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Abstract 1 
Background: Deep brain stimulation (DBS) is an established therapy for Parkinson’s disease (PD), 2 
dependent on precise electrode placement relative to intended anatomical and functional targets. 3 
Post-operative imaging, primarily magnetic resonance imaging (MRI) and computed tomography 4 
(CT), is essential for verifying lead position, assessing surgical accuracy, and guiding stimulation 5 
programming. 6 
Summary: Most centers perform imaging within the first week after surgery, typically using CT or 7 
MRI–CT fusion to confirm electrode location and detect complications. CT offers submillimeter 8 
resolution (slice thickness 0.5-1.25 mm; voxel ~0.5 mm) for clear electrode visualization, while MRI 9 
(particularly T1-MPRAGE, T2-FLAIR, and GRE sequences) provides superior anatomical contrast and 10 
artifact characterization.  11 
Key Messages: Registration between pre- and post-operative scans remains the predominant 12 
localization technique, though automated pipelines such as Lead-DBS, Brainlab Elements™, 13 
SureTune4™ now achieve consistent precision within ±0.5–1.5 mm across platforms. This review 14 
summarizes current post-operative imaging strategies and quantitative localization techniques in DBS 15 
for PD. It discusses the advantages and limitations of each modality and outlines future directions in 16 
automation, multimodal integration, and personalized imaging pipelines for improving the accuracy, 17 
reproducibility, and clinical utility of post-operative DBS assessment.  18 
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Introduction 19 
Deep brain stimulation (DBS) is a surgical therapy for advanced Parkinson’s Disease (PD) that 20 
provides significant symptom relief by delivering high-frequency electrical stimulation to specific 21 
brain targets through implanted electrodes [1]. DBS electrodes typically target regions within the 22 
basal ganglia, most commonly the subthalamic nucleus (STN) or the globus pallidus internus (GPi) [2], 23 
[3], [4], [5]. A standard DBS lead consists of multiple contacts capable of monopolar or bipolar 24 
stimulation; more recent innovations include directional leads to improve targeting precision and 25 
reduce side effects [6]. One common targeting workflow includes pre-op planning, intra-op 26 
recording, and post-op imaging confirmation. A critical aspect of successful DBS therapy lies in the 27 
accuracy of electrode placement and the fine-tuning of stimulation parameters, both of which rely 28 
heavily on imaging [7]. Post-operative imaging plays an important role in confirming lead placement 29 
relative to intended targets, identifying surgical complications, and guiding individualized 30 
programming to optimize clinical benefit. 31 
Several prior reviews have examined imaging in DBS from complementary perspectives. Saleh et al. 32 
(2016) provided an early focused overview of post-operative imaging in DBS, discussing CT and MRI 33 
modalities, safety considerations, and methodological challenges, and highlighting the lack of 34 
standardization in post-operative imaging practice [8]. Since that publication, however, post-35 
operative DBS imaging has evolved substantially, with advances in acquisition protocols, higher-field 36 
MRI, improved CT resolution, and the increasing use of automated and atlas-based localization 37 
pipelines in both research and clinical workflows. Boutet et al. reviewed the broader role of 38 
neuroimaging in neuromodulation, emphasizing network-level mechanisms and functional imaging 39 
approaches rather than post-op localization pipelines [9]. Peng et al. provided a comprehensive 40 
overview of neuroimaging techniques applied across neurodegenerative and neuropsychiatric 41 
disorders but did not focus on post-operative DBS electrode localization accuracy or reproducibility 42 
[10]. Reviews by van den Munckhof et al. and Singh et al. focused primarily on surgical targeting 43 
strategies and operative techniques, with less emphasis on post-implantation imaging workflows [2], 44 
[11]. Xiao et al. offered an extensive review of image guidance in DBS surgery, largely centered on 45 
intra-operative navigation and targeting [12], while Moraes de Falcone et al. discussed imaging in the 46 
context of suboptimal DBS parameters [13]. Despite these contributions, there is a need for an 47 
updated synthesis that reflects present-day post-operative imaging practices, including modern MRI 48 
and CT acquisition protocols, multimodal fusion strategies, and software-based localization 49 
workflows now commonly used to support DBS programming and outcome interpretation in 50 
Parkinson’s disease. 51 
This review aims to clarify current standards of post-operative DBS imaging, identify sources of 52 
localization error, and discuss emerging strategies to improve reproducibility and clinical translation. 53 
In doing so, it seeks to provide a practical framework for optimizing post-operative DBS assessment 54 
