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Abstract

Study design: Systematic review and meta-analysis.

Aim: The purpose of this study was to compare the safety and accuracy of the C2 pedicle versus C2 pars screws
placement and free-hand technique versus navigation for upper cervical fusion patients.

Methods: Databases searched included PubMed, Scopus, Web of Science, and Cochrane Library to identify all
papers published up to April 2020 that have evaluated C2 pedicle/pars screws placement accuracy. Two authors
individually screened the literature according to the inclusion and exclusion criteria. The accuracy rates associated
with C2 pedicle/pars were extracted. The pooled accuracy rate estimated was performed by the CMA software. A
funnel plot based on accuracy rate estimate was used to evaluate publication bias.

Results: From 1123 potentially relevant studies, 142 full-text publications were screened. We analyzed data from 79
studies involving 4431 patients with 6026 C2 pedicle or pars screw placement. We used the Newcastle-Ottawa
Scale (NOS) to evaluate the quality of studies included in this review. Overall, funnel plot and Begg’s test did not
indicate obvious publication bias. The pooled analysis reveals that the accuracy rates were 93.8% for C2 pedicle
screw free-hand, 93.7% for pars screw free-hand, 92.2% for navigated C2 pedicle screw, and 86.2% for navigated C2
pars screw (all, P value < 0.001). No statistically significant differences were observed between the accuracy of
placement C2 pedicle versus C2 pars screws with the free-hand technique and the free-hand C2 pedicle group
versus the navigated C2 pedicle group (all, P value > 0.05).

Conclusion: Overall, there was no difference in the safety and accuracy between the free-hand and navigated
techniques. Further well-conducted studies with detailed stratification are needed to complement our findings.
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Background

Atlantoaxial instability or upper cervical spine instability
is defined as excessive mobility as a result of either a
bony or ligamentous abnormality [1]. Operative treat-
ment of atlantoaxial instability is performed with a var-
iety of fixation techniques. Spinous process wiring
techniques were developed in 1910; laminar wiring tech-
niques were developed in 1939; C1-2 laminar and modi-
fied posterior wiring technique were developed in 1991
[2]. These techniques did not provide sufficient bio-
mechanical stability [2]. To address this matter, the C1-
C2 transarticular screw fixation technique was intro-
duced in 1992 [3]. However, 22% of cases were not ap-
propriate candidates for transarticular screws because of
an increased risk of vertebral artery injury [4]. Some more
recently developed methods of C1-C2 fixation, C1 lateral
mass screws combined with C2 pedicle/pars/laminar
screws, have enhanced the stability of the upper cervical
spine fixation techniques [2, 5]. C2 pedicle screw place-
ment was first described by Goel et al. in the 1980s [2].

An alternative to the prior mentioned techniques is
the pars screw, sometimes referred to as an isthmus
screw. C2 screw fixation techniques have been enhanced
by the development of poly-axial screws and top-loading
rods [2]. Researchers showed that C2 pars and pedicle
screw utilization leads to high rates of arthrodesis [5, 6].
These techniques are also employed in the subaxial cer-
vical spine [5]. C2 pedicle and pars screws require accur-
ate placement to avoid injury to vital structures, such as
the vertebral artery, spinal cord, and nerve roots [2, 5].

Overall, navigated and free-hand technique has been
reported in detail elsewhere [7]. CT-based intraoperative
navigation can be applied to determine a safe trajectory
for C2 pedicle and pars screws placement but may be as-
sociated with increased time for image acquisition, in-
creased radiation exposure to the patient, and possible
registration inaccuracies. On the other hand, the free-
hand technique minimizes radiation exposure to the sur-
geon and patient [5].

No systematic reviews to date have compared the ac-
curacy and safety of C2 pedicle and pars screws placed
with the free-hand technique to the safety and accuracy
of screws placed with the assistance of navigation.
Therefore, the purposes of this systematic review and
meta-analysis are (1) to assess C2 pedicle and pars screw
placement accuracy and (2) to evaluate the difference in
C2 pedicle and pars screw placement accuracy between
free-hand and navigation techniques based on radio-
graphic malposition.

Methods

Search strategy

The research strategy was designed around the PICO
(Patient, Intervention, Comparison, and Outcome)
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question format. The present review was performed,
based on the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) guidelines [8].
Electronic searches were performed using the Scopus,
PubMed, Web of Science, and Cochrane Library data-
bases up to April 2020. The literature involving all com-
parative studies were searched, containing the following
search terms: “C2 pedicle,” “C2 pars,” “atlantoaxial in-
stability,” “upper cervical,” “spine,” “CT-based technique,
” “navigated technique,” “craniocervical,” “freehand tech-
nique,” “screws,” “screws placement,” “accuracy rate,”

and “safety.”

” «

Inclusion and exclusion criteria
All identified articles were systematically evaluated
against the inclusion and exclusion criteria, independ-
ently reviewed by 2 authors, and disagreements were
sent to third author for resolution. Any disagreement
was resolved by discussion to reach a consensus. The in-
clusion criteria were as follows: studies presented accur-
acy rate in pedicle and/or pars C2 screw placement,
based on either the free-hand or navigation techniques.
In recent years, different navigation systems such as
fluoroscopic navigation, MR-based navigation [9], CT-
guided navigation, and O-arm-based navigation have
been developed for pedicle/pars screw placement guid-
ance. In this study, all of these techniques were consid-
ered navigation systems. The free-hand technique is
defined by the placement of C2 pedicle or pars screws
without the use of any of the aforementioned navigation
systems [7]. In addition, screw guide templates and ac-
curacy of preoperative imaging in predicting of trajectory
and size of screw were considered free-hand technique.
The exclusion criteria were as follows: (I) duplicate
publications; (II) reviews, case reports, commentary, and
letters; (III) studies not published in English; (IV) studies
which C2 screw sample size < 15; and (V) studies with-
out available data regarding statistical techniques and
lack of radiographic malposition reporting; (VI) studies
with anterior cervical surgery; (VII) studies regarding ca-
davers; (VIII) anatomical and biomechanical studies; (IX)
studies regarding without detailed information of C2;
and (X) studies without separate C2 pedicle and pars
screw placement information.

Data extraction

Two authors independently extracted the data from all
eligible studies. The following data was extracted using a
structured data extraction form from full articles: the
first author, year of publication, country, sample size,
gender, age, number of patients in C2 pars group in
free-hand and navigation approach, number of patients
in C2 pedicle group in free-hand and navigation ap-
proach, accuracy classification for assessing C2 pedicle/
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pars screw placement, and accuracy rate in four sub-
groups as pedicle, pars free-hand and pedicle, and pars
navigation technique based on radiological malposition.

Quality assessment

Identified studies were exported to Endnote version 7,
and duplicates were removed. Two independent re-
viewers performed a full-text quality review. Disagree-
ment between the two reviewers was resolved via
discussion and a third author if needed. The NOS [10]
was applied to evaluate the quality and risk of bias in in-
cluded studies. The NOS includes 3 categorical criteria
with a maximum score of 9 points: “selection” which ac-
counts a maximum of 4 points, “comparability” which
accounts a maximum of 2 points, and “outcome” which
accounts a maximum of 3 points. No studies were ran-
domized controlled trials; hence, studies with 7-9 points
could be identified as high quality, 5-6 points as moder-
ate quality, and 0—4 as poor quality. A summary of the
procedure of quality assessment is presented in Table 1.

