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Abstract. Markerless intraoperative tracking of spinal anatomy via RGB-
D sensors is a promising alternative to invasive bone-anchored fiducials,
yet no existing clinical dataset provides independent subsurface ground
truth for validating these methods. We address this gap with a clini-
cally viable pipeline that derives per-vertebra 6-DoF pose from routine
intraoperative C-arm fluoroscopy, co-registered to the RGB-D camera
frame through a multimodal fiducial array detectable in both imaging
modalities. Critically, the pipeline requires no invasive instrumentation
contacting the patient, no additional radiation, or deviation from stan-
dard surgical workflows, relying solely on the fluoroscopic images already
acquired during routine level checks. A calibrated transform chain links
the vertebral pose recovered via multi-view 2D-3D CT-to-fluoroscopy
registration to the RGB-D coordinate frame, enabling direct comparison
of any markerless registration estimate against a subsurface reference. Ex
vivo validation against optically tracked ovine vertebrae confirms end-to-
end accuracy of 2.06 + 0.29 mm and 3.35 + 0.93°, sufficient to serve as
independent ground truth for methods with substantially larger errors.
We demonstrate the pipeline’s utility by evaluating two markerless reg-
istration strategies on clinical data spanning 11 vertebrae across 1,500
frames from three surgical sequences: the first such evaluation against
an independent subsurface reference in a clinical setting. The proposed
framework provides reusable infrastructure for benchmarking emerging
markerless tracking methods on real surgical data.

Keywords: RGB-D Tissue Tracking - Orthopedic Surgery - 2D-3D Reg-
istration

1 Introduction and Motivation

Markerless intraoperative tracking of orthopedic anatomy via RGB-D sensors is
a promising emerging direction for surgical guidance [I0J14]. Current surgical
navigation systems depend on invasive bone-anchored fiducials to register (and
subsequently track) preoperative imaging with the surgical scene [25126], intro-
ducing added operative time and complication risk [7]. Markerless approaches
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instead extract anatomically meaningful correspondences directly from intraop-
erative point clouds via learned segmentation, enabling registration and tracking
without physical instrumentation [I0JI4]. Daly et al. [4] advanced this direc-
tion with the first clinical markerless tracking dataset for spine surgery. How-
ever, their ground truth is inherently approximate: alignment relies on surgeon-
indicated surface landmarks refined against intraoperative topology, neither of
which references the pose of the subsurface anatomy. For clinical adoption, mark-
erless systems must be validated against a gold-standard measurement offering
quantifiable translational and rotational error metrics [2IUT5], a requirement no
existing clinical dataset satisfies. Cadaveric studies have obtained accurate ver-
tebral pose through rigidly fixed optical tracking arrays [I6J15]. Liebmann et al.
[15], for example, fixed 3D-printed constructs to vertebral bodies via K-wires,
achieving sub-2 mm accuracy but requiring anterior exposure incompatible with
standard posterior approaches, additional tracking hardware within the oper-
ative field, and an intraoperative CT. These requirements are not permissible
within a clinical observational study, leaving a methodological gap: there is cur-
rently no clinically viable means of obtaining precise vertebral pose ground truth
for evaluating markerless registration in real surgical settings. To address this, we
present a pipeline that leverages routine intraoperative C-arm imaging to derive
ground-truth vertebral pose within the RGB-D camera frame. Our contributions
include:

1. A multimodal data capture and labelling pipeline that co-registers intraop-
erative RGB-D recordings with ground-truth vertebral poses derived from
routine intraoperative fluoroscopy, requiring no additional radiation, no in-
vasive instrumentation contacting the patient, or deviation from standard
surgical workflows.

2. The first quantitative evaluation of markerless spine registration methods
on clinical data against an independent subsurface reference, reporting per-
vertebra translational and rotational error across three surgical sequences.

