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Seeing Is Believing: Photon Counting Computed
Tomography Clearly Images Directional Deep
Brain Stimulation Lead Segments and Markers
After Implantation
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ABSTRACT
Background and Objectives: Directional deep brain stimulation (DBS) electrodes are increasingly used, but conventional
computed tomography (CT) is unable to directly image segmented contacts owing to physics-based resolution constraints.
Postoperative electrode segment orientation assessment is necessary because of the possibility of significant deviation during or
immediately after insertion. Photon-counting detector (PCD) CT is a relatively novel technology that enables high resolution
imaging while addressing several limitations intrinsic to CT. We show how PCD CT can enable clear in vivo imaging of DBS
electrodes, including segmented contacts and markers for all major lead manufacturers.

Materials and Methods:We describe postoperative imaging and reconstruction protocols we have developed to enable optimal
lead visualization. PCD CT images were obtained of directional leads from the three major manufacturers and fused with pre-
operative 3T magnetic resonance imaging (MRI). Radiation dosimetry also was evaluated and compared with conventional
imaging controls. Orientation estimates from directly imaged leads were compared with validated software-based reconstruc-
tions (derived from standard CT imaging artifact analysis) to quantify congruence in alignment and directional orientation.

Results: High-fidelity images were obtained for 15 patients, clearly indicating the segmented contacts and directional markers
both on CT alone and when fused to MRI. Our routine imaging protocol is described. Ionizing radiation doses were significantly
lower than with conventional CT. For most leads, the directly imaged lead orientations and depths corresponded closely to those
predicted by CT artifact-based reconstructions. However, unlike direct imaging, the software reconstructions were susceptible to
180◦ error in orientation assessment.

Conclusions: High-resolution photon-counting CT can very clearly image segmented DBS electrode contacts and directional
markers and unambiguously determine lead orientation, with lower radiation than in conventional imaging. This obviates the
need for further imaging and may facilitate anatomically tailored directional programming.
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INTRODUCTION

Directional deep brain stimulation (DBS) leads have been rapidly
adopted and are in widespread use worldwide. Their principal
benefit is the improvement offered in therapeutic window through
customization of the electrical field shape, for which class I evi-
dence now exists.1,2 There also may be a reduction in energy
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consumption3 with a commensurate increase in implanted pulse
generator (IPG) longevity.4

The price paid for this flexibility is a substantial increase in pro-
gramming complexity. With the current de facto standard 1-3-3-1
configuration (comprising two levels of three-segment contacts
sandwiched between two complete ring electrodes), it is
estimated that programming time may be tripled compared with
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nondirectional leads.5,6 An accurate postoperative estimation of
lead orientation is essential to efficient setup, given this often shifts
periinsertion3,7,8 but remains stable thereafter.9

The limited resolution of current computed tomography (CT)
scanners has prevented direct imaging of lead segments. Various
approaches to orientation detection have been adopted, including
two-plane fluoroscopy, rotational fluoroscopy, and methods based
on analysis of CT artifact.10–12

The first production CT scanner was installed at Atkinson Morley
hospital, London, UK, over 50 years ago. There have since been
several major advances, including spiral CT, multislice CT, and dual
energy CT. However, the fundamental detector technology has
remained similar. In a conventional CT detector (Fig. 1a), x-ray
photons that have passed through the patient enter a scintillator,
typically a layer of gadolinium oxysulphide or thallium-doped
caesium iodide. Within this material, the x-rays cause release of
visible photons. Some of these continue to a photodiode layer
underneath the scintillator, where they cause a current to flow,
known as the photocurrent. The photocurrent from each element
of the photodiode array forms the information from which the
image is computed. This is an analog device: The current from each
photodiode reflects the total x-ray energy incident on the area of
scintillator above it.
The image quality and resolution of conventional CT are limited

