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ABSTRACT

AIM: To present a single-center experience with posterior C1-C2 fixation for atlantoaxial instability, emphasizing an anatomy-driven
approach to C2 anchorage selection, construct strategy, complications, and clinical outcomes.

MATERIAL and METHODS: We retrospectively reviewed 45 patients who underwent posterior C1-C2 fixation between June 2020
and January 2026. Constructs were categorized as pedicle, hybrid, bilateral laminar, planned C2 omission (C1-C3 extension), or
transarticular fixation. Demographics, etiology, operative variables, complications, reoperations, mechanical failure, and fusion were
analyzed. Exploratory categorical comparisons were performed using Fisher’s exact test. Fusion was evaluated using postoperative
computed tomography (CT) obtained =6 months postoperatively and was defined as osseous bridging without implant loosening.

RESULTS: The mean patient age was 47.8 + 20.1 years, and 25 patients (55.6%) were women. Etiologies included trauma (31.1%),
basilar invagination (22.2%), Chiari malformation (15.6%), os odontoideum (8.9%), atlantoaxial subluxation (8.9%), tumor (8.9%),
and other causes (4.4%). Construct types included pedicle fixation in 31 patients (68.9%), hybrid constructs in 5 (11.1%), bilateral
laminar fixation in 5 (11.1%), planned C2 omission in 3 (6.7%), and transarticular fixation in 1 patient (2.2%). The median follow-up
duration was 6.3 months (IQR, 1.2-22.3 months). CT-based fusion assessment was available for 26 patients at a median follow-
up of 19.5 months, and fusion was observed in 20 patients (76.9%). Radiographic mechanical abnormalities were identified in 7
patients (15.6%), including 6 (13.3%) who underwent revision surgery. Construct strategy was not significantly associated with either
mechanical abnormalities or CT-confirmed fusion. Mechanical abnormalities were significantly more frequent in patients with os
odontoideum or nontraumatic atlantoaxial subluxation than in those with other etiologies (p < 0.001).

CONCLUSION: An anatomy-driven escalation strategy for C2 anchorage selection provided a practical framework for managing
variable craniovertebral anatomy during freehand posterior atlantoaxial fixation. Hybrid constructs, bilateral laminar fixation, and
planned C2 omission served as feasible alternatives when pedicle fixation was limited by anatomical constraints or pathology.
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B INTRODUCTION

tlantoaxial instability may result from trauma, congeni-
At:l malformations, inflammatory disorders, neoplasms,
s well as iatrogenic and degenerative conditions (3,

6). Because of the unique biomechanics of the craniovertebral

junction, rigid stabilization is often required once stability is
compromised (13).

Magerl and Seemann first described transarticular screw fix-
ation as a reliable technique for posterior atlantoaxial stabili-
zation (20). Subsequently, Harms and Melcher introduced C1
lateral mass—C2 pedicle screw fixation, which improved intra-
operative flexibility and expanded the applicability of posterior
fixation techniques (13). Goel and Laheri further demonstrated
the biomechanical superiority of segmental screw constructs
compared with traditional wiring techniques (10).

Wright later introduced C2 laminar screw fixation as a verte-
bral artery—sparing alternative for cases with unfavorable ped-
icle anatomy (26). Subsequent clinical studies have confirmed
the safety and biomechanical reliability of laminar screw fixa-
tion when appropriately indicated, including in Turkish popu-
lations (14,22).

In the present study, we evaluate a consecutive series of
posterior C1-C2 instrumentation procedures performed at a
tertiary referral center for traumatic, congenital, deformity-re-
lated, neoplastic, iatrogenic, and degenerative pathologies.
The primary objective was not to compare fixation techniques
directly, but rather to describe a pragmatic, anatomy-driven
framework for selecting C2 anchorage strategies in routine
clinical practice. In addition, we aimed to evaluate operative
indications, early clinical and radiographic outcomes, compli-
cation patterns, reoperation rates, and interim CT-based fu-
sion outcomes in patients with adequate follow-up.

B MATERIAL and METHODS
Study Design and Patient Population

This retrospective study included 45 consecutive patients
who underwent posterior C1-C2 instrumentation at a tertiary
neurosurgical center between June 2020 and January 2026.
Demographic characteristics, indications, operative details,
and postoperative outcomes were extracted from institution-
al records. Institutional ethics approval was granted by the
Basaksehir Cam and Sakura City Hospital Clinical Research
Ethics Committee (18.02.2026/107), and the requirement for
informed consent was waived owing to the retrospective de-
sign and anonymized use of patient data.