Statistical analysis

The raw data were entered into Microsoft Excel. Exact
tests were calculated with SPSS. Only mean values were
reported for the variables age at surgery and the number
of patients; these variables were only semi quantitatively
compared. In studies that did not report the age of C2

Table 1 Check list for quality assessment and scoring of studies
based on NOS

Check list

Selection

1. Representativeness of the sample. Truly representative
or somewhat representative? (if yes, one star)

2. Sample size = 40 (if yes, one star)

3. How representative was the C2 pedicle group in comparison with
C2 pars screw placement in upper cervical patients, and the accuracy
rate assessment is satisfactory? (if yes, one star; no star if the patients
were selected only in one group)

4. Ascertainment of the risk factors as surgical record: Were the risk
factors measured with valid and reliable instruments? (if yes, one star)

Comparability

The accuracy rate screw placement and any additional factors as age,
gender, and accurate classification of radiological malposition in
different outcome groups are comparable, based on the study design
or analysis. Confounding factors are controlled. (if yes, two stars; one
star was assigned if one any additional factors was not reported)

QOutcome assessment

6. Ascertainment of the outcome: clearly defined outcome of
accuracy rate (yes, two star for information ascertained by record
accuracy rate based on classification of radiological malposition;
one star if this information was not reported)

7. Appropriate statistical analysis: The statistical test used to analyze
the accuracy rate is clearly described and appropriate for C2 pedicle
or pars pedicle (if yes, one star; no star was assigned if the accuracy
rate is reported overall)
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pedicle/pars screw group, the mean age was considered.
In addition, in some of studies, the number of unre-
ported cases was determined by dividing by two the
number of the C2 pedicle/pars. Also, in some of studies,
overall accuracy rates were considered for subgroups.

The meta-analysis was performed by using the Compre-
hensive Meta-Analysis version 2 (Biostat, Englewood, NJ).
We assumed that the methodology of each study was
unique, and the studies were heterogeneous. I-squared statis-
tics were used to evaluate the heterogeneity of pooled accur-
acy rate estimates. If the I-squared value was > 50% and P
value < 0.05, there was significant heterogeneity among the
included studies, and a random effects model was applied to
estimate the pooled results. Publication bias was estimated
using Begg’s funnel plot. A 2-tailed P value of less than 0.05
was considered statistically significant for all analyses.

Results

Descriptive statistics

The literature search identified a total of 1320 articles. Fig-
ure 1 shows the flow diagram for the selection process for
the systematic review. After removing 197 duplicated arti-
cles, 1123 remaining records were screened for title and
abstract. Of those articles, 981 were excluded. Thus, 142
articles were assessed for eligibility by reading the full text.
No randomized controlled trials were identified. Seventy-
nine articles including 67 retrospective studies and 12 pro-
spective studies were included for meta-analysis. The
mean age of patients was 49.9 + 13.3 years, and 57.4% of
patients were male. A tabulated summary of the all studies
are presented in Table 2 [5, 9, 11-87].

Assessing screw placement accuracy

The accuracy of C2 pedicle/pars screws placement was
determined with intraoperative/postoperative CT im-
aging. There are 12 reported types of classification for
assessing accuracy of C2 screw placement. Most studies
used the Gertzbein et al. classification [88]. A summary
of classifications and studies that used them is provided
in Table 3 [7, 19, 21, 40, 49, 79, 85, 88-93].

Study characteristics and quality assessment

The characteristics of each study are shown in Table 2.
Fifty-seven studies were conducted in Asian countries,
12 studies in North America, and 10 studies in Europe.
Sixty-seven studies were retrospective, and 12 were pro-
spective in design. Sample size ranged from 10 to 328
patients. The reported accuracy rate ranged from 65.2 to
100% for patients after cervical surgery. The NOS for
each study can be found in Table 2. All of the studies
analyzed in this systematic review scored five or above,
which is considered of moderate to high quality studies
[10], and 52 of the studies were considered high-quality
studies.
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Fig. 1 The results of the search strategy as performed by under the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines

Meta-analysis

A total of 79 studies, comprising 4431 patients with
upper cervical fusion, were included in the meta-
analysis. Overall, 6026 C2 pedicel/pars were used as fol-
lows: C2 pedicle free-hand (n = 4558), C2 pars free-hand
(n = 506), C2 pedicle navigation (n = 941), and C2 pars
navigation (n = 21). There were 55 studies indicating the
association between the pedicle screw placement and the
accuracy rate of upper cervical fusion patients. Since
there was significant heterogeneity among the above 55
studies (I-squared value = 79.8% and P value < 0.001),
we performed a random effects model to assess the
pooled accuracy rate estimate and corresponding 95%
CL As shown in Fig. 2, the accuracy rate of the C2 ped-
icle screw free-hand technique was 93.8% (P value <
0.001). Forest plot for C2 pars screw placement of free-
hand technique (15 studies, I-squared value = 0.0%, and
P value = 0.599), C2 pedicle screw placement of naviga-
tion technique (22 studies, I-squared value = 21.63%,
and P value = 0.178 ), and C2 pars screw placement of
navigation technique (2 studies, I-squared value = 0.0%,
and P value = 0.608 ) are shown in Fig. 3 (a fixed effects
model; accuracy rate 93.7%; P value < 0.001), Fig. 4 (a
fixed effects model; accuracy rate 92.2%; P value < 0.001 ),

and Fig. 5 (accuracy rate 86.2%; P value < 0.001), respect-
ively. In this systematic review study, no statistically sig-
nificant results were observed between the accuracy of
placement C2 pedicle versus C2 pars in free-hand tech-
nique and the free-hand C2 pedicle group versus the navi-
gated C2 pedicle group (all, P value > 0.05).

Publication bias

Publication bias was measured by Begg’s test. For C2
pedicle screw of free-hand technique, the P value for
Begg’s test was 0.117, indicating that there was no sig-
nificant publication bias among the included studies.
Also, the P value for Begg’s test was 0.766 for the C2
pars screw free-hand technique. Funnel plot and Begg’s
test did indicate obvious published bias for C2 pedicle
screw of navigation technique (P = 0.001). In addition,
due to studies, less than 3 Begg’s test was not performed
for C2 pedicle screw of navigation technique.

Discussion

To our knowledge, no previous systematic review, with
or without meta-analysis, has been reported with the
same purpose and methods. The analysis of the litera-
ture reveals that there are many studies fulfilling the



Page 5 of 18

272

(2020) 15

Azimi et al. Journal of Orthopaedic Surgery and Research

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

(74
/20 L'16

dN

dN

dN

dN

dN

dN

(€€

/2€) 696

dN

N

dN

N

(02/02) 00l

dN

(€2/S1) T99

(191

/0S1) 1'€6

(001/58) S8

(¢v/ev) 001

(6€/1€) 56L

(95/€5) 916

(LLL

/L01) ¥'16

(cz/6l) 198

(oze
/71€) 1'86

(L/v1) 001

(vL/11) 656

uonedyIssed
noyIm
‘1D do-1s0d

UOIeDHISSe
noyum
‘1D do-1s04

uonedyissepd
e 12 emeyNA

apipad

JO 9pISINO MaIds
JO 907 < paulsp
SeM (2ealiq v

uonedyissepd
‘|e 32 eQQNPS

uonedyissep
noyuM ‘sKel-x
aAleIadoisod

suiqqoy pue
W[EleraiEls}

payIPON

uonedyIssed
oYM
‘1D do-1s0d

uonedyIssed
noym
‘1D do-150d

UoIeDHISSeD
noyum
‘1D do-1s0d

SIXe pue Sef1e ayi
JO sSewl [eJale] oYy
JO 810D Jousiue
91 pUOASq WW {7
uey aiow spniold
10U pIp MaIds

