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1. Introduction

Head motion (HM) during brain PET imaging poses significant
challenges, introducing errors in uptake estimation and
creating artifacts that compromise diagnostic accuracy.
Advanced scanners, such as the uMIl Panorama PET/CT (1),
require minimal patient movement to achieve optimal spatial
resolutions, including sub-3-mm full-width-half-maximum. In
clinical settings where precise evaluations are critical for
diagnosis, treatment planning, and assessing treatment
responses, HM can undermine diagnostic confidence (2).
Additionally, HM can lead to misalignment between PET and
CT images, causing artifacts such as attenuation mismatches
and localization issues. In extreme cases, significant motion
blur may necessitate rescanning.

Traditional methods like frame-based image registration and
hardware-based motion tracking (HMT) have limitations
leading to artifacts (3-9). To address these limitations, data-
driven HMC techniques have emerged (10,11). Methods like
principal component analysis and centroid of distribution
(COD) estimate rigid motion from PET raw data, offering
software-based solutions easily integrated into clinical
processes. The NeuroFocus' algorithm, specifically designed
for the uMI Panorama PET/CT system, is a significant
innovation. This system, equipped with a 189-picosecond
time-of-flight (TOF) resolution and a 35-centimeter axial field
of view (FOV), uses a statistics-based method developed by
Revilla et al. to detect HM without parameter adjustments,
accurately distinguishing COD variations caused by HM (12).
This study presents three key findings: (1) validating the
precision of NeuroFocus for the uMI Panorama PET/CT
system; (2) demonstrating the algorithm's effectiveness in
diagnosing brain disorders; and (3) analyzing the frequency
and severity of HM in clinical 18F-FDG brain studies. Further,
this study marks the first large-scale clinical application of an
HMC algorithm with short PET acquisition times.
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2. Materials and Methods

2.1 Validation study data acquisition

The study involved 15 volunteers who participated in a
prospective validation process. Each participant underwent a
3-minute brain PET scan on a single bed, conducted

approximately 52.2+9.2 minutes after the administration of

18F-FDG. During the first scan, the volunteers were

instructed to remain completely still ("NoMo"). For the

second 3-minute scan, participants were directed to perform
specific translational and rotational movements ("InstrMo").

Prior to each PET scan, a CT scan was performed for

attenuation correction (AC). Additionally, MR
including T1-weighted, contrast-enhanced T1-weighted, and

T2-weighted images, were collected for each participant on

the same day. The study, conducted at Xijing Hospital in Xi'an,

China, was approved by the Ethics Committee of the Medical

University in accordance with the revised Declaration of

Helsinki (1964). All participants provided written informed
consent.

2.2 Evaluation study data acquisition

A retrospective analysis was conducted on 302 clinical single-

bed brain 18F-FDG scans, each lasting 3.0 minutes and

performed 75.0+£19.9 minutes after injection. The scans were
classified into two groups: those without head motion
correction (NMC) and those with head motion correction

(HMC). Each study included a CT scan for attenuation

correction (AC), though no MR images were obtained.
Detailed patient information is provided in Table 1. The
review board approved this retrospective

institutional
analysis, waiving the requirement for informed consent.

2.3 Head motion correction algorithm
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The head motion correction (HMC) algorithm involves three
essential stages: detection, estimation, and
correction. Motion was detected using the Center of
Distribution (COD) algorithm, which produced a COD trace at
1 Hz intervals. By distinguishing motion-induced variations
from statistical count variations in the COD trace, the study

motion

was divided into consecutive motion-free frames (MFFs),
separated by motion time points. Frames shorter than 5
seconds were discarded. Motion estimation involved rigidly
registering subsequent MFFs to a reference frame (the first
MFF) using mutual information difference as the similarity
metric. The first MFF was assumed to align spatially with the
CT scan, ensuring no movement occurred between the CT
and PET scans. The transformation matrix T(i) was used to
estimate the i-th MFF, and the CT attenuation map was
adjusted using the inverse of T(i) to create a matched
attenuation map. Ordered subset expectation maximization
with attenuation correction (OSEM-AC) was applied to each
MFF, and all OSEM-AC MFFs were then transformed back to
the reference frame and summed to produce the final HMC
image. Reconstructions used a voxel size of 1.20x1.20x1.45
mm3.