Etiology Classification

Etiologies were categorized as trauma, basilar invagination,
Chiari malformation, os odontoideum, nontraumatic atlanto-
axial subluxation, tumor, and spondylosis.

Traumatic subtypes were classified using thin-slice cervical
CT (1-mm sections) and magnetic resonance imaging (MRI),
including short tau inversion recovery (STIR) sequences.
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Imaging and Preoperative Planning

All patients underwent preoperative CT and CT angiography
(CTA) to evaluate vascular anatomy relevant to screw place-
ment planning. Imaging findings were reviewed to assess the
feasibility of G2 pedicle screw placement, identify vertebral
artery constraints, and guide the selection of pedicle or alter-
native C2 anchorage techniques.

Surgical Technique

All procedures were performed with the patient in the prone
position using a posterior midline approach. Subperiosteal
dissection was carried out to expose the C1 posterior arch
and lateral masses, as well as the C2 lamina and pars/pedicle
region. The integrity of the C2 spinous process and the mus-
cles attached to its inferior aspect was preserved in all cases,
except in procedures involving C3 fixation.

Bone grafting was performed at the surgeon’s discretion.
When an autograft was used, graft material was harvested
from the occipital bone, C1 posterior arch, and/or iliac crest.
Allograft material was also used depending on availability and
surgeon preference. All screws were inserted freehand using
anatomical landmarks and preoperative imaging guidance; in-
traoperative navigation was not used.

C1 lateral mass screws were placed according to standard
trajectories. C2 pedicle screws were used when morphomet-
ric evaluation permitted a safe trajectory. In cases with unfa-
vorable anatomy, alternative C2 anchoring techniques, includ-
ing laminar or pars fixation, were selected according to the
predefined construct strategy.

The C2 nerve root was preserved whenever feasible. When
necessary to achieve adequate exposure or facilitate safe im-
plant placement, limited mobilization of the C2 nerve root was
performed; routine sacrifice of the root was not part of the
standard surgical technique.

C1-C2 facet preparation, including cartilage removal and de-
cortication, as well as graft placement, was performed at the
surgeon’s discretion according to intraoperative exposure
and feasibility. A standardized facet preparation protocol was
not applied uniformly across all patients.

Construct Strategy Classification

Construct strategies were classified a priori according to the
type of C2 anchorage into the following categories:

1. Pedicle: bilateral C2 pedicle screws (primary option).

2. Hybrid: unilateral C2 pedicle screw + contralateral laminar
or pars anchor.

3. Bilateral laminar: bilateral C2 laminar screws due to bi-
lateral unfavorable anatomy (e.g., thin pedicles and/or
high-riding vertebral artery).

4. Planned C2 omission (C1-C3): at least one side planned
omission of C2 anchoring with intentional extension to C3
for secure distal fixation in select cases where C2 anchor-
ing was not feasible or safe.

C1 lateral mass screws were used in all cases whenever fea-
sible. A single transarticular fixation case was analyzed sep-
arately.



Decision framework for C2 anchor selection

Bilateral C2 pedicle screw fixation was preferred when preop-
erative CT/CTA demonstrated adequate pedicle morphometry
and a safe vertebral artery corridor. Unfavorable pedicle anat-
omy was defined as the presence of a high-riding vertebral
artery (HRVA), characterized by a C2 isthmus height <56 mm
and/or C2 internal height <2 mm measured 3 mm lateral to the
spinal canal, or a narrow C2 pedicle (<4 mm). These anatomi-
cal features increase the risk of vertebral artery injury and limit
safe pedicle screw placement (17,29).

When unilateral pedicle fixation remained feasible, a hybrid
construct consisting of a unilateral pedicle screw and a con-
tralateral laminar or pars anchor was used. Bilateral laminar
fixation was selected in cases with bilateral anatomical con-
straints. Planned omission of C2 fixation with extension to C3
was reserved for cases in which secure C2 fixation was not
feasible on at least one side. The proposed anatomy-driven
construct selection algorithm is illustrated in Figure 1.

Fusion Assessment

Fusion was assessed using postoperative CT obtained at
least 6 months after surgery and independently evaluated by
two neurosurgeons (23,25). Fusion was defined as osseous
bridging across the intended C1-C2 fusion site, including
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one or more of the following: bridging between the C1 ante-
rior arch and the odontoid process, across the C1-C2 lateral
mass/facet complex, or through the interlaminar region, in the
absence of radiographic evidence of implant loosening. Im-
plant loosening was defined as halo formation or radiolucency
surrounding the screws, rod or screw breakage, or implant
pullout.

