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2. ABBREVIATIONS
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3. OVERVIEW OF DOCTORAL THESIS RESEARCH

This doctoral thesis is based on three scientific publications:

1. Franceschi AM, Matthews R, Bangiyev L, Relan N, Chaudhry A, Franceschi D.
Added Value of Including Entire Brain on FDG PET/MRI Body Imaging. AJR
Am J Roentgenol. 2018;24:1-9. doi: 10.2214/AJR.17.18858. PMID: 29792727.

2. Franceschi AM, Clifton M, Naser-Tavakolian K, Ahmed O, Bangiyev L,
Clouston S, Franceschi D. FDG PET/MRI for Visual Detection of Crossed
Cerebellar Diaschisis in Patients With Dementia. AJR Am J Roentgenol.
2021;216(1):165-171. doi: 10.2214/AJR.19.22617. PMID: 33170738

3. Franceschi AM, Wiggins GC, Mogilner AY, Shepherd TM, Chung S, Lui YW.
Optimized, Minimal Specific Absorption Rate MRI for High-Resolution Imaging
in Patients with Implanted Deep Brain Stimulation Electrodes. AINR Am J
Neuroradiol. 2016;37(11):1996-2000. doi: 10.3174/ajnr.A4865. PMID: 27418467



3.1. INTRODUCTION

3.1.1. PET Imaging

Positron Emission Tomography (PET) is a well-established modality in the evaluation of
oncology patients. The most common radiotracer used in malignancy work-up is the glucose
analogy 8F-fluorodeoxyglucose (FDG) which is a positron emitter with a 110-minute half-
life.X However, PET imaging alone has several limitations including low spatial resolution
and difficulty in localizing and characterizing foci of increased uptake in the setting of normal
physiological uptake of in different organs. Although PET imaging detects sites of
malignancy and metastatic spread, other pathological processes such as inflammation and
infection can also have prominent increased FDG uptake.? Computed tomography (CT) was
added to the PET scanner to aid in the interpretation of whole-body PET imaging, greatly
improving sensitivity and specificity. There are some drawbacks of PET/CT imaging such as
higher radiation exposure level and the lack of anatomic definition related to inherited low

tissue resolution of CT in the head and neck, pelvis, liver, and bone marrow.®

3.1.2. Hybrid PET/MRI

More recently PET/MRI has emerged as another hybrid imaging modality used in the
detection of malignancy. The introduction of this hybrid scanner combined the molecular and
functional tissue characterization of PET scanning with the superior tissue resolution of MR
imaging without added radiation. The addition of MRI was particularly useful for assessing
neoplastic diseases in the brain, head and neck, musculoskeletal system, abdominal organs
especially the liver, and pelvis.* Because of the complexities of MR imaging, different
protocols are established for imaging different parts of the body, with much variation between
institutions and camera manufacturers. MRI also requires organ specific radiofrequency coils
used in the transmission and receiving of signal.® Routine FDG PET/CT imaging for
oncology is performed from the base of the skull to the mid thighs, with the exception of
melanoma and some other malignancies, when imaging area is from the top of the head to the
feet. This was established to limit scanning timing and reduce the amount of radiation
exposure.® Brain metastases are difficult to diagnose by both PET and CT imaging especially

without dedicated PET/CT brain protocols and intravenous contrast, so imaging of the entire



brain during PET/CT scanning was not considered valuable. On the contrary, with the
introduction of the PET/MRI scanner both benign and malignant brain pathology can be
detected by the MR portion of the scanner that would typically not be conspicuous with the

use of PET/CT, even with dedicated brain protocols.’

3.1.3. Brain PET in Neurocognitive Disorders

Dedicated brain PET/MRI is a relatively novel imaging modality which offers great
advantages over PET/CT in the evaluation of cognitively impaired patients with suspected
underlying dementia and neurodegenerative disease. Specifically, the structural MRI
component offers superior soft tissue contrast, lack of radiation exposure, and more
information regarding intrinsic tissue characteristics when compared to CT, therefore
improving anatomic accuracy. Furthermore, PET/MR scanners with simultaneous imaging
capabilities allow for PET and MR to be obtained in a single, convenient session, which
allows for precise image coregistration and improved anatomic localization. Additionally,
hybrid imaging such as brain PET/MRI inherently promotes a more collaborative
interpretation effort among radiologists, nuclear medicine physicians, and our sub-
specialized clinical colleagues due to the inherent complexity of the imaging modality and
associated pathology. This collaboration encourages a multidisciplinary team approach to
complex cases, especially in patients with multiple comorbidities and complex differential

diagnoses.

Crossed cerebellar diaschisis (CCD) is an imaging artefact present in patients with various
supratentorial insults, including cerebral infracts, traumatic brain injury, and prior surgery.
These insults may result in destruction of the corticobulbar, corticopontine, and/or
corticocerebellar fiber tracts. Subsequent transneural degeneration of the aforementioned
white matter tracts, specifically the corticocerebellar fibers results in cerebellar
parenchymal changes that are best visualized by functional PET imaging and are typically
occult on structural imaging studies.®*! Traditionally, CCD was considered to be
associated with a degree of hemiparesis on clinical exam, however, Pantano et al illustrated
that CCD may also be present in patients without any hemiparetic symptoms, suggesting
that destruction of the pyramidal tract alone is not sufficient for the development of CCD,

nor conversely, is it its sole clinical manifestation. Furthermore, in certain cases imaging



findings of CCD were present in patients’ images hours after stroke, and subsequently
resolved, suggesting that in certain etiologies, there exists a window of reversibility for
cerebellar diaschisis.®

3.1.4. Deep Brain Stimulation

Deep brain stimulation (DBS) is an effective treatment for medically refractory movement
disorders including Parkinson’s disease (PD), essential tremor (ET) and dystonia. Imaging
plays a critical role in stereotactic targeting and long-term assessment. Preoperative MR
sequences routinely used for DBS placement guidance include a high-resolution T1-
weighted sequence, used to identify standard anatomical landmarks such as the anterior
and posterior commissures, as well as high-resolution T2-weighted MR imaging routinely
used to target the subthalamic nucleus (STN), the most common structure targeted in DBS
for PD. For reasons of patient safety and to judge treatment efficacy, it can be
advantageous to place bilateral leads in staged unilateral procedures. Due to the precision
required for stereotaxis and the size of the anatomic structures, immediate pre-operative
imaging is the standard of care. When staged procedures are employed, this necessitates
imaging with one electrode in place for subsequent placement of the second electrode.
Additionally, electrode-in imaging may be required to assess lead placement. Manufacturer
guidelines for performing MRI with DBS in situ are extremely conservative making it

challenging to acquire diagnostic and therapeutic imaging in these cases.

The recommended head specific absorption rate (SAR) limit for Medtronic DBS Systems
(Medtronic USA Neuromodulation, Minneapolis, MN) is 0.1 W/kg (compared with usual
normal mode which calls for SAR<3.2 W/kg). These devices are rated conditional at 1.5
Tesla. The main safety concern is heating of the electrode due to energy deposition and a
few prior complications have been reported in the literature'>4, however, Larson et al
described 405 patients imaged with implanted DBS systems using a variety of different
scanning protocols and their review suggests that head SAR up to 3.0 W/kg may be
applied without untoward incidents.'® Other potential interactions between MRI and
implantable neuromodulators include magnetic field interactions, induced stimulation,
effects on neurostimulator function and artifacts from device. In a single published paper,
Sakar et al reported being able to achieve diagnostic quality within manufacturer SAR



limit using research 3D spin-echo sequences.'® The research sequences used in that study
are not universally available, and the method they used most likely underestimated the loss
of signal-to-noise (SNR). There is no clear consensus in the literature as to optimal SAR

and MRI parameters for safe imaging of patients with DBS electrodes.'’-?

3.1.5. Goals of Thesis Research

At our institution, when performing whole body PET/MRI for oncology patients, we routinely
include the entire head. Therefore, the aim of the first study was to characterize both PET and
MRI brain findings incidentally detected on the included head portion of the study.

There is limited data evaluating the prevalence of crossed cerebellar diaschisis (CCD) in
patients presenting with cognitive impairment due to suspected underlying dementia and
neurodegenerative disease, and its potential impact on progression of neurodegeneration and
associated symptoms, in cases when CCD is present. Hence, the second study employed
hybrid ®F-FDG PET/MR brain imaging to detect differences in cerebellar metabolism as well
as patterns of asymmetric hypometabolism in the cerebral cortex in patients undergoing
neuroimaging evaluation for clinically symptomatic cognitive impairment. We conducted a
retrospective, prevalence-based assessment for crossed cerebellar diaschisis, which may
further our understanding of its potential contribution to underlying neuronal demise in the

various dementia subtypes.

Obtaining high-resolution brain MRI in patients with previously implanted deep brain
stimulator (DBS) has been challenging and avoided by many centers due to safety concerns
relating to implantable devices. Consequently, in the third study, we present our experience
using a practical clinical protocol at 1.5T using two magnet systems capable of achieving pre-

surgical quality imaging in patients undergoing bilateral, staged DBS insertion.



