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Abstract—Objective: This paper proposes a low-cost real-
time navigation system to assist a surgeon in placing external
ventricular drains. Methods: In our approach, the base of an
articulated arm coordinate measuring machine is bolted to the
patient’s skull, and a graphical user interface quickly guides
the operator through the image registration and 3D navigation
to place an external ventricular drain at a desired target
specified relative to preoperative imaging. The method can be
employed in workflows with and without fiducials embedded
in the preoperative imaging. Results: The proposed system is
evaluated using precise registration instruments, human phantom
models, and ex vivo ovine models, demonstrating less than 2 mm
of error with fiducials and less than 4mm of error without
fiducials. Conclusion: The registration procedure takes less than
one minute and can be performed intuitively by a single operator
without an assistant. Significance: Our proposed system enables
real-time image-guided navigation to be used in bedside external
ventricular drain placement, with potential to expand access to
this procedure.

Index Terms—Neurosurgery, External ventricular drain, Neu-
rosurgical navigation, Registration, Articulated Arm Coordinate
Measuring Machine

I. INTRODUCTION

External ventricular drains (EVD) are placed in patients
with increased intracranial pressure to divert cerebrospinal
fluid from the intracranial space, alleviating pressure and
providing neurological stabilization [1]. They are used most
often for patients with moderate and severe traumatic brain
injury (TBI), hyrdocephalus, stroke, and tumors. After one of
these neurological events, proper and timely intervention with
an EVD is critical to minimize patient morbidity or mortality
[2]. Complications resulting from misplaced EVDs can be
severe, including fatalities or permanent disability [3].

Emergency EVDs are placed using a freehand approach
at the bedside in over 42,000 cases annually in the United
States [4]. In recent decades, several devices, notably the
Ghajar guide [5]] among other passive guides and frames have
been proposed to increase the viability of a non-neurosurgeon
provider performing EVD placement [6].
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Studies show that navigation in EVD placement with
electromagnetic or optical trackers is superior in accuracy
compared to the freehand approach [7]. The rate of accurate
freehand placement of an EVD is reported as low as 40% [3]],
whereas navigated placement using real-time image-guided
navigation systems, such as the StealthStation AxiEM or
StealthStation S7, is shown to improve accuracy to 95%.
Moreover, image-guided navigation reduces the mean number
of passes required to successfully place an EVD from 1.63
to 1.16 [7]]. Navigation is particularly helpful in challenging
anatomy, especially in midline brain shift and “slit ventricles”,
in which brain anatomy is distorted by pathology. Bedside
ultrasound approaches for EVD placement have been explored
previously, but require large or modified burr holes or un-
familiar workflows [9, [10]. More cost-effective EVD place-
ment approaches aimed at low- and middle-income countries
(LMIC) have been explored, including simple drain guides
[5L [11]] and more advanced drain guides [12} [13} 14, [15] [16}
17]]. While these newer systems show promise, none have been
shown to address the education and resource gaps in providing
emergency EVD intervention in these regions [18]. There
remains a long-standing need to develop a simple, intuitive,
and safe approach to assist providers with emergency intracra-
nial pressure relief for acute hydrocephalus, particularly in
LMIC [19]].

To design a system to meet this need, we propose the
following design criteria:

o Cost: Hardware, including the cranial access kit, must
cost less than $2,500 to produce.

e Accuracy: Tracking accuracy of an effector-mounted
EVD tip must be within 5 mm of a target location
following registration.

o Time: The use of navigation should add no more than 5
minutes to the freehand EVD placement approach.

o Usability: The system must be ergonomic and easily
operable by a single user such that EVDs can be placed
at the bedside.

o Interactivity: The interface must provide real-time in-
struction to guide the operator through the procedure.