by several factors. The photocurrent is small, and there is an elec-
trical noise current added to the signal coming from each photo-
diode, which degrades image quality. Increasing the x-ray dose
increases the photocurrent level and thus signal to noise ratio (SNR)
but is clearly undesirable from a safety point of view. Resolution is
limited partly by similar considerations—reducing the size of each
photodiode in the array would reduce the photocurrent coming
from each element,13 necessitating an increase in dose to maintain
SNR. Furthermore, the visible photons produced in the scintillator
are scattered in many directions, and to prevent resolution being
degraded owing to their lateral spread, the photodiode array must
contain septa. These occupy space, which also limits resolution.
Figure 1. Schematic depiction of differences between conventional and photon co
photons are converted to visible photons in a scintillator layer, followed by conv
elements. Note the added noise current (present even in the absence of any incide
travel of visible photons. b. This panel shows a PCD in which there is no scintillator: X
by an applied HT field. Note the individual output pulses produced by each x-ray
detector. CsI, caesium iodide; GOS, gadolinium oxysulphide; HT, high tension. [Colo
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Photon counting detectors (PCDs) (Fig. 1b) dispense with the
scintillator; x-rays instead pass into a semiconductor (cadmium
telluride), where they cause release of electrons. These electrons are
swept in one direction by an applied electric field to a pixelated
anode, and septa are not needed. Each burst of electrons released by
an x-ray photon causes a discrete current pulse from the relevant
anode segment. The pulses in each interval are counted, and the total
is the information used to form the image; this is the digital equiv-
alent of the analog photocurrent in a conventional detector.
Importantly, the size of the pulse from each absorbed x-ray photon is
large compared with the noise amplitude; thus, noise may be sub-
stantially decreased by only counting pulses that exceed a certain
threshold, and inmany applications, dosemay be reduced. Reducing
element size does not affect the current generated per photon, and
resolution may therefore be greatly increased.14,15

The highest resolution offered by PCD CT is now 0.11 mm, some
two to four times finer than that of contemporary conventional
CT.16,17 This, coupled with the low noise inherent in the system and
potential for reduced radiation dose, led us to use PCD CT routinely
for postoperative CT imaging of patients having DBS. The tech-
nology is approved for routine diagnostic use and reliably excludes
hematoma, which is one of the purposes of postoperative imaging
in DBS. The objective of this article is to illustrate the capabilities of
PCD CT in directional DBS lead imaging compared with existing
technologies, provide parameters to enable reproduction, and
evaluate the dose reduction achieved compared with our previous
standard postoperative imaging approach in patients with direc-
tional leads—namely, a conventional CT scan followed by orthog-
onal fluoroscopic views of the orientation marker.
MATERIALS AND METHODS

Fifteen patients underwent postoperative imaging after DBS
insertion. Their diagnoses, stimulation targets, and the lead models
inserted are listed in Table 1. Leads were manufactured by
unting CT detectors. a. This panel shows a conventional detector, in which x-ray
ersion of visible photons into a photocurrent in underlying photodiode array
nt x-rays) and the septa between detector elements needed to limit the lateral
-rays release electrons in the semiconductor that are swept to a pixelated anode
photon, absence of septa, and smaller pixel size than that of the conventional
r figure can be viewed at www.neuromodulationjournal.org]
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Table 1. Diagnoses, Targets, and Lead Models for Each Patient.

Patient Diagnosis Target Leads implanted

A PD STN Boston Scientific Vercise Cartesia X
B PD STN Boston Scientific Vercise Cartesia DB-2202-30
C ET VIM Abbott Infinity 6171
D PD STN Boston Scientific Vercise Cartesia DB-2202-30
E DT VIM/GPi Abbott Infinity 6170/6171
F PD STN Medtronic Sensight B33005
G PD STN Boston Scientific Vercise Cartesia DB-2202-30
H PD STN/ZI Boston Scientific Vercise Cartesia DB-2202-30
I ET VIM Abbott Infinity 6171
J PD STN Boston Scientific Vercise Cartesia DB-2202-30
K PD STN Boston Scientific Vercise Cartesia DB-2202-30
L PD GPi Boston Scientific Vercise Cartesia DB-2202-30
M PD STN Boston Scientific Vercise Cartesia DB-2202-30
N PD/MSA PPN Abbott Infinity 6171
O ET VIM Abbott Infinity 6171

DT, dystonic tremor; ET, essential tremor; GPi, globus pallidus internus; MSA, multisystem atrophy; PD, Parkinson’s disease; PPN, pedunculopontine nucleus; STN,
subthalamic nucleus; VIM, ventral intermediate nucleus; ZI, zona incerta.