aU3 JI 'paIapIsuod
sem Kio1oejsies

UoIeDHISSeD
oYUM ‘skes-x
aAleIadolsod

UoIeDlISSeD
oYM
‘15 do-1504

9AIIDadsolaY

9AI3dadsold

9AIIDads0l9Y

9AIIDadsolay

9AI1Dadsold

9AIIDadsoN9y

9AIIDadsolaY

9AIIDadsolay

9AI3DadsolRY

9AI3DadsolRY

aAldadsolaY

9AIIDads0l9Y

aAlIdadsolay

99

78

61:5Cl

8C/LS

vele

86l

oL8L

1234

€8

69:16

L6l

/901

(€9-¥1) vee

(8£-€0) 85

syuaned 7|
40 (06-¥1) L'vy

(1'81) 765

(£8-¥1) £'95

(¢5-61) 8€

(69-10) (¥

(68-€2) 565

(l6—S1) 8¥

(€£-12) 98Y

(6L-L'1) €C

(06-0) 61

siusned gl
J0 (¥8-€1) 0L

cl

cl

sjuaned
¥yl Jo
MIDS 079

J0 1IN0 €7

S8

SS

€C

€

8¢

6/

LE

Syusned
08l jo
MIIDS 699
JO 1IN0 7/

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

dN

14

dN

dN

dN

dN

dN

dN

€€

dN

dN

dN

dN

0¢

dN

Lol

001

44

6¢

9s

44

0ce

IZA

74

Key

pueLIZIMS

ueder

vsn

vsn

euly>

2210y
inos

dlignday
yoaz)

vsn

uemie|

elpul

Auewsn

ueder

t2d
600C e 3e @inied

600¢ [22] ‘fe 1o 1aked

(el
6007 '[e 13 emexnA

[0zl
6007 JERERCMILEN!

l6l]
600C B39 EBQQnidS

800C [Bl]7e3e N

[£1]
8007 JERERUIE)N

£00T  [91] e 39 3IMS

[St]
900¢ e 39 eIpuo

S00C  [rl] s usyd

¢00z  [€1]1e 19 |20

[el]
100T ‘[e 19 suiey

(L]
000T ‘e 32 lwngy

Ajenb
Apnis

sied

aPIpad

sied

apipad

uopebireN

puey-s314

(9%) 2184 AoRINDDY

uonedyissep
Adeindoe Juswisde|d
Mas 7D Buissassy

ubisag

EX)
onel Japusn

sieak (abues
‘as) uesw aby

)

97|15 9|dweg

sied  opIpad

sied  9PIpad

uopnebineN

puey-2a.4

pasn SMalIds 7D JO lsquunN

Alunod

leap [49y] (spouny

JUBWISS3sSE Aljjenb pue saipnis papnjaul JO sdpskia1deIey) T ajqel



Page 6 of 18

272

(2020) 15

Azimi et al. Journal of Orthopaedic Surgery and Research

UoIeDHISse

(0t inoyum [£€]
S dN dN /00) 001 dN ‘|Ddo-isod  anndadsonay €L 65-G1l 0oL dN dN - 0C dN puejieyl 110¢ ‘e 38 BuispiN
UoIIeDLISSeD
noyum e3al0y
S N dN dIN - (0€/0€) 00L ‘|Ddoasod  @Andadsonsy oLs (¥/-L0) 89S SLduN dN uN 0€¢ yinos 110z [9€] e 19 unyd
UoIeDlISSe
inoyum [sel e e
JA N dN - (8/8) 001  (08/08) 00OL ‘|Ddoasod  aAndadsonay Leee (68-29) L/ vy UN dN 8 08 VSN LLoT uoljiweH
syusned
L Jo
uonenyissepd siuaned |z Jo M3IDS 80| €]
1A dN 688 (8190 dN dN e 03N 2ARdsoNRY 4% (€8-t¥) L9 JOINo ¥z YN ¢ 4N dN ueder 110z e 19 emeyiys|
(95 (09¢ uonedyIsse|d [l e1e
6 N dN /€9) 96 /152) 886 ‘le 39 elpuadn ERElNOIEN or1:881 s1eak £ 1970 8¢ YN N 9§ 09¢ VSN L10C piojsueig
uonenyissepd
1INOYIM
S UN UN 4N (92/92) 001 '[Ddodsod  anndadsonay 76 (59-¢¢) g8y €L UN N UN 9 eulyD  010¢ [cel e IN
uonenyissepd
©r noum siuaned gy [L1€] e
9 dN I\ /94) 001 dN ‘|Ddo-isod  anndadsonay 81T (L6=61) ¥9 joinoge YN N 92 dN VSN 010¢ lusuewwniy
UoIeDHISSe
noyum e3al0y|
9 dN dN IN - (¥S/€S) 186 ‘|Ddoasod  oAndadsonay oLl (6£-1) 1S LT dN dN - N 7S yinos 0lLoz  [og] e 19 997
(8€9 uonedyIssepd [oe
8 N dN UN /265) 876 ‘le 12 Buep 2AIDads01Y Clis61 (€/-¥) €8¢ 6lE YN 4N YN 8¢9 VSN 010¢ ] [e 12 buep
suiqqoy pue
(0L ulaqzies
8 4N N dN /L21) Lyl PayIPO 2A1103ds0119Y €65 /1) 645 €6 uN 4N YN (VA VSN 010z [67] '[e 19 ysoly
sulqqoy pue
uRgzIey  AjPAneladolsod [87]
8 dN dN dN 678 PayIpPoON  Yauow-¢ O yleL (¢0) 95 LT 9N dN- uN y Auewisn 0107 AERERE!ERIY
sjualed
6¢ 40
uonedyIssed MIIDS OF | VA4 R:BE]
1A dN dN dIN - (¢€/2€) 001 e32 03N 2Andadsoney olLel /1) T19 jomozge  UN dN- UN 43 ueder 6007 Ol0WeAIN
uonenyissepd
noyum
9 dN dN 4N (05/0S) 001 ‘|Ddo-isod  anndadsonay oLstL (0/-81) t¥ SC WN dN- uN 0S eulyd  600¢ [92] e 19 aIX
UoIeDlISSe
noyum siuaned /| siuaned
S dN dN 4N (¢2/2g) 0oL ‘|Ddo-isod  anndadsonay Sl JO((9-SO) STy /1JOINO LI YN dN- uN 44 eulyd 600  [57] e 19 uel
UoIeDlISSe
inoyum izd]
S dN dN IN - (FE/vE) 00L ‘|Ddoasod  oAndadsonay el (7£-9) 0% Ll dN dN N Y€ Aopng 600C 8 39 SIS
sied 3Ipad sied 3Ipad sied pIpad sled  3pPIpad
uonebiren puey-23.4 uopnedyissep uolebiaeN puey-92.4
Ajenb T Adeindoe Juswisde|d (W) sieak (abues (U) T
%Ujum Aﬁuv olel >um5uu< MIIDS 7D @Emmwmm/\ Cm_me Ol1el Japusty ‘va uesw w®< ZIS w_QEmm pasn SMaIds ¢ JO JlequinN EPCJOU PLEE)N ng AmtOr_tJ{

(PaNuIU0D) 1USWSSISSe Aljjenb pue saIpnis papn|aul JO SalsHaIdeIeyd) T ajqel


https://www.ncbi.nlm.nih.gov/pubmed/?term=Nitising%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21774285
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nitising%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21774285