This paper presents a real-time surgical navigation system
based on an articulated arm coordinate measuring machine
(AACMM) that shows promise in meeting each of the above
objectives (Figure [T). The 4-joint Arm is mounted to the skull
and registered to preoperative imaging in a single operator
procedure. Our App visually guides the operator through the



hole-mounted bolt to rigidly afx a small AACMM to the
skull. Our system software and hardware enables a single
operator to perform the entire installation, registration, and
navigation work ow. Our system can t within a specialized
bedside cranial access kit and requires only minor adjustment
to existing surgical work ows.
Existing real-time surgical navigation products are expen-
sive, require signi cant infrastructure such as electromag-
Fig. 1. A) TheArm (left) depicted with External Ventricular Drain (right) and netic trackers or optical trackers, and are challenging to
USA quarter for scale. B) 3D visualizatiokpp with a phantom, highlighting introduce into emergency conditions [27,| 28]. Hence, many
targeted anatomy for the surgical operator. C) Reachable workspace Withé‘urosurgeons from rural settings will opt for invasive but
maximum tilt of 14.2 through the bolt. . . .
consistent approaches, such as decompressive craniectomy, for
registration procedure and provides real-time 3D EVD positidntracranial pressure management|[29]. Prior approaches for
tracking. Our primary hardware innovations include a selfew-cost surgical navigation in underserved settings include
tapping skull bolt with a through-hole, which provides rigicbptical approaches such as the NousNav system designed for
xation of the device to the skull within the existing bed-operating room useé [30], and custom drain guides [13]. Drain
side EVD placement procedure, and a registration probe thgiides are similar in scope to the Ghajar guide, an instrument
provides an accurate method to map surface features throdighreloped in the 1980s with limited adoption due to concerns
skin or ducial contact. Our software provides real-time 3about accuracy [31].
visualization and hands-free guidance through registration andNeuronavigation requires 1) preoperative medical images to
drain navigation with respect to a registered 3D medical imadgee obtained with CT or MRI, 2) a means of rigidly tracking
Our system is compatible with two registration pipelines: anatomy, and 3) a method to perform image registration.
ducial-based and a surface-based ( ducial-free) method. Thédechanisms for rigidly tracking anatomy include skin or
ducial-based method requires a more invasive and lengtiypne mounted reference frames |[33]. Registration methods
preoperative setup, but provides higher overall accuracy. use either ducial markers or detected surface features to
The accuracy of our system is validated with multiple metldetermine alignment of the reference frame with a preoperative
ods, including theoretical accuracy using calibrated refereniceage [34]. Fiducial methods determine the alignment of the
targets, and end-to-end accuracy through registration usingewice with patient imaging by detecting ducial markers
phantom model and an ex vivo ovine model. Experiments g@taced on the skin or screwed into the skull before preoperative
the phantom demonstrate sufcient accuracy of our systemaging is captured [35, 36]. Surface feature detection does
for drain placement using surface-based registratod thm not require a ducial placement step, and instead involves the
error) and even higher accuracy with ducial-based registratiaollection of points of the patient's face or other anatomy to
(< 2mm error). An ex vivo sheep head study shows thalign with an image segmentation of the CT scan or MRI [37].
accuracy of our system is maintained in real tissue witBoth approaches are supported by our proposed work, and our
2:765 1:121mm error implanting needles to an average dep#xperiments are consistent with prior results demonstrating
of 4223 3:03mm into the brain. Moreover, a user interfacehat skull-mounted ducials lead to higher accuracy [38].
pilot study on medical trainees and professionals shows thédwever, our results suggest that surface-based registration
the registration work ow can be completed consistently iprovides adequate accuracy for EVD placement.
under 1 minute, with an overall simulated EVD placement The concept of mounting a miniature AACMM to the skull
completed consistently in under 2 minutes. to assist in EVD placement was introduced in work by the
authors and colleagues [32, 39, 40]. A ve-joint, four degrees-
of-freedom (DOF) AACMM was originally proposed with
Surgical navigation systems provide surgeons with real-tina® Arduino microcontroller and wireless communication to a
visualization of surgical tools relative to patient anatomy, arldptop [39]. Following the initial work, Borovik expanded on
include stereotactic frames, ultrasound probes, optical systethg design of the original system by removing the redundant
and electromagnetic trackefs [20]. Often, screens show trackil joint and implemented a user interface that displayed the
surgical tooling overlaid on preoperative imaging |[21], andosition of a drain in medical image slices [40]. However,
augmented reality can display these elements within the sthreir mechanism did not meet the accuracy and repeatability
geon's eld of view [22] [23]. AACMMs were also explored metrics necessary to perform EVD placement in one out of
briey in the 1990's for use in navigation [24, 25]. Thesethree experiments, lacked in stability, and had no method
systems were designed to be mounted to a head clamp afdnounting their device to a human skull. The AACMM
had six joints to allow for six degrees of freedom (DOF) togbroposed in [32] was mostly conceptual, and was not
motions within a con ned workspace. Prior AACMM sys-evaluated in the context of registration work ows.
tems were cumbersome, required many components, and wera relation to prior work, our contributions in this paper
historically overshadowed by optical navigation systems$ [26hclude: a prototype with improved tracking precision, a bolt
Our paper addresses these limitations by using a single biar rigid xation to the skull, a touch-activated registration