3.2. MATERIALS AND METHODS

3.2.1. Article 1. Added Value of Including Entire Brain on FDG PET/MRI Body
Imaging

We identified 269 adult patients (aged 18 years or older) from September 2013 until
December 2016 referred for base of skull to mid-thigh FDG PET/MRI imaging that included
the entire head. PET/MR studies were performed using a 3 Tesla Biograph mMR scanner
(Siemens Healthcare). PET and MRI data were acquired simultaneously using mMR body
radiofrequency coils. Simultaneous PET-MR imaging was obtained about 1 hour after
administration of FDG. For diagnostic MRI body sequences, we performed T1 radial VIBE
with fat suppression or T1 VIBE with fat suppression in the axial orientation, followed by T2
HASTE without fat suppression in the axial plane, T2 turbo spin echo (TSE) in the coronal
plane, and either diffusion weighted imaging (DWI) with apparent diffusion coefficient
(ADC) maps in the axial plane or short T1 inversion recovery sequence (STIR) of the spine in
the sagittal plane. All PET/MRI images of the head were reviewed by a board-certified
nuclear medicine physician and a board certified neuroradiologist first individually, and then
concurrently. MIM version 6.1 (MIM Software, Inc., Cleveland, Ohio) was used to perform
the visual assessment of PET/MRI images. Both PET and MRI findings were noted including
abnormal FDG uptake, standardized uptake value, lesion size, and MRI signal characteristics.
The Student’s t-test was used in the statistical analysis of the results. The final data are
reported with the mean + standard error and corresponding P-values that represent statistical

significance.

3.2.2. Article 2. Visual Detection of Crossed Cerebellar Diaschisis in Dementia Patients
Utilizing FDG PET/MRI

A total of 75 subjects with clinically symptomatic neurodegenerative disorders were enrolled
from January 2015 to February 2019. Subjects underwent brain [F18]-FDG PET/MR imaging
as part of their routine clinical work-up for cognitive impairment with standard 12-channel
head coil. Emission data was collected for 20 minutes during the time in which the dedicated
brain MR sequences were acquired. 3D MPRAGE image data were additionally post-
processed by NeuroQuant (2019 CorTechs Labs, Inc San Diego, California) for semi-



quantitative volumetric analysis. Two neuroradiology fellowship trained board-certified
radiologists independently reviewed fused PET/MRI sequences and classified each case
according to subtype of neurodegenerative disease. One nuclear medicine physician with 25
years of experience in brain PET imaging reviewed the PET portion of the study with
additional cortical surface map reconstructions. All three readers separately scored the
supratentorial brain parenchymal FDG uptake as follows: symmetrical, asymmetrical L>R,
asymmetrical R>L FDG uptake. Following supratentorial analysis, the cerebellar FDG uptake
was also independently scored as symmetric versus asymmetric cerebellar uptake, and
specifically, evaluated for the presence of crossed cerebellar diaschisis. Inter-reader
agreement was also evaluated with Cohen’s Kappa coefficient for reader 1 vs. 2, reader 1 vs.

3, and reader 2 vs. 3.

3.2.3. Article 3. Optimized, Minimal SAR MRI for High-resolution Imaging in Patients

with Implanted Deep Brain Stimulation Electrodes

We retrospectively reviewed the institutional database of patients who underwent
implantation of DBS electrodes between 2/1/2012-8/1/2015 using the optimized low-SAR
protocol. MRI scans were obtained 1-4 weeks prior to surgery. Patients with abnormal
impedance readings, broken leads or electrodes not connected to the pacemaker were
excluded as free wires are potentially more hazardous. DBS devices were deactivated prior to
imaging. Imaging was performed on a Siemens Avanto or Aera 1.5 Tesla magnet with
circularly polarized transmit-receive head coils under general anesthesia to minimize motion.
Following imaging, devices were reprogrammed and inspected by trained neuromodulation
staff. The day of surgery, a stereotactic headframe (Leksell, Elekta AB, Sweden) was affixed
to the head under local anesthesia and a high-resolution CT scan was performed (kV 120,
mAs 325, detector configuration of 128 at 0.6mm collimation). The CT data was then fused
via standard stereotactic neurosurgical software (Brainlab AG, Germany) to the MRI scans
for surgical targeting. All MR images were reviewed by a board-certified neuroradiologist
and a neurosurgeon specializing in neuromodulation. Images were aligned parallel to the
anterior commissure-posterior commissure (AC-PC) plane; the subthalamic nucleus was
assessed on the T2 images on an axial slice 4 mm below AC-PC plane (z=-4). The globus
pallidus was assessed on the axial T2 slice containing the anterior and posterior commissures
(z=0). Overall image quality was graded as either acceptable or not acceptable for stereotactic

10



surgical guidance based on consensus review. The presence of device-related artifact and any
other artifacts were noted, and a comment made as to the impact on image quality. Data were
extracted from the DICOM header for each patient scan regarding SAR deposition for each
sequence. Comparison of SAR between magnets was made using Student’s t-test with a

significance level 0=0.05.
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3.3. RESULTS

3.3.1. Article 1. Added Value of Including Entire Brain on FDG PET/MRI Body
Imaging

Of the 269 FDG PET/MRI body imaging studies that included the entire head, there were 173
females (64%) and 96 males (36%) with a mean age of 57.4 + 1.1 years (age range 18-89).
250 studies were for cancer assessment (91 staging, 159 restaging). There were 72 patients
with breast cancer, 50 with lymphoma, 31 cervical cancers, 16 other gyneco-urological
cancers, 16 colorectal cancers, 12 head and neck cancers, 9 sarcomas, 8 pancreatic cancers, 6
lung cancers, 5 multiple myelomas, and 25 other cancer assessment scans with less than 5
patients per type of cancer (Table 1). Nineteen studies were performed for non-oncologic
assessment (Table2). Thirty-seven patients (13.8%) had positive brain pathology on FDG
PET/MRI body sequences, with 39 total intracranial findings identified (Table 3). Males had
over 3 times the number of brain findings than females (male n=23 vs. female n=14) with
p<0.001. Two patients had two brain abnormalities, one patient with brain metastases and a
chronic infarct and the second patient with radiation changes and a subacute bleed. Sixteen
subjects (5.9 %) had vascular disease (average age 7143.2 years): 8 patients had findings
compatible with chronic microvascular changes, while 6 had brain infarcts in various stages
(Figure 1). One patient had a chronic subdural hematoma and another patient had a partially
thrombosed aneurysm (Figure 2). Nine subjects (3.3%) had post-therapy changes in the brain
due to prior radiation treatment (n=2), craniotomy unrelated to cancer assessment (n=3),
craniotomy with radiation therapy (n=1) and chemotherapy (n=3). Two subjects had benign
cystic lesions in the brain. Twelve subjects (4.5%) had serious non-vascular brain pathology
including 5 of the patients imaged for paraneoplastic syndrome evaluation which revealed
leptomeningeal metastases, metabolic encephalopathy, Creutzfeldt-Jakob disease, primary
cerebral lymphoma, and encephalitis. There were 5 other patients with parenchymal cerebral
metastases: 3 of these patients were diagnosed more than a year prior to the PET/MRI
examination, 2 patients were diagnosed 1-3 days prior to the PET/MRI, and 1 patient had
quiescent brain metastatic disease initially detected on his whole-body PET/MRI examination
(Figure 3). In addition, there were 2 newly diagnosed pituitary adenomas (Figure 4). Only
nine subjects (3.3%) had a new neurological or cognitive symptom suggestive of brain
pathology. Of these patients, 1 patient had a positive brain finding that was chronic in nature
(post-craniotomy changes) that did not explain the acute symptoms while the others had either

12



new or recently diagnosed brain abnormalities on PET/MRI. Furthermore, 11 patients (4.1%)
had a change in treatment or management as a result of the brain findings on whole-body
PET/MRI, including one of the two asymptomatic pituitary tumors who was referred for
neurosurgical evaluation. Of the 7 patients with malignant brain lesions (leptomeningeal
metastases, cerebral metastases, and primary cerebral lymphoma), 5 had neurological
symptoms although malignancy with the primary cerebral lymphoma was previously
unknown. The patients with Creutzfeldt-Jakob disease, metabolic encephalopathy, and
encephalitis had new neurological or cognitive symptoms with dedicated brain MRI being
obtained several hours after the PET/MRI. When comparing PET with MRI findings, 38 of
the 39 brain findings (97.4%) could be detected on the MR images alone. Eight of the 39
brain findings (20.5%) had abnormal areas of increased FDG uptake on the PET images
indicating underlying metabolic brain abnormality. Both pituitary adenomas had intense
radiotracer uptake on PET images while only one had a lesion detectable on the MRI body
sequences. Three of the 5 cerebral metastases had markedly increased FDG uptake, as did the
primary cerebral lymphoma case, while the leptomeningeal metastases had only subtle PET
abnormalities that were difficult to detect without the fusion images. The encephalitis case
had intense temporal lobe FDG uptake. Two patients had cortical hypometabolism on the
PET images not related to post therapy changes, including the Creutzfeldt-Jakob case which
demonstrated markedly abnormal cortical and basal ganglia uptake on the PET images with
increased signal on T2 weighted images within the basal ganglia. Also, the patient with
metabolic encephalopathy had globally decreased cortical FDG uptake on PET with
subcortical T2 hyperintensities on the corresponding MR images. The two patients with
benign cystic brain lesions and the patient with the subdural hematoma had areas of absent

FDG uptake corresponding to their respective lesions on the PET portion of the study.

