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Abstract

Purpose Although pediatric spinal deformity correction using pedicle screws has a very low rate of complications, the long-
term consequences of screw malposition is unknown. CT navigation has been proposed to improve screw accuracy. The
aim of this study was to determine whether intraoperative navigation during pedicle screw placement in pediatric scoliosis
makes screw placement more accurate. We also examined radiation exposure, operative time blood loss and complications
with and without the use of CT navigation in pediatric spinal deformity surgery.

Methods A systematic review of the literature was conducted. After screening, 13 articles were qualitatively and quanti-
tatively analyzed to be used for the review. A random effects meta-analysis using REML methodology was employed to
compare outcomes of screw accuracy, estimated blood loss, radiation exposure, and surgical duration.

Results Screws placed with CT navigation surgery were three times as likely to be deemed “acceptable” compared with
screws placed with freehand and 2D fluoroscopy assistance, twice as likely to be “perfect”, and only 1/3 as likely to be poten-
tially unsafe (all p value <0.01). EBL was not significantly different between groups; however, operative time was roughly
thirty minutes longer on average. Random effects analysis showed no significant difference in effective dose radiation while
using CT navigation (p =0.06).

Conclusion This systematic review of the literature demonstrates that intraoperative navigation results in more accurate
pedicle screw placement compared to non-navigated techniques. We found that blood loss was similar in navigated and
non-navigated surgery. Operative time was found to be approximately a half hour longer on average in navigated compared
to non-navigated surgery. Effective radiation dose trended higher in navigated cases compared to non-navigated cases but
did not reach statistical significance.
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Introduction

Scoliosis is a common pediatric orthopedic condition affect-
ing 1.0-3.0% of children [1]. There is a strong familial predi-
lection, and approximately 0.2—-0.5% of children diagnosed
with idiopathic scoliosis will require surgical treatment [2].
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Surgical treatment is performed on otherwise healthy chil-
dren to prevent undesirable outcomes later on in life [3], as
such there is much focus on performing surgery in as safe
a fashion as is possible. Pediatric spinal deformity surgery
using pedicle screw fixation has become the gold standard
for correcting spinal deformities in children and adolescents.
Although this technique provides excellent correction and is
associated with a low complication rate, disturbing accounts
exist of pedicle screws abutting nervous tissue or vascular
structures [4].

Accurate placement of pedicle screws is paramount to
patient safety to minimize immediate and late complica-
tions of pedicle screw placement. There is higher risk of
screw malposition in the thoracic spine particularly in the
apical region on the concave side of a curve due to narrower
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pedicles that are in closer proximity to vital structures [5,
6]. In addition, congenital spinal deformity and syndromic
pathology such as neurofibromatosis involve higher risk
instrumentation due to abnormal or difficult anatomy [7].
Currently, the widely used “freehand” technique, with no
intraoperative navigation, or freehand with intraoperative
fluoroscopy has yielded generally acceptable results. How-
ever, due to the danger involved, research has endeavored to
find safer ways of placing screws more accurately while still
completing the surgery in an efficient fashion. CT-guided
navigation has gained traction as the navigation option of
choice in many centers. This technique provides real time
3-D imaging and characterization of the spinal anatomy and
assists the surgeon in placement of implants. Proponents of
the technique argue that it allows consistent accurate place-
ment of pedicle screws, while opponents argue that the
increased operative time, blood loss and radiation obviate
the value of CT navigation.

The goal of this systematic review is to examine the accu-
racy of placement of pedicle screws with intraoperative CT
guidance compared to placement without such guidance.
We hypothesized that there would be increased accuracy of
placement of pedicle screws with navigation compared to

Fig.1 PRISMA flow diagram

un navigated screws, but that the technique would be associ-
ated with greater blood loss, operative time and radiation as
compared to non-navigated placement.