II. RELATED WORK



Fig. 2. The three procedural work ows described in this work. The left column describes a typical standard of care approach for bedside EVD placement.
The middle column describes our proposed surface-based work ow, and the right column describes our proposed ducial-based work ow. This gure is an
updated version of our previous proposed work ow shown in Figure 7 of [32]

probe for single-operator feature acquisition, work ows foskin is traced by a probe located on the effector of an AACMM
bedside navigation of EVD placement, software with 3[@&nd geometrically mapped to the patient's pre-surgical imaging
visualization for procedural guidance through the work owsn 3D (Figure 2, middle). The second is a ducial-based
and an evaluation of end-to-end system accuracy through therk ow, in which several ducials are implanted into the
entire registration and EVD placement work ow. skull before acquiring the preoperative medical image, and
these ducials are collected in a speci ed order by the probe

I1l. A PPROACH ANDMETHODS and used to perform registration to preoperative imaging
Our navigation system consists of tem, an AACMM  (Figure 2, right).

built from the components in Table |, and th&pp that .
walks the surgeon through the setting up the procedure, usﬁ‘rgArm Hardware Design and Assembly
the AACMM, and performing the surgery. The visualization The Armis an AACMM with an approximately spherical
software can be run on any standard PC or Android tablet aw@rkspace roughly 28 centimeters in diameter, which inter-
displays real-time 3D navigation feedback on a monitor withigects about 50% of the volume of the average human skull
view of the surgical eld. when mounted, providing suf cient reach to perform surface-
based registration by touching facial features. The device is
constructed from inexpensive components including rotary en-
In freehand EVD placement, a neurosurgeon starts by ideroders, a Raspberry Pi, lithium-ion batteries, 3D printed parts,
tifying the trajectory needed to insert a drain from Kocherand machined aluminum. The bill of materials for this proto-
point to the frontal horn of the lateral ventricle on preoperatiigpe costs under $2,500, which primarily consists of custom
imaging [1]. Kocher's point is marked 10-11 cm posteriomachining costs. When assembled, #ten weighs 348 g. Five
and 3 cm lateral to the nasion [41], and the patient's hedidks and four rotary joints provide the catheter with four DOF,
is then held by supporting personnel or secured to the bé&do translational and two rotational, which constrains motion
The surgical procedure then commences, following the stefpsthe same DOF available to a user performing freehand EVD
outlined in Figure 2, left. placement (Figure 1C). Rotary encoders are used to capture
We propose two similar surgical navigation work ows forjoint angles using the Raspberry Pi's serial peripheral inter-
navigated bedside EVD placement with our system. The rstface (SPI) bus. The program relays 14-bit encoder positions
a surface-based work ow, in which the surface of the patientsver a wireless TCP/IP socket at between 250 and 280 Hz,