Table 1. PET-MRI Performed for Cancer Evaluation

Cancer Type N
Breast 72
Lymphoma 50
Cervical 31

13



Gyneco-Urological 16
Colorectal 16
Head and Neck 12
Sarcoma 9
Pancreatic 8
Lung 6
Multiple Myeloma 5
Other Cancers 25
Total 250

Table 2. PET-MRI Performed for Non-Cancer Pathology

Pathology N
Paraneoplastic 6
Lymphadenopathy or

Soft Tissue Mass 6
Lung Nodules 4
Monoclonal Gammopathy 2
Vasculitis 1
Total 19

14



Table 3. Categories of Brain Findings

Categories of Brain Findings N
Vascular 16
Post Therapy Changes 9
Parenchymal Metastases 5
Benign Cystic Lesions 2
Pituitary Adenomas 2
Creutzfeldt-Jakob disease 1
Metabolic Encephalopathy 1
Encephalitis 1
Primary CNS Lymphoma 1
Leptomeningeal Metastases 1
Total 39

15



Figure 1. 55-year-old male for staging of multiple myeloma. PET/MR axial fusion image

(left image) show metabolic cortical defects in the parieto-occipital region (arrows). T1 radial
VIBE axial with fat suppression image (right image) show chronic middle cerebral artery /

posterior cerebral artery border zone (watershed) infarcts.
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Figure 2. 64-year-old female with breast cancer and no neurological symptoms. A. PET/MR
T1 fat saturated axial fusion. B. Axial T2 HASTE. C. Axial non-contrast CT head. D. CT

angiogram (CTA) coronal maximum intensity projection image (MIP). There is T1
hyperintense and T2 hypointense signal within thrombosed part of the of the left middle
cerebral artery aneurysm which is hyperdense on non-contrast CT head. CTA coronal MIP

shows patent part of the inferiorly oriented saccular aneurysm.

17



Figure 3. 54-year-old female with breast cancer with no neurological symptoms. PET/MR
axial fusion image (left image) shows no abnormal focal FDG uptake within the cerebellum.
T2 haste axial demonstrates 3 new foci of hyperintensity within the cerebellar hemispheres
that were suspicious for metastases (thin arrows). Other cerebral suspicious lesions were seen.

Follow up dedicated brain MRI confirmed multiple cerebral metastases.

18



Figure 4. 79-year-old male with head and neck cancer. PET/MR fusion axial fusion image
with T1 radial VIBE fat suppression (left image) and PET sagittal (right image) show an
intense hypermetabolic focus representing a pituitary adenoma (curved arrows).

3.3.2. Article 2. Visual Detection of Crossed Cerebellar Diaschisis in Dementia Patients
Utilizing FDG PET/MRI

Of the 75 subjects enrolled, the average age was 74 years, with 31 males and 44 females.
Qualitative assessment of brain PET/MRI images revealed 19 subjects with imaging findings
typical for frontotemporal dementia (FTD) as follows: 9 behavioral variant (bvFTD), 6
semantic variant primary progressive aphasia (svPPA), 3 logopenic variant primary
progressive aphasia (IvVPPA), and 1 agrammatic variant primary progressive aphasia (agPPA);
12 subjects with Alzheimer’s disease (AD); 10 subjects with dementia with Lewy bodies
(DLB); 12 subjects with corticobasal degeneration (CBD); and 2 subjects with progressive
supranuclear palsy (PSP). Characteristic patterns of hypometabolism on FDG-PET and
associated structural imaging findings for these dementia subtypes are outlined in Table 4.
Initial inter-reader agreement in detection of asymmetric supratentorial hypometabolism in
these cases is depicted in Table 5 with Cohen’s Kappa coefficient for inter-reader reliability
noted to be perfect agreement (k = 1) for all combinations of readers (1 vs. 2, 1 vs. 3, and 2
vs. 3). Ten of 75 (7.5%) subjects demonstrated hypometabolism within the cerebellar
hemisphere contralateral to the side of supratentorial cortical hypometabolism, findings
compatible with associated crossed cerebellar diaschisis. The underlying neurodegenerative
disorders within the 10 subjects with crossed cerebellar diaschisis were as follows: 6 subjects
with suspected frontotemporal dementia (specifically, three bvFTD [Figure 5], two semantic
PPA, and one logopenic PPA), 3 subjects with corticobasal degeneration [Figure 6], and 1
subject with Alzheimer’s disease. Initial inter-reader agreement in detection of CCD is
depicted in Table 6. Inter-reader reliability was also assessed for detection of asymmetric

supratentorial hypometabolism using Cohen’s Kappa coefficient [Table 7].
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Table 4. Brain FDG-PET Hypometabolism and Structural MRI Findings

Dementia Subtype

Regions of hypometabolism with
FDG-PET

Structural MRI Findings

Behavioral Variant
Frontotemporal
Dementia (bvFTD)

e Frontal and anterior
temporal lobes
e Anterior cingulate gyrus

e Volume loss in the frontal
and to a lesser degree in
the temporal lobes

Semantic Variant
Primary Progressive
Aphasia (PPA)

e Asymmetric involvement
of the temporal poles

e Predilection for the left
temporal lobe/pole

e Volume loss in the left >
right temporal lobe
(anterior > posterior)

e Hippocampal atrophy
(left > right)

Logopenic Variant PPA

o Left lateral temporoparietal
regions

e  Supramarginal and angular
gyri of the parietal lobe
and superior temporal
gyrus/temporal operculum

e Volume loss in the left
temporal and parietal
lobes

Agrammatic Variant
PPA

e  Predominant left dorsal
frontal and fronto-insular

e Volume loss in the left
posterior fronto-insular
cortex

Alzheimer’s Disease

o Bilateral parietotemporal
(including precuneus)

e Posterior cingulate gyrus

e  Mesial temporal lobe
(hippocampus and
entorhinal cortex)

e Volume loss in the
parietotemporal
(precuneus) and mesial
temporal lobe

Lewy Body Dementia

o Bilateral parietotemporal
and occipital

e +/- basal ganglia

e  Symmetric mesial occipital
lobe (cuneus and primary
visual cortex)

e Overlap with Alzheimer’s

e Volume loss involving the
parietotemporal and also
in the occipital lobes

o Highly specific sign is the
Absent Swallow Tail Sign
(loss of expected
hyperintensity in
nigrosome-1 of the
substantia nigra) seen on
SWI - susceptibility
weighted imaging

Corticobasal
Degeneration

e  Asymmetric frontal,
parietotemporal and
occipital lobes of a single
cerebral hemisphere

e Asymmetric subcortical
structures (ipsilateral basal
ganglia, thalamus)

e Asymmetric primary
sensorimotor cortex

e  Pronounced asymmetric
volume loss in posterior
frontal/parietal region of a
single cerebral
hemisphere (superior
parietal lobule)

e Asymmetric ipsilateral
primary sensorimotor
cortex

Palsy

Progressive Supranuclear

e Paramedian frontal lobes
e Anterior cingulate gyrus
e Basal ganglia and midbrain

e  Midbrain atrophy
(Hummingbird/penguin
sign, Mickey Mouse
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appearance, Morning
Glory sign)

e May have absent swallow
tail on SWI (seen in
atypical parkinsonian
syndromes)

Table 5. Inter-reader agreement in detection of crossed cerebellar diaschisis

Outcome Reader 1 Reader 2 Reader 3
Symmetric 65 65 65
Cerebellar FDG
Uptake
Cerebellar 10 10 10
Diaschisis

Table 6. Inter-reader agreement in detection of asymmetric supratentorial hypometabolism

Outcome Reader 1 Reader 2 Reader 3
No Asymmetry in 51 37 40
Cortical FDG
Uptake

L>R 20 33 30
Hypometabolism

R>L 4 5 5
Hypometabolism

Table 7. Inter-Reader Reliability (Cohen’s Kappa Coefficient)

Reader Agreement (%)

Cohen’s Kappa Coefficient

(k)
Reader 1 vs. Reader 2 81.3 0.62
Reader 1 vs. Reader 3 85.3 0.70
Reader 2 vs. Reader 3 96 0.92




Figure 5. Serial fusion FDG-PET and FLAIR axial views of a 73-year-old female with

metabolic and structural imaging findings suggestive of underlying behavioral variant
frontotemporal dementia, with associated crossed cerebellar diaschisis. Specifically, there is
abnormal FDG distribution pattern with significantly decreased radiotracer uptake primarily
in the right frontal lobe and to a lesser degree in the right temporal lobe, including the anterior
cingulate gyrus, with corresponding striking hypometabolism in the contralateral left

cerebellar hemisphere, findings consistent with crossed cerebellar diaschisis.
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Figure 6. Serial fusion FDG-PET and FLAIR axial views of a 75-year-old male with

metabolic and structural imaging findings suggestive of underlying corticobasal degeneration,
with associated crossed cerebellar diaschisis. Specifically, there is abnormal FDG distribution
pattern with striking supratentorial asymmetry and decreased radiotracer uptake in nearly the
entire left cerebral hemisphere. Marked hypometabolism is evident particularly in the left
frontoparietal region including in the left sensorimotor cortex with decreased uptake also
noted in the ipsilateral left basal ganglia and left thalamus. There is corresponding
hypometabolism in the contralateral right cerebellar hemisphere, findings compatible with

crossed cerebellar diaschisis.