Disagreements between reviewers were resolved by con-
sensus. Patients without postoperative CT follow-up beyond
6 months were excluded from fusion rate analysis. Conse-
quently, the absence of adequate radiographic surveillance
in some patients may have introduced selection bias into the
CT-based fusion assessment.

Outcomes

Recorded outcomes included operative duration, construct
type, screw strategy, vertebral artery injury, neurological com-
plications, wound infection, C2 neuralgia, 30-day reoperation,
overall reoperation, mechanical failure, and fusion.

Neurological complication was defined as newly developed
postoperative motor weakness. C2 neuralgia was defined as
neuropathic occipital pain, such as lightning-like or shock-like
pain, documented in the clinical records.

Preoperative thin-slice CT + CTA evaluation
C2 pedicle width « VA course « HRVA « bone quality/pathology

-

Bilateral C2 pedicle construct

Default strategy when anatomy permits
\
r
Hybrid construct
Unilateral C2 pedicle + contralateral laminar/pars anchor

\_ J
( N

Bilateral C2 laminar construct

VA-sparing alternative for bilateral pedicle constraints

\_ J

Bilateral C2 pedicle
trajectories safe?

One C2 pedicle
trajectory safe?

Bilateral C2 laminae
suitable?

Planned C2 omission with C1-C3 extension

Severe anatomical/pathological constraints

Figure 1: Anatomy-driven framework for C2 anchorage selection during posterior atlantoaxial fixation. Bilateral C2 pedicle fixation was
preferred when pedicle morphology and vertebral artery anatomy permitted safe trajectories. Hybrid constructs were used for unilateral
pedicle constraints, bilateral laminar fixation for bilateral unfavorable pedicle anatomy, and planned C2 omission with C1-C3 extension
for severe anatomical or pathological constraints. HRVA: high-riding vertebral artery; VA: vertebral artery.
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Mechanical failure was categorized as follows:

1. Radiographic mechanical findings: Asymptomatic con-
struct-related abnormalities, including screw loosening,
rod or screw breakage, pseudoarthrosis, or implant pull-
out.

2. Clinically significant mechanical failure: Mechanical insta-
bility requiring revision surgery because of symptomatic
instability, progressive deformity, or construct failure.

Because of the limited subgroup sizes and low number of
events, exploratory categorical comparisons were performed
using Fisher’s exact test. These analyses included compari-
sons between construct strategy and radiographic mechan-
ical findings, construct strategy and CT-confirmed fusion as
well as selected etiology-based comparisons. Multivariable
analysis was not performed because the number of events
was insufficient to permit reliable statistical adjustment.

Table I: Baseline and Perioperative Characteristics

B RESULTS
Baseline Characteristics

A total of 45 patients were included in the study. The mean
age was 47.8 + 20.1 years, and 20 patients (44.4%) were
male. The mean operative duration was 261.9 + 69.5 minutes,
with a median duration of 265 minutes (IQR, 215-300 min-
utes). The median length of hospital stay was 3 days (IQR, 3-5
days). Median follow-up for the overall cohort was 6.3 months
(IQR, 1.2-22.3 months). Baseline demographic and perioper-
ative characteristics are summarized in Table 1.

Etiologies

The distribution of surgical indications was as follows: trau-
ma in 14 patients (31.1%), basilar invagination in 10 (22.2%),
Chiari malformation in 7 (15.6%), os odontoideum in 4 (8.9%),
nontraumatic atlantoaxial subluxation in 4 (8.9%), tumor in 4
(8.9%), and spondylosis in 2 patients (4.4%). The relationship
between etiology and construct strategy is presented in Table
Il.

Variable

Value

Age, mean+SD (years)

47.8+20.1

Sex, n (%)

Female 25 (55.6); Male 20 (44.4)

Trauma 14 (31.1); Basilar invagination 10 (22.2); Chiari malformation

Etiology, n (%)

7 (15.6); Os odontoideum 4 (8.9); Atlantoaxial subluxation 4 (8.9);

Tumor 4 (8.9); Spondylosis 2 (4.4)

Operative duration, mean=SD (minutes)

261.9+69.5; median 265 (IQR 215-300)

Length of stay (days)

median 3 (IQR 3-5)

Follow-up, full cohort (months)

median 6.3 (IQR 1.2-22.3)

Follow-up, fusion-assessed subgroup (n=26) (months)

median 19.5 (IQR 10.5-41.2)

Values are presented as mean + SD, median (IQR), or n (%), as appropriate. Fusion was assessed on thin-slice (1 mm) CT scans obtained =6 months
postoperatively when available and defined as osseous bridging across C1-C2 (anterior arch-dens, lateral mass/facet region, interlaminar space) without

radiographic loosening.