Materials and methods
Data sources

A comprehensive search of the literature databases
EMBASE, SCOPUS, PubMed, Web of Science, and
Cochrane was conducted. We selected articles from Jan 1,
2007 to June 1 2020 to identify prospective or retrospective
comparative studies which looked at pediatric adolescent
and young adult patients who underwent posterior spinal
fusion for spinal deformity. There were multiple and vari-
ous medical subject headings (MeSH terms) used for each
database. Appendices 1 and 2 and the PRISMA checklist
contain the exact inclusion/exclusion criteria and search
terms used to identify studies. A summary of the search
strategy is detailed in Fig. 1. Thirty full-text articles were
then assessed for eligibility; three authors (K.D.B, J.B.A,
and M.L.K) reviewed these, and if two of the three reviewers
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felt that the article should be kept, it was included in the
review. 13 total studies were included in the analysis for the

systematic review. Details of these articles can be found in
Table 1.

Data extraction

Initial data extraction was performed by one author (MLK)
and was subsequently verified by another author (KDB) and
included the author name(s), title, abstract, date of publica-
tion, screw classification, screw malposition, OR return rate,
OR time, radiation exposure, EBL, complications, and study
limitations. Screw accuracy was defined in each article. Six
articles used the Gertzbein classification for pedicle screw
accuracy (Table 2). We defined a “optimal” screw as a screw
completely within the pedicle, an “acceptable” screw as a
screw < 2.0 mm out of the pedicle (Gertzbein grade 0 or 1)
and a potentially unsafe screw either as defined in the article
of interest or Gertzbein grade 3 (Table 2). Studies which
this data could be extracted were used for the purposes of
meta-analysis.

Estimated blood loss was extracted from three articles.
We extracted mean blood loss and standard deviations.
Where ranges were reported instead of standard deviations,
we abstracted standard deviations under a normality assump-
tion. EBL was reported in either milliliters or CC. Operative

Table 1 Articles included in analysis

Table 2 Gertzbein classification for pedicle screw accuracy

Gertzbein

Grade 0 Completely within pedicle
Grade 1 >2.0 mm out

Grade 2 2.0-4.0 mm out

Grade 3 >4.0 mm out

time was defined in three articles and reported in OR min-
utes. Frequency weighted means were produced for the pur-
poses of reporting averages for these metrics. Effective dose
radiation was reported by millisieverts (mSv) in three stud-
ies. One study looked at absorbed dose of radiation using
mGy-cm as their units of measurement. We converted this
data to millisieverts by calculation using a conversion factor
of 1.0 mGy/cm=0.017 mSv [8]. Data from these studies
were analyzed using random effects meta-analysis to gener-
ate p values and sensitivity analyses were performed using
select studies where indicated.

Our study contained 13 studies which encompassed a
total of 651 patients. The patient populations were primar-
ily AIS (six studies) [5, 9-13], followed by dystrophic NF1
(one study) [7], and general spinal deformity (one study)
[14]. Five studies had mixed populations although the
majority were AIS [15-19]. Ten studies used intraoperative

First author ~ Journal Year LOE Number  Number Number  Number Outcomes
patients patients non  screws SCrews non
Nav nav nav nav
Baky Spine Deformity 2019 3 105° 1122 206 323 Accuracy OR Time EBL,
complications
Cui Spine 2012 3 28 31 483 557 Screw accuracy, Post-op com-
plications
Jin European Spine 2016 3 13 19 92 121 Screw accuracy, OR time, Post
op Complications
Kotani Spine 2007 3 20 25 57 81 Screw Accuracy, Post-op com-
plications
Liu Medicine 2016 3 46 92 344 712 Screw accuracy
Richerand Journal of Pediatric Ortho- 2016 3 37 44 Radiation
pedics
Riis Patient Safety in Surgery 2017 3 25 32 Radiation
Sakai Journal of Spinal Disord Tech 2008 3 20 20 214 260 Screw accuracy, OR time, EBL
Su Journal of Pediatric Ortho- 2017 3 14 14 Radiation
pedics
Tormenti Neurosurgery Focus 2010 3 12 14 164 211 Screw Accuracy, Post-op com-
plications
Ughwanogho Spine Deformity 2012 3 29 13 300 185 Screw accuracy, EBL
Urbanski Clinical Orthopedics and 2018 3 27 22 451 384 Screw accuracy, radiation
Related Research
Zhao International Orthopedics 2018 3 27 27 484 478 Screw accuracy, EBL

