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Global Certificate Course in AR for Surgery

Intraoperative Imaging Integration

Intraoperative Imaging refers to the acquisition of diagnostic images while a surgical procedure is in
progress, allowing the surgeon to visualize internal anatomy in real time. This capability transforms
traditional open-or closed-loop surgery into a dynamic, data-driven process where decisions can be
adjusted on the fly. For example, a neurosurgeon may use intraoperative MRI to confirm complete tumor
resection before closing the skull, thereby reducing the need for a second operation. The integration of
these images with augmented reality (AR) overlays creates a seamless visual bridge between the patient's
anatomy and the surgeon’s view.

Augmented Reality in the surgical context is a technology that superimposes computer-generated
information onto the real-world view of the operative field. Unlike virtual reality, which replaces the real
world with a simulated environment, AR preserves the surgeon’s direct line of sight while adding contextual
data such as anatomical boundaries, instrument trajectories, or physiological parameters. An example is the
projection of a 3-D vascular map onto the surface of a liver during a hepatectomy, helping the surgeon
avoid critical vessels. The key advantage of AR is its ability to maintain situational awareness while delivering
precise guidance.

Registration is the computational process of aligning two or more datasets into a common coordinate
system. In the operating room, registration typically aligns pre-operative imaging (such as CT or MRI) with
the patient’s intraoperative anatomy. Accurate registration is essential because any misalignment can lead
to incorrect guidance, potentially harming the patient. Common techniques include point-based
registration, where fiducial markers placed on the patient’s skin are matched to corresponding points in the
image, and surface-based registration, which uses the contours of exposed anatomy.

Calibration ensures that the imaging device and the AR display share a consistent spatial relationship.
Calibration involves measuring and correcting systematic errors in the tracking system, camera optics, and
display geometry. For instance, a surgical microscope equipped with a heads-up display must be calibrated
so that projected lines precisely overlay the tissue plane. Miscalibration can cause drift, where the AR
overlay slowly moves away from the true anatomy over time.

Spatial Tracking refers to the technology that monitors the position and orientation of surgical instruments,
the patient, and the imaging system in three-dimensional space. Tracking can be optical, using infrared
cameras that detect reflective markers, or electromagnetic, using a field generator that induces currents in
small sensor coils. Optical tracking offers high accuracy but requires a clear line of sight, while
electromagnetic tracking can operate beneath drapes and surgical lights but is susceptible to metallic
interference. Both modalities are used in different operating rooms depending on the workflow constraints.

Fiducial Markers are physical objects placed on the patient’s body that serve as reference points for
registration. They are often made of radiopaque material so they appear clearly on X-ray-based imaging,
and they may contain reflective surfaces for optical tracking. In cranial surgery, a set of bone-anchored
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fiducials provides a stable reference that does not shift with soft-tissue movement, improving registration
accuracy.

Optical Tracking systems employ cameras that emit infrared light and detect its reflection from specially
designed markers. The cameras triangulate the position of each marker, delivering sub-millimeter precision.
A typical setup includes a pair of cameras mounted on the ceiling of the operating room, providing a wide
field of view. The main limitation is line-of-sight occlusion; if a surgeon’s hand blocks the marker, the
system temporarily loses track.

Electromagnetic Tracking uses a low-frequency magnetic field generated by a transmitter placed near the
patient. Small sensor coils attached to instruments detect the field's strength and orientation, allowing
calculation of their three-dimensional pose. Because the field can penetrate drapes and surgical equipment,
electromagnetic tracking is useful for minimally invasive procedures where instruments are inside the body.
However, metallic objects in the environment can distort the field, creating registration errors that must be
compensated for.

Image Fusion combines data from multiple imaging modalities into a single composite view. For example,
fusing a high-resolution CT angiogram with a functional PET scan provides both anatomical detail and
metabolic information. In AR-guided surgery, the fused image can be rendered as an overlay that highlights
tumor margins while showing blood-vessel pathways. Effective image fusion requires careful alignment of
the datasets and often involves sophisticated algorithms that correct for differences in scale, orientation,
and deformation.

Real-time Rendering is the process of generating visual representations of imaging data fast enough to
keep pace with the surgeon’s movements. Rendering pipelines must convert volumetric data into 2-D
images at a minimum frame rate of 30 frames per second to avoid perceptible lag. Techniques such as ray
casting, texture mapping, and GPU acceleration are employed to meet these performance requirements.
Inadequate rendering speed leads to latency, which can cause the AR overlay to lag behind the actual
anatomy, increasing the risk of error.