Page 7 of 18

272

(2020) 15

Azimi et al. Journal of Orthopaedic Surgery and Research

6 (9/9) 00l (¥9//5) L'68 UN UN - UISGZUSS PalIpo oAlDadsoRY s 66 4O INO GE 4O 1IN0 0L 9 79 4N UN eulys  v10¢ [¢S] e 19 oe|
sjuaned
ainpadold ay jo suaned €7 jo €7 JO Mas
L dIN (92/52) 1'96 N dN pus oyl ie |5 Qe 2A11D2ds0119Y [4uN (c5-61) S€e 801 J09C YN 9¢ 4N N eulyd  ¥10¢ [LG] "[e 12 nA
UOIeDLISSe
sulqqoy pue
ulsqzies [05]
L dN - (0T/61) S6 UN dN payipoly  2Andadsoney 1’6 18-/1 0l dN 0C dN dN elpul 10¢ ‘e 39 ybuis
sjuaned
UoIeDHISSeD syuaned 671 JO 671 JO MIDS [6v]
8 dIN  (€€/67) 6/8 dN N ‘e 13 eieyan EIARElNOIEN Y8 N0 (Fyl) ¥'€9 6,530 €€ UN €€ uN uN ueder 107 ‘e 19 eieyen
siuaned sjuaned
(8l uonedyIssed €87 J0 1IN0 €87 JO MAIDS
8 UN dN dN /L) VL ‘e 39 0N 2A11D3ds0119Y 00l:€8l (£8-V1) VLS G900l jo syl UN 4N UN 8l ueder 107 [8¥] e 32 ofoH
(lve uonedyissed [£v]
8 N dN uN V90 VL e 19 eqgnids oADadsonaYy 08101 (L'S1) 645 18l 4N 4N N (843 VSN ¥10¢ ‘e 39 uopAg
uoledlIsse
‘e 1
6 IN - (b2/v0) 001 dIN - (FT/€2) 856 O9N pPayIpPow EIEElNOIEN €Ll (69) 651 ¥C N ¢ YN 174 eUIYD €107 [9] |e 12 Bues
sjuaned
L Jo
UoIedlISse MIIDS €01
L dN dN IN - (0z/81) 06 e 03N  3ADadsonRY 6L (€8-9) ¢v jono oz UN dN N 0¢  alodebuis €10 Sl e 18 Bur
(Wwz >)
[lem 31pad ayy
L dN dN IN - (0T/41) S8 JO suonesopad  dARdadsOIRY 9 (¢8-8¢€) Sv oL N dN - UN 0¢ BUIYD  €10¢ [r¥] e 19 N
sjuaned
9t J0
UoIeDlISSe syuaned o MIIDS 96| [e]
9 dN  8'/8 [[e19A0 4N dN 219 03N 3ADAdsoNRY dN 40 (¥8-9) T€S joino /e UN JASEER 1\ dN ueder €107 ‘e 19 Iydone|
UoIeDHISSeD
mnoyum 2310
9 dN YN (9/9) 001  (8¢/L0) ¥'96 '[Ddodsod  anndadsonay 86 (89-51) 'O JAR\| dN 9 8¢ yinos  z1oz - [zy] ‘[e 19 uosr
UoIeDHISse
NOYUM [1¥]
S dN dN N (89/99) €8 '|D do-1s04 oAnpadsold Sli0C (06-8) ¥9 ge uN dN- UN 89 Auewsn 7107 ‘e 39 9bury
sjuaned
uonedyIssed Ll JO MaIds [ov] e 19
1A dN dN 4N (91/91) 00L 019 03N 3ADIdsONY 6'C (8/-¥1) ¥/S  v¥JOINO9L YN dN - N 9l ueder 7107 1yonBemeyy
UoIeDlISSe
(ce noyum
S dN IN - /L€) 696 dN ‘[Ddosod  @Andadsonay L6 (68-61) 99 0C dN dN e dN YSN TLoz - [6€] e 18 Buey
UoIedlISSe
oYM £310)|
1A dN N (9/9) 001 (28/84) L'S6 ‘|Ddoasod  oAndadsonay 9l:8T (r8—¥) L'1v vy dN dN 9 8 yinos 110z [8€] e 19 997
sied 3Ipad sied 3Ipad sied pIpad sled  3pPIpad
uonebiren puey-23.4 uopnedyissep uolebiaeN puey-92.4
Ajenb T Adeindoe Juswisde|d (W) sieak (abues (U) T
Apnis (96) @101 AORINDDY  M3IDS 7D BUISSasSY ubisaQ oljel Japuan) ‘qs) uesw aby azis ajdwes  pasn smalds 7D Jo JaquinN Aunod  JedA  [Jay] (soyiny

(PaNuIU0D) 1USWSSISSe Aljjenb pue saIpnis papn|aul JO SalsHaIdeIeyd) T ajqel


https://www.ncbi.nlm.nih.gov/pubmed/?term=Ringel%20F%5BAuthor%5D&cauthor=true&cauthor_uid=22200812
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ringel%20F%5BAuthor%5D&cauthor=true&cauthor_uid=22200812
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jeon%20SW%5BAuthor%5D&cauthor=true&cauthor_uid=22130046
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hojo%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25047653
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tao%20X%5BAuthor%5D&cauthor=true&cauthor_uid=25043084
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tao%20X%5BAuthor%5D&cauthor=true&cauthor_uid=25043084

Page 8 of 18

272

(2020) 15

Azimi et al. Journal of Orthopaedic Surgery and Research

oYM
9 dN dN dIN - (29/29) 00L ‘1D doisod 2ADads0ld €18l (C9-5¥) 1S L€ UN dN- uN 9 eulyd /1oe [99] e 12 NN
91eMYos siuaned
buibew 71 JO maus [G9] "|e 1o
L dN dN N (02/027) 001 Jeueidninw/qe 9A1Dads0ld 99 L[-TY 8730 0C UN dN UN 0¢ ueder /107 ejemebns
sjuaned
(A uonedlijisse;d syualed 8¢ JO mMaids [9] 'le 12
8 N /ELL) 166 N dN ‘e 12 0N 2Aads013Y 8¢l JO ¥¥7¥8 (c6-51) 559 9L 0Ll YN 7Ll YN UN ueder /107 EMB)OWIYS
UoleDHIsse
sulqqoy [€9]
L dIN (0€/87) €°€6 N N pue ulegzuss EAEElNOIEN cel (18-£1) ¥ve Sl uN 0e 4N N elpuj Z10¢ ‘e 38 ybuis
sjuaned
UoIeDHISSe|D susned syjusned  (GE JO MAIDS [z9]
8 dN - (0V/8€) S6 dN 4N eloory  9ARddsONRY 65€ 40 ClTLyL 65€ JO (6'90) €¥ €lyejo 0y UN o7 dN 4N ueder  /10¢ ‘e 39 eleysn
e1ep pa123||0d>
ainpacold  AjpAnoadsoud
2yl JO pua e JO M3IA3I
L dIN - (¥T/€T) 856 dN N syiie |5 de 2A11D2ds0119Y 0:CL (Lv-81) VL€ [4 -\ ¥ dN N eulyy /10z  [19] ‘[e 19 oeyz
UoIeDHIsse
(¢L1 NoYIM [09]
9 4N dN dN /2L1) 00L ‘|Ddo-isod  anndadsonay 8€8Y (69-91) 9Tv 98 dN dN- uN L eulyd> 9loc ‘e 39 busyz
©s
8 IN - /0S) %E68 UN dN pue ulBgzZUeY  3ANddsONRY GSl (55-81) L'GE 0C dN or dN dN eulyD 910z  [65] '[e 10 bue
uonedyIssed
oYM siuaned
S dN dN dIN (92/52) 196 ‘|Ddoasod  oAndadsonay 181l (£=17) €55 GeJoel  UN dN uN 9 uemie] G107 [8S] e 1@ YIuS
uonedyIsse|d
Inoyum
9 4N N N (¢h/2y) 001 ‘1D dosod  aaadsonay g€l (69-¥0) 59 12 4N YN UN 44 eUIYD  510C VASNRENe)
uonedyIssed
sulqqoy pue
uleqz1en [95]
8 dN 7’56 UN dN PayIpPON dN [qrelt (891) 8'€9 8¢ duN 59 uN dN Auewien 6107 ‘|e 19 MOpalg
uonedyIssed
oYUM
9 N <IN UN  (0V/6€) S26 ‘1D do-isod aAladsonsY 6Ll (€9-8) TOv 0C¢ uN 4N YN (014 eUIYD 10T [SS) [e 12 Bueh
(L uonedyIssed syuaned €7 Jo [S] ‘e 39
8 dN dN /21) 001 (9¢/90) 00L 239 09N 9Adadsold €LrotL (98-¥5) ¥'69 M313s 8F JO 8¢ YN N L 9 ueder 107 eweAauey|
syualed
uonedyIsse ‘e 19 81 JO Mais 2310
L AN (¢C€/L0) €18 dN dN 09N Payipo  dAndadsondy Gl (¢L-vT) 85¥ 85J0¢ze UN € uN dN yinos 10z [€5] e 39 Wiy
syuaned
UOIeDHISSe 66 0 1IN0
sulqqoy pue syuaned M3IDS 96|
sied 3Ipad sied 3Ipad sied pIpad sled  3pPIpad
uonebiren puey-23.4 uopnedyissep uolebiaeN puey-92.4
Ajenb T Adeindoe Juswisde|d (W) sieak (abues (U) T
Apnis (96) @101 AORINDDY  M3IDS 7D BUISSasSY ubisaQ oljel Japuan) ‘qs) uesw aby azis ajdwes  pasn smalds 7D Jo JaquinN Aunod  JedA  [Jay] (soyiny