Table Il: Etiology by Construct Strategy

Etiology n Pedicle Hybrid IB;Ir':tiir:rl P:)amninses(ijoiZ Transarticular
Trauma 14 12 0 1 1 0
Basilar invagination 10 5 1 2 1 1
Chiari malformation 7 6 1 0 0 0
Os odontoideum 4 1 2 1 0 0
Atlantoaxial subluxation 4 2 1 1 0 0
Tumor 4 3 0 0 1 0
Spondylosis 2 2 0 0 0 0
Total 45 31 5 5 3 1

Pedicle = bilateral C2 pedicle screws (primary option). Hybrid = unilateral C2 pedicle screw with contralateral alternative anchor (laminar or pars). Bilateral
laminar = bilateral C2 laminar screws due to bilaterally unfavorable anatomy (e.g., thin pedicles and/or high-riding vertebral artery). Planned C2 omission =
at least one side planned omission of C2 fixation with intentional C1-C3 construct. Transarticular reported separately.
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Within the trauma subgroup (n = 14), the most common inju-
ry pattern was odontoid fracture. Anderson-D’Alonzo type |
odontoid fractures accounted for 7 patients (50.0%), where-
as type Il fractures accounted for 4 patients (28.6%) (2). The
remaining traumatic indications included C1 ring fractures as-
sociated with transverse atlantal ligament injury in 2 patients
(14.3%) and a dislocated Hangman fracture in 1 patient (7.1%).

Notably, five odontoid fracture cases represented delayed or
complex presentations. These included four cases of type llI
odontoid fracture with nonunion or progressive displacement
following an initial period of conservative management and
one salvage case involving loosening of a previously placed
anterior odontoid screw for a type Il fracture, which ultimately
required posterior C1-C2 stabilization.

Construct Strategy Distribution

Construct strategies included pedicle fixation in 31 patients
(68.9%), hybrid constructs in 5 (11.1%), bilateral laminar fixa-
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tion in 5 (11.1%), planned C2 omission with C1-C3 extension
in 3 (6.7%), and transarticular fixation in 1 patient (2.2%). A
representative standard pedicle construct using bilateral C2
pedicle screws (Harms technique) is shown in Figure 2.

Figure 3 illustrates a representative anatomy-driven hybrid
construct strategy, including preoperative CTA demonstrating
narrow pedicle morphology and postoperative axial CT con-
firming hybrid fixation. In two patients (4.4%), C1 lateral mass
screws were not used, and either occiput-C2 fixation or tran-
sarticular C1-C2 fixation was preferred.

Outcomes Stratified by Construct Strategy

Reoperations included one wound revision procedure; all re-
maining reoperations were performed because of mechanical
failure, including screw loosening or breakage, rod breakage,
pseudoarthrosis, and implant pullout.

Safety events, complications, and reoperation outcomes
stratified according to construct strategy are summarized in

Figure 2: Posterior C1-C2 fixation in basilar invagination associated with Chiari malformation. A 31-year-old female underwent posterior
fossa decompression with duraplasty and C1-C2 fixation. A) Postoperative anteroposterior radiograph. B) Lateral radiograph. C) Axial
computed tomography confirming bilateral C2 pedicle screw positioning.

Figure 3: Hybrid C1-C2 construct in os odontoideum with narrow C2 pedicle. A 50-year-old male underwent C1-C2 fusion. A) Preoper-
ative computed tomography angiography (CTA) demonstrating narrow right C2 pedicle (3.30 mm) compared with the left (4.79 mm). B)
Postoperative axial CT showing hybrid construct with the right C2 laminar screw and left C2 pedicle screw.
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Table lll. Mechanical failure and CT-based fusion outcomes
in the fusion-assessed subgroup are summarized in Table IV.

Because of the limited subgroup sizes and low event rates,
exploratory categorical analyses were performed using Fish-
er’s exact test. Construct strategy was not significantly asso-
ciated with radiographic mechanical findings (p = 0.287) or
CT-confirmed fusion among patients with evaluable postop-
erative CT follow-up (p = 1.000).

