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Abstract. 3D reconstruction from arthroscopic video is advancing rapidly,
yvet a fundamental question remains: how completely has the articular
surface been observed? We propose a surface coverage completeness met-
ric that combines raycasting-based visibility with view-quality weighting
to quantify the fraction of a preoperative mesh inspected during a tracked
arthroscopic session. Evaluated on 23 phantom knee sessions, binary cov-
erage reaches 63.2+10.2% of the articular envelope, but quality-weighted
coverage is only 23.4 + 6.5%, revealing that much of the surface is seen
only at oblique, clinically insufficient angles. We qualitatively illustrate
how this quality gap correlates with TSDF reconstruction fidelity.
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1 Introduction

3D reconstruction from endoscopic video has advanced rapidly, with methods
ranging from TSDF volumetric fusion to Gaussian splatting [§], promising pho-
torealistic spatial maps for surgical guidance. In arthroscopy, the surgeon nav-
igates through a 4mm endoscope with ~ 70° field of view, building spatial
understanding from fragmented observations. This raises a question that recon-
struction alone cannot answer: how completely has the articular surface been
inspected?

Incomplete coverage has dual consequences. Clinically, missed regions may
harbor undiagnosed pathology—in ACL reconstruction, the intercondylar notch
must be well-visualized for tunnel placement [5]. For reconstruction, coverage
determines completeness—unobserved regions produce gaps, while obliquely-
viewed regions yield degraded texture.

Related work has addressed inspection completeness in other endoscopic do-
mains: cumulative mucosal exposure area for colonoscopy [4], topological map-
ping for place recognition [6], and datasets providing ground-truth geometry [2/[1].
AR pipelines for arthroscopy [7] have demonstrated surface reconstruction with-
out quantifying observation completeness. No prior work has proposed a quan-
titative surface coverage metric for arthroscopy or linked such a metric to 3D
reconstruction quality.
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(a) Arthroscopic view (frame 96, t = 4.0 s) (b) Camera FoV + visible vertices (19,548 / 717,404 = 2.7%)

Fig. 1. Coverage computation concept. (a) Arthroscopic video frame showing a
femoral condyle. (b) Raycasted visibility: the camera frustum (green) illuminates a
region (purple) of the 3D mesh. The articular envelope is shown in light grey; non-
articular bone is dark grey. Each frame’s visible vertex set V; is accumulated over time
to compute coverage.

We present a framework combining: (1) raycasting-based visibility, (2) view-
quality weighting via incidence angle, (3) an anatomically annotated articular
envelope as the coverage denominator, and (4) TSDF reconstruction demon-
strating how coverage quality predicts reconstruction fidelity (fig. .

2 Method

Visibility and Binary Coverage. Let M = {v;}¥| be the vertex set of a pre-
operative mesh with normals {7}, and {(Ty,K)}7_, a sequence of calibrated
camera poses. For each frame f, we compute the visible vertex set V; C M via
raycasting [9]: vertices whose triangles are hit by camera rays, are front-facing,
and are not occluded. The cumulative binary coverage at frame ¢ is:

C(t):% enl vy (1)
f=1

where & C M is the articular envelope—the set of vertices corresponding to clin-
ically relevant cartilage surfaces (femoral condyles, tibial plateau, intercondylar
region), delineated by manual annotation on the preoperative mesh.

Quality- Weighted Coverage. Binary coverage treats all observations equally, but
a surface region glimpsed at a grazing angle is not equivalent to one viewed
head-on. We define per-observation quality based on the incidence angle 0; ¢
between the surface normal 7; and the viewing direction from vertex v; toward
the camera:

q(vg, f) = maX(O, coS Hi,f) (2)
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The quality-weighted coverage retains the best observation per vertex:
1
Calt) = 13 vzegr?g q(vi, f) (3)

The gap C(t) — Cy4(t) quantifies the fraction of surface seen under conditions
insufficient for reliable diagnosis or reconstruction. Perpendicular viewing (§=0)
yields g=1; grazing incidence (0>90°) yields ¢=0. Clinically, a lesion viewed
at 70° is far harder to diagnose than at 20°; for reconstruction, oblique views
produce elongated depth uncertainty that degrades TSDF fusion.