and supporting more precise, personalized therapy in Parkinson’s disease. 55 
Methods 56 
A structured literature search was conducted to identify peer-reviewed studies on post-operative 57 
imaging for DBS in PD, with emphasis on lead-localization accuracy and imaging-based verification.  58 
Search Strategy and Databases 59 
Literature searches were performed in PubMed and Scopus, covering publications from January 2015 60 
to December 2025. PubMed was selected for its comprehensive coverage of biomedical and clinical 61 
neuroscience literature through MEDLINE and use of controlled vocabulary (MeSH), and Scopus was 62 
included to complement PubMed by capturing interdisciplinary and technical publications, making 63 
both well suited for identifying clinically relevant DBS and neuroimaging studies, computational 64 
pipelines, as well as engineering-focused DBS research that may not be indexed in MEDLINE. 65 
Search terms were combined using Boolean operators and included variations of: (“Parkinson 66 
Disease” OR “Parkinson’s Disease”) AND (“Deep Brain Stimulation” OR DBS) AND (postoperative OR 67 
post-operative OR post-surgical) AND (imaging OR MRI OR magnetic resonance imaging OR CT OR 68 
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computed tomography OR DTI OR diffusion OR tractography OR neuroimaging) AND (localization OR 69 
localisation OR registration OR fusion OR lead placement OR electrode position OR trajectory OR 70 
accuracy OR reconstruction). Representative search queries results for each database are provided in 71 
the Supplementary Material.  72 
The search timeframe was restricted to the past 10 years to reflect contemporary DBS practice, as 73 
advances in imaging resolution, lead design, multimodal fusion, and automated localization software 74 
have altered or improved post-operative workflows. Thus, this review aims to synthesize current and 75 
clinically relevant approaches. 76 
Eligibility Criteria 77 
Eligibility criteria (listed in Table 1) were defined a priori to ensure methodological rigor and 78 
relevance to post-operative imaging-based DBS localization in Parkinson’s disease. Reference lists of 79 
relevant review articles and key primary studies were manually screened to identify additional 80 
eligible publications. 81 
Study Selection and Screening 82 
This review addresses the following question: In patients with Parkinson’s disease undergoing DBS, 83 
how do different post-operative imaging modalities and localization pipelines (MRI, CT, and fusion-84 
based approaches) compare in terms of electrode localization accuracy, reproducibility, and clinical 85 
utility? The population of interest comprises PD patients implanted with DBS electrodes. The 86 
interventions include post-operative imaging and localization approaches together with quantitative 87 
and automated pipelines. Comparisons are made across imaging modalities, fusion strategies, and 88 
localization methods. Outcomes of interest include localization accuracy and precision, robustness 89 
across platforms, and relevance for programming, complication detection, and interpretation of 90 
clinical response.  91 
Database searches identified 330 records. After removal of 59 duplicates, 271 records underwent 92 
title screening. Abstract screening resulted in exclusion studies focused on perioperative 93 
complications (pneumocephalus, edema, hemorrhage, anesthesia comparisons; n=22), MER 94 
physiology or surgical positioning alone (n=14), cognitive or radiomic delirium studies and ablative 95 
procedures (n=20), and non-imaging clinical outcomes such as gait, psychiatric symptoms, or quality 96 
of life (n=14). This process yielded 201 records for full-text assessment. Of these, 1 article was 97 
excluded due to language, and 129 were excluded for lack of relevance to post-operative imaging 98 
localization or programming. A final set of 71 studies was included for qualitative synthesis. 99 
Due to substantial heterogeneity in imaging protocols, analytical methods, and outcome reporting, a 100 
meta-analysis was not feasible. Instead, findings were synthesized narratively. Included studies were 101 
categorized into six thematic groups: review articles (n = 7), localization accuracy studies (n = 23), 102 
software and pipeline development (n = 14), diffusion imaging and connectomics (n = 11), imaging 103 
modality-focused studies (n = 11), and programming optimization studies (n = 5). The study selection 104 
process (using the PRISMA 2020 guidelines [14]) and thematic distribution are summarized in Fig. 1. a 105 
and Fig. 1. b, respectively. 106 
Imaging Modalities in Post-Operative DBS Assessment 107 
In addition to standard post-operative diagnostic computed tomography (CT) to rule out 108 
hemorrhage, imaging practices have now expanded to include thin cut CT after DBS surgery to 109 
confirm lead placement [15]. Nowadays, practices used vary from CT-only approaches to immediate 110 