A. Surgical work ows



Fig. 3. Block diagram for our neurosurgical navigation system. Atra encodes the position of each joint with four capacitive rotary encoders and relays
this information across a wireless channel. A laptop or tablet running the visualization environment processes the encoded position of each link and calculates

the effector location, allowing for navigation of the effector relative to the skull bolt.

enabling real-time position acquisition and visualization of the
kinematic structure. We use forward kinematics to update the

TABLE |
MATERIALS USED

model position and navigation aids in real-time in the virtual Component

Part Used

environment based on encoder positions.
Laptop

We designed the skull bolt with an inner bore of 9mm, L.
external M12x1.75 thread with a 2 mm chamfer at the bottom si.;ocontroller
edge to tap and rigidly x into bone. The inner bore allows gncoders (xa)
14.2 of drain angulation offset from the axis of the bolt. The Registration Probe
effector mount is designed with a 3.4 mm bore to rigidly mount \jjtage Booster
a Codman Bacteriseal EVD to the effector with friction when gattery
a stylet is inserted. The drain will slip from the effector mount | ks
when the stylet is removed due to a drop in friction between skuil Bolt
the outer surface of the EVD and the wall of the bore. Case and Clips

The registration probe consists of a ball-plunger switch Miscellaneous

Dell XPS 13 9343 with Intel i5-5200U
Zonko D106 with Android 14.0
Raspberry Pl Zero 2 W

CUI AMT 222B-V

Misumi BP5SMWA ball switch

Adafruit PowerBoost 500c

2200 mAh lithium ion

Machined 6063 aluminum

Machined stainless steel

20g FDM 3D printed plastic

Zip ties, 30 AWG cable, M2.5 bolts & nuts

located axially on the effector of the system. The switch is )
depressed on the face or ducials to collect features durifg APP Design

registration. The ball rolls smoothly along a surface, prevent-The Appprovides a user interface for simulated visualization
ing it from snagging on the skin or hair, and it can interfacend navigation throughout the medical image segmentation
with divots of a smaller diameter than the ball. Divots, suclith the Arm. Our implementation runs on a laptop (Dell XPS
as the circular hole in a Waypoint Fiducial in the Star x13 running Ubuntu 22.04 with 8 GB of RAM and an Intel Core
skull reference frame system [42], can be localized precise§5200U processor) or a tablet (Zonko D106 8-core running
by activating the switch when the ball is interfaced with thendroid 14.0). Figure 3 illustrates the communication protocol
hole. The probe exhibits 0.3mm of depth travel before itsetween theArm and theApp.

internal switch is activated. When the switch is activated, the 1) User Interface: The App user interface instructs the
App computes the Cartesian position of the center of the baler through non-sterile setup and a sterile procedure. The
relative to the base of thérm. These points are used inpgn-sterile setup includes 1) loading relevant patient anatomy
our registration processes to map #en base frame to the jnto the App, and 2) powering up and connecting tAem.

imaging frame.

Patient imaging is initially loaded into th&pp requiring a 3D

All interfacing surfaces and lengths of the machined parsggmentation of the surface of the skin and the EVD placement

are designed with a tolerance of 0.0 5mm. Forward kinematiegget (i.e., lateral ventricle). Automated segmentation methods
are calculated using the CAD model link lengths. The encodds these features exist for CT and MRI imaging modalities

are daisy-chained and connected to one Raspberry Pi SPI A8 44]. To obtain a skin surface segmentation mesh of a
with the registration probe connected to a digital /0 pin. £T scan, 3D Slicer [45] is used to add all voxels with an

second 1/O pin is wired to a header from which the testingtensity greater than -160 Houns eld units to a segmentation,
probe can be connected and disconnected during operatithre. largest connected component is identi ed and isolated, and
All components used for the hardware are detailed in Tablethe ying edges algorithm is used to obtain a surface mesh