3 Experiments and Results

Setup. Data was acquired using an AR-guided arthroscopic navigation plat-
form with an NDI Lyra optical tracker (< 0.5 mm tracking error at 20 Hz), pre-
calibrated hand-eye transformation, a 4 mm/30° arthroscope, and a 3D-printed
knee phantom [3]. 23 sessions were recorded: 14 femur (7 medial, 7 lateral portal)
and 9 tibia (5 medial, 4 lateral), each ~138s at 24 fps. Coverage was computed
on a uniformly remeshed knee model (717,404 vertices; mean vertex spacing
~0.5mm) against a manually annotated articular envelope of 341,395 vertices
(47.6% of the mesh). Vertex-based summation thus closely approximates surface
area integration.

Coverage Statistics. Table [1| summarizes results by anatomy and portal (group
differences evaluated via two-tailed Welch’s t-tests). Overall binary coverage was
63.2 £ 10.2%; quality-weighted 23.4 4+ 6.5%—a nearly 3x gap (39.8 7.0 pp) re-
vealing that much of the surface is seen only at oblique angles. Medial portals
achieved higher binary coverage than lateral (66.9% vs. 59.1%; p=0.011), though
quality was comparable (p=0.23). Viewing quality differed sharply by anatomy:
femoral C;;=28.0% vs. tibial C;=16.2% (p<0.001), driven by the mean incidence
angle (femur 65.5° vs. tibia 83.1°; p<0.001). Quality-weighted coverage corre-
lated strongly with mean incidence angle across sessions (r=—0.89, p<0.001).

Coverage Quality Correlates with Reconstruction Fidelity. The same tracked
poses enable TSDF volumetric reconstruction via Open3D [9] (voxel size 0.25 mm:;
depth synthesized from poses against reference geometry). Figure [2[ compares
two equal-length tibia segments: the perpendicular segment (0=52°, §=0.59)
yields a coherent, anatomically faithful reconstruction, while the oblique seg-
ment (6=90°, g=0.00) produces fragmented artifacts. C,(t) thus serves as a
qualitative indicator of viewing geometry suitability for TSDF fusion.
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Table 1. Coverage by anatomy and portal. C: binary coverage; Cy: quality-weighted
coverage; Gap = C — ;. Mean £ SD across sessions.

Group n C (%) Cq (%) Gap (pp)

Femur Medial 7 71.5+4.5 29.2+ 0.9 423 + 4.7
Femur Lateral 7 63.0 £ 3.6 26.8 + 0.8 36.2 + 4.0
Femur 14 673+£59 280+15 39.3+L£52

Tibia Medial 5 60.5 & 14.9 15.7 £5.3 44.8 £ 9.8
Tibia Lateral 4 52.3 £86 169+ 25 354 +£6.6
Tibia 9 56.8+125 16.2+4.1 406 +£94

Overall 23 63.2 £ 10.223.4 + 6.539.8 £ 7.0

Viewing Quality - TSDF R (25 frames/segment)
o)

Fig. 2. Viewing quality determines reconstruction fidelity. Top (a—c): perpendicu-
lar viewing (0=52°, §=0.59)—quality heatmap (b) shows green vertices; TSDF fu-
sion (c) produces a clean reconstruction. Bottom (d—f): oblique viewing (6=90°,
G=0.00)—heatmap (e) shows red/dark vertices; reconstruction (f) is fragmented. Col-
orbar: g=cos®6.

4 Discussion

The nearly 3x disparity between C(t) and Cy(t) reveals that binary coverage
alone is misleading: substantial portions of the surface are seen only at oblique
angles insufficient for clinical diagnosis or faithful reconstruction. The gap C'—C,
identifies regions requiring re-observation.

Data Curation Implications. Lateral portals systematically under-observe me-
dial anatomy; single-portal datasets under-represent specific regions—a bias de-
tectable before model training, directly addressing the DCA-MI theme of prin-
cipled data quality assessment. The quality metric further reveals that some
covered regions are observed only at grazing angles, yielding images of limited
value for learning-based reconstruction.
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Clinical Relevance. In diagnostic arthroscopy, inspection completeness is as-
sessed subjectively. C(t) indicates whether an area was seen, while Cy(t) indi-
cates whether it was seen well enough to detect pathology. Integrated into AR
navigation, the metric could guide surgeons to re-inspect under-observed regions
during procedures.

Limitations and Future Work. This proof-of-concept evaluated 23 sessions on
a single rigid phantom anatomy. Real procedures introduce tissue deformation,
fluid turbidity, specular reflections, and motion blur. Portal and joint geome-
try also impose structural constraints. Our ¢ = cos 6 score measures geometric
viewing angle; future work will incorporate working distance, evaluate cadaveric
specimens, and test coverage-guided observation planning.
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