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Abstract. Pedicle screw placement remains a challenge in minimally
invasive spine surgery (MISS), largely because mobile C-Arms lack pre-
acquisition geometric calibration and exhibit position-dependent imag-
ing distortion. In this paper, we propose a fully automatic 2D C-Arm
fluoroscopic image registration system that requires only an anterior-
posterior (AP) and lateral (LA) image with overlaid fiducial markers
from a custom-designed calibration drum, a rigid frame attached to the
C-Arm with metal sphere fiducials distributed across two non-coplanar
planes. The framework performs automatic fiducial detection, distor-
tion correction, and camera calibration. Evaluated on phantom, cadav-
eric, and patient data, the pipeline achieves sub-pixel reprojection error
(RPE) and clinically acceptable accuracy, yielding Grades A and B on
the Gertzbein-Robbins (GR) scale.
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1 Introduction

Pedicle screw placement in MISS is a highly precision-demanding procedure,
where even a slight trajectory deviation can lead to serious spinal injuries or
nerve root damage [17,2]. Mobile C-Arm fluoroscopy remains the dominant in-
traoperative modality for MISS [5,13]. Without a CT modality, C-Arm fluo-
roscopy alone is responsible for guiding the MISS pedicle placement [14]. The
AP and LA shots need to be registered to the intraoperative patient anatomy
for the MISS surgery to be accurate [15]. This can be achieved using calibration
methods such as: (i) Manual methods [11,19], where the surgeon manually clicks
fiducial points in every image. This method is often time-consuming, causing a
5-15 min delay per case. (ii) Device-specific methods [10,3] that rely on factory
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distortion maps or isocentric C-Arm geometry, making them incompatible with
the diverse range of C-Arm models from different manufacturers. (iii) Learning-
based methods [8,7] that achieve sub-pixel landmark localisation but require large
C-Arm-specific training sets and offer no mathematical guarantees on geomet-
ric accuracy. In this paper, we address the above-mentioned drawbacks with a
five-stage fully automatic pipeline anchored to a Coordinate Measuring Machine
(CMM) characterised multi-faceted calibration drum, which can be deployed on
any C-Arm unit without any hardware/software modifications.

2 Methodology

The proposed pipeline is organized into five sequential stages (Fig. 2). Captured
AP and LA fluoroscopic images are preprocessed and passed to blob detection,
where candidates are filtered and distortion-corrected to yield undistorted cen-
troids. These centroids are labeled using the known drum geometry to establish
2D-3D correspondences for projection matrix estimation, which is subsequently
used for real-time tool projection.

2.1 Multi-Faceted Calibration Drum

Fig. 1. Custom-designed multi-faceted calibration drum.

The proposed pipeline uses a multi-faceted calibration drum as shown in
Fig. 1 with metallic spherical fiducials embedded. The ground truth of the cali-
bration drum is derived from the 3D positions of its fiducial markers measured
by a CMM, which directly determines the baseline accuracy. The dual-plane
fiducial configuration of the drum ensures a geometrically stable estimation of
the projection matrix. The drum consists of calibration fiducials for 2D-3D corre-
spondences, distortion fiducials for evaluating and removing the distortion, and
positional fiducials for angular reference during fiducial labeling. The fiducials
are arranged in a dual-plane layout which provides the required depth variation
that a single-plane design [3] lacks, enabling accurate estimation of both intrin-
sic and extrinsic camera parameters. The multi-faceted design ensures that IR
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Fig. 2. The fully automatic device-agnostic registration pipeline. Processing flows
left-to-right through preprocessing and distortion correction (top), then right-to-left
through point labeling, calibration, and validation.

markers on the drum are visible to the camera, irrespective of the drum’s side,
for reliable tracking in all orientations.

2.2 Fiducial Detection

The C-Arm-captured image is first pre-processed for contrast enhancement and
noise removal, after which the fiducial detection module [16] identifies the fidu-
cials based on size, circularity, and convexity, rejecting noise artifacts and elon-
gated anatomical structures. Each fiducial undergoes contour-based shape ver-
ification to minimise false positives, and images with insufficient fiducials are
rejected.