[46]. For phantom evaluation, we skip the imaging step arftlgorithm 1 General Iterative Closest Points (ICP)

instead load the CAD models used to construct the phantoms: Initialize transformationTo = | (identity matrix)
The user interface then guides the user through the sterilz Set a convergence threshold

procedure, in which the user performs 1) surgical preparatiof: Set a maximum number of iteratiomsax_iterations

including creating the burr hole at Kocher's point, 2) attaching4: Set iteration count = 0

the Armto the burr hole, 3) feature acquisition and registration5: while not convergedind i < max _iterations do

4) guidance and successful placement of the EVD, and 5:
removal of the Arm and surgical closure [32]. If surface 7:
registration is selected, a heatmap of reachable surface regio#is
for surface-based registration is provided in A&gpduring the
feature acquisition step. If ducial registration is selected, the,.
App will illuminate the current ducials to be collected in
order.

PO T, P fapply transformation to source poigts
Update correspondences with Algorithm 2 or 3
Compute the optimal transformatiaiiR;t) using the

method described by Arun, et al. [47]
Update the transformatiom .+, 3 tl T

Check for convergence:

2) Registration MethodsWe implemented three registra- 1% if KTisa  Tik< then
tion methods: ducial registration [47], point cloud to point 12 Converged True
cloud iterative closest point (PC2PC ICP) [48, 49], and ou®  end if
own point cloud to surface iterative closest point method® ! '_+1
(PC2SDF ICP). 15: end while

Before registration, two feature sets must be acquired: opg "etumn Ti

from the patient's medical image, and one from the system's
measurements. Both of these feature sets must correspond
to overlapping regions of the patient for registration to bg0 seconds. Next, our ICP determines corresponding closest
successful. The medical image feature set is acquired diffgsints between the sourd®, representing the surface point
ently for our three registration formulations, and the operatefoud traced by the registration probe, and tarQetrepre-
utilizes the registration probe based on the selected registratigmting the sampled point cloud from the mesh, by calculating
formulation. The operator will control thérm, guiding the the point in Q closest to the poin; in P. We update
registration probe to locations based on the features th@e transformation, applying the correspondence calculation
intend to collect - surfaces or ducials. Thepp calculates to the transformed source point clolRf. We then iterate
the forward kinematics of thé\rm based on the encoderuntil reaching a convergence threshold or when the number of
measurements, updating the position of the joints inXhgs iterations has elapsed. The PC2PC registration process follows
visualization interface. The position of the point located at thie central row of Figure 4.
center of the registration probe ball is computed relative to
the position qf the base of thgrm Whgnever the probe is_AIgorithm 2 PC2PC Correspondence Function
depressed using the forward kinematic model. These pmﬁs Ut Transformed sourc®® =
collected by the registration probe ball are added to a point™_*
cloud, which acts as the second feature set in the registration
methods. These points are then matched to target points frorln
the medical image feature set along the normal direction b%:
the radius of the ball. :
Because ducials are collected in a specied order, the
ducial registration method involves the calculation of a least-
squares tting between two point sets of known correspon-
dences. We implement the classical SVD approach devised byn PC2SDF ICP, we use the same point collection proce-
Arun, et al. [47] to solve the ducial registration problem. Thedures as in PC2PC ICP, however, we implement a specialized
ducial registration process follows the top row of Figure 4.ICP approach using the surface mesh in place of the ICP
For PC2PC ICP, we rst convert a mesh of the surfaceethod for 3D shapes as described by Besl et. al [48]. The
of the head into a point cloud using Poisson disk samplingurface mesh of the patient anatomy is converted to a signed
dispersing points relatively uniformly with a spacing of apeistance eld, and the closest points on the surface of the mesh
proximately 1-2 mm [50]. The surgeon will rst collect threeare queried relative to each of the points in the traced point
prede ned points representing the tip of the nose, the nasiaigud. We then apply least-squares tting between the queried
and the midpoint of the left brow based on relative positiorend traced point clouds. On each iteration, the closest points
in the CT scan, then our ducial registration approach ibetween the signed distance eld and the traced point cloud
utilized to nd a coarse initial guess of the registration. Thare resampled, and the tting is repeated until the registration
coarse guess prevents ICP from becoming trapped in loeator drops below a threshold or a number of iterations has
minima. Then, the surgeon traces the surface of the patiemlapsed. The PC2SDF registration process follows the bottom
head with the registration probe, which takes approximatelgw of Figure 4.