3.3.3. Article 3. Optimized, Minimal SAR MRI for High-resolution Imaging in Patients

with Implanted Deep Brain Stimulation Electrodes

Twenty-nine patients (23 male / 6 female) were included in the study. Mean age was 58

(range 16-75, standard deviation 14). All subjects (22 Parkinson's disease, 6 dystonia, 1
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essential tremor) had Medtronic (Minneapolis, MN) neuromodulation implants in situ
(Activia PC Models No. 37601 and 37603). There were 25 subthalamic nucleus [Figure 7 and
8] and 4 globus pallidus implants; 10 patients had bilateral electrodes. Of the 29 patients, five
were scanned on the Aera system and 24 on the Avanto. Average imaging time was 6 minutes
17 seconds for MPRAGE and 12 minutes and 16 seconds for T2. Average SAR deposition for
MPRAGE was 0.114 £0.021 for the Avanto system, 0.090+0.001 for the Aera system and
0.109+0.021 overall. Average SAR deposition for T2 weighted sequence was 1.037+0.214 for
the Avanto system, 0.828+0.091 for the Aera system and 0.987+0.210 overall. SAR
deposition for both MPRAGE and T2 weighted sequences were significantly lower on the
Aera system; p=0.012 and p=0.03, respectively [Figure 9]. Four patients underwent
MPRAGE imaging only, for reasons not specified upon retrospective review. All patients
tolerated imaging well with successful completion of MR imaging. No clinical adverse effects
were reported during or immediately after imaging. All images were deemed by consensus
review to be adequate for surgical stereotaxis and were used for subsequent surgical guidance.
At average follow-up time of 553 days ~ 1.5 years (range 2 — 1251 days; standard deviation
374 days), there were no adverse patient outcomes and no cases requiring lead replacement
resulting directly from MRI complication. Consensus review of imaging revealed mild
device-related local susceptibility artifact present in all studies and judged not to affect overall
image quality required for subsequent stereotaxis [Figure 10]. Mild aliasing artifact (seen only
on T1-weighted images) was present in 6/29 (21%) cases and apparent motion artifact was
seen in 4/29 (14%) cases, all seen on MPRAGE sequence. No such artifacts were present on

T2-weighted images.
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Figure 7. The smallest of the basal ganglia nuclei can be delineated on appropriate T2
weighted imaging through a region just cephalad to the midbrain. The subthalamic nucleus, a
frequent target for deep brain stimulation, is outlined by arrows on the patient’s right.
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Figure 8. Tests on a volunteer subject show decreasing anatomic detail of the subthalamic

region with decreasing SAR. T2-weighted images obtained with a SAR=0.1W/kg and 0.4
W/kg were deemed insufficient for stereotaxis by consensus view between neuromodulation
neurosurgeon and neuroradiologist while images obtained with a SAR of 0.7W/kg were

adequate for intraoperative stereotaxis.
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Figure 9. SAR deposition was significantly lower on the Aera system for both MPRAGE
(p=0.01) (A) and T2 weighted images (p=0.03) (B). On the Aera system, all patients were
imaged using SAR <1 W/kg and the SAR standard deviation was small: 0.02 and 0.09 W/kg
for MPRAGE and T2 weighted images, respectively.
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Figure 10. (A) Susceptibility from the electrode was very minimal within the adjacent brain

parenchyma on T2 weighted images (arrow). (B) Device-related local susceptibility in the
scalp at the site of electrode entry was seen in most cases on the MPRAGE and was felt not to
affect image quality. Additionally, a minority of cases showed artifacts likely attributable to
stimulated echos arising from peripheral fat on MPRAGE images only (arrowhead). Overall,

all images were judged to be adequate for presurgical guidance.
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3.4. SCIENTIFIC CONTRIBUTION OF THESIS RESEARCH

3.4.1. Scientific Contribution

These studies highlight the potential of hybrid PET/MRI in neuroimaging, with a special
emphasis on neurocognitive disorders. Whole-body PET/MRI imaging is a rapidly evolving
modality that is most commonly employed for cancer evaluation. The standardized base of
skull to mid-thigh imaging may miss many important brain pathologies that are discovered
incidentally using MRI body sequences. These pathologies could change patient management
or alter patient prognosis. The amount of time required for the acquisition is only an additional
3-5 minutes of imaging time for the base of skull to mid-thigh scan. FDG PET/MRI whole-
body scan that includes the head may show added value in the management of patients.

Furthermore, brain PET/MRI has become an indispensable tool in the assessment of dementia.
Little is known about crossed cerebellar diaschisis in the context of geriatric cognitive
impairment due to underlying neurodegenerative disease. Our study addresses the potential of
routine assessment of cerebellar metabolism patterns as well as asymmetry in supratentorial
tracer uptake in the evaluation of cognitively impaired patients undergoing hybrid PET/MR as

part of dementia diagnostic efforts.

Finally, our results also demonstrate the effective use of an optimized imaging protocol
balancing image quality and low SAR to scan patients with DBS implants for surgical planning.
Relatively low SAR imaging is accomplished with longer imaging times, use of a low SAR
radiofrequency pulse and adjustment of image resolution and is well tolerated by patients

without complications.
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3.4.2. Limitations

Article 1. Added Value of Including Entire Brain on FDG PET/MRI Body Imaging

In our study, the shorter 5-minute acquisition time during PET-MR imaging limits the number
and quality of MRI sequences that can potentially be obtained as compared to a dedicated
brain MRI study. In addition, with dedicated PET imaging of the brain there is a higher
resolution matrix often 344 x 344 x 127 with longer imaging time leading to better quality
images compared to 172 x 172 x 515 used on the typical body PET acquisition. Of all the
cerebral lesions identified on the PET/MRI body sequences, there was a predominance of
MRI findings over PET findings. In fact, all of the PET findings with the exception of the
Creutzfeldt-Jakob case had corresponding abnormalities on the body MRI sequences. The
MRI findings were best identified on the T2 haste sequence which had 5 mm slice thickness
and was not optimized for evaluation of the brain parenchyma. The most clinically relevant
findings were identified on both the PET and MRI portions of the examination. Of limitation
to this study, we had a higher proportion of female patients compared to male patients. In
addition, the types of indications for obtaining whole-body PET/MRI studies, especially the
types of cancers imaged, vary depending on the institution and referring clinicians. Our study
had a predominance of cervical cancer, breast cancer, and lymphoma which may not be

reflective of cases in other institutions.

Article 2. Visual Detection of Crossed Cerebellar Diaschisis in Dementia Patients
Utilizing FDG PET/MRI

In our study, the key finding in cognitively impaired patients undergoing clinical [F18]-FDG
PET/MR neuroimaging as part of their routine dementia workup is an expected association of
asymmetric supratentorial hypometabolism in cases with crossed cerebellar diaschisis.
Previously, this imaging finding has been well documented in patients with supratentorial
cerebral infarcts, traumatic brain injury and prior surgery, however, our findings indicate that
crossed cerebellar diaschisis may be oftentimes present in patients presenting with underlying
neurodegenerative disease. While this is the first study to effectively examine findings of
crossed cerebellar diaschisis in the context of neurodegenerative disorders in a clinical setting,
limitations include a relatively heterogeneous dataset, retrospective nature, and limited
availability of long-term patient follow up to assess for morbidity and mortality, including
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potential clinical impact of CCD-type pathology. Therefore, our future work will focus on
further elucidating the impact of cerebellar diaschisis and hemispheric asymmetry on clinical
presentation, neurologic and neurocognitive assessment, and disease progression in patients
with neurodegenerative disease, with a special focus on the FTD subtypes and patients with

corticobasal degeneration.

Article 3. Optimized, Minimal SAR MRI for High-resolution Imaging in Patients with

Implanted Deep Brain Stimulation Electrodes

Of note, our results indicate significantly lower SAR for both pulse sequences on the Aera
scanner compared with the Avanto scanner with lower standard deviation of SAR values
which could be due to a variety of factors including coil selection. The two magnet systems
have a number of differences including bore diameter, software version and coil. In our
clinical practice, specifications for the Aera and Avanto magnet systems are as follows: D13
DHHS, 70cm diameter bore, CP send/receive AERA head coil with integrated Pre-amplifier:
315 mm x 475 mm x 360 mm (L x W x H) and B17, 60cm diameter bore, CP Avanto head
coil with 2 integrated preamplifiers: 480mm x 330mm x 270 mm (L x W x H), respectively.
SAR levels reported by different scanners can also vary for the same actual delivered energy,
and this has motivated the manufacturer recent shift to using B1+rms as the safety metric for
DBS implants. It is important to note that different magnets and magnet systems can effect
SAR and individualized phantom scanning and testing should be done prior to clinical
implementation. The primary indication for our subjects was pre-surgical targeting and
electrode placement / location confirmation. One limitation of this protocol is that it may not
be suitable for other indications such as assessing new or additional pathology. In fact, the
protocol does not include whole brain coverage which would result in higher SAR.
Furthermore, all of our scans were performed with the patient under general anesthesia
thereby allowing for slightly longer scan time without motion. Scan time would certainly be a

limitation for awake subjects.
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3.5. SUMMARY

Novel Hybrid PET/MRI Applications in Neurocognitive Disorders

Introduction: Hybrid brain PET/MRI is a novel imaging modality which offers great
advantages over PET/CT in the evaluation of neurocognitive disorders. Specifically, the
structural MRI component offers superior soft tissue contrast, lack of radiation exposure, and
more information regarding intrinsic tissue characteristics when compared to CT, therefore

improving anatomic localization and increasing diagnostic accuracy.