(PaNuIU0D) 1USWSSISSe Aljjenb pue saIpnis papn|aul JO SalsHaIdeIeyd) T ajqel


https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20SU%5BAuthor%5D&cauthor=true&cauthor_uid=25371783
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kaneyama%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24785974
https://www.ncbi.nlm.nih.gov/pubmed/?term=Singh%20PK%5BAuthor%5D&cauthor=true&cauthor_uid=28842231
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shimokawa%20N%5BAuthor%5D&cauthor=true&cauthor_uid=27245606

Page 9 of 18

272

(2020) 15

Azimi et al. Journal of Orthopaedic Surgery and Research

JeEIREIETo]
SeM ‘Wwi Z ueyl
S$9| PaInsesw

Uolym ‘yoealq swuened [9/]
S N dN dIN  (62/82) 596 [21HOD SUQ EARElNOIEN SlLGlL (£8-9) ¥S ocjoce UN 4N N 6C VSN 810¢ ‘|e 19 OdJey
uonedYISsed sjuaned
sulqqoy ¥ JO MalIds [s/]
L N 00l dN N pue ulegzuss EARElNOEN LT (18-¥€) 129 lycjoce  uN € uN YN ai0debuis gLOz (e 32 ueydeyD
ainpaco.d ayy
Jo pua ay1 18
1D Weag-auod
Buisn pa1daisp
sem yoeaiq iZANERE]
S dN 001 dN dN [B21J0 ON 2AIDads0ld S9 (69-¢0) SS Il 4N ¢ uN 4N duel4 8LOZ  {uewl|S-pinO
UoRes|ISsed [e/]
8 dN dN N (0b/€€) 58 e10eqgnps  2ARdadsonRy 981 (16—€2) 1'9S ¥¢ dN dN - UN oy VSN 810¢ ‘|é 19 weyd
(L8 UOonesHISsed [s]
6 dN IN /44) §88  (TS/0F) 69L e 32 eqgndS  2Andads0NY ey (98-00) 6'65 9/ dN dN /8 49 puejleyl gLoz  [e 39 Jesedung
syualed
€0l Jo
(8l alemyos buibew M3IDS €18 [z/] e 1
8 4N dN 4N /8€1) 001 Jeueidninw/qe 9ADadsold LS G8-Gl Jjomnogel  UN dN- uN 8¢el ueder 8107 esemebng
UoIeDHISSe
L dN dN 4N G598 [[e19N0 ‘e 39 1yonbemey  aAnads0NY 1744 95—t 6y UN dN N 86 BUIYD  81lOC [1Z171e 19 nd
9026 UonesyIssed
9 dN dN 4N [[BI9AO ‘e 19 1yonbemey  aAndadsonay 9Ll (95-50) €€ JARIN| dN - N 7€ euly>  8loc¢ [VANERENK]
2J2MYOS SOIWIN
9yl Yim pajenjend
SeM UOIeXI) MIDS
8 UN dN dN 00l aY3 Jo Adeinddy 2AnDadsold dN dN 0C YN 4N YN (04 eulys  /10¢ [69] 'e 12 W
sulqqoy pue
ulagzuen [
L dN dN 4N 97C6 [1_ISAO PayIpo 2AnD3dsold 0Ccye (rS-2l) €5y 7S dN 4N uN 801 BUIYD /10T L/] fe 39 Buerr
2JeMYOS
O'GLSIIWIN 9yl
YUM palen|erd
SeM UONEeXI) M3IDS
9 dN dN UN - 9V6 (.10 a1 Jo Aoeanddy 9A1Dads0ld 19 (£6-50) L'SYy €l uN dN N 14 eulyy /10 [0/ e e ono
uoneDHISSeD
sulqqoy pue
L1 uleqgzien
8 dN dN IN - //91) 656 payipoly  2Andadsoney dN (56-52) T6€ /8 dN dN UN 2 eulyy /10 [89] e 19 oeD
UoIeDHISSeD
sulqqoy [£9]
8 4N (09/09) 00L UN dN pue ulsgzues aAladsosY 8CC (16-€) ¢S 0¢ uN 09 YN N Auewian /107 ‘e 12 sqodef
UoIeDHISSe|D
sied 3Ipad sied 3Ipad sied pIpad sled  3pPIpad
uopebireN puey-aa.4 uonesyisse|d ] uopnebineN puey-2a.4
Ajenb Adeindoe Juswisde|d (W) sieak (abues (U)
Apnis (96) @101 AORINDDY  M3IDS 7D BUISSasSY ubisaQ oljel Japuan) ‘qs) uesw aby azis ajdwes  pasn smalds 7D Jo JaquinN Aunod  JedA  [Jay] (soyiny

(PaNuIU0D) 1USWSSISSe Aljjenb pue saIpnis papn|aul JO SalsHaIdeIeyd) T ajqel



Page 10 of 18

272

(2020) 15

Azimi et al. Journal of Orthopaedic Surgery and Research

pauodal jou Yy

sulqgoy ©3.0Y
6 N 8'€6 dN 5’88 pue uiegzen  2ANadsonRY 9L:8L (£91) 8%S  (N6L4SL) ve L 43 L 9C Yinos  0coc [¥8] '|e 19 997
uonedyissep
L N (92/52) 796 N N ‘e 19 aule] aAiDadsosY 6L 8-v0) LTt 9l uN 9¢ 4N uN Auewian 6107 [€8] '[e 19 1ieD
suIggoy 230}
8 dIN  (C6/28) €16 dN N pue uiegzIen  9ANdadsONRY 81:0€ (08-5€) 885 87  uN 6 uN UN Yinos  610¢ [¢8] "e 19 unH
(vl @l (s uonedyisse
8 /Tl) /S8 (0S/2h) ¥8  /LL) L9'L6 /0S) 5196 ‘e 19 3=qniH EAIBERJIE! Y0y (£01) ¥'or Y9 vl 0s ¢l S eUIYD 6l0C  [18][e 39 uel]
2/eMYOs
uolenwi|
8 N (S/vS) 001 dN N S [9pow Qg 9AIIDadsold oL/l (¢9-72) 98¢ [T 4N vS  HN dN eulyD 610 [6] 'e 33 Np
uoledyIsse [08]
8 dN dN 4N (89//9) 586 Juws  aAndadsodiay Slie (Ce) 69 9t UN dN - UN 89 eulyd 610¢ ‘e 32 Bueyz
eipuadn 23J0Y
8 N dN vL6 dN PaYIPON  3AIDRASONRY 8¢€:0¢ (S¥1) ¥'29 85 UN N 9/ N yinos 6107 [6/] ‘e 39 3ied
uonediisse;d
INOYIM syuaned
9 KN N (8/8) 00L  (bT/¥T) 001 '[Ddosod  anndadsonay LILL (€L-10) LYy Jjogzjo9l  HN UN 8 74 Aopng 8loz  [8/] e 19418
(6 uonesiIsse (2]
6 dN dN /6%) 001  (¥¢/¥T) 00L ‘e 39 eipuadn  dAdadsonsy €€'19 (€91) o€ 76 N N 6 14 elpul 8LOC  '[e 19 Uelly leS
sied 3)Ipad sied JpIpad sied dpIpad sled dPIpad
uonebiren puey-23.4 uopnedyissep uolebiaeN puey-92.4
Ajenb T Adeindoe Juswisde|d (W) sieak (abues (U) T
%Ujum AQOV olel >um5uu< MIIDS 7D mcwwmwmm/\ Cm_mm.D Ol1el Japusty ‘Dmv uesw w®< ZIS w_QEmm pasn SMaIds ¢ JO JlequinN EEJOU PLEE)N ng AmtOr_tJ{