PHOTON COUNTING CT IN DBS
Medtronic (Minneapolis, MI), Boston Scientific (Marlborough, MA),
and Abbott (Austin, TX). This is a retrospective case series review
containing no identifiable data, for which formal ethical approval
was not required.
Figure 2. Comparison of artifact-based and PCD CT-based lead reconstructions and
standard CT artifact analysis, overlaid onto PCD CT wire imaging. The model can be s
comparing the deviation between PCD CT directly measured orientation angles and a
corresponding closely and five of 15 deviating by close to 180◦ . c. The blue arrow rep
cross section of the lead on PCD CT wire imaging and the red construction lines a
difference in estimation using the two methods. d. PCD CT 3D wire renderings (m
structions. For the orange lead, the orientation assessments agree, but for the g
www.neuromodulationjournal.org]
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Imaging Protocol
Postoperative CT imaging was performed with a PCD CT scanner

(Siemens Naeotom Alpha Version VA50, Siemens Healthineers,
Forchheim, Germany). A standard CT brain protocol was used (scan
orientation estimates. a. Reconstruction of a Boston Cartesia 2202 lead based on
een to correspond closely to the directly imaged lead. b. Scatter plot of 15 leads
rtifact-based reconstructions. A bimodal distribution is seen with ten of 15 cases
resents artifact-based estimation of lead orientation. This was superimposed on a
dded to estimate the orientation from the image. The angle θ represents the
aximum intensity projection view), superimposed on artifact-based lead recon-
reen lead, they differ by approximately 180◦ . [Color figure can be viewed at
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Figure 3. Boston Cartesia DB-2202 to subthalamic nucleus target. A 3D rendering of a directional electrode in the left subthalamic nucleus, with corresponding axial
slices through directional marker, lower segmented, and ring contacts (all fused to preoperative axial MRI fluid-attenuated inversion recovery [FLAIR]). It can be
immediately appreciated, both from the mannequin and the axial slice through the directional marker, that the lead is oriented posteromedially. [Color figure can be
viewed at www.neuromodulationjournal.org]
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mode: routine spiral adult head quantum plus Xcare; tube voltage:
120 kV; effective mAs 311; acquisition 96 × 0.4 mm volume CT dose
index (CTDIvol): 55.7; pitch: 0.35; rotation time (seconds) 0.5;
reconstruction slice thickness: 0.6 mm; slice increment: 0.4 mm;
reconstruction kernel: HR44; quantum iterative reconstruction [QIR]
strength: 3; matrix size: 512 × 512), with high-resolution imaging
covering the region from the lead tip to just above the orientation
marker (scan mode: routine spiral adult head high-resolution ultra
quantum plus; tube voltage: 120 kV; detector collimation: 120 × 0.2
mm; image quality level: 150; CTDIvol: 23.2; pitch: 1 (adapted);
rotation time (seconds) 1; reconstruction slice thickness: 0.2 mm;
slice increment: 0.1 mm; reconstruction kernel: HR98 (adapted for
wire tip visualization); QIR strength: 3; matrix size: 1024 × 1024).
The CT images were fused with preoperative 3T magnetic reso-

nance imaging (MRI) scans on a DBS planning workstation (Neu-
roInspire, Renishaw, Gloucester, UK).