*This was total number of patients for EBL and OR time, not all had accuracy data is based on number of screws"
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navigation using the O-Arm navigation (Medtronic) [5, 7,
9, 12, 15-20], two studies used Vector Vision/ Brainlab [10,
13], and one study used GE/Light Speed [14]. Only two
studies specified CT radiation settings for their study. Su
et al. [20] specified that they used “pediatric” settings of
80 kV, 20 mA, 80 mAs; and Tormenti [14] specified 120 kV
and 240 mAs, other studies did not specify settings used.

Data synthesis and analysis

To evaluate between-study variances among the parameters,
we calculated /° statistic and y? tests. I* was found to be high
and so A random-effects model with restricted maximum
likelihood ratios was generated for our analysis. Continuity
correction of 0.5 was applied as applicable when studies
had zero cells. We calculated odds ratio or Hedge’s g effect
size depending on the distribution of the data. A sensitivity
analysis was performed without one study [7] in addition
to the main analysis because Jin et al. used a population of
NF-1 patients whereas the remainder of the studies used a
majority of idiopathic scoliosis patients. All analysis was
conducted using Stata 16 (College Station, TX).

Results
Screw classification and accuracy

Nine studies had data on accuracy of screw placement. This
constituted 485 patients or 5578 screws. The majority of
these (seven studies) used the Gertzbein rating system or
a derivative of this system for judgment of screw accuracy
(Table 2). Ughwanogho et al. [9] used a system of optimal,

acceptable, potentially unsafe, and removed. Cui et al. [10]
evaluated screws based on 2.0 mm increments, while Tor-
menti et al. [14] examined the breach of the pedicle wall and
labeled screws as suboptimal or misplaced.

Six studies had sufficient data to compare “optimal”
screws versus others. The summative odds in our random
effects model showed that placing an optimal screw was
twice as high using CT navigation compared to no navi-
gation [OR 2.36 (1.12, 4.99); p value <0.01] (Fig. 2). In
total 75.6% of navigated screws were optimal versus 58.5%
of non-navigated screws in these six studies. A sensitivity
analysis was performed eliminating the Jin et al. [7] study
because NF patients may represent a clinically significant
subgroup compared to the remaining studies. This sensi-
tivity analysis also showed CT navigation resulted in more
optimally placed screws when the Jin paper was eliminated
(p value 0.02).

Six studies had sufficient data to compare “acceptable”
screws (Gertzbein 1 or 2). Summative odds of placing an
“acceptable” screw (Gertzbein grade O or 1) was 3.0 times
higher using navigation compared to no navigation [OR 3.17
(1.51, 6.65); p value <0.01] (Fig. 3). 75.1% of non-navigated
screws were acceptable versus 93.9% of navigated screws. A
sensitivity analysis was performed eliminating the Jin et al.
[7] study once again. The result showed that more accept-
able screws were placed with CT navigation (p value <0.01).

Navigation was 1/3rd as likely to produce a potentially
unsafe screw (Gertzbein 3 or equivalent) compared to non-
navigated screws [OR 0.35 (0.25, 0.50); p value <0.001]
(Fig. 4). This constituted 7.0% of non-navigated screws
and 1.9% of navigated screws. A sensitivity analysis was
performed eliminating the Jin et al. [7] study once again.
The result still showed less potentially unsafe screws