(PaNuIU0D) 1USWSSISSe Aljjenb pue saIpnis papn|aul JO SalsHaIdeIeyd) T ajqel


https://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20X%5BAuthor%5D&cauthor=true&cauthor_uid=31617820

Azimi et al. Journal of Orthopaedic Surgery and Research (2020) 15:272 Page 11 of 18

Table 3 Accuracy rate classifications for screw insertion

Name of classification Year Description Studies used the
classification

Gertzbein and 1990 Grade 0, when a screw was placed inside the bone; grade |, screw [17, 28, 29, 50, 52, 56, 59, 63,

Robbins [88] perforation of the cortex within 2 mm; grade I, screw perforation 67, 68, 75, 82, 84, 871

from 2 to 4 mm; and grade lll, screw perforation of more than 4 mm.
In some of articles, this classification was modified [28, 56]. Grade 0
is considered the accuracy of in C2 screw placement [28].

Laine et al. [89] 2000 Based on CT images, in this classification, screw position was staged [83]
as screw inside the pedicle or perforation of the pedicle cortex by
up to 2mm, from 2 to 4 mm, from 4 to 6 mm, or by more than
6 mm. Type | and type Il were categorized as acceptable placement.

Rao et al. [90] 2002 Each screw position was assigned a grade from 0 to 3, as follows: [62]
grade 0 reflected no perforation of the pedicle; grade 1 indicated less
than 2 mm of perforation of the pedicle; grade 2 represented 2-4 mm
of perforation of the pedicle; and grade 3 reflected perforation greater
than 4 mm. Grades 2 and 3 insertions were judged to be major perforations.
Overall, it is considered a perforation of less than 2 mm to be satisfactory.

Neo et al. [91] 2005 Screw positions were classified into four grades: grade 0, no perforation, [27, 34, 40, 43, 45, 46, 48, 53, 54
and the screw was completely contained in the pedicle; grade 1, perforation ]
< 2mm (that is, less than half of the screw diameter); grade 2, perforations
= 2mm but < 4 mm; and grade 3, perforation = 4 mm(complete perforation).
The screw was classified as grade 0 be acceptable.

Upendra et al. [92]. It was 2008 Type |, ideal placement—screw threaded completely within bony cortex; [33,77,79]

modified by Park et al. [79] type lla, acceptable placement—< 50% of the diameter of the screw
violating surrounding cortex and screw protrusion of < 1T mm from the
anterior cortex for pedicle and pars screws; type llb, relatively acceptable
placement—screw violating < 33% of the diameter of the C2 transverse
foramen (TF); type lic, relatively unacceptable placement—screw violating
= 33% of the diameter of the C2 TF or = 50% of diameter of screw
violating surrounding cortex; type lll, unacceptable placement—clear
violation of TF or spinal canal; regardless of clinical neurovascular
complications. Overall, types |, lla, and Ilb were categorized as acceptable
placement and types Ilc and lll as unacceptable placement.

Sciubba et al. [19] 2009 It is described by location (lateral, medial, inferior, and superior) and [5,19, 47, 73]
percentage of screw diameter over cortical edge (0 = none; grade | =
< 25% of screw diameter; grade Il = 26-50%; grade Ill = 51-75%; and
grade IV = 76-100%). Type 0 was categorized as acceptable placement.

Yukawa et al. [21] 2009 The accuracy of the placement of the pedicle screws into the medial/ [21]
lateral pedicle walls was evaluated on axial CT scans (2 mm slices),
whereas superior/inferior pedicle wall screw location was examined on
oblique radiographs. Incorrect screw placement was classified as either
screw exposure or pedicle perforation. A screw was exposed if it broke
the pedicle wall, but more than 50% of the screw diameter remained
within the pedicle. A pedicle perforation occurred if a screw breached
the pedicle wall, and more than 50% of the screw diameter was outside
the pedicle.

Wang et al. [85] 2010 This classification was based on axial plane, para-sagittal plane, and coronal [85]
plane. The grading has been described elsewhere in detail [85].

Kawaguchi et al. [40] 2012 Grade 0, the screw was completely located in the vertebral pedicle; grade |, [70, 71]
the screw penetrated the pedicle bone cortex < 2 mm without complications;
grade I, the screw penetrated the pedicle bone cortex > 2 mm without
complications; and grade I, complications related to screw placement
occurred, such as nerve and vertebral artery injuries. Grade 0 was considered
to be the correct location of pedicle screws and safe placement.

Uehara et al. [49]. 2014 The screw insertion status was classified as grade 1 (no perforation), [49, 62]
indicating that the screw was accurately inserted in pedicle; grade 2
(minor perforation), indicating perforation of less than 50% of the screw
diameter; and grade 3 (major perforation), indicating perforation of 50% or
more of the screw diameter. The screw was classified as grade 1 be acceptable.

Smith et al. [93] 2016 On postoperative CT scans, type | was defined as ideal placement without [80]
cortical violation; type Il was an acceptable placement with less than half
the diameter of the screw violating the surrounding cortex and less than
1 mm protrusion from the anterior cortex; and type Il is an unacceptable
placement with clear violation of the transverse foramen or spinal canal.



Azimi et al. Journal of Orthopaedic Surgery and Research (2020) 15:272 Page 12 of 18

Table 3 Accuracy rate classifications for screw insertion (Continued)

Name of classification Year Description Studies used the
classification

Hlubek et al. [7] 2018 Grade A, screw completely confined within cortical surfaces; grade B, transverse  [81]
foramen violation with the screw obstructing 1-25% of the foramen; grade C,
transverse foramen violation with the screw obstructing 26-50% of the foramen;
grade D, transverse foramen violation with the screw obstructing 51-75% of the
foramen; grade E, transverse foramen violation with the screw obstructing 76—

100% of the foramen; grade M, medial breach into the spinal canal. Grades A
and B were determined to be acceptable placement, and Grades C-E and M
were determined to be unacceptable.