Dose Comparison
X-ray dose information was collected for all 15 patients. For

comparison, radiation dosages from both conventional CT imaging
and fluoroscopy for lead orientation were extracted from imaging
records for 15 consecutive patients imaged before the introduction
of PCD CT.18

Dosage data were tested for normality of distribution using the
Shapiro-Wilk test. Normally distributed data were compared using
unpaired t-tests.
www.neuromodulationjournal.org © 2023 The Authors. Published by E
International Neuromodulation Societ
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Comparison With Artifact-Based Analysis
Electrode orientation estimates using PCD CT reconstructions

were compared with estimates based on CT artifact analysis per-
formed using commercially available software (Elements, Brainlab
AG, Munich, Germany). The latter has only been phantom validated
using Boston Scientific directional leads18; hence, comparisons
were restricted to these cases (18 leads from nine cases).

The standard CT brain protocol images (0.8 mm axial recon-
struction sequences) were used for artifact-based analysis, and the
usual lead autodetection workflow steps followed. The PCD CT
high-resolution wire imaging sequences were then uploaded and
fused with the standard CT brain sequences, allowing the
computed lead reconstructions to be superimposed on the high-
resolution wire imaging (Fig. 2a). The artifact analysis software
automatically projects an arrow in the computed direction of the
lead orientation marker. For the PCD CT estimate, we used a
method similar in principle to the “iron-sights” technique that has
previously been used with rotational fluoroscopy; for example,11 on
the lead cross section, a line was drawn through the gaps between
the contact segment that is on the same side of the lead as the lead
orientation marker and the other two segments. This is shown in
Figure 2c (red lines). The orientation estimate is given by a line
perpendicular to this in the direction of the orientation marker. The
angle between the two estimates was then measured with the
software’s inbuilt angle measuring tool, with a positive angle
denoting the automated estimate being further clockwise than the
lsevier Inc. on behalf of the
y. This is an open access article
commons.org/licenses/by-nc-nd/4.0/).
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Figure 4. Multimanufacturer electrode and contact imaging. This illustration shows PCD CT 3D electrode rendering with orientating mannequin along with axial
cuts displaying ring contacts, segmented contacts, and directional orientation markers for four different leads (all coregistered with preoperative axial MRI FLAIR).
Note the Medtronic Sensight triangular directional orientation markers with axial cut indicating the vertices of two adjacent triangles. All leads show segmented
contacts in the subthalamic nucleus target, except for the Abbott leads, which are in the right ventral intermediate nucleus and left globus pallidus internus. BSC,
Boston Scientific. [Color figure can be viewed at www.neuromodulationjournal.org]
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PCD CT estimate. Finally, the automated reconstruction was
compared with the overlaid CT visualized lead and the longitudinal
(depth) discrepancy based on the electrode tip position also
measured.

RESULTS

High-quality images were obtained clearly indicating the direc-
tional contacts both on CT and when fused to MRI, as illustrated in
Figures 3 to 5.
Mean ionizing radiation dose length products (DLP) for the CT brain

and high-resolution electrode imaging were 927 mGy*cm (range
868–1007) and 110 mGy*cm (range 87.5–191) respectively. Individual
values are shown in Table 2. Dedicated wire imaging sequences thus
accounted for approximately 12% of the total radiation dose. The
mean total dose was 1037 mGy*cm. This was normally distributed
(Shapiro-Wilk test p = 0.068), with a SD of 61.2 mGy*cm.
For the patients who underwent conventional postoperative CT

and x-ray fluoroscopy, mean DLP was 1025 mGy*cm (range
876–1176) for CT and 138 mGy*cm (range 76.2–242) for fluoros-
copy. Individual values are shown in Table 3. Mean patient total
radiation dose (CT + fluoroscopy) was 1162 mGy*cm. This also was
normally distributed (Shapiro-Wilk test p = 0.98) with a SD of 87
mGy*cm and significantly higher by approximately 12% than the
equivalent mean total dose of PCD CT with wire imaging (unpaired
t-test p = 0.0001). PCD CT doses alone (ie, without wire imaging)
also were significantly lower by approximately 10% than those of
conventional CT alone (unpaired t-test p = 0.0006).
Concordance of orientation estimation, between direct mea-