magnetic resonance imaging (MRI), or combined modalities with image fusion (MRI and CT) [16]. The 111 
main modalities employed after DBS surgery to visualize electrode location and brain anatomy 112 
include MRI, CT, and MRI–CT fusion.  113 
Magnetic Resonance Imaging (MRI) 114 
Magnetic resonance imaging (MRI) visualizes internal brain structures by detecting the magnetic 115 
properties of hydrogen nuclei in water and fat, producing high-contrast, three-dimensional images 116 
that are ideal for assessing deep brain targets after DBS surgery [17]. MRI is considered the gold 117 
standard for anatomical localization of DBS leads as its excellent soft tissue contrast allows direct 118 
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visualization of targets like the STN or GPi and surrounding anatomy, which is used for confirming 119 
that electrodes are correctly positioned [18], [19], [20]. MRI can reveal the artifact of the DBS lead 120 
within the brain, as well as any edema or micro hemorrhages induced by surgery [21], [22]. 121 
Specialized MRI sequences can improve the visualization of both the electrode and target. For 122 
example, Li et al. (2021) recommend a protocol combining 3D T1-weighted MRI (MPRAGE), T2 spin-123 
echo, and multi-echo gradient echo (GRE) to map the brain and the implanted electrodes, noting this 124 
provided excellent pre- and post-operative visualization of the brain targets and electrodes [23]. T1-125 
weighted and T2-weighted images offer complementary information: T1 images suffer less geometric 126 
distortion from the hardware, whereas T2 images (especially T2*-weighted GRE) highlight iron-rich 127 
nuclei like the STN with better contrast [24]. Newer MRI methods, such as susceptibility-weighted 128 
imaging (SWI), further improve visualization of deep brain targets (the STN is more visible on SWI) 129 
but may not be ideal for seeing the electrode contacts due to blooming artifact [25], [26], [27]. Fluid-130 
attenuated inversion recovery (FLAIR) can enhance visualization of the subthalamic nucleus 131 
compared with T2 sequences [28], and is useful for detecting perielectrode edema post-operatively. 132 
However, its geometric distortion and blurred artifacts limit accuracy for electrode localization [29]. 133 
Previously, the major consideration was safety because of MRI-related heating risks. Modern studies, 134 
however, have shown that MRI at 1.5T or 3T can be performed safely in patients with implanted DBS 135 
systems if strict protocols, such as limiting specific absorption rate, proper device settings, etc., are 136 
followed [30], [31]. Notably, Nuzov et al. (2023) demonstrated in a phantom study that the MR 137 
artifact can mislead localization, the actual DBS lead tip was consistently a few millimeters beyond 138 
the artifact’s tip on MRI, with the gap varying by sequence and orientation (up to 4.99 mm) [32]. 139 
Additionally, MRI lacks the capability to provide orientation information about the directional lead 140 
[33]. Nevertheless, MRI is a powerful tool for post-operative DBS evaluation, but it must be used with 141 
techniques to mitigate artifact and under safe scanning practices. 142 
Computed Tomography (CT) 143 
CT imaging is widely used in the immediate post-operative period for DBS lead localization and 144 
complication screening [8]. CT has several advantages: it has minimal geometric distortion, even in 145 
the presence of the metal electrode, and shows the lead as a bright hyperdense object that can be 146 
readily identified in stereotactic space. This makes CT highly reliable for determining electrode 147 
coordinates. In fact, a prospective study by Kremer et al. (2019) found that intraoperative CT was 148 
non-inferior to MRI for determining DBS lead tip location, with an average difference of 1 mm 149 
between CT and MRI measurements of lead position [34]. CT is fast (a head CT takes only minutes) 150 
and avoids any MRI-related risks, making it suitable for patients who cannot undergo MRI due to 151 
device or medical constraints.  152 
However, its lack of soft-tissue contrast means the brain target (e.g. STN) is not directly shown on CT. 153 
In addition, metallic DBS leads can generate streak artifacts caused by proton starvation and beam 154 
hardening, which may degrade image quality and obscure surrounding structures. Artifact-reduction 155 
techniques such as the single-energy metal artifact reduction (SEMAR) algorithm have been shown to 156 
reduce these streaks and improve visualization [35]. CT also involves ionizing radiation exposure, 157 
though a single head CT is a relatively low dose at around 2 millisievert [36], [37]. Another drawback 158 
is that CT is less sensitive than MRI for small hemorrhages or edema along the electrode track, these 159 
often appear only as subtle changes or may be missed on CT, whereas MRI can detect dozens of tiny 160 
microhemorrhages [29]. Fig. 2 shows representative MRI and CT images from example patients 161 
showing pre-op T1-weighted MRI, post-op CT, T1- and T2-weighted MRI scans.  162 