Radiographic mechanical findings were not observed in trau-
ma cases (0/14) and occurred in 7 of 31 nontraumatic cas-
es (22.6%); however, this difference did not reach statistical
significance (p = 0.081). In contrast, radiographic mechanical
findings were significantly more common among patients with
os odontoideum or nontraumatic atlantoaxial subluxation than
among patients with other etiologies (5/8 [62.5%)] vs. 2/37
[6.4%], p < 0.001). These analyses were exploratory in nature
and underpowered for definitive comparative conclusions.

Radiological progression in a representative trauma case,
from preoperative displacement to postoperative day 1 reduc-
tion and one-year fusion, is illustrated in Figure 4.

Fusion Outcomes

CT-based fusion assessment was available for 26 of 45 pa-
tients (57.8%). Nineteen patients (42.2%) did not undergo
postoperative CT evaluation beyond 6 months and were
therefore excluded from the fusion analysis denominator. Fu-
sion was observed in 20 of 26 patients (76.9%). Fusion out-
comes according to the construct strategy are summarized in
Table IV.

Complications

Overall, 17 of 45 patients (37.8%) experienced at least one
complication. The most common complication was C2 neu-
ralgia, which occurred in 8 patients (17.8%) and was char-
acterized by neuropathic occipital pain with lightning-like or
shock-like features.

Radiographic mechanical abnormalities occurred in 7 patients
(15.6%) and included screw loosening, pseudoarthrosis, im-
plant pullout, and construct-related hardware failure. Six pa-
tients (13.3%) developed clinically significant mechanical fail-
ure requiring revision surgery.

Table lll: Complication and Reoperation Outcomes by Construct Strategy

Construct strategy \.’A Nel."al. Wour_1d c2 . Reop Reop
Injury Complication Infection Neuralgia 30d any
Pedicle 31 0 (0.0) 0 (0.0 0 (0.0 5(16.1) 1(3.2) 4 (12.9)
Hybrid 5 0(0.0) 0 (0.0 0 (0.0 1(20.0) 0 (0.0 1(20.0)
Bilateral laminar 5 0 (0.0) 0 (0.0 0 (0.0 1(20.0) 1(20.0) 1(20.0)
Planned C2 omission (C1-C3) 3 0 (0.0) 1(33.3) 2 (66.7) 1(33.3) 0 (0.0) 1*(33.3)
Transarticular 1 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0 (0.0) 0(0.0)

Values are presented as n (% within construct strategy), unless otherwise indicated. “Reop 30d” denotes return to the operating room within 30 postoper-
ative days; “Reop any” denotes return to the operating room at any time during available follow-up. The asterisk denotes reoperation for wound revision;
remaining reoperations were performed for mechanical failure. C2 neuralgia/occipital neuralgia was defined as neuropathic-character occipital pain, such
as lightning or shocking occipital pain, documented in routine clinical records; incidence and severity may be underestimated because standardized pain
instruments were not used. “Neural Complication” denotes postoperative neurological deterioration; the single neurological complication occurred in a
patient with an intramedullary tumor and was attributed to the intramedullary tumor procedure rather than the fixation construct. VA, vertebral artery.

Table IV: Mechanical and Fusion Outcomes by Construct Strategy

Construct strategy n Radictgraphi'c Revisior! Requi_ring Fusion Fused
Mechanical Failure Mechanical Failure Assessed (n) n (%)
Pedicle 31 4(12.9) 4 (12.9) 15 13 (86.7)
Hybrid 5 2 (40.0) 1(20.0) 5 3(60.0)
Bilateral laminar 5 1(20.0) 1(20.0) 3 2 (66.7)
Planned C2 omission 3 0(0.0) 0 (0.0) 3 2 (66.7)
Transarticular 1 0 (0.0) 0 (0.0) 0 —