3. A clinically grounded evaluation framework, validated ex vivo to 2.06+0.29
mm and 3.3540.93°, which can serve as reusable infrastructure for bench-
marking markerless registration methods against an independent subsur-
face reference. CAD files for the intraoperative marker array and calibration
phantom, along with the evaluation code and annotated data can be found
in the accompanying repository BMTVG,

This work reports initial results from a large-scale ongoing clinical data col-
lection study; the pipeline and evaluation framework are designed to scale as
further cases are captured, enabling progressively larger-scale benchmarking of
markerless methods.
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Fig. 1: (A) Intraoperative setup with the marker in a sterile cover, secured taut
with a rubber band by the scrub nurse to maintain detectability; overlay shows
automatic pose detection and projection of the preoperative CT into the scene
via the transform chain in (F). (B, C) Automatic marker pose detection in
C-arm images from a fixation case, with projection errors (pixels) overlaid. (D)
AP DRR: CT registered to C-arm images in ImFusion. (E) Data-processing
overview: acquisition of the transforms that project preoperative CT into the
RGB-D stream. (F) Solid lines: our full transform chain projecting vertebra j’s
CT into the Azure Kinect RGB-D frame.
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2 Methodology

2.1 Data Capture

In contrast to the use of coarse surface features to approximate the underlying
pose of the spine by Daly et al. [4], we integrated routine intraoperative C-arm
fluoroscopy, taken alongside the RGB-D recording, to locate the patient’s preop-
erative anatomy within the intraoperative scene. C-arm fluoroscopy is broadly
accessible across clinical settings [2/18|, ensuring our pipeline generalizes across
institutions without requiring intraoperative CT [13]. We used established multi-
view 2D-3D registration algorithms, as implemented in the ImFusion software
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suite (ImFusion GmbH, Germany) [I1], requiring at least two fluoroscopic images
from separate poses with known projection geometry. We modeled each C-arm
source as a pinhole camera [22J917] and calibrated intrinsics using a custom
multi-plane phantom [35] with nine radio-opaque ArUco markers [8] at known
depths, estimating parameters via bundle adjustment [T22]. Calibration images
were acquired prior to surgery from AP (Anterior Posterior) and oblique angles
within +30°, reflecting the range of intraoperative C-arm positioning.

2.2 Intraoperative Capture

Ethics approval was given by the Research Ethics Committee of the Solihull
Health Research Authority, Solihull, UK (IRAS 341461). Informed consent was
obtained from all participants as per the study protocol. The cases we captured
within our surgical study were taken from the clinical caseload of a tertiary neu-
rosurgery department. The captured procedures are all lumbar-thoracic fixation
cases. For recording RGB-D sequences, we used an Azure Kinect camera (Mi-
crosoft Corporation, USA), positioned directly over the incision using a boom
arm fixed to a tripod. To co-register fluoroscopic and RGB-D coordinate frames
without external tracking hardware, we designed a multimodal fiducial array,
automatically detectable in both imaging modalities. Five radiopaque ArUco
markers, each 30 x 30 mm, are inset on a radio-translucent PETG body. The
insets were 3D-printed using PLA XRS filament (Nanovia Tech, France). The
non-coplanar array layout ensured no marker overlap occurs at either AP or
oblique viewing angles. The array was held on a boom arm adjacent to the ex-
posure, beneath the C-arm detector and within the RGB-D camera field of view,
and covered with an ultrasound probe cover to maintain the sterile field. An in-
traoperative C-arm is routinely used to provide confirmation of the vertebra level
being operated on, typically from an AP view with adjacent oblique views. As
the marker array was adjacent to the exposure, it is visible in the X-ray field
of view during these level check shots, allowing both the determination of rela-
tive C-arm pose and the co-registration of X-ray and RGB-D coordinate frames
to be performed with the same array. For each clinical case, we also collected
the accompanying preoperative CT scan. We segmented the relevant bone tissue
from CT using the network developed by Meng et al. [20].

