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Precision surgery in soft tissues is currently hindered by the lack of real-time, depth-resolved visualization.
Conventional navigation relies on preoperative images that fail to account for intraoperative deformation,
while existing intraoperative tools often lack intuitive spatial correspondence. Here, we propose Surgical
Anatomical Structure Transparentization (SAST), an emerging framework anchored by second near-
infrared fluorescence imaging. Unlike augmented reality, which merely displays static preoperative
models, SAST represents a sensing paradigm that utilizes direct photon scattering suppression to visualize
deep anatomy insitu. We delineate the critical technological trajectory—from monocular 2-dimensional
fluorescence to 3-dimensional volumetric perception via stereoscopic vision and computational imaging—
required to bridge the dimensional gap. By transforming navigation from “referencing a map” to “seeing
through tissue”, SAST promises to redefine surgical perception through continuous, real-time anatomical
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transparency.

Introduction

Achieving precision surgery demands that surgeons continu-
ously and accurately recognize critical anatomical structures
amidst complex, dynamic intraoperative conditions. In this
Perspective, we propose an emerging clinical framework driven
by recent advances in optical imaging.

Current surgical navigation systems generally fall into 2 cat-
egories: those based on preoperative image reconstruction and
those relying on real-time intraoperative acquisition. While the
former suits rigid tissues (e.g., bone), it fundamentally fails in
soft tissue surgery due to deformation. The latter, represented
by intraoperative ultrasound, computed tomography, magnetic
resonance imaging, and fluorescence imaging, provides valuable
structural or functional information but often lacks intuitive
spatial correspondence with the surgical field. This forces
surgeons to mentally map disparate images onto the patient’s
anatomy, increasing cognitive load [1]. Among these, fluores-
cence imaging offers dynamic, continuous visualization seam-
lessly integrated into the surgical workflow; however, current
clinical systems utilizing the visible or first near-infrared (NIR-I)
windows are hampered by tissue autofluorescence and limited
penetration depth [2]. These limitations highlight a fundamen-
tal gap: Current navigation systems are not fully integrated into
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the surgeon’s natural perception. Next-generation navigation
necessitates an intraoperative, real-time system capable of deep
anatomical visualization.

NIR-1I Fluorescence: The Physical Foundation

The second near-infrared (NIR-II, 900 to 1,880 nm) window offers
a compelling solution. By minimizing photon scattering and tissue
autofluorescence [3], NIR-II enables superior deep-tissue visual-
ization compared to the NIR-I window. Empowered by advanced
sensors and novel probes, NIR-II technology uniquely achieves
centimeter-scale penetration (typically 1 to 3 cm in biological tis-
sues) with micron-to-millimeter scale spatial resolution (approx.
50 to 100 pm in ideal subcutaneous models) [4]. Crucially, the
clinical significance of these metrics lies in their dual-scale utility:
Centimeter-scale penetration allows the identification of deep-
seated targets without high-risk mechanical dissection, while sub-
millimeter resolution preserves adjacent delicate structures to
ensure negative margins. This unique performance benchmark
makes it one of the few modalities capable of satisfying the dual
requirements of deep-tissue visibility and real-time video-rate
feedback. Consequently, its expanding application in hepatobiliary
and orthopedic surgeries highlights substantial clinical potential,
while firmly validating its translational stability and safety [4-6].
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Technologically, NIR-II imaging integrates a continuous-
wave laser, long-pass filters, and an InGaAs camera to capture
deep-tissue photons, currently leveraging the tail emission (900
to 1,300 nm) of clinical indocyanine green. Next-generation
probes further optimize quantum yields via chromophore engi-
neering and surface modification. This sensing framework can
adapt to various diseases across 3 dimensions: tailoring admin-
istration routes (systemic vs. local mapping), exploiting inherent
pharmacokinetic clearance for real-time angiography, or conju-
gating chromophores with disease-specific ligands such as RGD
peptides for targeted malignancy definition.