Values are presented as n (% within construct strategy), unless otherwise indicated. Radiographic mechanical failure included screw loosening, pseudoar-
throsis, implant pullout, or construct-related hardware failure. Revision-requiring mechanical failure was defined as clinically significant mechanical failure
requiring revision surgery because of symptomatic instability, progressive deformity, or construct failure. Fusion assessment was restricted to patients with
available postoperative CT obtained =6 months after surgery. “Fusion assessed” indicates the number of evaluable patients within each construct strategy;
fused percentages were calculated only among patients with evaluable CT follow-up. Exploratory Fisher exact testing did not demonstrate statistically
significant associations between construct strategy and radiographic mechanical failure (p=0.287) or CT-assessed fusion (p=1.000). These analyses were
exploratory and underpowered for definitive comparative inference; no multivariable modeling was performed.
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Figure 4: Radiologic evaluations following posterior C1-C2 fixation for Anderson—-D’Alonzo type Il odontoid fracture. A 55-year-old male
underwent reduction and fixation. A, D) Preoperative sagittal and axial computed tomography (CT) scans. B, E) Postoperative day 1 CT
demonstrating reduction and construct positioning. C, F) One-year follow-up CT demonstrating maintained alignment and solid fusion.
Arrow indicates fusion between the C1 anterior arch and C2 dens.

Wound infection occurred in 2 patients (4.4%); one of these
patients required surgical wound revision. One patient (2.2%)
developed new postoperative motor weakness in the setting
of surgery for a C1-C2 intramedullary tumor. This neurological
deficit was attributed to the intramedullary tumor procedure
rather than to the instrumentation itself.

No vertebral artery injury occurred in this series (0/45, 0%).

N DISCUSSION

Posterior C1-C2 fixation has evolved from transarticular
constructs to segmental screw-rod techniques that provide
greater intraoperative flexibility and broader anatomical ap-
plicability (5,20). Magerl’s transarticular approach and the
subsequent segmental construct described by Harms and
Melcher established the foundation of modern screw-based
atlantoaxial stabilization, supported by biomechanical and
clinical evidence favoring rigid fixation over posterior wiring
techniques (6,10,13,20). These advances allow fixation strate-
gies to be tailored to patient-specific anatomy while maintain-
ing the reduction capability and fusion potential required for
atlantoaxial instability (7,10).

In this consecutive series, the predominance of bilateral C2
pedicle anchorage reflects current practice in anatomically fa-
vorable cases (7), whereas the use of hybrid, bilateral laminar,
and planned C2 omission constructs reflects deliberate esca-
lation when C2 morphology and/or vertebral artery anatomy
limited safe pedicle trajectories. The etiologic heterogeneity
of our cohort mirrors real-world management of atlantoaxial
instability, with trauma representing the most common indica-
tion, followed by craniovertebral junction deformity and other
causes. Trauma remains a common indication for atlantoax-
ial surgery, particularly Anderson-D’Alonzo type |l odontoid
fractures, in which posterior segmental fixation is frequently
selected when instability is substantial, reduction is required,
or anterior odontoid screw fixation is unsuitable (2,12). Con-
versely, basilar invagination and Chiari malformation repre-
sent craniovertebral junction deformity paradigms in which
posterior stabilization is commonly used in selected patients
to facilitate reduction and decompression (9,11). Across this
spectrum, maintaining construct rigidity while adapting to pa-
tient-specific anatomy remains a central practical requirement
(7,26).
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Accordingly, our institutional approach may be summarized
as a structured construct-selection framework focused on C2
anchorage. Bilateral C2 pedicle screw fixation served as the
preferred option when morphometric assessment permitted
safe trajectories (30). When unilateral anatomical constraints
existed, such as a narrow pedicle, HRVA, or unfavorable vas-
cular anatomy, a hybrid strategy preserved pedicle fixation on
the feasible side while using a contralateral alternative anchor
(laminar or pars) to maintain stability while reducing vascular
risk (21,30). When bilateral constraints precluded safe pedicle
placement, bilateral C2 laminar fixation provided a vertebral
artery—sparing alternative supported by morphometric and
clinical evidence (15). In selected cases in which secure C2
fixation was not feasible or safe on at least one side, planned
omission of C2 fixation with intentional extension to C3 pro-
vided reliable distal fixation (24). In our series, this escalation
strategy was used for destructive unilateral C2 pathology
(neoplastic or traumatic) and complex congenital anatomy,
including C2-C3 Klippel-Feil anomaly with bilaterally thin
pedicles and high-riding vertebral arteries, in which fixation
was achieved with bilateral C3 pedicle screws. The single
transarticular case reflects that transarticular fixation remains
an option in selected anatomical situations but is used less
frequently in modern practice because of reduction require-
ments and vascular considerations (20,30). A separate radio-
graphic analysis from this cohort evaluated arcuate foramen
and congenital anomalies affecting C1 screw entry; however,
those anatomy-focused findings are outside the scope of the
present outcomes- and C2 anchorage-focused report.