2.4 Evaluation

For the validation dataset, FreeSurfer was used to segment
paired T1-weighted MR images into 109 brain regions of
interest (ROIs), which were then resliced to match individual
PET scans and grouped into 11 gray matter (GM) regions:
amygdala, caudate, cerebellum cortex, frontal, hippocampus,
insula, occipital, parietal, putamen, temporal, and thalamus.
The percentage differences in standard uptake value
(SUVmean) between the instructed motion (InstrMo) and no
motion (NoMo) scans, as well as between InstrMo with HMC
and NoMo, were reported for each GM region.

For the evaluation dataset, brain ROIs were created using an
in-house CT-based segmentation algorithm. After registering
with the MNI brain MRI template, 116 AAL brain ROIs were
mapped to individual CT spaces. Cerebellum uptake and
SUVmean ratio images were calculated, and a threshold was
applied to create a binary GM mask. The cerebellum ROI was
used to calculate cerebellum uptake on the reference frame
using OSEM with AC. The SUVmean ratio image of the
reference frame was generated with cerebellum uptake as
the reference value, and a threshold of 1.0 was applied to
create a binary GM mask. Overlapping regions between the

mask and the 116 ROIs were used to refine GM regions,
which were then merged into 11 regions based on the AAL
definition. Supplemental Figure 1 illustrates the process for
generating brain ROIs.

To quantify head motion, the distance traveled by each ROI
was calculated through image registration, and the distances
traveled by all 116 ROIs during different MFFs were averaged
per minute. The average motion amplitude for the 11
combined GM ROIs was calculated by averaging the distances
moved by the sub-ROIs, with reported distances of
movement documented for each case study.

3. Results

3.1 Prospective validation study

Figure 1 presents three cases from the validation study,
where significant image blurring is observed in the InstrMo
scans due to head motion (HM). After applying the head
motion correction (HMC), the images show a marked
improvement in contrast and resolution, closely resembling
the NoMo scans. The corresponding MR images also clearly
depict anatomical structures in line with the NoMo studies.
The detailed clinical diagnoses for these cases are provided
in the caption of Figure 1.

Figure 2 highlights a patient from the evaluation study who
was diagnosed with angioimmunoblastic T-cell lymphoma.
This figure displays two axial slices from CT, NMC, and HMC
images. The HMC images
hypermetabolism with central hypometabolism in the left
parietal lobe, as indicated by arrows, which were mostly
blurred and indistinct in the NMC images due to HM.

reveal areas of annular

In Figure 3, a case is shown where focal hypometabolism in
the left thalamic and basal ganglia regions is clearly visible in
the HMC image, while these regions are obscured by HM in
the NMC image, making them undetectable.

Table 2 provides a quantitative analysis of the 15 validation
studies, showing the SUVmean percentage error for each
region of interest (ROI). The InstrMo scans generally
demonstrated significant negative differences (-10%) with
considerable variation across brain regions compared to
NoMo scans. For example, the frontal region had a larger
discrepancy (-16%) compared to the amygdala. After applying
HMC, the differences were much smaller (around -1%) with
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reduced variability (3%), indicating successful compensation
for HM across all validation studies.

3.2 Retrospective evaluation study

Figure 4 shows two clinical evaluation studies of patients with
suspected nervous system lymphoma and thalamic lacunar
infarction. Significant HM was detected in the initial PET scans,
which prompted the technician to recall the patients for re-
scanning. During the second scans, both patients remained
still. Remarkably, applying HMC to the initial scans resulted in
images comparable to the re-scans, demonstrating the
practical benefit of HMC in reducing the need for repeat
scans due to HM.

Figure 5 illustrates a case of a patient with non-small cell lung
exhibited
movements during both the initial and re-scan. Without

cancer who significant involuntary head
advanced correction methods, these scans were not suitable

for clinical diagnosis. However, after applying HMC, notable

InstrMo
InstrMo with HMC
3 min )
3 min
A
B
C

improvements in image resolution and contrast were
observed in both sets of scans. The corrected images
revealed reduced metabolic activity and swelling around a
possible brain metastasis, which was only identifiable after
using HMC.

In the evaluation study, Table 3 presents the numerical
results of SUVmean changes across different brain regions
after applying HMC. Participants were categorized into two
groups based on the extent of head motion: small motion
and large motion, using a 5% threshold in SUVmean change
in the frontal lobe after HMC. In the small motion group, the
average motion distance was relatively consistent across
brain regions (2.4 mm) with low variability (1.9 mm). In
contrast, the large motion group showed increased motion
distances in all regions of interest (ROIs), ranging from 7.3
mm in the cerebellum to 15.0 mm in the frontal region, with
significantly higher mean motion amplitude and variability
(10.9 mm £5.9 mm).