MRI–CT Fusion 163 
Post-operative CT combined with MRI enables a comprehensive view of both the electrode location 164 
and the surrounding anatomical targets such as the STN and GPi. The most common workflow 165 
involves fusing pre-operative MRI (typically T1-weighted for anatomical definition) with post-166 
operative CT [38], [39]. This fusion approach leverages the complementary strengths of both 167 
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modalities, CT’s precise depiction of hardware and MRI’s superior soft-tissue contrast, to determine 168 
the exact electrode position relative to intended targets. 169 
However, several sources of localization error must be considered. Registration inaccuracies during 170 
MRI–CT co-alignment can introduce errors of up to 1–2 mm, depending on voxel size, patient 171 
movement, and software algorithms used [40], [41]. Brain shift, caused by cerebrospinal fluid loss or 172 
postoperative edema, can further distort correspondence between pre- and post-operative datasets, 173 
and longitudinal changes may alter electrode-target relationships over time [42], [43].   174 
Quantitative Localization Pipelines 175 
Post-operative DBS localization in PD is now dominated by semi-automated quantitative pipelines 176 
that typically perform these core steps: (i) co-register post-op CT and/or MRI to pre-op MRI, (ii) 177 
reconstruct the lead trajectory and contact coordinates, (iii) quantify distance/angle to intended 178 
targets, and (iv) optionally estimate electric-field/VTA for programming.  179 
The open-source Lead-DBS suite (https://www.lead-dbs.org), widely adopted in research (and not 180 
licensed for direct clinical use), implements robust CT/MRI registration, artifact-based lead 181 
reconstruction, brain-shift correction utilities, MNI non-linear normalization, and electric 182 
field/volume of tissue activated (VTA) modeling with atlas/tract overlays  [44], [45], [46]. These 183 
features have enabled large-scale, cross-cohort analyses linking contact location to clinical outcomes 184 
and adverse effects.  In parallel, commercial platforms such as Brainlab Elements™, Medtronic 185 
SureTune™, and Boston Scientific Illumina™ provide integrated fusion, automated contact picking, 186 
and similarly VTA visualization [47]. Research-oriented frameworks such as StimVision focus on 187 
pathway-specific activation (e.g., hyperdirect or pallidothalamic tracts) to relate contact location and 188 
stimulation settings to putative network mechanisms [48]. PaCER (Post-operative CT Electrode 189 
Reconstruction) enables fully automated lead reconstruction from CT data and is particularly relevant 190 
in the presence of brain shift or subtle electrode curvature  [49]. Unlike straight-line fitting 191 
approaches, PaCER models the electrode shaft as a smooth, curved trajectory derived from the CT 192 
artifact profile. This allows reliable detection of individual contacts even when bending occurs. In 193 
head-to-head evaluations, inter-software variability is measurable but generally sub-millimetric to 194 
low-millimetric: in 105 PD patients, Lead-DBS, SureTune4™, and Brainlab Elements™ showed 195 
Euclidean distance differences for active-contact localization on the order of ~0.5-1.5 mm, with 196 
additional analyses of VTA overlap and operator repeatability [47]. Concordance between intra-op 197 
MRI and early post-op CT localizations is also high, with trajectory errors on average < 1 mm, 198 
although disagreement increases with longer durations due to migration/brain shift [50]. Across 199 
pipelines, the common workflow is: CT-MRI fusion to exploit CT’s crisp electrode depiction and MRI’s 200 
anatomical contrast; extraction of contact centroids and shaft vectors; computation of 3-D 201 
coordinates/angles relative to surgical plan and atlas space to report deviation to motor STN/GPi; 202 
and VTA simulation linked to atlases/tractography for image-guided programming [44], [46], [51]. 203 
Imaging and Localization Protocols Reported in Previous Studies 204 
The acquisition parameters and imaging protocols used across previous studies are summarized in 205 
Table 2, illustrating the diversity of MRI and CT settings adopted for accurate DBS lead localization 206 
and fusion-based analysis. Most studies acquire post-operative images within 24 hours to one week 207 
after surgery, primarily for lead verification and safety assessment. CT and MRI–CT fusion remain 208 
standard in many centers, as CT provides clear electrode visualization while MRI adds anatomical and 209 
soft-tissue context. Reported CT parameters typically include slice thicknesses of 0.5-1.25 mm and in-210 
plane resolution near 0.5 mm. For MRI, common sequences are T1-weighted MPRAGE (0.45-1 mm), 211 
T2-FLAIR, and GRE or T2* sequences for artifact mapping, with 3 T scanners increasingly preferred 212 
over 1.5 T systems for improved grey-white contrast and reduced voxel size. Based on reported 213 