Treatment Control Odds Ratio Weight
Study Yes No Yes No with 95% CI (%)
Jin/Zhu 57 74 35 47 —— 1.03[0.59, 1.81] 16.03
Liu/Zhu 253 352 91 360 N - 2.84[2.15, 3.77] 17.18
Rajasekaran/Shetty 228 144 14 92 —M—10.40[5.71, 18.95] 15.81
Sakai/ Ishiguro 205 115 53 145 —— 4.88[3.31, 7.19] 16.80
Zhao/Zhu 227 206 257 272 . B 1.17[0.90, 1.50] 17.25
Urbanski/Dragan 374 315 77 69 —- 1.06[0.74, 1.52] 16.92
Overall R e 2.36[1.12, 4.99]

Heterogeneity: T° = 0.83, I° = 96.01%, H* = 25.04
Testof § = 8; Q(5) = 89.86, p = 0.00
Testof ®=0:z=2.25,p =0.02

Random-effects REML model

Fig.2 Gertzbein Grade 0 “optimal” screws versus others- Greater than 1 favors CT navigation
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Treatment Control Odds Ratio Weight
Study Yes No Yes No with 95% CI (%)
Jin/Zhu 73 81 19 40 —l— 1.90[1.01, 3.57] 16.24
LiwzZhu 320 485 24 227 —Jl—  6.24[4.00, 9.73] 17.26
Rajasekaran/Shetty 231 167 11 69 —l—8.68[4.45, 16.90] 16.02
Sakai/ Ishiguro 234 154 24 106 —ll— 6.71[4.12, 10.93] 17.05
Zhao/Zhu 425 390 59 88 - 1.63[1.14, 2.32] 17.65
Urbanski/Dragan 432 370 19 14 —l— 0.86[0.43, 1.74] 15.78
Overall R 3.17[1.51, 6.65]
Heterogeneity: 7° = 0.78, I’ = 91.85%, H* = 12.27
Test of 8= 6; Q(5) = 55.94, p=0.00
Test of 6 = 0: z=3.05, p=0.00
1 2 4 8 16
Random-effects REML model
Fig.3 Gertzbein 0-1 screws versus others- Greater than 1 favors CT navigation
Treatment Control Odds Ratio Weight
Study Yes No Yes No with 95% CI (%)
Fady/Larson 2 11 204 312 47 028[0.06, 127] 11.89
Geng/ Songhua 0 0 483 557 = 1.15[0.02, 5822] 398
Jin/Zhu 9 10 83 111 - 1.20[ 0.47, 3.09] 1513
Liu/Zhu 9 56 335 656 : 0.31[0.15, 064] 16.32
Rajasekaran/Shetty 7 37 235 199 0.16[0.07, 0.37] 1575
Sakal/ Ishiguro 3 43 255 217 —- 006[0.02, 019 1377
Zhao/Zhu 17 23 467 455 E 3 0.72[0.38, 1.37] 16.68
Urbanski/Dragan 0 34 451 350 —— 0.01[0.00, 0.18] 6.47
Overall < 0.26[ 0.11, 0.64]
Heterogeneity: 7° = 1.1, F = 80.25%, H® = 5.06
Testof 6 =6; Q(7) =29.82, p=0.00
Testof 6=0:z=-2.95, p=0.00
1/1624 1/532 1' 3|2

Random-effects REML model

Fig.4 Potentially unsafe screws (Gertzbein 3 or equivalent). Less than 1 favors CT navigation

placed with CT navigation (p value 0.01). The naviga-
tion group had 2 intraoperative neuromonitoring alerts [9].
The non-navigation cohort reported four CSF leaks dur-
ing screw insertion [7, 10, 15, 16], 2 radiculopathies and
one patient with persistent pain [14, 15, 17], two bilateral
pleural effusions [9], one IOMN alert [9], one incomplete
paralysis [10], and one asymptomatic screw abutting the
aorta [15]. Six patients were taken back to the OR in the
freehand group and zero in the navigation group.