N
Study name Statistics for each study Event rate and 95% CI

Event Lower Upper

rate limit limit Z-Value p-Value -1.00 -0.50 0.00 0.50

Abumi et al. 2000 0.959 0.881 0.987 5377 0.000
Harms et al. 2001 0.993 0.902 1.000 3.527 0.000
Goel et al. 2002 0.981 0.959 0.991 9.632 0.000
Chen et al. 2005 0.864 0652 0.956 2973 0.003 —-
Ondra et al. 2006 0914 0.848 0.953 7.168 0.000 -.
Stulik et al. 2007 0.946 0.846 0.982 4843 0.000 —-
Yeom et al. 2008 0.795 0.641 0.894 3417 0.001 —B
Li et al.2008 0.988 0.840 0.999 3123 0.002
Sciubba et al. 2009 0.850 0.766 0.908 6.194 0.000
Parker et al. 2009 0.931 0.880 0.961 8.368 0.000
Yukawa et al. 2009 0.652 0443 0.815 1.434 0.151 +—B—
De lure et al. 2009 0.995 0.926 1.000 3741 0.000
Simsek et al.2009 0.986 0.809 0.999 2973 0.003
Tan et al.2009 0.978 0.732 0.999 2662 0.008
Xie et al.2009 0.990 0.862 0.999 3.247 0.001
Miyamoto et al.2009 0.985 0.799 0.999 2.929 0.003
Mueller et al.2010 0.829 0.694 0912 4.075 0.000
Alosh et al.2010 0.747 0676 0.807 6.137 0.000
Wang et al. 2010 0.928 0.905 0.946 16.691 0.000
Lee etal 2010 0.981 0.880 0.997 3.957 0.000
Ni et al. 2010 0.981 0.764 0.999 2.781 0.005
Bransford et al. 2011 0.988 0.964 0.996 7.744 0.000
Hamilton et al. 2011 0.994 0.909 1.000 3582 0.000
Chun et al. 2011 0.984 0.789 0.999 2883 0.004
Lee etal 2011 0.951 0.877 0.981 5797 0.000
Kawaguchietal.2012  0.971 0.664 0.998 2436 0.015
Ringel et al. 2012 0.823 0714 0.897 4837 0.000
Jeon et al. 2012 0.964 0.786 0.995 3241 0.001
Wu etal.2013 0850 0624 0951 2770 0.006 —i-
Ling et al.2013 0.900 0.676 0.975 2.948 0.003
Yang et al.2013 0.958 0.756 0.994 3.073 0.002
Bydon et al. 2014 0.774 0.727 0.815 9.508 0.000
Hojo et al.2014 0.771 0.696 0.832 6.206 0.000
kaneyamaet al. 2014  0.981 0.764 0.999 2781 0.005
Yang et al.2014 0.975 0.843 0.996 3617 0.000
Qietal 2015 0.988 0.840 0.999 3123 0.002
Shih et al.2015 0.961 0772 0.994 3.163 0.002
Zheng et al. 2016 0.997 0.956 1.000 4126 0.000
Sugawara et al.2017 0.976 0713 0.999 2594 0.009
Liu et al. 2017 0.992 0.885 1.000 3401 0.001
Cao et al.2017 0.959 0917 0.980 8.245 0.000
Guo et al. 2017 0.946 0.756 0.990 3.236 0.001
Jiang et al. 2017 0.926 0.859 0.963 6.874 0.000
Wu et al. 2017 0.988 0833 0.999 3.088 0.002
Puetal 2018 0.970 0.818 0.996 3458 0.001
PuXetal 2018 0.865 0.782 0.920 6.284 0.000 —.‘
Sugawara et al. 2018 0.996 0.945 1.000 3.970 0.000
Punyarat et al.2018 0.769 0.636 0.864 3.655 0.000 —il-
Pham et al. 2018 0.825 0676 0914 3726 0.000 —-
Marco et al. 2018 0.965 0.792 0.995 3283 0.001
Sai Kiran et al.2018 0.980 0.749 0.999 2724 0.006
Isik et al.2018 0.980 0.749 0.999 2724 0.006
Zhang et al. 2019 0.985 0.903 0.998 4194 0.000
Tian et al.2019 0.962 0.859 0.991 4.455 0.000
Lee etal 2020 0.885 0.698 0.963 3.320 0.001
Point estimate 0.938 0.917 0.953 17.182 0.000
Fig. 2 Point estimates with 95% confidence intervals and forest plot of studies reporting on accuracy rates of fusion following posterior
atlantoaxial fusions with C2 pedicle screw and free-hand technique
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atlantoaxial fusions with C2 pars screw and free-hand technique

Study name Statistics for each study
Event Lower Upper

rate  limit limit Z-Value p-Value
Ondra et al. 2006 0.969 0.814 0.996 3.427 0.001
Payer et al.2009 0.917 0.722 0.979 3.247 0.001
Mummaneni et al.2010 0.994 0.905 1.000 3.545 0.000
Bransford etal. 2011 0.946 0.846 0.982 4.843 0.000
Hamilton et al. 2011 0.944 0495 0.997 1.947 0.052
Nitising et al.2011 0.976 0.713 0.999 2.594 0.009
Lee et al.2011 0.929 0423 0.996 1.748 0.081
Kang et al.2012 0.969 0.809 0.996 3.375 0.001
Jeon et al.2012 0.964 0.267 0.999 1500 0.134
kaneyama et al. 2014  0.962 0.597 0.998 2.232 0.026
Punyarat et al.2018 0.885 0.799 0.937 6.072 0.000
Sai Kiran et al.2018 0.990 0.859 0.999 3.233 0.001
Isik et al.2018 0.944 0495 0.997 1.947 0.052
Park etal. 2019 0.974 0.901 0.994 5.027 0.000
Tian et al.2019 0.917 0.587 0.988 2296 0.022
Point estimate 0.937 0.908 0.958 12.652 0.000

-1.00

Event rate and 95% CI

-0.50

0.00

0.50
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Fig. 3 Point estimates with 95% confidence intervals and forest plot of studies reporting on accuracy rates of fusion following posterior

inclusion criteria of the present systematic review. That
is why the current study can include 79 studies. Statis-
tical analyses showed that the placement accuracy rate
for the free-hand C2 pedicle group was comparable to
that for the navigated C2 pedicle group and between C2
pedicle and pars screws placement. Overall, the free-

hand technique was not found to accurate than naviga-

tion for C2 pedicle/pars screw placement.

In this study, there was no difference in the safety and
accuracy between the free-hand and navigated tech-
niques, which could be for the following reasons: (a)

Study consistency

Screw guide template studies with the highest precision
and accuracy were considered free-hand technique. (b)
Experience with navigation system also plays a role in
this arena. (c) Less number of navigation system studies
compared to free-hand technique due to the lack of
popular accessibility and (d) heterogeneity in studies.

Of the 79 articles, only 12 fully reported on patients’ re-
cruitment or the source of prospective data. No random-
ized trial was found. Learning curve and size of screws

Study name Statistics for each study

Event Lower Upper

rate  limit limit Z-Value p-Value
Ishikawa et al. 2011 0.889 0.691 0966 3.202 0.001

Tauchi et al.2013 0.878 0.729 0.951 3.929 0.000
Yang et al.2013 0.980 0.749 0999 2724 0.006
Uehara et al.2014 0.879 0.718 0954 3.715 0.000
Singh et al.2014 0.950 0.718 0.993 2870 0.004
Yuetal.2014 0.961 0.772 0994 3.163 0.002
Tao etal.2014 0.891 0.788 0.947 5238 0.000
Kim et al.2014 0.843 0.674 0933 3.459 0.001
Bredow etal. 2015 0.954 0.867 0985 5.121 0.000
Lang et al.2016 0.893 0.754 0.958 4.148 0.000
Zhao etal. 2017 0.958 0.756 0.994 3.073 0.002
Uehara et al. 2017 0.950 0.821 0.987 4.059 0.000
Singh et al. 2017 0933 0.769 0983 3.607 0.000
Shimokawa etal. 2017 0.991 0.940 0.999 4.741 0.000
Jacobs et al. 2017 0.992 0.882 0.999 3.377 0.001

Ould-Slimane et al, 2018 0.978 0.732 0.999 2662 0.008
Chachan et al. 2018 0.985 0.799 0999 2929 0.003