All screws in this cohort were placed freehand. Although nav-
igation systems and patient-specific guides have gained in-
creasing interest, freehand atlantoaxial fixation is safe when
meticulous preoperative imaging assessment and anatomical
landmarks are used (16,27). Vertebral artery injury remains a
recognized risk during C2 pedicle and transarticular screw
placement; therefore, preoperative three-dimensional vascu-
lar assessment is critical for selecting the safest anchor strat-
egy and supports escalation toward hybrid or laminar fixation
when high-risk anatomy is identified (1,30). Importantly, no
vertebral artery injuries occurred in this series, supporting the
practical value of a predefined escalation framework rather
than attempting pedicle placement in high-risk corridors.

Comparison with published series should consider differenc-
es in indication profiles, construct-selection philosophy, im-
aging modalities, and follow-up protocols. A large series by
Isik et al. reported favorable outcomes after posterior atlan-
toaxial screw-rod fixation and emphasized the importance
of preoperative radiologic planning and surgical experience.
The authors also described C2 laminar screws as a successful
alternative in anatomically constrained cases (14). Additional
Turkish studies have reported alternative anchorage strate-
gies in the setting of vertebral artery anomalies or complex
C2 anatomy, highlighting that a single construct strategy may
not apply to all patients (24). Our findings are consistent with
these reports, emphasizing the importance of anatomy-driven
anchor selection in safe posterior atlantoaxial fixation (14,24).
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Fusion assessment warrants cautious interpretation. In this
study, fusion was evaluated by two independent neurosur-
geons using postoperative CT scans obtained at =6 months.
CT is widely regarded as the most specific modality for as-
sessing osseous bridging (23), and CT-based criteria have
been evaluated against surgical exploration in cervical fusion
and nonunion assessment (25). However, fusion rates may ap-
pear lower when strict CT-based bridging criteria are applied,
particularly in studies with heterogeneous pathology and non-
standardized follow-up. Published atlantoaxial fixation studies
vary considerably with respect to pathology, follow-up dura-
tion, grafting strategy, fusion biology, and methods of fusion
assessment, including dynamic radiographs, clinical stability,
CT, or combined criteria (6,18,23). Meta-analyses have gener-
ally reported high fusion rates for screw-rod constructs. Elliott
et al. reported a pooled fusion rate of 97.5% for screw-rod
constructs, whereas Lvov et al. reported a nonunion rate of
4.2% for the Goel-Harms technique (6,18). Our CT-confirmed
fusion rate of 76.9% was therefore lower than many published
technique-specific estimates, but this finding should be in-
terpreted in the context of strict CT-based criteria, heteroge-
neous pathology and follow-up, variable fusion biology, and
incomplete CT availability for the full cohort. Standardized CT
follow-up protocols would improve benchmarking in future
studies (23).

In our cohort, the complication profile consisted primarily
of C2 neuralgia (17.8%), radiographic mechanical findings
(15.6%), wound infection (4.4%), and a single neurological
complication, with no vertebral artery injuries observed. The
absence of vertebral artery injury compares favorably with
pooled estimates in the literature. Ghaith et al. reported ver-
tebral artery injury rates of approximately 2% per operated
patient and 1% per screw placed, whereas Lvov et al. report-
ed a vertebral artery injury rate of 2.8% in a meta-analysis of
the Goel-Harms technique (8,18). Our C2 neuralgia rate was
higher than the 6.1% rate of clinically significant C2 nerve root
irritation reported by Lvov et al.; however, comparisons re-
main difficult because studies differ in C2 root handling tech-
niques, reporting definitions, and patient-reported outcome
assessment (18,28). Yeom et al. demonstrated that postop-
erative occipital neuralgia may be clinically significant and
technique-dependent, particularly with respect to C2 nerve
root management (28). The wound infection rate of 4.4% and
wound revision rate of 2.2% in our series were within the low
single-digit range reported in contemporary posterior atlanto-
axial datasets, although definitions and follow-up periods vary
across studies (19). The single neurological complication oc-
curred in a patient undergoing resection of a C1-C2 intramed-
ullary tumor and was therefore attributed to the intramedullary
procedure rather than the fixation construct itself.