2.3 Distortion Correction

C-Arm fluoroscopy typically exhibits geometric distortions, including pincush-
ion and S-distortion [18], which cause fiducial markers to appear displaced from
their true locations. Detected fiducials are clustered by Euclidean distance to
identify the four concentric rings and map them to their actual positions on
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Positional Fiducials

Fig. 3. Automatic fiducial labeling on (a) AP and (b) LA views. Arrows mark the
three fiducial categories: Distortion, Calibration, and Positional.

the calibration drum. Because imaging magnification varies with C-Arm zoom
and source-to-detector distance, a millimeter-to-pixel scale factor is estimated
for each image by minimizing the cumulative radial alignment error between
detected and true ring positions. Each fiducial is matched to its ideal undis-
torted position to establish an optimal one-to-one correspondence. These cor-
respondences are then used to drive an iterative thin-plate spline (TPS) warp,
computing the corrected positions.

2.4 Fiducial Labeling

After distortion correction, each fiducial must be ordered sequentially to estab-
lish fiducial-to-CMM correspondence for the projection matrix computation. The
detected fiducials are separated into their respective planes by clustering radial
distance from the image center, yielding distinct ring groups. Each ring group is
ordered by comparing the angular positions of each fiducial to positional fidu-
cials and matching against a pre-computed angular reference [4], leading to the
ordering of the calibration fiducials as shown in Fig. 3.

2.5 Camera Calibration

Correspondences are established between the ordered 2D fiducial points and the
known 3D CMM points. Using the Direct Linear Transform (DLT) [1,9] and
Levenberg-Marquardt refinement, the 3 x 4 projection matrix P = K[R | t] is
computed. The resulting projection matrices support intraoperative MISS across
all acquired views with consistent sub-pixel RPE. The estimated projection ma-
trix is then validated by projecting the optically tracked tool tip from patent
reference space to AP and LA image space and computing the TRE against
known ground truth position.

3 Experimental Results

To fully assess geometric accuracy and clinical feasibility, experiments included:
(i) a controlled phantom study to determine baseline geometric accuracy; (ii) a
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Table 1. Performance of fiducial detection in the C++ pipeline against MATLAB
benchmark, using 564 heterogeneous fluoroscopic images (phantom and cadaveric).
The calibration drum includes 86 physical fiducials.

Implementation |Mean + Std|Min/Max|Reg Time Taken
MATLAB 91.54 +17.67| 26 | 132 6.4 sec
C++ 87.82+16.20| 17 | 181 0.8 sec
Ground Truth (Drum) 86 — | — —

cadaveric study with pedicle screw placement; and (iii) an evaluation of live pa-
tient data to assess algorithmic performance under surgical setups. All cadaveric
and patient studies were approved by the institutional ethics committee, and
informed consent was obtained from all participants.

3.1 Blob Detection Reliability

Achieving accurate 2D-2D registration crucially depends on precisely locating
the calibration drum’s fiducials prior to estimating its camera matrix. We eval-
uated our fiducial detection module by performing blob detection on a large
and diverse dataset of 564 fluoroscopic images, including both phantom and
cadaveric scans. Table 1 reports the detected fiducial counts obtained using the
proposed C++ and Matlab builds. Both implementations consistently exceeded
the 86-fiducial ground truth (calibration 17 + distortion 64 + positional 5) of the
calibration drum. The false positives due to anatomical structures and intensi-
fier artifacts are subsequently discarded during outlier removal in the distortion
correction stage, ensuring only valid drum fiducials are retained for calibration.

3.2 Phantom Study

Experiments were performed on Sawbones lumbar spine phantom models in a
controlled operating theater setup as shown in Fig. 4. To establish the ground-
truth spatial relationship, an optical tracking camera was used to capture the
real-time transformations from the camera to the patient reference marker (PRM)

(Tgﬁl\l\//[[) rigidly attached to the phantom, from the camera to the calibration

drum IR markers (TEAM), and from the camera to surgical tool markers (T$AN)
used to mark the target location on spinal vertebrae as illustrated in Fig. 5. The
spatial relationship between the C-Arm image space and the patient reference
space was established during image acquisition via a transformation that maps
the calibration drum coordinate frame to the patient reference frame through

the camera frame.
THRm = (TE5Y) - Thiw, (1)
This transformation, combined with the independently estimated AP and LA

projection matrices, maps both views into a common patient coordinate frame,
enabling registered tool overlay on both images.
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Fig. 4. Experimental setups. (a) Anteroposterior (AP) C-Arm setup. (b) Lateral C-
Arm setup.
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Fig. 5. Tracking setup illustrating the optical tracking camera, patient reference frame,
calibration drum, and a surgical tool with the associated coordinate transformations.