2.3 CT Imaging to RGB-D Registration

For each C-arm shot, using the acquired intrinsic parameters from our multi-view
calibration, the radiopaque ArUco markers are automatically detected within
the image, and we then recovered the board-to-detector transform via PnP pose
estimation [6I12]. Designating the first acquired image as the reference frame,
we computed relative transforms between shots through the common marker
array coordinate system, and combined these with the previously calibrated in-
trinsic parameters to yield projection matrices suitable for multi-view 2D-3D
registration. Multi-view 2D-3D X-ray to CT registration is a well-established
technique capable of achieving sub-millimeter accuracy [19]. We then performed
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Table 1: Marker-array tracking accuracy per modality, isolated from the 2D-3D
registration stage. The array was moved between four fixed positions; per tran-
sition, each modality’s 6-DoF pose change is differenced against an NDI Po-
laris optical tracker (the reference), giving a residual against the tracker, not a
modality-to-modality comparison. RGB-D uses the sterile probe cover. Transi-
tions 1—2, 1—3 are in-plane; 1—4 is along the optical axis.

1—2 1—3 14
Modality Trans. Rot. | Trans. Rot. | Trans. Rot.
mm) () | mm) ) | (mm) ()
RGB-D tracking 0.40 0.31 0.70 0.61 0.10 1.85
X-ray tracking (AP) 0.58 0.03 1.19 0.07 | 0.02 0.35
X-ray tracking (oblique) | 0.46 0.18 0.96 0.50 0.66 0.38

intensity-based 2D-3D registration, optimizing over six rigid-body parameters
by maximizing mutual information between digitally reconstructed radiographs
(DRRs) and the acquired fluoroscopic images, using the ImFusion software suite.
This process was repeated for each segmented vertebra V, yielding the trans-
form from V; to the detector coordinate frame, D,..f, at the reference position.
The transforms Tg"'ﬁf and TREBD locating the marker array in the reference
detector frame and the RGB-D camera frame respectively, were both recovered
via ArUco detection and PnP pose estimation.

Thus, we obtained the complete transform chain from the coordinate system
of the vertebra V; to the camera C:

—1
RGBD _ nRGBD Dyey Dyey
ij - TB : (TB ) ! TVj

3 Evaluation and Results

3.1 Ex Vivo Validation

To demonstrate the accuracy and repeatability of our data collection and labeling
pipeline, we conducted several validation experiments. We first established the
level of error introduced by each individual component of the transform chain.
To do this, we first rigidly fixed a passive infrared tracking array to the multi-
modal marker array. We then directly compared how well the marker array itself
could be tracked in both the C-arm imaging, as well as the Azure Kinect RGB
frames, with respect to a highly accurate optical tracker (Polaris Vicra, North-
ern Digital Inc, Canada; 0.25 mm RMS volumetric accuracy, 0.50 mm 95% CI)
[23]. For each imaging system, the marker array was moved between 4 distinct
points in front of the sensor. We present the results in Tab.[I}] Subsequently, to
validate the end-to-end accuracy of the full transform chain, we compared the
difference in pose of four excised ovine vertebrae determined by our pipeline,
with that found by directly tracking ArUco markers, rigidly fixed to the ver-
tebrae. We mounted two plastic ArUco markers to each of the vertebrae with
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Table 2: End-to-end accuracy of the full transform chain vs. the fiducial-tracked
pose of each excised ovine vertebra (the reference). Unlike Tab. [1| (marker track-
ing ounly), these include the 2D-3D fluoroscopy-to-CT registration stage; the
increase over Tab. 1 (0.9 mm, ~1.5°) characterizes that stage’s contribution.
Combined TRE is the mean over both landmarks.

Vertebra | Combined TRE (mm) Rotational Error (°)
T1 1.96 4.06
T2 2.32 3.40
T3 1.62 3.94
T4 2.32 1.98
Agg. 2.06 + 0.29 3.35 + 0.93

plastic screws, minimizing the markers’ visibility within the C-arm imaging. We
then performed CT scans of each vertebra. Within the coordinate space of the
generated scans, we then localized the ArUco positions, meaning then that each
vertebra could be tracked directly via the RGB-D camera, by-passing the trans-
form chain shown in Fig. [1| (F) entirely. To compute registration differences, we
selected two points (the tip of the spinous process, and a point on the superior
laminar margin) for establishing a Total Registration Error (TRE), with the
optically tracked pose representing the target. The vertebrae and radio-opaque
marker array were positioned between the source and detector of a TAU 2020
C-arm (Ziehm-Orthoscan Inc, USA), as described in section 2.2] With the radio-
opaque marker array visible from the RGB-D camera, we captured 2 C-arm shots
with an angular disparity of 30°. This is comparable to the mean angular dispar-
ity of 25.6° seen in clinical cases we captured. Following the process described
in [2.3] we projected the vertebrae from the CT coordinate space to the RGB-D
camera coordinate space. We present the TRE for the point landmarks together
with the rotational error in Tab. 2l Rotational error is the geodesic angle on
SO(3), 6 = arccos(wfm_l)), between the reference rotation R and the esti-
mate R, reported in degrees.