Methods: We performed three retrospective studies to analyze: a) added value of including
entire brain on FDG PET/MRI body imaging; b) brain FDG PET/MRI for visual detection of
crossed cerebellar diaschisis in dementia patients; and ¢) an optimized, minimal specific
absorption rate MRI for high-resolution imaging in parkinsonian patients with implanted deep

brain stimulation electrodes.

Results: Of the 269 FDG PET/MRI whole-body studies, 37 patients (13.8%) had positive
brain pathology, with 39 total intracranial findings identified. Of 75 dementia PET/MRISs, 10
subjects had crossed cerebellar diaschisis; of these 6 with frontotemporal dementia, 3 with
corticobasal degeneration and 1 Alzheimer’s disease. For 29 parkinsonism patients with DBS,
average SAR deposition for MPRAGE was 0.109+0.021, with no adverse effects during or

after imaging.

Conclusions: Our study results highlight the potential of hybrid PET/MRI in advanced

clinical neuroimaging, with a special emphasis on patients with neurocognitive disorders.
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3.6. SAZETAK

Nove primjene hibridne PET/MR metode u neurokognitivnim poremecajima

Uvod: Hibridni PET/MR je nova slikovna metoda koja nudi zna¢ajnu prednost u odnosu na
PET/CT u evaluaciji neurokognitivnih poremecaja. Posebice, strukturalna MR komponenta
nudi izvrsnu kontrastnost mekotkivnih struktura, izostanak izlaganja ionizirajuéem zracenju te
viSe informacija vezano za intrinzi¢na svojstva tkiva u usporedbi s CT-om, poboljSavajuci

anatomsku lokalizaciju i povecavajuci dijagnosticku preciznost.

Metode: Proveli smo tri retrospektivne studije analizirajuci: a) dodatnu vrijednost
ukljucivanja ¢itavog mozga prigodom snimanja FDG PET/MR tijela; b) FDG PET/MR
mozga za vizualnu detekciju krizane cerebelarne diashize u bolesnika s demencijom te c)
optimizirani minimalni specifi¢ni udio apsorpcije (specific absorption rate, SAR) MR kod
visoko-rezolucijskih snimanja pacijenata s Parkinsonovom boles¢u koji imaju ugradene

elektrode za duboku stimulaciju mozga (DSM).

Rezultati: Od 269 bolesnika uklju¢enih u analizu FDG PET/MR cijelog tijela, 37 bolesnika
(13,8%) je imalo patoloske promjene mozga, dok je ukupno 39 bolesnika imalo
intrakranijalnu patologiju. Od 75 bolesnika s demencijom podvrgnutih PET/MR, 10 osoba je
imalo kriZzanu cerebelarnu diashizu, od kojih je 6 imalo frontotemporalnu demenciju, 3
kortikobazalnu degeneraciju i jedna osoba Alzheimerovu bolest. Za 29 osoba oboljelih od
Parkinsonove bolesti s DSM, prosjecan SAR depozit na MPRAGE iznosio je 0.109+0.021,

bez nuspojava tijekom ili nakon snimanja.
Zakljucak: Rezultati naSih istrazivanja ukazuju na izuzetne moguénosti hibridnih PET/MR

metoda u naprednim klinickim neurooslikavanjima, osobito u bolesnika s neurokognitivnim

poremecajima.
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Medical Center, Framingham, MA, August 2012 - June 2013

SOCIETY MEMBERSHIP

e WARMTH — World Association of Radiopharmaceutical and Molecular Therapy,
Oct 2020 — present
ASFNR — American Society of Functional Neuroradiology, May 2019 — present
ACR — American College of Radiology, September 2013 — present
ASNR — American Society of Neuroradiology, July 2013 — present
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OBJECTIVE. FDG PET/MRI examination of the body is routinely performed from the
skull base to the mid thigh. Many types of brain abnormalities potentially could be detected on
PET/MRI if the head was included. The objective of this study was therefore to identify and char-
acterize brain findings incidentally detected on PET/MRI of the body with the head included.

MATERIALS AND METHODS. We retrospectively identified 269 patients with FDG
PET/MRI whole-body scans that included the head. PET/MR images of the brain were re-
viewed by a nuclear medicine physician and neuroradiologist, first individually and then con-
currently. Both PET and MRI findings were identified, including abnormal FDG uptake, stan-
dardized uptake value, lesion size, and MRI signal characteristics. For each patient, relevant
medical history and prior imaging were reviewed.

RESULTS. Of the 269 subjects, 173 were women and 96 were men (mean age, 57.4 years).
Only the initial PET/MR image of each patient was reviewed. A total of 37 of the 269 pa-
tients (13.8%) had abnormal brain findings noted on the PET/MRI whole-body scan. Sixteen
patients (5.9%) had vascular disease, nine patients (3.3%) had posttherapy changes, and two
(0.7%) had benign cystic lesions in the brain. Twelve patients (4.5%) had serious nonvascular
brain abnormalities, including cerebral metastasis in five patients and pituitary adenomas in
two patients. Only nine subjects (3.3%) had a new neurologic or cognitive symptom sugges-
tive of a brain abnormality.

CONCLUSION. Routine body imaging with FDG PET/MRI of the area from the skull
base to the mid thigh may miss important brain abnormalities when the head is not includ-
ed. The additional brain abnormalities identified on whole-body imaging may provide added

clinical value to the management of oncology patients.

ET is a well-established modality

for the evaluation of oncology pa-

tients. The most common radio-

tracer used in the workup of ma-
lignant tumors is the glucose analog 8F-FDG,
which is a positron emitter with a 110-minute
half-life [1]. However, the use of PET alone has
several limitations, including low spatial reso-
lution and difficulty localizing and character-
izing foci of increased uptake in the setting of
normal physiologic uptake in different organs.
Although PET detects sites of malignancy and
metastatic spread, other pathologic processes,
such as inflammation and infection can also
have prominent increased FDG uptake [2]. CT
was added to PET to aid in the interpretation of
whole-body PET, greatly improving sensitivity
and specificity. PET/CT does have some draw-
backs, including a higher level of radiation ex-
posure and a lack of anatomic definition that is
related to the inherent low-tissue resolution of

CT when imaging the head and neck, pelvis,
liver, and bone marrow [3].

More recently, PET/MRI has emerged as
another hybrid imaging modality used in the
detection of malignancy. This hybrid scanner
combines the molecular and functional tissue
characterization of PET with the superior tis-
sue resolution of MRI without added radiation.
The addition of MRI was particularly useful
for assessing neoplastic diseases in the brain,
head and neck, musculoskeletal system, ab-
dominal organs (especially the liver), and pel-
vis [4]. Because of the complexities of MRI,
different protocols are established for imaging
different parts of the body, with much varia-
tion existing between institutions and scanner
manufacturers. MRI also requires organ-spe-
cific radiofrequency coils used for the trans-
mission and receipt of signal [5].

For the typical oncology patient, routine
FDG PET/CT covers the area from the skull
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base to the mid thigh; however, for patients
with malignant melanoma and some other
malignancies, the imaging area is increased
to include the area from the top of the head to
the feet. The routine protocol was established
to limit scanning times and to reduce the
amount of radiation exposure [6]. Brain me-
tastases are difficult to diagnose by both PET
and CT, especially without the use of dedi-
cated PET/CT brain protocols and IV con-
trast administration, so imaging of the entire
brain during PET/CT has not been consid-
ered valuable. On the contrary, with the in-
troduction of the PET/MRI scanner, both be-
nign and malignant brain abnormalities can
be detected by the MRI portion of the scan-
ner, even though they typically would not be
conspicuous with the use of PET/CT, even
with the use of dedicated brain protocols [7].

At our imaging center, we routinely include
the entire head in clinical body imaging with
PET/MRI. Therefore, our aim in the present
study is to identify and characterize FDG PET
and MRI brain findings detected in the por-
tion of the study that included the head.

Materials and Methods
Patients

In this institutionally approved and HIPAA-
compliant retrospective study, we identified 269
adult patients (age, 18 years or older) who were re-
ferred from September 2013 until December 2016
for clinically indicated FDG PET/MRI examina-
tion of the area from the base of skull to the mid
thigh that included the entire head. For all 269 pa-
tients, we included only the first PET/MRI scan
obtained if more than one study was available. We
excluded all patients younger than 18 years old,
pregnant women, and patients with a fasting blood
glucose level greater than 150 mg/dL; we also ex-
cluded all patients with PET/MRI body scans that
did not include the entire brain, PET/MRI scans
with dedicated brain sequences, PET/MRI scans
with technical issues such as missing sequences,
or non-FDG PET scans.