Finally, to overlay the tracked tool onto the 2D fluoroscopic images, the
tool tip 3D coordinates were projected into image space using the estimated
projection matrix from the calibration stage. Experiments on open Sawbones
phantoms were conducted across five scenarios, varying the distance between
the phantom and the calibration drum from 130 mm to 250 mm for AP views
and from 250 mm to 320 mm for LA views. The results are presented in Table 2.

3.3 Cadaveric Study

To validate clinical feasibility under realistic surgical conditions, we conducted
a cadaveric evaluation spanning two specimens and two surgical techniques as
illustrated in Figure 6. Each specimen was instrumented at multiple thoracic
and lumbar levels under both open and MISS approaches. Two user groups
participated: surgeons with prior navigated experience (Group 1) and surgeons
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Table 2. Registration Accuracy — Open Sawbones

Scenario|AP Dist.[LA Dist.Mean 3D Error (mm)|Std. Dev. (mm)[95% CI (mm)
1 130mm | 320mm 0.80 0.33 1.46
2 150 mm | 350 mm 0.94 0.33 1.61
3 200mm | 300 mm 0.73 0.29 1.31
4 150 mm | 200 mm 0.81 0.36 1.52
5 200mm | 250 mm 1.20 0.33 1.85
Mean 0.90 0.33 1.55

without prior experience (Group 2). All screws were independently graded post-
operatively by CT using the GR scale [6], where Grade A (Omm breach) and
Grade B (<2 mm breach) are considered clinically acceptable. Across both speci-
mens and all navigation arms, 94% of all screws placed were clinically acceptable
(Grade A or B). The proposed pipeline achieves a 90.47% acceptance rate com-
pared to landmark-based registration which achieved 96.5%. Figure 7 summa-
rizes the GR grade distribution by registration method and surgical technique,
demonstrating that the proposed pipeline achieves clinical accuracy comparable
to the conventional landmark-based approach, while eliminating the need for
pre-operative CT scanning and time-consuming manual landmark-based regis-
tration intraoperatively.

(b)

Fig. 6. Cadaveric study setup and verification. (a) Open procedure setup. (b) Intraop-
erative lateral and AP fluoroscopic views.
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(a) Registration Method (b) Surgical Technique
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Fig. 7. GR~grade screw distribution from the cadaveric study (50 screws total, both
user groups). (a) 2D fluoroscopic registration achieves 90.5% Grade A+B acceptance,
closely matching landmark (96.5%). (b) Open (94.3%) and MISS (93.3%) arms perform
equivalently, validating the pipeline under both surgical approaches.

Table 3. Summary of ongoing patient trials data (As of 20-June-2026)

Metric |Overall Summary|Deformity Cases|Non-deformity Cases
Total Cases 7 4 3
Total Screws 25 16 9

Screw Distribution by Anatomy

Cervical 0 0 0

Thoracic 2 0 2

Lumbar 15 10 5

Sacrum 8 6 2

Fig. 8. Ongoing patient trials setup. (a) Real-time tool tracking interface. (b) Surgical
site during a live clinical case.

3.4 Patient Trials

In order to further validate the proposed system in a clinical environment, patient
trials were conducted on 7 patients, comprising 4 deformity and 3 non-deformity
cases. In total, 25 pedicle screws have been placed using the proposed registra-
tion. Table 3 shows the overall composition of the patient cases along with their
respective screw implantation rates in various spinal anatomy categories [12].
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4 Conclusion and Future Work

In this paper, we proposed a fully automatic, device-agnostic 2D fluoroscopic
image registration system anchored by a multi-faceted calibration drum with
non-coplanar fiducials and a fiducial detection pipeline. Phantom and cadaveric
validations demonstrated that the pipeline achieves clinically acceptable regis-
tration accuracy, with a TRE below the 1 mm threshold required for accurate
pedicle screw placement. Future work will focus on deep learning and template
matching-based fiducial recovery to address detection failures, along with large-
scale patient trials for comprehensive clinical validation.

Disclosure of Interests. The authors have no competing interests.
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