Wu etal. 2019 0.991 0.871 0.999 3.302 0.001
Tian et al.2019 0.840 0.711 0918 4299 0.000
Hur et al.2019 0913 0.836 0956 6.355 0.000
Carl etal.2019 0.962 0.772 0995 3.150 0.002
Lee etal.2020 0.938 0.782 0985 3.706 0.000
Point estimate 0.922 0.895 0.942 15.050 0.000

Fig. 4 Point estimates with 95% confidence intervals and forest plot of studies reporting on accuracy rates of fusion following posterior

atlantoaxial fusions with C2 pedicle screw and navigation technique
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Event rate and 95% ClI

atlantoaxial fusions with C2 pars screw and navigation technique

Z-Value p-Value
1.748
5.015
5.286

Study name Statistics for each study
Event Lower Upper
rate limit limit
Taoetal. 2014 0.929 0.423 0.996
Tian etal. 2019 0.857 0.749 0.923
Point estimate  0.862 0.760 0.925

Fig. 5 Point estimates with 95% confidence intervals and forest plot of studies reporting on accuracy rates of fusion following posterior

-1.00 -0.50 0.00 0.50 1.00

0.081
0.000 ]
0.000 &

were not consistently reported, resulting in a potential
bias. The surgical approach was described in nearly all
studies, while new entry point and trajectory, which
could indicate a potential for screw malposition, were
not consistently reported. For accuracy assessment of C2
pars/pedicle screw placement, a variety of grading criter-
ion are reported in the literature. Comparison between
accuracy rates was limited by the presence of twelve dif-
ferent definitions of accuracy rate and twenty-five stud-
ies (31.6%; 25/79) not presenting any definition. In
addition, 14 articles (17.7%; 14/79) used the Gertzbein
and Robbins grading system for evaluation of accuracy
of screw placement. In a review study of C2 pedicle
screw placement, Elliott et al. [94] showed that the inci-
dence of malposition, confirmed by CT scan, varied
from 1.1 to 44% in cases with fluoroscopic guidance.
However, in this systematic review, the reported accur-
acy rate ranged from 652 to 100%. This wide range
could be a result of varying classification method of
screw displacement among studies.

Study quality

Only 59.4% (47/79) of studies used a clearly defined ac-
curacy rate classification definition. Most studies were
small with an average study group size of 44 patients
dropping to 31 when removing the eight studies with
over 100 patients. The method of screw insertion was
well defined, or a pre-defined method was cited. In some
of studies, the type and size of screws was not specified.
Only two studies [52, 84] assessed the accuracy rate of
navigated C2 pars screw malposition, and data were lim-
ited for comparison. Therefore, further research with
large sample sizes comparing accuracy rates of naviga-
tion with free-hand methods is warranted.

Studies included heterogeneous populations with vary-
ing pathological types. However, accuracy of either pro-
cedure should not have been affected by pathology.
Furthermore, more complex pathology or anatomy was
not reason for choosing navigation over free-hand tech-
nique or vice versa [7]. Also, here was considerable re-
garding the length of C2 pars/pedicle screw, navigated
technique, surgeon’s experience, and grading criteria of
accuracy, which can affect results. A standardized assess-
ment process, moving forward, would greatly assist in

future analyses in this arena. According to this 20-year
study (2000-2020), over the past 20 years, numerous
navigation systems such as MR-based navigation, CT-
guided navigation, and O-arm-based navigation have
been developed. Each of these systems has strengths and
weaknesses concerning yield, cost, speed, and learning
carve. Hence, it may cause heterogeneity to put all navi-
gation systems in the same group. Albeit, it could be
evaluated separately in the future.

Until now, a few studies have compared the accuracy
of C2 pedicle and pars screw placement for atlantoaxial
fusion [7, 84]. Lee et al. showed that O-arm navigation
slightly improved the accuracy rate of C2 pedicle screw
positioning, compared to the free-hand technique,
though statistically meaningful results were not reported
[84]. A C2 screw accuracy rate was reported to be 100%
by Wu et al. [9]. They used 3D model simulation soft-
ware for better evaluation of anatomy and then applied
this to the navigation process [9]. Contrary to their
study, Hlubek et al. found that the free-hand technique
was significantly more accurate than CT-based naviga-
tion for C2 pedicle/pars screw placement [7]. Hence, il-
lustrating the ongoing challenge associated with data
analysis.

The corridor for C2 pedicle and pars screw placement
is often narrow. Hence, it would seem that navigation
techniques would present a natural solution to this cor-
ridor definition challenge in anatomically complex cases.
There are several advantages of using an intraoperative
image guidance for cervical surgery, including multi pla-
nar CT images of different operative levels in a single se-
quence can be achieved to increase accuracy of surgery,
decreased radiation exposure to the surgeon and patient,
and screw positions can be tested in the surgical field,
which will reduce the failure rates [84]. On the other
hand, surgical landmarks and fluoroscopy have been ap-
plied routinely for pedicle screw insertion, but a number
of studies disclose inaccuracies in placement using these
conventional techniques. Moreover, the free-hand tech-
nique is safe and accurate when it is in the hands of an
experienced surgeon [95]. Then, it could be argued that
the use of the navigation for C2 pars and pedicle place-
ment is better than free-hand technique. However, there
are many probable sources of error with the navigated
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method that resulted in less accurate screw place-
ment. The CT image may be distorted because of
metal artifacts from prior implant placement and the
extra time required to set up the navigation system
[84]. Also, the motion of C2 relative to the reference
frame may introduce error. In addition, registration
inaccuracies could be related to lack of correspond-
ence between the pre-operative CT image, obtained
in the standard supine position, and the intraoperative
prone position, especially in patients with cervical in-
stability. Other sources of inaccuracies include acci-
dental displacement or reference frames [7]. Hence, in
order to correct the source of error, further research
is required to provide evidence of the precise cause
of inaccuracy with navigated C2 pedicle and pars
screw placement.

Strengths and limitations

The strengths of this review include the broad search
strategy in four major databases and high sensitivity
of the abstract search. This study has several limita-
tions, though. First, this is a meta-analysis carried out
at study level, meaning that different confounding fac-
tors from the patient level were not evaluated and in-
cluded in the analysis. Second, the search was limited
to English publications. Potentially relevant studies
could have been missed. Third, although it seems that
the CT-based navigation could be useful in C2 ped-
icle screw placement, this intraoperative CT naviga-
tion is not universally available. Moreover, it is
mandatory to consider the radiation exposure for op-
erative staff, which is significantly higher with CT-
based navigated than with standard techniques.
Fourth, all studies were performed retrospectively. To
the best of our knowledge, no prior prospective ran-
domized control studies have been performed to com-
pare the safety and accuracy of the free-hand
technique versus navigation for the placement of C2
pedicle and pars screws; hence, a high level of evi-
dence was lacking in our review. Finally, the main
limitation of the study was the high level of hetero-
geneity in the methods used among the included tri-
als. In particular, there were heterogeneities in (1)
variety in surgical technique and screw guide tem-
plates, (2) variety in navigation systems, (3) the screw
placement accuracy measures applied, (4) length and
size of screw (presently, there are no criteria on the
size of C2 pedicle screws that maximizes the C2 ac-
curacy rate placement), (5) the learning curve associ-
ated with using free-hand techniques and navigation
systems, (6) costs from acquiring guidance technology,
and (7) radiation exposure. These items were not dis-
cussed in the included articles, but it would be of
interest in future prospective studies.
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Conclusion

The C2 pedicle/pars placement accuracy rate for the
free-hand group was comparable to that for the navi-
gated group. Further randomized controlled trials with
large sample sizes comparing accuracy rates of navigated
with free-hand methods are warranted to complement
the existing evidence.
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