EBL and operative time

Estimated blood loss was not significantly differ-
ent between groups (1131.0 cc vs 1077.0 cc). Random
effects meta-analysis showed a non-significant difference
between groups (p value 0.91) (Fig. 5). Operative time
was longer for CT navigation compared to non-navigated
cases [446.0 min navigated vs 412.0 min non-navigated (p
value 0.04)] (Fig. 6).
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Hedges's g Weight
Study with 95% ClI (%)
Fady/Larson R 0.04 [-0.23, 0.30] 54.36
Rajasekaran/Shetty L -0.57[-1.25, 0.11] 21.13
Sakai/ Ishiguro ———— 0.32[-0.30, 0.93] 24.51
Overall —_— -0.02[-0.39, 0.35)
Heterogeneity: 7° = 0.05, I = 41.17%, H* = 1.70
Testof 6,=6: Q(2)=3.77,p=0.15
Testof0=0:z=-0.11,p=0.91
A 0 1
Random-effects REML model
Fig.5 Estimated blood loss Less than O favors CT navigation greater than O favors freehand
Hedges's g Weight
Study with 95% ClI (%)
Fady/Larson 4— 0.18[-0.09, 0.44] 75.07
Jin/Zhu = 0.64 [ -0.06, 1.35] 10.66
Sakai/ Ishiguro I 0.24[-0.37, 0.85] 14.27
Overall 0.24[ 0.01, 0.47]

Heterogeneity: 7° = 0.00, I* = 0.00%, H* = 1.00
Testof 6, = 6 Q(2) = 1.46, p = 0.48
Testof =0:z=2.01,p=0.04

Random-effects REML model

Fig.6 OR time- Less than O favors CT navigation greater than O favors freehand

Radiation exposure

All four studies which examined radiation exposure were
converted to millisieverts then compared using a random
effects model. Although radiation exposure trended higher
in the navigated group compared to the non-navigated group
the difference was not statistically significant due to the high
degree of variance (p value 0.06) (Fig. 7). Of note, three out
of four studies [12, 18, 20] showed a significant difference
in radiation exposure during CT navigation which favored
freehand with fluoroscopic assistance, two of these used
effective dose [18, 20] and one used absorbed dose [12] as
the metric of measurement. The final study [19] showed no
difference in radiation in patients with smaller curves but
showed significantly lower radiation using CT navigation
when the starting curve was 74.0 degrees or higher. Because
one paper used a metric of mGy/cm, we performed a sensi-
tivity analysis without that paper which also showed a non-
significant difference between navigated and non-navigated

@ Springer

technique in terms of radiation imparted to the patient (p
0.18).

Discussion

Pedicle screw fixation has become standard of care for sur-
gical treatment of pediatric spinal deformity. The technique
though widely applied originally in the lumbar spine has
also become standard of care for deformity in the thoracic
spine. Suk et al. [21] has previously shown this technique to
be safe and effective for treating spinal deformities. Pedicle
screw fixation allows for a high degree of control of the
spinal deformity through three column fixation, allowing for
superior three-dimensional correction. Kim et al. [22] sub-
sequently described a “free hand” technique by which spinal
anatomy can be used to reliably place pedicle screws in a
safe fashion. This may be more difficult in the concave apex
of a deformity where the pedicles can be less than 2.0 mm in
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Hedges's g Weight
Study with 95% CI (%)
Richarand/Farley —h— 0.98[ 0.52, 1.44] 26.32
Riis/Kuester —— -0.17[-0.69, 0.34] 25.82
Su/Larson —— 0.67 [-0.07, 1.41] 23.62
Urbanski/Dragan —Jl— 200[ 1.32, 2.68] 24.24
Overall —_— 0.86 [ -0.02, 1.74]
Heterogeneity: T° = 0.71, I = 89.02%, H* = 9.11
Testof 6, = 6;: Q(3) = 26.29, p = 0.00
Testof 6=0:z=1.91,p=0.06
CE I I T

