantly high (96.6 ± 6.3%) without 
showing dependencies on learning curve effects. This seems 
to be advantageous compared to non-navigated PS insertion 
techniques that were reported to have malposition rates of 
more than 10%, even in experienced hands [3–8]. During 
the first 104 navigated PS insertions, not even minor screw 
modifications (e.g., slight corrections of screw insertion 
depths) had to be performed. Sclafani et al. compared the 
accuracy of O-arm navigated versus C-arm navigated PSs 
in cadaveric adult torsos and similarly found constantly high 
accuracy rates with distinct learning curve effects for inser-
tion time in O-arm navigation [21]. Our overall modification 
rate including minor modifications was 3.4%, which is com-
parable to our data on modification rates in 1547 navigated 
PSs of spinal levels T10-S1 [22]. All major modifications 
(n = 3) concerned the L5-level (100%, trajectory errors). In 
1651 navigated thoracolumbosacral PSs, Rivkin et al. simi-
larly found misplacements predominantly in the L5-level, 

Fig. 3  Decreasing average 
navigation-associated prepara-
tion time during 80 image-
guided lumbar single-level pos-
terior fusion procedures in 16 
subgroups of five patients, each. 
Individual preparation time of 
every single procedure, mean 
values and standard deviation of 
subgroups are listed under col-
umns. Unit of values is minutes. 
SD standard deviation
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Fig. 4  Reduction of 3D-radi-
ation dose during 80 image-
guided lumbar single-level 
posterior fusion procedures 
displayed as average dose-
length-products (DLP) in 16 
subgroups of five consecutive 
procedures. Individual total 
3D-radiation dose (DLP) of 
single surgeries, mean DLP and 
standard deviation of subgroups 
are listed under columns. Unit 
of values is mGycm. DLP 
Dose-length-product, mGycm 
milligray-centimeter, SD stand-
ard deviation

Table 3  Resulting learning 
curve effects during 80 
image-guided lumbar single-
level posterior pedicle screw 
instrumentation procedures

p values indicate the subgroups’ differences compared to results of the first subgroup. Statistically signifi-
cant p values are indicated in bold (p < 0.05)
mGycm milligray-centimeter

Subgroup Mean accuracy Mean pre-surgical prepara-
tion time

Mean 3D-radiation dose

% p Minutes p mGycm p

1 100 – 61 ± 6 – 919 ± 225 –
2 100 1.0 54 ± 7 0.12 1093 ± 193 0.23
3 100 1.0 49 ± 4 0.005 979 ± 299 0.73
4 100 1.0 42 ± 5 0.0004 1055 ± 300 0.44
5 100 1.0 44 ± 4 0.0008 668 ± 80 0.046
6 95 0.31 43 ± 5 0.0005 689 ± 194 0.12
7 80 0.11 45 ± 7 0.004 840 ± 85 0.49
8 90 0.47 43 ± 6 0.001 656 ± 116 0.049
9 95 0.31 46 ± 14 0.06 512 ± 161 0.01
10 100 1.0 35 ± 9 0.0006 416 ± 118 0.002
11 85 0.23 36 ± 2 0.00002 235 ± 59 0.0002
12 100 1.0 32 ± 6 0.00006 199 ± 32 0.0001
13 100 1.0 40 ± 11 0.005 191 ± 64 0.0001
14 100 1.0 28 ± 2 < 0.00001 77 ± 41 0.00004
15 100 1.0 28 ± 1 < 0.00001 92 ± 33 0.00004
16 100 1.0 28 ± 2 < 0.00001 66 ± 4 0.00003
Learning curve effect None Linear Asymptotic
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but identified them as anterolateral (“tip out”) perforations 
(insertion depth errors) [23].