The independent validation of the RGB-D and X-ray pose tracking against
an optical tracker reference confirms sub-millimeter translational agreement and
sub-degree rotational agreement. The end-to-end pipeline, validated ex wvivo
against fiducial-tracked vertebral pose, yields a combined TRE of 2.06 + 0.29
mm and rotational error of 3.35 + 0.93°, approaching the < 2 mm and < 5°
thresholds commonly cited for spinal navigation systems [21]. Critically, this
level of precision is sufficient to serve as independent ground truth for evalu-
ating markerless tracking methods, whose registration errors are substantially
larger, particularly in rotation.

3.2 Clinical Data Registration

With the pipeline validated in the lab, we demonstrated its utility by evaluating
two markerless registration strategies on clinical data from three surgical se-
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Fig.2: (A) The pose of ovine CT meshes directly tracked via the Azure Kinect
in blue, compared to those tracked via fluoroscopy and projected into the Kinect
camera space in yellow; (B) Per vertebra patches predicted by the network in
Sec. (C, D) Intraoperative pose estimates via X-ray in yellow, through per
vertebra ICP in blue.

quences, encompassing 11 vertebrae across 1,500 frames. To our knowledge, this
represents the first evaluation of markerless spine registration against an inde-
pendent subsurface gold standard reference in a clinical setting. The first strategy
follows [4], deforming the preoperative spine mesh via a kinematic chain model
before rigidly registering it to segmented intraoperative points using ICP. This
approach relies on semi-automated surface-based optimization of the kinematic
chain parameters, with manual refinement, to align the deformed mesh with the
intraoperative point cloud: a workflow difficult to scale to real-time intraopera-
tive use. We therefore additionally trialed a fully automated approach inspired
by [14], in which CT meshes of individual vertebrae are independently regis-
tered to per-vertebra segmentation patches. These patches were obtained via a
two-stage pipeline: a PointNet++ [24] heatmap regression network, trained on
manually annotated spinous process tip positions, first localizes tips within the
point cloud (recall 0.95, F1 0.89, localization error 3.98 + 1.99 mm), after which
a PointNet segmentation network isolates points within 40 mm of each detection
(IoU 0.71, F1 0.83). Per-vertebra segmentation labels were generated by comput-
ing mesh-to-point-cloud proximity for individual vertebral CT meshes from [4],
following the same approach used therein for global spine masks. The results of
both registration approaches, evaluated against our fluoroscopic pose estimates
with a correspondence distance of 3mm for both methods, are shown in Tab.
with per-vertebra and per-axis breakdowns in Tab. [4

The rigid method of [4] outperforms per-vertebra ICP on rotation (4.52° +
1.00° vs. 8.36° £ 3.69°) and exhibits substantially lower variance across all met-
rics, while mean translation errors are comparable with overlapping distribu-
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Table 3: Markerless registration accuracy on clinical data: per-vertebra subsur-
face pose error vs. the fluoroscopically-derived vertebral pose (the reference).
Two strategies are compared over three 500-frame sequences: the rigid full-spine
method of [4] and per-vertebra ICP. ’Exposure’ is the exposed-vertebra count.

Seq. | Exposure Subsurface Pose Error
Per Vertebra ICP Rigid ICP
Trans. (mm) Rot. (°) Trans. (mm) Rot. (°)
1 5 5.15 £ 3.65 8.21+£3.74 5.70 £ 1.59 4.61 £1.55
2 3 3.98 £1.81 9.10 £ 3.68 4.66 £ 0.82 3.53+£0.78
3 3 4.02£3.10 7.86 + 3.63 3.38 £0.58 5.36 £0.30
Overall 4.52 + 3.00 8.36 + 3.69 | 4.78 + 1.10 4.52 £+ 1.00

tions. The per-vertebra approach, though fully automated, lacks the geometric
constraints afforded by registering the full spine as a single structure, limiting
its ability to resolve orientation. While both methods achieve mean translational
errors below 5 mm, neither yet meets the < 2 mm and < 5° thresholds cited for
spinal navigation [21I], underscoring both the value of independent pose evalua-
tion and the headroom remaining for emerging methods.