Volume Rendering visualizes three-dimensional datasets by projecting voxels onto a two-dimensional
screen, preserving depth cues that aid perception. This method is particularly useful for displaying
soft-tissue structures from MRI or CT scans. Volume rendering can be adjusted to emphasize certain
intensity ranges, such as highlighting the contrast-enhanced tumor core while suppressing surrounding
edema. The rendered volume can then be overlaid onto the surgical view, giving the surgeon an intuitive
sense of internal structures.

3D Reconstruction involves converting a series of two-dimensional slices into a three-dimensional model.
Algorithms such as marching cubes or surface nets extract isosurfaces that represent anatomical
boundaries. The resulting mesh can be smoothed, textured, and exported to AR platforms. For instance, a
pre-operative CT of the pelvis can be reconstructed into a virtual bone model that is later aligned with
intraoperative fluoroscopy, assisting in the placement of orthopedic screws.

Surface Rendering displays only the outer layer of a volume, creating a mesh that approximates the shape
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of an organ or structure. Surface rendering is computationally less demanding than full volume rendering
and is often used for real-time applications where speed is critical. In AR-guided laparoscopy, a surface
model of the gallbladder can be projected onto the camera feed, indicating the organ’s boundaries even
when the tissue is partially obscured by fatty tissue.

Navigation System is the hardware and software suite that combines tracking, registration, and visualization
to guide surgical instruments. The system typically includes a workstation that processes tracking data,
performs registration calculations, and renders AR overlays. Surgeons interact with the navigation system
through foot pedals, voice commands, or handheld devices, allowing hands-free control. The efficacy of a
navigation system depends on its accuracy, latency, and ease of integration into existing surgical workflows.

Surgical Navigation extends the concept of navigation to include decision support, instrument guidance,
and safety alerts. In spine surgery, for example, the navigation system can display the planned trajectory of
a pedicle screw, warn the surgeon if the drill deviates from the safe corridor, and automatically log the final
placement for postoperative review. By providing continuous feedback, surgical navigation reduces reliance
on mental mapping and improves consistency across operators.

Hybrid Operating Room is a facility that combines a traditional surgical suite with advanced imaging
equipment such as fixed-angle C-arm fluoroscopy, cone-beam CT, or MRI. The layout is designed to
accommodate both open procedures and image-guided interventions without moving the patient. In a
hybrid OR, intraoperative imaging can be performed seamlessly, and the resulting data can be fed directly
into the AR platform. The presence of a hybrid environment, however, introduces challenges related to
space management, equipment compatibility, and radiation safety.

Cone Beam CT (CBCT) provides three-dimensional imaging using a rotational X-ray source and a flat-panel
detector. It delivers high-resolution volumetric data in a matter of seconds, making it suitable for
intraoperative use. CBCT is frequently used in orthopedic trauma to assess fracture reduction, and its data
can be integrated into AR overlays that show the exact location of screws relative to bone fragments.
Limitations include a smaller field of view compared to conventional CT and increased susceptibility to
motion artifacts.

Fluoroscopy produces real-time X-ray images, allowing visualization of dynamic processes such as catheter
navigation or instrument placement. In AR-enhanced procedures, fluoroscopic frames can be automatically
registered to pre-operative CT scans, enabling a live overlay of the patient's anatomy. The main concerns
with fluoroscopy are radiation exposure to staff and patients, and the need for protective shielding, which
can interfere with optical tracking lines of sight.

Ultrasound offers a radiation-free imaging modality that can be used intraoperatively for soft-tissue
visualization. High-frequency probes provide detailed images of superficial structures, while
lower-frequency probes penetrate deeper tissues. When combined with AR, ultrasound images can be
rendered as semi-transparent slices that align with the surgical field, helping surgeons locate vessels or
tumors that are not visible on the surface. Ultrasound'’s reliance on operator skill and its susceptibility to
acoustic shadowing are challenges that must be addressed through training and automated segmentation.
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MRI (Magnetic Resonance Imaging) provides excellent soft-tissue contrast without ionizing radiation.
Intraoperative MRI suites are specially shielded rooms where a patient can be scanned without moving the
table. The resulting images can be directly overlaid onto the surgeon’s view using AR, allowing precise
delineation of tumor margins during brain surgery. The high cost, long acquisition times, and magnetic
compatibility constraints limit the widespread adoption of intra-operative MRI.

CT (Computed Tomography) delivers high-resolution, cross-sectional images of bone and dense tissues.
Intra-operative CT is often used in spinal and cranial procedures to verify hardware placement.
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