Our relatively broad definition of radiographic mechanical find-
ings likely contributed to rates that appear higher than those
reported in some indication-specific series and technique-fo-
cused meta-analyses (4,18). This likely reflects both the inclu-
sive radiographic definition and the heterogeneous nature of
our cohort, which included acute trauma, chronic instability/



deformity, tumor-related instability, and degenerative pathol-
ogy. Differences in bone quality, reducibility, chronic deformi-
ty, and fusion biology may increase implant stress and pseu-
darthrosis risk compared with more homogeneous cohorts.
Exploratory Fisher’s exact analyses did not demonstrate sta-
tistically significant associations between construct strategy
and either radiographic mechanical findings or CT-confirmed
fusion. Although radiographic abnormalities appeared de-
scriptively more common in hybrid constructs, this should be
interpreted cautiously because hybrid fixation was preferen-
tially selected in anatomically constrained and often chronic
instability cases, resulting in likely confounding by indication.
Instead, mechanical findings clustered more prominently in
chronic instability phenotypes, particularly os odontoideum
and nontraumatic atlantoaxial subluxation. These observa-
tions suggest that underlying pathology, chronic deformity,
reducibility, and fusion biology may influence mechanical out-
comes more strongly than construct category alone; however,
these findings remain exploratory because of the limited sub-
group sizes. Nevertheless, the observed pattern is consistent
with the concept that chronic deformity and altered biome-
chanics may impose greater demands on fixation constructs
than acute traumatic instability (6).

C2 neuralgia remains a clinically relevant outcome after C1-
C2 fixation (18). In this study, neuralgia was identified from
routine clinical documentation rather than standardized pa-
tient-reported instruments; therefore, both incidence and
severity may have been underestimated. We intentionally
avoided formal risk-factor analysis and instead reported this
outcome descriptively, reserving definitive evaluation for fu-
ture studies incorporating standardized pain instruments and
detailed operative variables, including C2 root management.

Stratified analyses suggested that mechanical failure and re-
operation clustered in chronic instability phenotypes, partic-
ularly os odontoideum and nontraumatic atlantoaxial sublux-
ation, whereas traumatic cases demonstrated no mechanical
failures or reoperations in this cohort. These findings should
be considered hypothesis-generating because of the small
subgroup sizes and variable follow-up duration. In addition,
shorter follow-up in recently operated patients may have limit-
ed the detection of delayed failure or late nonunion.

Overall, this consecutive series supports the practical feasi-
bility of freehand posterior atlantoaxial fixation across het-
erogeneous indications using a structured, anatomy-driven
construct-selection strategy focused on C2 anchorage (6,26).
Prospective follow-up with standardized CT fusion assess-
ment and patient-reported outcome measures would improve
benchmarking and enable more robust risk-factor analyses
across construct categories.

This study has several limitations. First, the retrospective sin-
gle-center design introduces inherent selection and informa-
tion biases, and the heterogeneous etiologic spectrum limits
direct subgroup comparisons. Second, construct-strategy
subgroups were small; therefore, analyses stratified by strat-
egy or etiology should be considered descriptive and hypoth-
esis-generating rather than confirmatory. Statistical analyses
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were intentionally limited because subgroup sizes were in-
sufficient for robust multivariable modeling. Third, radiologic
fusion was assessed by CT in only 26 of 45 patients (57.8%),
whereas 19 patients (42.2%) lacked postoperative CT at =6
months. This may have introduced selection bias and limited
definitive benchmarking for the entire cohort. Imaging inter-
vals were not standardized, and interobserver reliability for
fusion assessment was not formally evaluated. Fourth, im-
portant patient-centered outcomes, particularly occipital pain
and C2 neuralgia, were derived from routine clinical documen-
tation rather than standardized patient-reported instruments,
potentially underestimating symptom burden and severity.
Finally, follow-up duration was variable, and shorter follow-up
in recently operated patients may have limited the detection of
delayed mechanical complications or late nonunion.

B CONCLUSION

In this consecutive single-center series, an anatomy-driven
construct-selection strategy demonstrated the practical fea-
sibility of safe freehand posterior atlantoaxial fixation across
a heterogeneous spectrum of C1-C2 instability. Bilateral
pedicle fixation served as the preferred strategy when ana-
tomically feasible, whereas hybrid constructs, bilateral lami-
nar fixation, and planned C2 omission with C1-C3 extension
provided practical preplanned alternatives in the setting of
predictable anatomical or pathological constraints. CT-con-
firmed fusion was achieved in most evaluable patients, with
acceptable complication and reoperation profiles. Prospec-
tive studies with standardized CT-based fusion assessment
and patient-reported outcome measures are needed to im-
prove benchmarking and better define strategy-specific risks
and long-term outcomes.
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