Random-effects REML model

Fig.7 Radiation exposure navigated versus non-navigated less than O favors CT navigation greater than O favors freehand

diameter and the axial plane may not be consistently rotated
[23]. In addition, disturbing case reports exist of misplaced
pedicle screws abutting visceral, vascular or neurologic
structures [24-29]. Because the majority of scoliosis sur-
geries are done in the setting of an asymptomatic child to
prevent an adverse outcome in the future, there is an under-
standable focus on performing surgical procedures in the
safest way possible. As such, intra operative CT navigation
was developed to improve the accuracy of screw placement
in scoliosis surgery. Controversy exists regarding this tech-
nique with proponents arguing that the technique allows for
more accurate placement of screws whereas detractors argue
that utilization of the technology imparts large amounts of
radiation to a growing child, results in a longer surgical case
with more blood loss, detracts from trainee education, and
results in surgeon over reliance on technology. The goal
of this systematic review and meta-analysis is to examine
the available evidence on intraoperative CT navigation for
placement of pedicle screws in pediatric spinal deformity to
assess its effect on accuracy of screw placement, radiation
exposure, blood loss, surgical time and complications.

Our study found accuracy to be positively affected by
usage of intraoperative CT navigation. Random effects anal-
ysis showed that overall pedicle screws were nearly twice
as likely to be optimally placed, three times as likely to be
acceptably placed, and only 1/3rd as likely to be potentially
unsafe as screws placed by freehand technique alone or with
fluoroscopy. This result was relatively consistent among
studies. Not surprisingly, Liu et al. [5] found this differ-
ence to be particularly pronounced in very small pedicles
(<2 mm). These authors also [5] found that in the free hand
technique, accuracy was correlated negatively with pedicle
diameter whereas in the CT navigation group it was not.
Tormenti et al. [14] reported a 4.3 times lower rate of pedicle
screw breach with navigation compared to non- navigated

technique (5.2% compared to 1.2%). Subgroup analysis
confirmed even when removing the study with primarily
dystrophic NF-1 patients [7] from the analysis the accuracy
of screw placement was still significantly improved with
CT navigation compared to non-navigated placement. This
finding has also been reproduced in early onset, congenital
and neuromuscular scoliosis [30-32]. The exception to this
rule is the paper by Urbanski et al. [12] which showed no
increase in accuracy using CT navigation versus freehand,
though their freehand group did have four grade 3 screws
compared to zero in the navigated group.

Radiation exposure is always a concern in growing chil-
dren. The stochastic effects of radiation can be magnified in
children due to their longer life span and rapidly dividing
nature of their tissues [33-35]. Our meta-analysis showed
that there was no statistically significant increase in radia-
tion between usage of intraoperative CT navigation versus
freehand technique. We found a great degree of variance in
the effect size between studies. As such, this finding is likely
confounded by a number of factors. Radiation imparted by
intraoperative CT navigation is a fixed quantity, and varies
by the number of scans necessary, and the imaging protocol
used which is a function of the length of the patient, and the
protocols of the institution, respectively. Urbanski et al. [12]
reported using between 1.0 and 4.0 CT scans based on the
length of the patient and the length of the fusion necessary;
whereas, Richerand et al. [18] used 1.0 or 2.0 CT scans, also
dependent on the length of the patient. Number of scans can
be reduced in the modern era with navigation through usage
of cannulated hardware which eliminates the need for a sec-
ond CT scan to check final position of screw placement. If a
CT is used to routinely check screws placed by freehand use
of cannulated instrumentation may eliminate the theoretical
radiation advantage freehand technique has over CT naviga-
tion by eliminating need for a second CT. Fluoroscopy, on
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the other hand, has a varying dose which is dependent on
total fluoroscopy time. This may change based on the degree
difficulty of the operation as shown by Riis et al. [19] or
simply the experience level of the surgeon, as with other
outcomes of scoliosis surgery [35]. Pediatric dosing pro-
tocols are also available that allow for a low level of radia-
tion for CT-based navigation. Second, the wide variance in
imparted radiation in the identified studies in this review is
an indication of differing protocols. It should be noted that
actual settings of the navigation device were only specified
by two studies [14, 20], but settings applied can greatly influ-
ence the total dose imparted to the patient. This variance is
characterized by the Urbanski et al. [12] paper which sup-
plied no detail regarding dosing protocol, or a dose per CT
in the manuscript. The average patient in this study received
1071.0 4447 mGy-cm versus 391.0+ 53 mGy-cm or18.4 vs
6.7 mSv which is substantially higher than both the CT navi-
gation and freehand group in any other study examined [12].
Su et al. [20] on the other hand used a pediatric protocol
(80 kV-20 mA-80mAs) CT scan which imparted 0.65 mSv
per scan for an average of 1-2 scans per patient. Surgeons
should be aware of their institutional dosing protocols when
using this technology [11, 20]. Third, patient-specific fac-
tors are important as Richerand et al. [18] showed very high
effective doses of radiation in obese children while using
CT navigation. Demographic data, or clinical data such as
weight and curve magnitude were inconsistently reported
in the studies of radiation but are known confounders in the
comparison between CT navigation and freehand in terms
of radiation exposure.