Image Acquisition

PET/MRI studies were performed using a 3-T
scanner (Biograph mMR, Siemens Healthcare).
The PET detector is composed of lutetium oxy-
orthosilicate scintillation crystals attached to av-
alanche photodiodes replacing typical photomul-
tiplier tubes used in PET/CT. Each block detector
consists of 64 crystal elements, and each crystal
measures 4 x 4 x 20 mm. In each ring, there are 56
block detectors, and a total of 64 detector element
rings are arranged along the z-axis. The MRI unit
is equipped with a 3-T magnet.

Franceschi et al.

PET and MRI data were acquired simultane-
ously with the use of body radiofrequency coils.
A dual-echo T1-weighted gradient-recalled echo
sequence was performed from the skull vertex to
the mid thighs to acquire the MR attenuation cor-
rection map based on a Dixon segmentation. The
PET data were reconstructed using an iterative
3D ordinary Poisson ordered subsets expectation-
maximization algorithm at four iterations and 21
subsets with a 4-mm gaussian postreconstruction
image filter. The transaxial image matrix size was
172 x 172 x 515 with a transaxial FOV of 59.4 x
59.4 cm and an axial FOV of 25.8 x 25.8 cm. The
voxel size for the PET images was 4.17 x 4.17 x
2.03 mm.

All patients fasted for a minimum of 4 hours be-
fore receiving IV administration of approximately
10 mCi (370 MBq) of FDG, with the dose modi-
fied according to the patient’s body weight. Before
injection, the blood glucose level was measured to

be 150 mg/dL or lower. After radiotracer injection,
the patient was placed in a quiet, warm room and
was told not to talk or move excessively. Simulta-
neous PET and MRI examinations were performed
approximately 1 hour after administration of FDG.
For diagnostic MRI body sequences, we per-
formed T1-weighted radial volumetric interpolat-
ed breath-hold examination with fat suppression or
T1-weighted volumetric interpolated breath-hold
examination with fat suppression in the axial ori-
entation, followed by T2-weighted HASTE with-
out fat suppression in the axial plane, T2-weighted
turbo spin-echo in the coronal plane, and either
DWI with apparent diffusion coefficient maps in
the axial plane or a short T1-weighted inversion re-
covery sequence of the spine in the sagittal plane.

Image Analysis
All PET/MR images of the head were reviewed
first individually and then concurrently by a board-

TABLE I: Demographic and Clinical Characteristics of Patients Who
Underwent Body PET/MRI Including the Head

All Patients Patients With Brain Abnormality
Characteristic (n=269) (n=37)
Agey)
Mean + standard error 57.4+1.1
Range 18-89
Sex, no. of patients
Male 96 14(14.6)
Female 173 23(13.3)
Pathologic abnormality distribution
Cancers
Breast 72 13
Lymphoma 50 5
Cervical 31 2
Gyneco-urologic 16 1
Colorectal 16 1
Head and neck 12 3
Sarcoma 9 0
Pancreatic 8 0
Lung 6 2
Multiple myeloma 5 1
Other cancers 25 2
Noncancer abnormalities
Paraneoplastic syndrome 6 6
Adenopathy or soft-tissue mass 6 0
Lung nodules 4 1
Monoclonal gammopathy 2 0
Vasculitis 1 0

Note—Except where otherwise indicated, data are number of patients or number (%) of patients.
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Inclusion of Brain on PET/MRI of Body

TABLE 2: Number and Percentage of Pathologic Abnormalities Found in

269 Patients

Category of Brain Findings No. of Abnormalities Percentage of Abnormalities
Vascular 16 5.9
Posttherapy changes 9 3.3
Parenchymal metastases 5 1.9
Benign cystic lesions 2 0.7
Pituitary adenomas 2 0.7
Creutzfeldt-Jakob disease 1 0.4
Metabolic encephalopathy 1 0.4
Encephalitis 1 0.4
Primary CNS lymphoma 1 0.4
Leptomeningeal metastases 1 0.4
Total 39 14.5

certified nuclear medicine physician and a board-
certified neuroradiologist. A MIM workstation
(version 6.1, MIM Software) was used to perform
visual assessment of PET/MRI images. Both PET
and MRI findings were noted, including abnor-
mal FDG uptake, standardized uptake value, lesion
size, and MRI signal characteristics. Relevant med-
ical history and prior imaging were reviewed.

Statistical Analysis

The ¢ test was used for statistical analysis of
the results. The final data are presented as mean
(= standard error) values and corresponding
p values that represent statistical significance.

Results

Of the 269 patients who underwent FDG
PET/MRI body studies that included the en-
tire head, 173 were women (64%) and 96
were men (36%) (mean age, 574 + 1.1 years;
age range, 18—89 years). A total of 250 stud-
ies were performed for cancer assessment (91
for staging and 159 for restaging). The can-
cers that were identified in 225 of these stud-
ies were breast cancer (n = 72), lymphoma (n =
50), cervical cancers (n = 31), other gyneco-
urologic cancers (n = 16), colorectal cancers
(n = 16), head and neck cancers (n = 12), sar-
comas (n =9), pancreatic cancers (n = 8), lung
cancers (n = 6), and multiple myelomas (n =
5). According to the 25 other cancer assess-
ment studies, fewer than five patients had each
type of cancer. The other 19 indications in-
cluded paraneoplastic syndrome (n = 6), ade-
nopathy or a soft-tissue mass (n = 6), lung nod-
ules (n = 4), monoclonal gammopathy (1 = 2),
and vasculitis (n = 1). Five of the 19 patients
with these other indications later received a
diagnosis of cancer, including three cases of
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lung nodules, one case of adenopathy, and one
case of paraneoplastic syndrome (Table 1).
Of the 269 patients whose PET/MRI
scans were included in the study, 37 pa-
tients (13.8%) had a brain abnormality de-
tected on FDG PET/MRI body imaging se-
quences. For men, 14.6% (14/96) of the scans
showed a positive brain finding, compared
with 13.3% (23/173) of the scans for women,
which was not significant between the two
groups. Two patients had two brain abnor-
malities, with the first patient having brain
metastases and a chronic infarct and the sec-
ond patient having radiation changes and an
intracranial aneurysm (Table 2). Sixteen sub-
jects (5.9%; mean age, 71 + 3.2 years) had

A

Fig. 1—79-year-old man with head and neck cancer.

vascular disease: eight of these patients had
findings compatible with chronic microvas-
cular changes, six patients had brain infarcts
in various stages, one patient had a chronic
subdural hematoma, and one patient had an
intracranial aneurysm. Comparison of the
age of patients in the group with vascular dis-
ease with that of the remaining 253 patients
(mean age, 57 = 1.0 years) was statistically
significant (p < 0.001). In four patients, the
presence of brain infarcts of various stages
was known before imaging, whereas in two
patients (a 78-year-old woman with lung nod-
ules and a 38-year-old woman with cervical
cancer) newly diagnosed cerebellar lacu-
nar infarcts were identified on PET/MRI. A
chronic subdural hematoma was also newly
diagnosed on the basis of a PET/MRI study
of a 79-year-old woman who was undergo-
ing staging of colorectal cancer. Of note,
the rate of detection of microvascular isch-
emic changes was likely lower than antici-
pated because of the suboptimal quality of
T2-weighted body MRI sequences.

Nine subjects (3.3%) had posttherapy
changes in the brain that were caused by
chemotherapy (n = 3), craniotomy for a be-
nign pathologic finding (n = 3), radiation
therapy (n = 2), or both craniotomy and ra-
diation therapy for cancer (n = 1). Two sub-
jects had benign cystic lesions in the brain.
Twelve subjects (4.5%) had a serious nonvas-
cular brain abnormality, including five of the
patients who underwent imaging for evalu-
ation of paraneoplastic syndrome, which re-

A and B, PET/MRI axial fusion image with T1-weighted radial volumetric interpolated breath-hold examination
fat suppressionimage (A) and PET sagittal image (B) show intense hypermetabolic focus representing pituitary

adenoma (arrows).
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Fig. 2—54-year-old woman with breast cancer and no neurologic symptoms.

A, PET/MRI axial fusion image (A) shows no abnormal focal FDG uptake within cerebellum.

B, Axial T2-weighted HASTE MR image shows three new foci of hyperintensity within cerebellar hemispheres
that were suspicious for metastases (arrows). Other suspicious cerebral lesions were seen. Follow-up
dedicated brain MRI confirmed multiple cerebral metastases.

vealed leptomeningeal metastases, metabolic
encephalopathy, Creutzfeldt-Jakob disease,
primary cerebral lymphoma, and encephali-
tis. Five other patients had parenchymal ce-
rebral metastases; two of these five patients
received a diagnosis more than a year before
undergoing PET/MRI examination, two pa-
tients were given a diagnosis 1-3 days before
PET/MRI examination, and one patient had
quiescent brain metastatic disease initially
detected on the whole-body PET/MRI exam-
ination. In addition, two pituitary adenomas

were newly diagnosed (Fig. 1). The mean age
of the 12 patients with a serious nonvascular
brain abnormality was 60.6 years.