surement on PCD CT and artifact-based software analysis, was
www.neuromodulationjournal.org © 2023 The Authors. Published by E
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assessable for 15 of 18 Boston Scientific leads. For the other three
leads, no automated estimation was possible owing to excessive
polar angle between lead and scanner axis (>55◦). The results of
the comparison were bimodally distributed (Fig. 2b). In ten cases,
measured deviations ranged from −3.6◦ to +3◦ with mean −0.50◦
(SD 2.59◦). In the remaining five cases, measured discrepancies
ranged from 176◦ to 181.8◦ (mean 180◦, SD 2.33◦). An example of
an approximately 180◦ discrepancy is shown in Figure 2d (lead on
left side of image). Longitudinal (depth) deviation between the tip
of the reconstructed lead against the visualized lead tip overlay
(Fig. 2a) ranged from −1 mm to 0.5 mm with a mean discrep-
ancy −0.05 mm (SD 0.40 mm).

We found that the electrode contacts across the three man-
ufacturers could be adequately appreciated with consistent
windowing and level settings on our planning station (Table 4).
We then made further adjustments to the image window level
and width to resolve the internal wiring components within the
leads, with a view to potential use for fault finding in cases of
suspected lead fracture. The window settings that were found
optimal for these are listed in Table 4. There are significant
differences in lead construction among manufacturers, which
affected the ability to resolve internal structure. In Boston Sci-
entific and Abbott leads, the wiring to each contact runs in a
separate lumen within the plastic of the lead, and this provides
sufficient separation between the wires for them to be individ-
ually resolved. The Medtronic lead is constructed differently and
contains a structure resembling a helically coiled ribbon cable.
To date, we have been unable to resolve the individual con-
ductors within this owing to their closer spacing. Imaging of the
conductors is presented in Figure 6.
lsevier Inc. on behalf of the
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Figure 5. Boston Cartesia DB-2202 with segmented subthalamic nucleus
figure. Postero-superior view: The segmented contacts and their relationship to
the STN (constructed from preoperative MRI FLAIR) can be readily appreciated
and so easily used to anatomically optimize programming parameters. [Color
figure can be viewed at www.neuromodulationjournal.org]

Table 3. Radiation Dosimetry for Conventional CT With Fluoroscopy
(DLP in mGy*cm).

Patient CT head DLP Fluoroscopy DLP Total DLP

AA 1064 76.2 1140
BB 1175.8 91.3 1267
CC 875.8 165.2 1041
DD 1056.1 128 1184
EE 1055.9 151 1207
FF 909.9 168 1078
GG 917 77 994
HH 973 197 1170
II 1127 184.4 1311
JJ 994 138.5 1133
KK 1037 131.4 1168
LL 1032 68.6 1101
MM 1045 113 1158
NN 1038 241.6 1280
OO 1071 136.4 1207
Mean 1025 138 1163

MANFIELD ET AL

562
DISCUSSION

We have shown how commercially available PCD CT can clearly
image directional DBS electrode contacts and orientation markers
across manufacturers. Mean DLP ionizing radiation doses for the CT
Table 2. PCD CT Radiation Dosimetry (DLP in mGy*cm)

Patient CT head DLP Wire imaging DLP Total DLP

A 909 87.5 997
B 1002 191 1193
C 947 98 1045
D 916 126 1042
E 943 115 1058
F 926 106 1032
G 868 116 984
H 907 90 997
I 1007 104 1111
J 892 94 986
K 988 106 1094
L 868 96 964
M 887 106 993
N 964 105 1069
O 886 108 994
Mean 927 110 1037
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International Neuromodulation Societ