localization errors and target dimensions, a practical lower bound for reliable lead localization is a CT 214 
slice thickness 1.0 mm and MRI voxel size 1.0 mm isotropic. Resolutions coarser than this approach 215 
the scale of clinically meaningful subterritorial differences within the STN or GPi, increasing 216 
uncertainty in contact-to-target assignment and subsequent programming decisions. In terms of 217 
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localization methods, rigid registration (aligning images using translation and rotation without 218 
deformation) between pre- and post-operative scans remains the most widely used approach, but 219 
automated pipelines such as Lead-DBS, Brainlab Elements™, SureTune4™, PaCER, DBSproc, and ESM-220 
CT have standardized electrode localization with typical precision between 0.5 and 1.5 mm. Emerging 221 
techniques such as ultrasound-assisted localization by Reese et al. showed comparable submillimeter 222 
accuracy (0.32 ± 0.87 mm difference compared to MRI-based results) while avoiding radiation 223 
exposure [52].  224 
Post-Operative Imaging and Localization Roles in DBS Optimization  225 
Post-operative imaging plays a pivotal role in optimizing DBS for PD by confirming lead accuracy, 226 
correlating electrode position with clinical outcomes, and detecting complications. It is crucial to 227 
accurately localize the electrode relative to its intended target, as even millimeter-scale deviations 228 
can significantly alter therapeutic benefit or side-effect thresholds.  229 
Quantitative pipelines such as those by Husch et al. (2018) integrate post-op imaging with high-field 230 
atlases to generate 3D maps and reports showing contact positions relative to subcortical nuclei, 231 
supporting early identification of misplaced leads and guiding potential re-operation or contact 232 
selection [53]. Large cohort analyses further demonstrated that spatial proximity to sensorimotor 233 
STN or posteroventral GPi is strongly associated with motor improvement, whereas off-target 234 
placement increases the likelihood of capsular or limbic side effects [54], [55], [56], [57]. 235 
Imaging findings also directly inform clinical programming and outcome interpretation. Several 236 
studies demonstrate that electrodes positioned within the dorsolateral sensorimotor STN correlate 237 
with superior improvement in PD symptoms [54], [58], [59]. Imaging-based reports or software 238 
visualizations now routinely assist clinicians during programming by highlighting which contacts lie 239 
closest to the intended territory [60]. This reduces trial-and-error during parameter adjustment and 240 
helps explain unexpected outcomes, such as limited benefit from off-target placement or stimulation 241 
near non-motor pathways. These tools are particularly valuable in complex cases involving 242 
directional leads, atypical anatomy, or mixed symptom profiles. 243 
Finally, post-operative imaging is critical for detecting surgical or stimulation-related complications 244 
[61]. Early CT or MRI can reveal haemorrhage, oedema, or pneumocephalus before symptoms 245 
develop. In a cohort of 198 patients, Succop et al. (2023) found that 6% had intracranial hematomas 246 
and over one-third showed small microhaemorrhages along the electrode tract, findings that were 247 
more frequent after multiple microelectrodes pass but largely asymptomatic [29]. Imaging also 248 
enables identification of lead migration, which occurs in up to 10% of cases and can diminish long-249 
term efficacy [62].  250 
Challenges in Imaging and Localization 251 
Despite advances in imaging technology and software, several challenges continue to limit the 252 
precision and reliability of post-operative DBS localization. Imaging artifacts remain a major concern: 253 
metallic components of the DBS lead produce susceptibility and blooming artifacts on MRI, often 254 
obscuring the true contact position, while streak artifacts can occur on CT though usually without 255 
masking the electrode tip [32]. These distortions hinder accurate lead reconstruction and can affect 256 
tractography near the electrode, as fibre tracts passing adjacent to the signal void may not be 257 
resolved [63].  258 
A growing concern in post-operative DBS imaging is not only variability in acquisition but the chain of 259 
registration errors that propagate through the localization workflow. Each computational step 260 
(coregistering post-op CT to pre-op MRI, normalizing images to atlas space, and reconstructing the 261 
lead trajectory) introduces small but cumulative errors that can collectively shift the estimated 262 
contact position within the compact STN. Lead-DBS, Brainlab Elements™, and SureTune™ use varying 263 
normalization routines and artifact models; as a result, reconstructed lead positions can diverge by 264 
up to several millimeters when applied to the same dataset. Moreover, these pipelines often rely on 265 