for each pointp? 2 P°do
Find closest point 2 Q
Associatep? with g

4. end for

5: return Associations




Fig. 4. Registration procedures. Both procedures start by attachingrthéo the patient's skull. In ducial-based registration, the ducials are collected in a

speci ed order, then thédppis updated to visualize th&rm registered and overlaid on the medical image. In surface-based registration, a coarse ducial-based
registration is performed to create an initial alignment, then the surface is traced to act as a surface to t. Then a choice of point-cloud or signed distance eld
is used as a representation of the medical image surface target, and an iterative registration is performed. After registration, ray tracing is used to illuminate
the target anatomy (ventricles) in green when the effector's z-axis is aligned with the target.

Algorithm 3 PC2SDF Correspondence Function accuracy of the registration.
Input: Transformed sourcd® = fpi;p2;:::;png, Target The heatmap is calculated after coarse alignment. First,
signed distance functioh we compute the the surface normal vectors at all vertices
1: for each pointp® 2 P%do of the skin surface segmentation mesh. Next, we identify the
2:  Find the pointg on the surface de ned by closest to approximateArm mounting pointA on the skull near Kocher's
p° by minimizing the distancé (g ) point, and we produce a second poidt shifted one unit
3. Associatep? with g along the surface normal to approximate the rotational axis
4: end for through the skull bolt. Next, we determine the optimal angle of
5. return Associations incidence between the probe and each surface point. Because

the links of theArm distal to the bolt create a co-planar three-
bar linkage, the probe workspace can be imagined as a subset

o ) of a plane that can rotate the identi ed axis. For each pXint
3) Surface accessibility heatmap generatiobue to the n the mesh, we calculate a plane that passes thréugh,

Arm's 4DOF constraint, the registration probe cannot reach @lhdx , and the absolute angle between the nomnatX and
points on the head and/or align perpendicularly to the skin syfe plane is calculated. We also identify whetheties within
face. Accessible regions may differ somewhat between patiefig system's workspace via straightforward inverse kinematics

that range in morphology and pathology. So, to indicate thigculated in the plane. The reachability and depression angle
to the operator, a visual heatmap is used to visually indicajge color-coded as shown in Figure 5.

where the registration probe interfaces appropriately or poorly
at a selected point on the surface of the skull. The operator IV. EXPERIMENTAL DESIGN AND RESULTS

may choose to visualize this display during the registration Our experiments evaluate four aspects of the system: bolt
procedure after coarse registration. Points that are outsideeftion rigidity, kinematic accuracy, end-to-end (kinematic,
the Arm's workspace are highlighted in teal, and those that aregistration, and placement) accuracy, b work ow us-

at an angle too great to interface with the registration prolagility in phantom user studies and ex-vivo ovine experiments.
are black. For regions of the surface in which the registration

probe can be activated with an incident angle of i@ A Skull Bolt Fixation

less, the surface of the model is colored green with greaterTo evaluate the quality of the bolt's xation to the skull, we
intensity as the angle approaches, Ondicating good-to- created a loading apparatus (Figure 6) to apply a maximum of
excellent interfacing between the surface and the registrati®®.0 kg force at approximately 045, or 90 offset from
probe. The operator is instructed to take care to sample broatilg axis of the skull bolt. The load with this apparatus is
across the entire region of reachable locations to improve thgplied approximately 2.0cm from the surface of the skull,
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