Of the 269 patients evaluated, only nine
patients (3.3%) had neurologic or cognitive
symptoms suggestive of brain abnormality
at the time of the examination. Of these pa-
tients, one patient had old craniotomy chang-
es that did not explain the acute symptoms,
whereas the others had either new or recent-
ly diagnosed brain abnormalities. Of the
seven patients with malignant brain lesions,

five had neurologic symptoms, including one
new case of cerebral metastases found to
be asymptomatic (Fig. 2). The patients with
Creutzfeldt-Jakob disease, metabolic enceph-
alopathy, and encephalitis had new symptoms
for which they received treatment on the ba-
sis of PET/MRI findings noted in conjunction
with dedicated brain MRI findings identified
on the same day that the PET/MRI exami-
nation was performed. One patient had a re-
cently identified subacute cerebral infarct that
was originally thought to have been a malig-
nant cerebral lesion on head CT; however, af-
ter PET/MRI, the lack of FDG uptake within
the lesion forestalled a biopsy. In 4.1% of the
patients, including whole-brain imaging re-
sulted in either additional workup or a change
in management (Table 3).

Perhaps the most significant example out-
lining the importance of including the head
on routine whole-body PET/MRI was the
case of a partially thrombosed, enlarging
aneurysm that was detected in a 64-year-
old woman with metastatic breast cancer.
The patient had a history of whole-brain ra-
diation therapy and was receiving system-
ic chemotherapy at the time of the whole-
body PET/MRI examination. She had a
known 1.0-cm aneurysm at the level of the
left middle cerebral artery bifurcation. How-
ever, dedicated neuroradiologic review of
PET/MRI sequences of the head and neck
showed interval enlargement of the known
aneurysm at the left middle cerebral artery
bifurcation, along with an adjacent 2.2-cm
rounded Tl1-hyperintense, T2-hypointense
lesion with a peripheral rim of T2 hyperin-

TABLE 3: Summary of PET/MRI Brain Findings and Resulting Clinical Management

Patient | Age New Clinical Management and
Number| (y) | Sex Study Indication Neurologic Symptoms Brain Finding Diagnosis Comments
1 71 | M | Esophageal cancer Asymptomatic Chronic braininfarct No None
2 56 | M | Paraneoplastic syndrome Ataxic gait and disoriented Leptomeningeal metastases Yes Intrathecal port for
chemotherapy
3 87 F | Paraneoplastic syndrome Confusion Subacute cerebral infarct Yes Prevent biopsy; subacute
infarct showed no activity
4 79 | M | Colorectal cancer Asymptomatic Chronic subdural hematoma Yes None
5 63 | M | Lymphoma Tardive dyskinesia and neck | Craniotomy No None
twitching
6 81 F | Breastcancer Asymptomatic Chronic microvascular No None
disease
7 24 | M | Lymphoma Asymptomatic Craniotomy No None
8 79 | M | Headand neck cancer Asymptomatic Pituitary tumor Yes Neurosurgery consultation;
no excision
9 55 | M | Multiple myeloma Asymptomatic Chronic brain infarct No None
10 54 F | Breastcancer Asymptomatic Benign cystic lesion No None
(Table 3 continues on next page)
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TABLE 3: Summary of PET/MRI Brain Findings and Resulting Clinical Management (continued)

Inclusion of Brain on PET/MRI of Body

Patient | Age New Clinical Management and
Number| (y) | Sex Study Indication Neurologic Symptoms Brain Finding Diagnosis Comments
n 75 | M | Lymphoma Asymptomatic Craniotomy with radiation No None
changes
12 n M | Head and neck cancer Asymptomatic Chronic microvascular No None
disease
13 70 F | Breastcancer Asymptomatic Chemotherapy-related No None
changes
14 76 | M | Lymphoma Asymptomatic Chronic microvascular No None
disease
15 47 F | Cancer of cervix Asymptomatic Craniotomy No None
16 82 F | Head and neck cancer Asymptomatic Chronic microvascular No None
disease
17 55 F | Breastcancer Asymptomatic Chemotherapy-related No None
changes
18 51 | M | Paraneoplastic syndrome Cognitive changes Metabolic encephalopathy Yes Initiated glucosteroid therapy;
brain MRl already scheduled
19 28 F | Breastcancer Asymptomatic Chemotherapy-related No None
changes
20 56 F | Breastcancer Asymptomatic Benign cystic lesion No None
21 68 | M | Paraneoplastic syndrome Migraines and worsening Creutzfeldt-Jakob disease Yes Immunoglobulin therapy;
balance brain MRI already scheduled
22 78 | M | Lungcancer Asymptomatic Radiation therapy changes No None
23 38 F | Cancerof cervix Asymptomatic Cerebellar lacunar infarct Yes None
24 85 F | Vulvar cancer Asymptomatic Chronic microvascular No None
disease
25 51 F | Breastcancer Asymptomatic Pituitary tumor Yes None
26 68 F | Lymphoma Asymptomatic Chronic microvascular No None
disease
27 64 F | Breastcancer Asymptomatic Brain parenchymal No None; known lesions
metastases
28 65 F | Unknown primary Word-finding difficulties Brain parenchymal No Resection of largest brain lesion;
metastases diagnosed 5 days earlier
29 18 F | Breastcancer Asymptomatic Chronic microvascular No None
disease
30 53 | M | Paraneoplastic syndrome Rightface numbness and Primary cerebral lymphoma Yes Biopsy with treatment; prior
dizziness misdiagnosis of multiple
sclerosis
31 69 F | Lung cancer Headaches and unusual Brain parenchymal No None; known lesions
behavior metastases
32 58 F | Breastcancer Asymptomatic Chronic microvascular No None
disease
33 64 | F | Breastcancer Asymptomatic Intracranial aneurysm and Yes Coiling aneurysm; enlarging
radiation changes known lesion
34 54 F | Breastcancer Asymptomatic Brain parenchymal Yes Dedicated brain MRl ordered;
metastases no additional therapy
35 78 F | Lung nodule Asymptomatic Cerebellar lacunar infarct Yes None
36 66 F | Breastcancer Asymptomatic Brain parenchymal No Dedicated brain MRl ordered,;
metastases and brain infarct no additional therapy
37 55 F | Paraneoplastic syndrome Sensory and hearing loss Encephalitis Yes Rituximab treatment; brain

MRI already scheduled
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tensity, which was concerning for subacute
blood products within a pseudoaneurysm or
walled-off intraparenchymal rupture of the
aneurysm (Fig. 3). The patient underwent
emergent neurosurgical evaluation as well as
unenhanced head CT followed by CT angi-
ography. The patient subsequently underwent
successful balloon-and-stent—assisted coil-
ing that resulted in complete occlusion of the
enlarging aneurysm at the left middle cere-
bral artery bifurcation. Although this patient
would have received routine brain imaging
for evaluation of the aneurysm and metastatic
brain disease, PET/MRI allowed intervention
for this patient whose condition was asymp-
tomatic before more serious effects occurred.
Of the 250 patients undergoing FDG
PET/MRI of the body for staging or restaging
of malignancy, 15 patients were undergoing
dedicated brain MRI as part of routine can-
cer screening or for continued assessment of
metastatic spread, including four of the six pa-
tients with lung cancer (67%) and 11 of the 72
patients with breast cancer (15.3%). The high-
er rate of brain imaging for patients with lung
cancer reflects national cancer guidelines [8],
whereas brain MRI is not routinely recom-
mended for patients with breast cancer that is
asymptomatic. However, a low threshold for
ordering brain MRI is acceptable for patients
with ErbB-2 (also known as HER2/neu)—pos-
itive advanced breast cancer because of the
high incidence of brain metastases [9]. One
patient with lymphoma underwent frequent
brain MRI examinations to assess cranioto-
my changes, and another patient with multiple
myeloma underwent frequent brain MRI ex-
amination to evaluate a chronic infarct.
When PET findings were compared with
MRI findings, 38 of the 39 brain findings
(97.4%) could be detected on the MR images
alone. Eight of the 39 brain findings (20.5%)
had abnormal areas of increased FDG uptake
on PET images that indicated an underlying
metabolic brain abnormality. Both pituitary
adenomas had intense radiotracer uptake on
PET images, whereas only one had a lesion
detectable on the body MRI sequences. Three
of the five cerebral metastases showed mark-
edly increased FDG uptake, as did the case of
primary cerebral lymphoma, whereas cases of
leptomeningeal metastases showed only sub-
tle abnormalities of PET that were difficult to
detect without the fusion images. For the case
of encephalitis, intense temporal lobe FDG
uptake was seen. On PET images, two pa-
tients had cortical hypometabolism that was
not related to posttherapy changes, including
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D

Fig. 3—64-year-old woman with metastatic breast cancer with history of brain metastases treated by whole-

brain radiation therapy.