non-linear normalization to standard MNI space and atlas-based connectivity rather than fully 266 
individualized diffusion data, which may not perfectly capture each patient’s unique subcortical 267 
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anatomy, especially in brains affected by disease or age-related atrophy. There is currently no 268 
universally accepted ground truth for post-operative DBS localization. 269 
One potential strategy to mitigate these uncertainties is the use of physical or digital phantoms with 270 
known electrode geometries, which can provide reference standards for validating reconstruction 271 
algorithms, registration accuracy, and inter-software variability. Phantom-based benchmarking has 272 
been proposed as a means to disentangle true anatomical uncertainty from software-induced error 273 
[49], [64], but remains underutilized in routine validation of clinical and research pipelines.  274 
Another challenge is dynamic post-operative change, including intra-operative brain shift, 275 
postoperative oedema, and gradual tissue remodelling, can alter the electrode-target relationship 276 
over time [65], [66], [67]. Pneumocephalus is frequent after DBS and can be associated with 277 
measurable brain shift that perturbs electrode-target correspondence during early recovery. In 278 
staged DBS cohorts, pneumocephalus has been reported in the majority of patients (84%), with mean 279 
brain-shift on the order of ~0.8 mm, even when lead shift is smaller on average [43]. Over longer 280 
intervals, tissue healing and tethering along the extracranial course can transmit tension to the 281 
intracranial lead, contributing to delayed migration. In a large serial-CT localization cohort (138 282 
leads), >3 mm delayed migration occurred in 12.3% of leads (12.1% of patients), a magnitude that 283 
can change contact selection, therapeutic window, and side-effect thresholds [68]. 284 
In addition to meticulous surgical technique, strategies to reduce error associated with brain shift 285 
include minimizing the interval between surgery and imaging (immediately after surgery or within a 286 
day), preferential use of early intra-operative, application of brain-shift correction algorithms [42], 287 
[46], and selective use of longitudinal imaging when clinical response deviates from expectations. 288 
However, systematic guidelines on when repeat imaging is needed remain lacking. Addressing these 289 
challenges will require harmonized imaging standards, validation frameworks, and tighter integration 290 
between radiological and clinical workflows. 291 
Future Directions and Emerging Technologies 292 
Connectomic imaging and diffusion MRI 293 
Diffusion MRI and tractography now extend post-operative imaging beyond anatomy to network-294 
level analysis. By mapping white-matter tracts near the electrode, such as the hyperdirect and 295 
dentatorubrothalamic pathways, researchers can relate the volume of tissue activated (VTA) to 296 
patient-specific connectivity profiles [63], [69]. Recent large-cohort work has strengthened this 297 
approach: Rajamani et al. (2024) demonstrated that stimulation of symptom-specific white-matter 298 
tracts predicted differential improvements across PD symptoms [70], while Abe et al. (2024) showed 299 
that tractography could forecast DBS-induced network effects across patients [71]. As diffusion 300 
modelling and artifact correction continue to improve, post-operative DTI is increasingly feasible for 301 
clinical use [72]. It can serve as a verification and programming aid, identifying which fibre pathways 302 
are effectively modulated by stimulation. However, tractography-derived results remain sensitive to 303 
choices in methodology, including deterministic versus probabilistic reconstruction algorithms, user-304 
defined region-of-interest (ROI) selection, and software-specific implementations [73]. Different 305 
versions of commercial platforms support varying levels of diffusion processing, which may further 306 
contribute to inter-software variability. Future progress will depend on standardizing DTI acquisition 307 
parameters, refining distortion correction, and testing the clinical utility of integrating tractography 308 
into surgical planning and post-operative platforms [74], [75], [76]. Connectomic imaging may soon 309 
transition to a clinically actionable component of personalized DBS programming, directly linking 310 
stimulation networks to symptom-specific outcomes [77]. 311 
Image Fusion Strategies  312 
Beyond conventional CT–MRI fusion, alternative image-fusion strategies are emerging as MRI quality 313 
and artifact-mitigation techniques improve. Several studies suggest that MRI–MRI fusion, when pre- 314 
and post-operative scans are acquired with identical geometry and sequence parameters, may offer 315 
modest gains in anatomical consistency by minimizing cross-modality contrast differences and 316 
registration uncertainty [78]. This approach is particularly attractive as optimized MRI sequences and 317 