Defining SAST: An Emerging Framework

Based on these advances, we propose Surgical Anatomical
Structure Transparentization (SAST). The schematic illustration
of the SAST workflow is shown in Fig. 1. SAST represents an
emerging computational and imaging framework that integrates
real-time deep-tissue molecular imaging (primarily NIR-II) with
dynamically updated 3-dimensional (3D) anatomical models to
visually project subsurface structures continuously onto the surgi-
cal field. By leveraging intelligent algorithms, this workflow
achieves continuous, spatially coherent visualization of deep struc-
tures directly within the surgeon’s natural field of view. Ultimately,
SAST aims to render the surgical field “transparent’, not to replace
clinical judgment but to expand perceptual bandwidth by reveal-
ing critical anatomy beyond the reach of natural vision. Compared
to current navigation modalities, SAST addresses critical opera-
tional bottlenecks [1]. While intraoperative computed tomography/
magnetic resonance imaging lacks video-rate feedback and

restricts surgical access, and ultrasound demands constant manual
manipulation, conventional NIR-I fluorescence suffers from
superficial penetration (<5 mm). To highlight how SAST over-
comes these technical trade-offs, a comprehensive comparison is
provided in Table S1.

Beyond Display: SAST as an Integrated Sensing-
Visualization Framework

Itis essential to clarify that SAST is not a substitute for augmented
reality (AR), but rather an integrated framework that encom-
passes AR while extending beyond simple visualization. Current
surgical AR systems primarily function as display interfaces that
overlay static preoperative data, which inherently fail to account
for dynamic soft-tissue deformation in real time. Taking hepa-
tobiliary surgery as a prime example, the liver morphs substan-
tially upon surgical mobilization and retraction, rendering static
preoperative 3D vascular roadmaps mismatched with the actual
field. SAST redefines this workflow as a closed-loop sensing para-
digm. By capturing high-penetration NIR-II photons emerging
through centimeters of overlying liver tissue, the system treats
these deep optical signals as live, in situ physical landmarks that
reflect the actual, real-time positions of subsurface structures. A
physics-informed computational inverse algorithm utilizes these
live fluorescence constraints to mathematically warp and instantly
correct the deformed preoperative 3D roadmap (detailed work-
flow specifics are presented in the Supplementary Materials).
Consequently, SAST shifts the surgical focus from “displaying a
historical map” to “sensing and rendering anatomical reality”
de novo.

SAST: Surgical Anatomical Structure Transparentization
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Fig. 1. Schematic illustration of the Surgical Anatomical Structure Transparentization (SAST) workflow. This 5-step paradigm integrates multimodal preoperative imaging
fusion, high-precision spatial localization, and the deep-tissue penetration capability of second near-infrared (NIR-II) technology. It utilizes artificial intelligence (Al)-driven
stereo image fusion to reconstruct and identify critical structures, ultimately providing the surgeon with a real-time augmented reality (AR)/mixed reality (MR) visualization
overlay for precise surgical guidance. CT, computed tomography; MRI, magnetic resonance imaging.
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The Dimensional Challenge: Bridging 2D Signals
and 3D Perception

A critical hurdle for SAST is the dimensionality of optical
signals. Intrinsic fluorescence provides 2D planar projec-
tions, lacking the Z-axis depth required for true volumetric
“transparentization”. Solving this ill-posed inverse problem—
recovering 3D morphology from scattering-blurred 2D signals—
requires converging advanced photonics with computational
imaging. To achieve this, a mature SAST system must integrate
both hardware and algorithmic pathways. On the hardware
front, stereoscopic NIR-II imaging recovers initial depth topol-
ogy via binocular parallax, while multimodal fusion (e.g.,
integrating ultrasound or light detection and ranging) provides
essential structural boundary constraints. On the algorithmic
front, these hardware inputs must be processed through
advanced computational depth retrieval. This hinges on a
physics-informed deep learning architecture designed to over-
come the deterministic limits of light scattering. Specifically,
Monte Carlo-based light propagation models are employed
to simulate tissue-specific scattering phase functions. These
physical priors are then embedded into deep learning-based
deconvolution algorithms, which computationally “re-focus”
the diffused signals by learning the inverse mapping of the
point spread function at varying depths. By synergizing mul-
tidimensional optical acquisition with this physics-informed
inverse reconstruction, the SAST framework effectively trans-
forms flat, blurred fluorescence into a spatially coherent,
3D volumetric representation, ultimately providing the sur-
geon with a high-fidelity, transparent view of the deep opera-
tive field.

Outlook

Realizing SAST faces challenges, including camera miniaturiza-
tion, probe functionalization [7], and algorithm optimization.
However, the trajectory is clear: Surgery is transitioning from
static, image-based planning toward real-time, perception-
augmented execution. NIR-II imaging is the cornerstone of this
transition. By anchoring the SAST framework, we move closer
to a future where surgeons possess continuous, transparent ana-
tomical intelligence, fundamentally enhancing the safety and
precision of operative care.
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