4 Discussion

The clinical registration comparison in Tab. [3| demonstrates the core contribu-
tion of this work: for the first time, competing markerless registration strategies
can be evaluated on real surgical data against an independent subsurface refer-
ence. Prior clinical evaluation was limited to surrogate surface metrics [4]; our
pipeline provides per-vertebra 6-DoF pose estimates from routine intraoperative
fluoroscopy without additional hardware or workflow disruption. Registration
errors in Tab. [3] are measured against our fluoroscopic estimates, which carry
an intrinsic uncertainty of 2.06 4+ 0.29 mm and 3.35 £ 0.93° (Tab. ; these val-
ues thus represent upper bounds on true registration error. Alas, the rotational
difference between the two methods (3.84°) exceeds our reference uncertainty,
confirming that the rigid method of [4] is meaningfully more accurate in rotation.
Translational errors are not statistically different. Overall, the rigid approach is
clearly superior, but its reliance on manual deformation tuning remains a bar-
rier to clinical deployment, and thus an avenue for future work. Key limitations
remain. The study reports three clinical sequences and ovine ez vivo validation;
further labeled cases, drawn from a larger ongoing clinical study, will broaden
the evaluation. Accuracy is also constrained by the 2D-3D registration stage,
which depends on image quality, angular separation, and the number of fluoro-
scopic views. Clinically, classical surface registration is intrinsically limited: the
posterior vertebral surface exposed during surgery is geometrically ambiguous,
leaving ICP unable to robustly resolve pose, particularly rotation. This is un-
likely to improve with initialization alone. With sufficient fluoroscopic ground
truth, a learned mapping from intraoperative point clouds to vertebral pose
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could instead leverage appearance, anatomical context, and priors beyond ICP’s
scope.

Table 4: Appendix. Additional breakdown of the registration errors in Table

(a) Per vertebra error.

Per Vertebra ICP Rigid ICP [4]

Seq. | Vert. [ Trans. (mm) Rot. () Trans. (mm) Rot. ()
T7 3.97 + 3.88 8.69 + 3.36 4.80 £2.00 3.92+1.56
T8 3.33+£2.54 6.41 + 3.94 4.76 £1.54 2.82+1.27
1 T9 8.89 £ 3.74 5.69 £ 3.24 6.24 +1.44 3.68+1.44
T10 5.42 £4.73 9.69 £4.95 6.78 £1.40 5.22 4 2.05
T11 4.154+3.36 10.59+3.19 | 591+ 1.56 7.39+ 1.41
T9 3.22 £ 1.47 6.62 £ 3.01 3.10£0.85 4.34 +0.66
2 T10 3.83+1.84 6.73 + 3.20 4.444+0.79 3.24+£0.99
T11 4.884+2.11 13.95+4.83 | 6.434+0.81 3.02+0.69
L3 2.59 +2.18 3.19 +£1.79 3.07+£0.56 4.86 £ 0.35
3 L4 4.90£2.14 11.68+4.85| 1.87£0.48 4.144+0.33
L5 4.58 £ 4.97 8.71 £ 4.26 5.21£0.71 7.08+0.21

(b) Rotation per axis (mean-absolute camera-frame Euler-XYZ, deg).

Per Vertebra ICP Rigid ICP
Seq. R, Ry R, R, R, R,
1 4.984+4.40 3.95+3.77 2.94+3.25 | 1.85+2.43 3.04+1.40 2.04+£2.53
2 4.454+2.54 6.554+2.22 3.09+2.84 | 0.80+0.69 3.02+0.71 1.16+0.80
3 4.3743.39 4.73+2.92 2.77+2.98 | 2.78+0.37 3.41+0.27 1.40+0.40
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