NoMo
(Ref.) MR

3 min suv
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4. Discussions

In this study, we performed both a prospective validation and
a retrospective evaluation of the HMC algorithm from the
uMI Panorama PET/CT scanner. The prospective validation
included fifteen studies where participants were instructed
to move their heads, while the retrospective evaluation
examined 302 clinical brain studies using 18F-FDG, each with
a 3-minute acquisition time. Results from the validation study
showed that the HMC algorithm was highly effective, with an
average quantitative error of less than 1% compared to scans
without motion. In the retrospective evaluation,
approximately 12% (38 out of 302) of clinical brain studies
experienced significant head movement, underscoring the
necessity of HMC. The effectiveness of the HMC algorithm
was demonstrated across various brain diseases and clinical
conditions, confirming its value in real-world applications.
The reconstruction time for instructed motion studies
averaged 11.0 £+ 1.1 minutes, and reconstructions were
submitted after acquisition. Across the evaluation studies, an

average of 2.0 + 9.7 seconds of data was discarded per case.

The European Association of Nuclear Medicine (EANM)
guidelines emphasize the importance of neurological PET
imaging in diagnosing cognitive and movement disorders,
localizing epileptic foci, detecting neuro-infections, and
assessing brain tumors. The guidelines recommend using
small voxel reconstructions to improve brain structure
visualization, which typically requires longer acquisition
times to maintain adequate signal-to-noise ratios. For
standard 18F-FDG brain scans, the guidelines suggest 10-15
minutes per bed position for scanners with short axial fields
of view (FOV), with non-18F-FDG scans potentially requiring
even longer times (up to 20-30 minutes per bed). However,
using the high-sensitivity uMI Panorama scanner, we
completed each clinical scan in just 3 minutes, maintaining
sufficient image quality for diagnostic use. Despite the short
scan duration, 12% of patients exhibited significant head
movement, indicating that longer-duration scans may
require an even greater reliance on HMC.

The introduction of HMC in PET imaging has significantly
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enhanced image quality and delivered practical benefits,
including fewer rescan needs, reduced patient wait times,
and improved comfort from repeated CT scans. The
reduction in rescans also improves patient scheduling,
streamlines workflows, and reduces the workload for
healthcare professionals, optimizing resource management.
HMC is particularly beneficial for patients who struggle to
remain still during scans, reducing the need for tight head
restraints or sedation, which improves both patient comfort
and clinical efficiency.

This paper reviews key research efforts on HMC in PET
imaging, comparing them to our proposed data-driven
approach. One alternative is marker-less motion tracking
using optical cameras. Spangler-Bickell et al. (2020)
demonstrated this technique by attaching an optical camera
to a PET/MR system's head coil, tracking head movement
without markers using a curved forehead marker. Zeng et al.
(2021) developed a marker-less system using stereovision
cameras and infrared structured light to capture facial
surfaces for motion tracking. Other researchers, such as
Olesen and Kyme, have explored similar approaches, but
these methods can be affected by facial expression changes
and lack of thorough validation. Another approach used
Microsoft's Kinect® system to track head motion, and recent
studies by Zeng et al. (2021) applied neural networks to
estimate motion between short frames, speeding up motion
estimation. Further, deep learning techniques have been
used to enhance PET image quality by generating high-count
images from low-count data, which improves registration
accuracy. Rezaei et al. (2018) proposed estimating rigid
motion parameters using inertia tensors from TOF back
projections. Each method offers distinct strategies for
addressing HMC challenges in PET brain imaging, reflecting
ongoing, diverse efforts in this critical area.