Contrarily to an absence of accuracy improvement, 
a linear decrease of pre-surgical navigation-associated 
time demand could be detected in the current study from 
61 ± 6 min in the first group of five patients to a threshold of 
28 min on average after 65 navigated procedures (Table 3), 
which is 45.9% of the initial duration (p < 0.00001). In a 
recent study, we analogously determined this time span 
in 100 non-navigated C-arm-based spinal surgeries under 
identical conditions (same anesthesiologists, same operat-
ing room personnel, same surgeon) and found an average 
duration of 30.6 ± 8.3 min [24]. Adding navigation-related 
procedural interruptions (2.8 ± 0.3 min) to the final aver-
age preparation-time result of 28 ± 2 min, similar durations 
are obtained in navigated and non-navigated procedures 
(30.8 versus 30.6 min). This shows that a relevant time-loss 
during navigational steps in image-guided lumbar single-
level PS instrumentation procedures can be compensated 
with the experience of a limited number of cases, although 
navigation-related workflow initially is considerably time 
consuming. Of course, we also gained experience using 
O-arm image-guidance in posterior spinal fusion procedures 
of more than one level and in sections different from the 
lumbar spine, which helped to improve our handling with 
this new kind of equipment. In the author’s overall history of 
navigated spinal PS instrumentations, a pre-surgical duration 
of less than 30 min was reached for the first time after 141 
procedures, showing a similar, but slower pace of the overall 
learning curve. Various studies could furthermore identify 
a decrease in operative time using navigated techniques for 
posterior spinal fusion [25–27]. These facts question higher 

time requirements in navigated surgeries compared to non-
navigated procedures after having surmounted the learning 
curve, and accentuate the potential of training effects.

Most considerable learning curve results were observed 
in radiation control. As 2D-fluoroscopy was only used for 
finding imaging positions and documenting final surgi-
cal results, learning curve considerations had been con-
fined to 3D-radiation dose data. Between the first and 
last subgroup of five cases, 3D-radiation dose could be 
reduced from an average procedural DLP of 919 ± 225 
to 66 ± 4 mGycm (Table 3), which is 7.2% of the initial 
average DLP (p < 0.0001) and 13.2% of the DLP recom-
mended for a diagnostic lumbar non-contrast-enhanced CT 
scan [24]. These improvements result from considerations 
concerning basic requirements for acceptable image qual-
ity. Initially, HD scans were performed with preference to 
attain maximum image resolution for navigation. As accu-
racy was not a problem at all, standard scans were increas-
ingly performed, instead. This implicated a 34.5% dose 
reduction per scan. Another factor concerned preset dose 
programs that provided standardized device settings for 
body size categories “S”, “M”, “L”, and “XL”. Bigger indi-
viduals were to be scanned at higher energetic radiation 
levels to obtain a resolution clear enough to work with. 
As we stepwise reduced the mAs (milliampere second)-
product by switching preset O-arm programs to settings 
stored for smaller individuals, we did not find consider-
able deterioration in resolution, but a radiation dose reduc-
tion of 20.0–37.5% per step. Relevant image resolution 
deterioration resulted as soon as X-ray tube voltage was 
additionally reduced. A study on saving radiation expo-
sure during O-arm scans similarly showed that radiation 

Fig. 5  a, b, c In 80 image-guided lumbar single-level posterior fusion 
procedures, pedicle screw insertion accuracy was constant without 
detectable learning curve effects (a). A linear decrease in navigation-
associated preparation time was found (b). For the total intraopera-

tive 3D-radiation dose, an asymptotic convergence approximating the 
50 mGycm baseline could be detected (c). DLP Dose-length-product, 
mGycm milligray-centimeter
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dose can be reduced 5–13 times by scanning at lowered 
peak kilovoltage- and mAs-product-levels without relevant 
negative impact on image quality regarding information 
required for spinal navigation [28]. The third approach to 
decrease radiation dose was a radical scan field collima-
tion to the two vertebrae to be instrumented with PSs. 
This modification to the initial procedure was the most 
effective step to control patients’ radiation exposure. By 
restricting the scan field length to two instead of usually 
five vertebrae, theoretically 60% of 3D-radiation dose can 
be saved. The latest modification was to perform O-arm 
scans with preset programs for body regions different from 
the “lumbar spine/pelvis” section (120 kV, 128–600 mAs, 
25–100 mA), e.g., “head” programs (120 kV, 100–240 
mAs, 20–40 mA). This was conducted in combination 
with all the aforementioned modifications only in the 14th 
group of five patients. However, relevant positive effects 
on 3D-radiation dose control were not noted with this pro-
ceeding, thus we decided to return to the “lumbar spine/
pelvis protocol”.
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