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reconstruction methods increasingly allow visualization of DBS leads despite susceptibility artifacts. 318 
However, MRI-only workflows remain constrained by residual artifact variability, safety 319 
considerations, and limited reliability in resolving directional lead orientation. In contrast, CT–CT 320 
fusion, such as alignment of early and delayed post-operative CT scans, offers high geometric fidelity 321 
and is well suited for longitudinal assessment of lead migration or rotation, where relative positional 322 
change rather than anatomical targeting is the primary objective [50], [79]. The absence of soft-323 
tissue contrast, however, limits its utility for target-based localization and programming guidance, 324 
positioning CT–CT as a complementary rather than standalone strategy. 325 
Looking ahead, ultra-high-field MRI (7T) holds promise for advancing MRI-only localization workflows 326 
by offering substantially improved spatial resolution and subcortical contrast, potentially enabling 327 
more precise visualization of DBS targets and lead–tissue relationships [80], [81]. As access to 7T 328 
systems expands and safety protocols mature, MRI-based localization may play a larger role in 329 
selected centers. Systematic benchmarking across fusion strategies will be essential to determine 330 
when these advances translate into meaningful benefits in DBS programming and outcomes. 331 
AI-assisted localization and auto-segmentation 332 
Deep-learning algorithms are being developed to automate electrode detection, segmentation, and 333 
labelling in CT/MRI, reducing operator variability and analysis time [82]. Neudorfer et al. (2023) 334 
introduced end-to-end electrode localization algorithms within Lead-DBS version 3 that provide 335 
reproducible coordinate extraction and visualization [44], while Rolland et al. (2024) demonstrated 336 
automated image-guided programming in clinical workflows [83]. An emerging direction involves 337 
combining imaging-based localization with intraoperative electrophysiology, particularly 338 
microelectrode recordings (MER), to achieve more precise mapping of lead trajectories and target 339 
boundaries. Recent developments from Bergman and colleagues using Alpha Omega systems have 340 
demonstrated the feasibility of synchronizing MER signals with imaging data, creating hybrid 341 
anatomical-functional maps that can verify electrode placement relative to physiological landmarks. 342 
Such integration could bridge the gap between structural imaging and real-time electrophysiological 343 
confirmation, supporting fully automated localization pipelines for clinical DBS applications [84]. 344 
Personalized programming 345 
Modern imaging and modelling are shifting DBS programming toward a predictive and personalized 346 
approach. By combining MRI, CT, diffusion tractography, and intraoperative data within standardized 347 
pipelines, clinicians can map electrode positions relative to patient-specific anatomical and functional 348 
targets [44], [85].  349 
Emerging AI tools now link imaging features with clinical outcomes to recommend optimal contacts 350 
and stimulation settings. For example, Rajamani et al. (2024) showed that targeting white-matter 351 
tracts specific to tremor, rigidity, or bradykinesia improves symptom relief and reduces side-effect 352 
risk [70]. In a complementary vein, the paper by Roediger et al. (2023) evaluated an imaging-based 353 
algorithm that uses patient-specific imaging data to suggest programming settings automatically 354 
[86]. The goal is a tailored programming strategy based on anatomy, connectivity, and symptom 355 
profile rather than fixed target coordinates.  356 
Conclusion 357 
Post-operative imaging remains essential for verifying electrode placement and optimizing clinical 358 
outcomes in deep brain stimulation for Parkinson’s disease. Advances in high-resolution MRI, precise 359 
CT acquisition, and multimodal fusion have improved localization accuracy to the submillimeter 360 
range. Automated pipelines such as Lead-DBS and Brainlab Elements™ have standardized analysis, 361 
while AI-driven segmentation and tractography are beginning to personalize lead assessment. Recent 362 
studies integrating post-operative imaging with clinical outcomes have shown that symptom-specific 363 
targeting and predictive algorithms can refine stimulation parameters and reduce side effects. The 364 
convergence of imaging, modelling, and automation now points toward a future of data-driven, 365 
patient-specific programming, where DBS therapy is optimized not only by anatomical precision but 366 
also by individual connectivity and symptom profile. Broader standardization of post-operative 367 
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imaging protocols, localization workflows, and reporting metrics is needed to enable meaningful 368 
comparison across institutions and implantation strategies.  369 