under the CC BY-NC-ND license (http://creative
brain and dedicated high-resolution electrode imaging were on
average 935 and 110 mGy*cm, respectively. This approximates to
effective doses of 1.87 mSv (CT brain) and 0.22 mSv (electrode
imaging).19,20 Despite providing greater imaging detail, the com-
bined dose of both sequences is slightly lower than that of con-
ventional CT brain alone, typically approximately 2.1 to 2.3
mSv12,21,22 in the literature, and 2.05 mSv (DLP 1025 mGy*cm) in
our internal comparator cases. Three-dimensional rotational fluo-
roscopy adds another approximately 0.2 mSv or more to conven-
tional imaging11,23 as per the literature, with our comparator
group’s dose area product of 138 mGy*m2 approximating to 0.179
mSv. Overall, we found the PCD CT, including high-resolution lead
tip imaging, delivered a statistically significant 13% dose reduction
compared with our previously used combination of standard head
CT plus fluoroscopy for lead orientation determination. It is note-
worthy that this was achieved despite the PCD slice thickness being
0.4 mm, in contrast to 0.6 mm slices on conventional CT. Had the
conventional CT imaging been performed with equivalent slices,
the necessary dose would have inevitably been higher.24

Commonly used imaging techniques for directional contact
orientation evaluation all have limitations. We previously used
antero-posterior (AP) and lateral skull radiographs. These have
been estimated to have an accuracy of at best 9.5◦.11 Our experi-
ence has been that lateral views are frequently difficult to interpret
because the images of the two leads overlap, and a degree of
image obliquity is required to separate the images, meaning that
the AP and “lateral” views are not truly orthogonal; this is likely to
degrade accuracy of orientation estimation. To complicate matters
further, studies have found small differences between the orien-
tation angles of the direction marker and the segmented elec-
trodes—attributed to deviations within the tolerances of the
Table 4. Typical Windowing Settings for Electrode Contact and Internal
Wiring Component Visualization.

Object of interest Level Width

Electrode contact 40000 70000
Internal Wiring 35000 70000

lsevier Inc. on behalf of the
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Figure 6. Electrode wire imaging. a. Medtronic Sensight B33005. b. and c.
Boston Cartesia DB-2202-30 (panel c is a cross section of the lead). d. Abbott
Infinity 6170/6171. Although the Medtronic lead has a construction resembling
a spirally wound ribbon cable, in the Abbott and Boston Scientific leads, the
individual wires are well separated and can be resolved individually.
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handmade lead assembly process.10,12,25 The iron sights tech-
nique11,12 is a more accurate method by which rotational fluoros-
copy is used to find an angle where a radiolucent gap is visualized
in a segmented electrode, owing to the alignment of a line con-
necting two of the gaps between electrode segments with the x-
ray beam. Nevertheless, to fully delineate directional electrode
orientation requires three angles: not just rotation about the lead
axis but also two tilt angles.12,26

Algorithms have been developed to extract electrode orientation
information from CT images on the basis of analysis of streak
artifact.10,18 These require a polar angle between the lead and the
scanner axis of <40◦ to 55◦ to ensure sufficient artifact for analysis,
and they may still miscalculate by 180◦ owing to artifactual sym-
metry18,27—thus needing additional confirmatory imaging (for
instance, with AP and lateral radiographs) to disambiguate the two
possible solutions. Our findings are consistent with these previously
described limitations of artifact-based reconstructive algorithms: Of
18 electrodes, three were not assessable by the automated soft-
ware owing to insufficient angle between lead and scanner axis,
and for five leads, the artifact-based estimate was approximately
180◦ in error. For the remaining ten leads, agreement was very
close between direct CT imaging and artifact-based estimation, for
both orientation and depth. Although software refinement is
ongoing, reconstructive validation is restricted to specific pro-
prietary electrode brands on certain CT scanners, and the tech-
niques are accordingly not yet universally generalizable.10,18

Direct visualization as shown here enables unambiguous deter-
mination of the precise electrode-contact orientation regarding to
the functional environment to facilitate tailored directional steer-
ing. Postoperative CT imaging is already routinely obtained in many
DBS centers for both target accuracy confirmation and hematoma
exclusion.10 By streamlining our workflow to obtain a single
www.neuromodulationjournal.org © 2023 The Authors. Published by E
International Neuromodulation Societ
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postoperative PCD CT, we have obviated the need for radiographs
and facilitated anatomically guided programming from the outset.
The programming clinician can easily generate a hypothesis as to
the most promising contacts on the basis of a simple fusion and
direct visualization, without recourse to more involved recon-
structions with uncertainties remaining regarding their accuracy.