In conclusion, some limitations of the current HMC algorithm
must be noted: 1) It is less effective for dynamic PET studies,
as it does not track physiological changes over time; 2) It
cannot correct motion between PET and CT acquisitions,
leading to potential attenuation-related artifacts; and 3) It
cannot correct continuous motion, such as tremors in
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Parkinson’s patients, due to its frame-based design. These and innovations in HMC technology to improve the precision
limitations highlight the need for continuous advancements and utility of PET imaging.
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Figure 4. Comparison between PET with motion (NMC), after HMC and re-scan with minimal motion. Axial CT, PET with motion, with HMC, re-scan with minimal motion show
A) hypometabolic foci in left thalamic indicating lacunar infarcts; B) bilateral hypermetabolism in the thalami and striatum in a patient with suspected nervous system
lymphoma. Both HMC images are comparable to the re-scan images. A) Injected dose 266.4 MBq, post injection 71 min, frame duration 3 min, body weight 65 kg; B) Injected
dose 366.3 MBq, post injection 66 min, frame duration 3 min, body weight 80 kg. Averaged/maximal moving distance of the frontal lobe: 9.6/47.2 mm (case A) and 10.0/16.0
mm (case B). NMC: no motion correction; HMC: head motion correction.
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Figure 5. HMC and re-scan in cases with involuntary head movements. Images were corrupted by involuntary head motion in both the initial PET scan and the re-scan (NMC).
Spatial resolution and contrast were significantly improved after HMC. The dotted box indicates the region of hypometabolic edema surrounding a suspected metastatic
lesion in the occipital lobe in a patient with non-small cell lung cancer revealed after HMC. Injected dose 314.5 MBq, post injection 1st scan/re-scan 61/69 min, frame duration
3 min, body weight 77 kg. Averaged/maximal moving distance of the frontal lobe: 5.0/12.6 mm (1st scan) and 12.1/27.7 mm (re-scan). NMC: no motion correction; HMC: head
motion correction.
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Table 1. SUVmean change from NMC after HMC for the evaluation study (mean tstandard deviation (SD)) and mean motion distance for each brain region. NMC: no motion
correction; HMC: head motion correction.

Validation (w. MR) Evaluation (w.0. MR)
Total participants 15 302
Age 34.1+131 58.2+14.4
Male 6 171
Female 9 131

Table 2. Validation study: % error in SUVmean as compared to the NoMo study. InstrMo: instructed motion; HMC: head motion correction

ROI NoMo SUVmean InstrMo (% error) InstrMo with HMC (% error)
Amygdala 4.4+05 -4.3+4.7 -0.1+1.8
Caudate 6.6+1.2 -149+84 -2.8+54
Cerebellum 5.6+0.8 -5.6+3.2 -2.2%+1.5
Frontal 6.8+0.9 -16.3£5.3 -1.0+3.8
Hippocampus 4.9+0.7 -24+53 0.7x4.4
Insula 5.6+0.7 -50£3.6 -0.2+2.8
Occipital 79+1.1 -13.9+3.7 -3.1+4.2
Parietal 6.6+0.9 -14.1+47 0.5+3.6
Putamen 7.3+1.3 -121+7.7 -0.3x2.2
Temporal 6.0+0.7 -11.3+58 -0.1+3.7
Thalamus 6.4+0.9 -11.1+48 -0.2+x14
Mean average 6.2 -10.1 -0.8
SD average 0.9 5.2 3.2

Table 3. . SUVmean change from NMC after HMC for the evaluation study (mean +standard deviation (SD)) and mean motion distance for each brain region. NMC: no motion
correction; HMC: head motion correction.

Small motion (N=264) Large motion (N=38)
ROI Mean motion distance / SUVmean change Mean motion distance SUVmean change
mm /% / mm /%
Amygdala 25+19 04126 11.8+6.3 19.9+20.8
Caudate 2620 0.6+2.6 12.7+7.0 22.9+13.7
Cerebellum 2117 -0.2+0.7 7.3+3.9 29%3.7
Frontal 29420 0.3+1.3 15.0£81 12.9+8.3
Hippocampus 2.3+18 -0.3+14 10.1+5.3 10.6+£9.0
Insula 26+19 01+11 13.0£7.0 10.0+6.2
Occipital 22+1.7 -0.2+0.7 6.7+4.4 2.9+3.9
Parietal 24%18 -0.0+£0.8 9.5+52 6.8+6.0
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Putamen 2519 0.3+x1.3 12.4+6.7 12.2+10.4
Temporal 25+18 0.1+1.0 11.8+6.2 10.0+8.1
Thalamus 2.2+138 -0.1+0.8 9.9+53 8.2+7.8
Mean average 24 0.1 10.9 10.9
SD average 1.9 1.3 5.9 8.9
5. Conclusion 2.Polycarpou |, Soultanidis G, Tsoumpas C. Synergistic

A clinical study was conducted with fifteen participants to
assess the accuracy of the NeuroFocus HMC algorithm on the
uMIl Panorama PET/CT system, using 18F-FDG in the
evaluation process. During validation, where participants
were instructed to perform head movements, the post-HMC
standardized uptake value (SUV) error was found to be
minimal, averaging -1+3% across all brain regions and
participants. This represents a significant improvement from
the previous error rate of -10£5% before applying HMC. In a
broader analysis of 302 participants, approximately 12% of
short-duration (3-minute) clinical brain scans showed
substantial issues requiring correction. The HMC algorithm
demonstrated strong efficacy in mitigating HM across various
brain disorders, highlighting its potential for clinical use in
brain research involving 18F-FDG.
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