370 
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Figure Legends 
Fig. 1. (a) PRISMA 2020 flow diagram for this literature review search and (b) the thematic distribution. 
 
Fig. 2. Representative post-operative imaging examples from DBS patients. Columns show axial, coronal, and 
sagittal views. (a) Pre-operative T1-weighted MRI indicating the common DBS target, the subthalamic nucleus 
(STN); (b) post-operative CT highlighting DBS electrodes as bright hyperdense structures with associated streak 
artefacts; (c) post-operative T1-weighted MRI; and (d) post-operative T2-weighted MRI, where electrodes appear 
as dark signal voids. Red rectangles indicate the regions containing the DBS electrodes in each slice. 
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Table 1. Inclusion and exclusion criteria  

Inclusion criteria Exclusion criteria 

Peer-reviewed journal articles Animal or phantom studies 

Human studies involving PD patients who 
underwent DBS implantation 

Articles addressing DBS for non-PD 
indications only 

Use of post-operative imaging for electrode 
localization, verification, or programming 
support 

Studies focused exclusively on pre-operative 
planning or intra-operative targeting without 
post-operative imaging 

Articles published in English Studies focused solely on: 
• Surgical technique 
• Anesthesia  
• Electrophysiology without imaging 
• Non-imaging clinical outcomes such 

as cognition, gait, psychiatric effects, 
or quality of life 

• Ablative procedures and non-DBS 
interventions 
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Table 2. Previous studies listed with their acquisition parameters of post-operative imaging, timepoints and localization techniques.  

Post-op 
Imaging 
Modality 

Study (first author, 
publication year) 

Key Acquisition Parameters Timepoints Localization 
Technique / Software 
Used 

MRI  Succop et al. (2023) 
[29] 

1.5 T MRI; 3D T1-MPRAGE, 
T2-FLAIR, T1/T2 GRE 

1 day  Visual inspection of 
electrode artifact 
position 

MRI  Lasica et al. (2025) 
[47] 

1.5–3 T MRI; 3D T1-MPRAGE; 
voxel 0.45 × 0.45 × 0.9 mm 

≥ 3 months  Lead-DBS, SureTune 
4™, Brainlab 
Elements™ 

MRI + CT Li et al. (2021) [23] CT: voxel ~0.65 × 0.65 × 0.63 
mm; MRI: 1.5 T, T1-MPRAGE, 
T2-FSE, ME-GRE 

CT: ≤ 1 week; MRI: 
during hospitalization 

Quantitative 
Susceptibility 
Mapping (QSM)  

MRI + CT Yearley et al. (2023) 
[50] 

CT: 1 mm slices; MRI: 3 T T1-
MPRAGE, 1 mm slices 

MRI: immediate; CT: 1–2 
days 

Brainlab Elements™ 
Image Fusion 

MRI + CT  Kremer et al. (2019) 
[35] 

CT: voxel 0.49 × 0.49 × 0.5 
mm; MRI: 1.5 T, voxel 0.72 × 
0.72 × 2.2 mm 

CT: immediate; MRI: 24–
72 h 

Brainlab iPlan 3.6 

MRI + CT Xu et al. (2023) [52] CT: 0.63 mm slices; MRI: 3 T 
T1/T2 

CT: immediate; MRI: 2 
days 

Lead-DBS, Surgical 
Planning System 
(rigid) 

CT  Morishita et al. 
(2017) [53] 

CT: voxel 0.49 × 0.49 × 1.25 
mm 

Immediate; 4-6 weeks Rigid registration 

CT Chapelle et al. 
(2021)  [54] 

CT: voxel 0.49 × 0.49 × 0.63 
mm 

Immediate Rigid co-registration; 
automatic 
thresholding 

CT Milchenko et al. 
(2018) [55] 

CT: in-plane ~0.5 mm, slice 1 
mm  

Immediate;months later Semi-automated 
ESM-CT  

CT  Engelhardt et al. 
(2018) [41] 

CT: <1 mm slice thickness 3 months  Manual lead tracing 

CT Lauro et al. (2016) 
[56] 

CT: 1 mm slice thickness Immediate DBSproc pipeline 

CT Geevarghese et al. 
(2016) [57] 

CT: voxel 0.5 × 0.5 × 1.25 mm Immediate Neuroinspire 
(Renishaw plc) 

CT Husch et al. (2018) 
[58] 

CT: 1 mm slice thickness Immediate  PaCER algorithm 

CT + 
Ultrasound 

Reese et al. (2023) 
[59] 

CT: 1 mm slices; TCS: 1–5 
MHz sector probe 

CT: < 24 h; TCS: ≥ 3 
months 

Brainlab Elements™ 
fusion 
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