Nelson et al. [36] showed that even with a higher dose
CT scan, an intraoperative CT imparts similar radiation
to 1.3-2.5 spine radiographs or about 54.0 s of live fluor-
oscopy. Previous studies have shown fluoroscopy times
imparting doses up to 2.92 mSv of radiation [37, 38]. As
such in spite of variations in practice and likely skill level
which characterized the various studies which comprised
this meta-analysis, it seems clear that radiation imparted
by CT navigation is at the very least more predictable than
fluoroscopy, and likely not as operator-dependent [39]. Even
working off the assumption that radiation is increased by
CT scan, it seems feasible to decrease the number of follow
up scoliosis films by one per spin taken particularly since
these x-rays have been found not to change management in
the first two years post spinal fusion [40]. Riis [19] found
that CT assisted navigation became more helpful in terms
of relative amounts of radiation with curves larger than 74
degrees, but cautioned that small numbers in his study may
limit the generalizability of his results. It stands to reason
that there may be differences in patient, curve and technique
considerations that may tip the risk benefit ratio in terms
of radiation exposure to favor navigation or non-navigation
depending on the situation. The data available in this study
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do not provide enough guidance and future studies should
focus on this. At the very least low dose CT protocols allow
the operating room staff to stand behind a lead shield or
leave the room entirely which can decrease the additive
effects of radiation over a career.

Our study found that EBL is similar between navigated
and non-navigated groups and navigated groups. The aver-
age EBL was close to a liter in all groups. By contrast,
operative time averaged about thirty minutes longer in the
navigated group. This likely is due to setup time of the navi-
gation system and the time required to obtain and register
the CT scan. Though processes can be improved which
make obtaining the CT more expeditious, surgeons should
be aware that there is a staff-related learning curve that can
cause delays at the outset of such a process. Flynn et al. [41]
reported in 2018 a protocol to complete two AIS PSF prior
to 5 pm in the same OR room using intra-operative CT navi-
gation. This seems to indicate that when a well thought out
protocol is employed, the technology is not a rate-limiting
factor to surgical completion time. Larson et al. [31] when
reporting their experience using the CT-guided navigation
stated that while the overall OR time was longer in the navi-
gation compared to the freehand group but when controlling
for number of levels fused, the difference was not significant
at less than three minutes per level (58.3 vs 61.5 min/level
p=0.63) [15].