At present, many units only attempt directional programming if
issues are encountered after a conventional omnidirectional
monopolar-review programming trial delivered to the entire ring.3,5

The challenges of ascertaining exact contact orientation and the
labor-intensiveness of a trial-and-error programming strategy can
lead to an understandable reticence to explore directionality first
line. This may mean that the full potential benefits of directionality
concerning optimized therapeutic window, patient, and clinical
preference and IPG longevity remain incompletely exploited.
Imaging-guided anatomically based programming has been shown
to significantly reduce programming time, by 56% in one recent
study,6 and future studies could address whether such an approach
combined with photon-counting CT imaging may yield further
benefit.

An unexpected benefit of the high-resolution imaging was the
ability in some cases to resolve internal lead structure, specifically
the wiring leading to each contact. Applying high-resolution
imaging to the extracranial part of the lead under the scalp may
prove useful in situations of suspected lead fracture, for example,
after a blow to the scalp, particularly those in which some but not
all impedances are high so that a visible macroscopic fracture
might not be expected on plain x-ray.

PCD-equipped CT scanners are not yet commonplace, and not all
DBS centers will have access to them at present. PCDs unfortu-
nately cannot be retrofitted to existing machines. However, this
technology is showing benefits in a wide range of clinical settings
owing to improved imaging quality, absence of noise, and
decreased radiation and contrast agent doses. Food and Drug
Administration clearance was obtained in September 2021. At the
time of writing, there are published articles referencing PCD CT
from 15 countries in Europe, North America, and Australasia.
Promising applications include breast and cardiovascular imaging
in which small vessel examinations are presently hampered by
limited spatial resolution14; for instance, in PCD CT coronary arte-
riography, arterial plaques can be unambiguously distinguished
from luminal contrast.15 Thus, although access to PCD CT is limited
for now, it is sure to increase rapidly, and we envisage that this kind
of direct electrode visualization will become routine in the next few
years. More work is needed in future to assess the influence of the
method on clinical outcomes.

CONCLUSIONS

We show in the present study that photon-counting CT can
readily image DBS electrode directional segmentation for all major
commercially available systems while reducing radiation exposure
compared with conventional imaging. This obviates the need for
more complex and labor-intensive techniques to assess directional
orientation, which are themselves not without limitations.
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COMMENT

The authors of this study offer an excellent solution to determina-
tion of the “directionality” of the recently introduced directional DBS
leads. Using a novel imaging modality—the PCD CT—they were able
to “see” the separation between directional DBS electrode contacts
and the exact position of the directional marker, and therefore
establish the three-dimensional direction of the split electrodes.
Looking at the illustrations of the article, the difference in image res-
olution is quite obvious, and the next question would be whether
such imaging is readily available worldwide (or at least in neurosurgical
centers that specialize in DBS surgery). After reading this article, I will
be inquiring from my radiology colleagues whether PCD CT is avail-
able in our city so we can use it in our patients for postoperative
verification and subsequent troubleshooting. However, despite the
inevitable enthusiasm, PCD CT is still a radiologic x-ray–based test that
requires special equipment and exposes patients to ionizing radiation,
whereas ideally, this verification should be performed through a
completely safe evaluation, preferably with a portable device. An
analogy with programmable shunts comes to mind: In the beginning,
radiographs were the only way to check the shunt setting, but now,
the settings are tested with a compass-like contraption or an elec-
tromagnetic “reader.” I am therefore optimistic that soon, there will be
a different way to check the electrode type, depth, and direction, and
that the ingenious spirit of the DBS community will not rest until such
a way is developed.

Konstantin Slavin, MD
Chicago, IL, USA
lsevier Inc. on behalf of the
y. This is an open access article
commons.org/licenses/by-nc-nd/4.0/).
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