The navigated cohort had a very low rate of complica-
tions. There were two intraoperative neuromonitoring alerts
which both responded to increases in blood pressure. There
were no other reported potentially implant related complica-
tions. Although we included these neuromonitoring events
as potentially implant related, no mention was made of hard-
ware removal or replacement of these screws in this study
[9]. Six returns to the operating room were reported in the
non-navigation group, one due to a dural leak, two due to
pain and medial pedicle screw position, one due to asymp-
tomatic abutment of the aorta, and two due to radicular
symptoms caused by screws abutting nerve roots [5, 14, 15].
Zero such returns occurred in the navigation group. Other
potentially instrumentation related complications in the non-
navigation group were two cases of pleural effusions, one
case of intra operative neuromonitoring alert, two additional
CSF leaks, and one incomplete paralysis, though it should
be noted that authors of this study felt that this complica-
tion was not implant-related [7, 9, 10]. Unfortunately, due
to the nature and consistency of the reporting in the stud-
ies which make up this analysis, CT navigation cannot be
directly compared to non-navigated surgery in terms of com-
plications. However, the increased accuracy we found along
with the complication data we did identify underscores the
importance of accurate placement of pedicle screws. It bears
mentioning additionally that many studies utilized intraop-
erative CT scan to check screws after placement. As such,
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many more grade 3 screws found in our analysis were likely
revised or removed prior to finalizing the spinal fusion sur-
gery likely decreasing the revision rate. Furthermore, the
literature supports navigation in decreasing the unplanned
return to the operating room (UPROR) rate to a never event
(0.0%) in AIS surgery regardless of volume, experience, or
training [15, 42]. This suggests that navigation may provide
an overall value benefit to the healthcare system, patient,
and patient’s family.

This study is not without its limitations. As a collection
of retrospective studies, the study is vulnerable to bias con-
founding and chance of member studies. The findings of
increased accuracy of CT navigated surgery are highly con-
sistent, however, throughout the literature with the excep-
tion of one study we were able to identify [12]. Secondly,
designations of screws as “optimal”, “acceptable”, and
“potentially unsafe” though arbitrary, are at least based on a
consistent classification. Additionally, we have no reason to
suspect that these designations should bias our results in any
direction as they are based on the Gertzbein classification.
Our radiation results are based on reports from the member
studies; however, it was not specifically clear which sources
of radiation “counted” towards total radiation. In addition,
for studies which examined radiation doses, dosing protocol
and even method of measurement varied. After review of
these papers, it seems clear that at the very least, CT navi-
gation is associated with more consistent levels of radiation
which can be accounted for by changes in post-op protocol
to allow similar levels of cumulative radiation. Fluoroscopy
is variable, and doses can change with difficulty of the case
and experience of the surgeon. Finally, the populations
were varied in the identified studies, and though the major-
ity were AIS, it is difficult to say based on this data if some
patients may benefit more than others from this technology,
although there were data available in this review to suggest
that patients with larger deformities and smaller pedicles
may show more benefit.

In conclusion, usage of CT navigation results in more
accurate screw placement. Member studies indicated that
these findings are most pronounced in smaller pedicles,
and in the apical region of the curve. Surgeons who wish to
improve the accuracy of their screw placement particularly
with difficult anatomy should strongly consider employing
intraoperative CT navigation. Surgical times are about a half
hour longer on average when using CT navigation. Estimated
blood loss is comparable, and radiation dosing may be larger
but this depends strongly on dosing protocol used and is gen-
erally more predictable than fluoroscopy. Utilizing low-dose
pediatric CT protocols along with changes in post-operative
x-ray documentation of the spinal fusion may be able to
yield comparable radiation doses to free hand technique.
This type of comprehensive planning may actually be able
to decrease radiation by increasing the predictability of the

effective radiation dose to the patient. There appear to be
fewer implant related complications when using navigation
although it is difficult to say for sure with this meta-analy-
sis. Although navigation with CT and other techniques has
become more prevalent; based on the data we present here
we recommend surgeons consider adding it to their prac-
tice if they have not already done so. If surgeons choose
to employ free hand technique without CT navigation, we
recommend CT documentation of pedicle screws prior to
leaving the operating room. We recognize that this may
eliminate the radiation benefits that may be seen in freehand
technique, however, it may avoid potential issues with screw
misplacement and returns to the operating room documented
in this meta-analysis.
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