A, PET/MRI axial fusion image with T1-weighted radial volumetric interpolated breath-hold examination fat
suppression shows new hyperintense lesion (arrow) in left frontal lobe region. No abnormal FDG activity is

associated with this lesion.

B, Axial T2-weighted HASTE MR image shows 2.2-cm hypointense round lesion (arrow) with peripheral
hyperintense rim that was concerning for subacute blood products. Cerebral edema from prior radiation

therapy is also seen.

C, Axial unenhanced CT scan shows extraaxial hyperattenuated mass (arrow).
D, Coronal maximum-intensity-projection CT angiography image shows patent part of inferiorly oriented

saccular aneurysm (arrow).

the patient with Creutzfeldt-Jakob disease,
for whom markedly abnormal cortical and
basal ganglia FDG uptake was seen on PET
images, with increased signal observed on
T2-weighted images within the basal ganglia.
Also, the patient with metabolic encephalopa-
thy had globally decreased cortical FDG up-
take on PET images, with subcortical T2 hy-
perintensities seen on the corresponding MR
images. The two patients with benign cystic

brain lesions and the patient with the subdu-
ral hematoma had areas of absent FDG uptake
that corresponded to their respective lesions
on the PET portion of the study.

Discussion

On whole-body PET/CT and PET/MRI
performed for oncologic evaluation, the pa-
tient is typically imaged from the base of the
skull to the mid thigh. Only patients with ma-
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lignant melanoma or cutaneous lymphoma
are routinely imaged from the top of the head
to the feet. Depending on the positioning of
the patient and localization by the scout im-
age, various portions of the brain may be in-
cluded in the study because technologists use
different anatomic landmarks for establish-
ing the FOV and because head positioning
may vary. Typically, only the bottom third of
the brain is included on PET studies covering
the base of the skull to the mid thigh.

For multiple reasons, the brain usually
was not considered essential for inclusion on
whole-body PET images. For example, the
additional bed position required for the head
added an extra 3—5 minutes of imaging time.
Furthermore, the CT protocol used for onco-
logic PET/CT frequently involved a low dose
and was not optimized for imaging the brain,
compared with diagnostic head CT. The PET
image acquisition time was also deemed in-
adequate for optimal brain viewing, includ-
ing the detection of brain metastases [10].

With dedicated PET/MRI scanners, the
patient receives no additional radiation other
than the FDG dose. The only limiting factor
is the time required to acquire additional im-
ages that include the brain. For the PET/MRI
body imaging protocol, this may take only
3-5 minutes of additional time, depending
on the protocol being used. Because of the
limited number of sequences performed, the
radiologist would require only 2-3 minutes
to review the brain images. However, higher-
resolution brain imaging, such as that used
for dedicated brain MRI, would require 20—
30 minutes of additional imaging time and
7-10 minutes for radiologist review.

The literature includes contradictory re-
ports regarding inclusion of the whole brain
as part of routine oncologic PET studies. For
example, in a retrospective study of 1000
consecutive patients that included imaging of
the top of the head with FDG PET/CT, Ab-
delmalik et al. [11] found that 102 patients
(10.2%) had clinically significant findings
above the base of the skull. Although 69%
of these patients already had a known or sus-
pected pathologic finding above the base of
the skull, 31% of the patients had unsuspect-
ed abnormal findings, with most of the find-
ings being brain metastases [11].

Contrary to the aforementioned findings, in
a study by Tan and Chatterton [12], the value
of an imaging protocol covering the area from
the top of the head to the feet was compared
with that of a protocol covering the area from
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the base of skull to the mid thigh in patients
with malignant melanoma. Abnormal FDG
uptake within the brain or scalp that might be
suggestive of metastatic disease was seen on
only 3% of the 398 PET/CT scans performed
for 361 patients, with most scans showing dis-
seminated metastatic disease. Only 1% of
these patients had unexpected findings in the
brain. Furthermore, none of the metastatic le-
sions were an isolated malignant deposit that
would have changed patient management.

With the use of a routine body PET/CT
protocol, Bochev et al. [13] studied 2502 pa-
tients with various cancers but no symptoms.
MRI was used to confirm the presence of ce-
rebral lesions. Bochev and colleagues found
that 25 patients (1.0%) had brain metasta-
ses, with lung cancer occurring most often.
The authors thought that the early and cru-
cial information warranted the extra radia-
tion dose and time associated with inclusion
of the head in imaging [13]. The importance
of finding brain metastases was also reflect-
ed in a recent study by Kung et al. [14], who
reviewed 1876 patients who were undergoing
PET/CT from the top of the head to the mid
thigh. In that study, 71 patients (3.8%) were
suspected of having brain metastases on the
basis of PET/CT findings, and 40 patients
(2.1%) were not previously known to have
metastatic disease. Of the patients confirmed
to have metastases, 94.1% had significant
changes in clinical management, including
whole-brain radiation therapy, craniotomy,
and IV steroid treatment [14].

Although most articles evaluating inciden-
tal findings from PET/CT focus on PET ab-
normalities, several studies have also looked
at the increased diagnostic accuracy of delin-
eating structural findings on MRI sequenc-
es compared with CT images. In a study in
which contrast-enhanced brain MRI was
compared with dual-phase contrast-enhanced
head CT, Davis et al. [15] found that the to-
tal number of lesions detected using MRI was
much greater than that detected using CT (61
vs 37 lesions). In addition, PET/CT is not as
sensitive for the detection of brain metastases
when compared with dedicated brain MRI.
For example, Kruger et al. [16] found the sen-
sitivity of FDG PET/CT to be only 27% (spec-
ificity, 97.6%) when MRI was used as the ref-
erence standard. Rohren et al. [17] had better
success, finding that FDG PET/CT had a sen-
sitivity of 75% and a specificity 83% for the
detection of cerebral metastases, with MRI as
the reference standard.

Of the intracranial tumors found in the
brain, metastases are by far the most com-
mon, with 15-40% of patients with cancer
having brain metastases develop. However,
most patients do not have symptoms, with
only 8-10% of patients with cancer develop-
ing symptomatic brain lesions during their
illness. The most common types of cancer
that develop brain metastases are lung can-
cer (frequency, 40-50%), breast cancer (fre-
quency, 15-25%), and malignant melanoma
(frequency, 5-20%) [18, 19]. The distribu-
tion of brain metastases includes the cerebral
hemispheres in 80% of cases and lesions in
the cerebellum and the brainstem in 15% and
5% of cases, respectively. Common features
of symptomatic brain metastases include
headache, seizures, cognitive impairment,
and neurologic deficits from brain tissue de-
struction or displacement, peritumoral ede-
ma, increased intracranial pressure, and vas-
cular compromise [20].

In addition to brain parenchymal lesions,
patients with systemic cancer often have oth-
er neurologic complications. Metabolic en-
cephalopathy is a common cause of altered
mental status. Patients may therefore pres-
ent with stroke, hemorrhage, tumor vascular
compression or invasion, tumor-induced co-
agulation disorders, radiation-induced brain
injury, and chemotherapy-related neurologic
side effects [21].

Incidental findings are not limited to pa-
tients with cancer. In a study of 2000 other-
wise healthy subjects (mean age, 63.3 years)
that evaluated the use of brain MRI, Ver-
nooij et al. [22] found asymptomatic brain
infarcts in 7.2% of subjects, cerebral aneu-
rysms in 1.8%, and benign primary tumors
(mainly meningiomas) in 1.6%. Similarly,
Koppelmans et al. [23] assessed undetected
brain abnormalities on MR images of 191 fe-
male long-term survivors of breast cancer.
Of these subjects, 2.6% had aneurysms, 3.7%
had meningiomas, and 1.6% had pituitary
adenomas. Only pituitary adenomas had an
incidence that was higher than that found in
the general population [23]. Katzman et al.
[24] performed brain MRI for 1000 volun-
teers without symptoms (age range, 3—83
years) and found incidental findings on the
images of 18%, with 2.9% of all patients re-
quiring a referral appointment. Findings in-
cluded cysts, benign tumors, vascular abnor-
malities, and demyelinating disease, with
microvascular disease and brain atrophy oc-
curring in older patients.
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In a study of 1006 patients that involved the
use of brain MRI, Haberg et al. [25] found a
much higher incidence of intracranial abnor-
malities (32.7%), 27.1% of which were inci-
dental findings. The lesions included cysts
(in 3.6% of patients), structural vascular ab-
normalities (1.9%), developmental variations
(< 0.1%), excessive areas of signal hyperinten-
sity in white matter (9.1%), tumors (1.4%), mi-
crohemorrhages (< 0.1%), infarctions (4.4%),
and acquired brain abnormalities (1.0%), such
as contusions or multiple sclerosis. Of the
1006 patients, 3.5% were referred for neuro-
surgical consultation, with 1.4% eventually
undergoing an intracranial procedure [25].
Another study by Sandeman et al. [26] found
that older patients had a higher rate of inci-
dental brain findings, which included a higher
incidence of prior infarcts or hemorrhage, ar-
eas of signal hyperintensity deep in the white
matter, and cerebral atrophy.

In the present study, the shorter 5-min-
ute acquisition time for PET/MRI limits the
number and quality of MRI sequences that
can potentially be performed, compared with
the number and quality of those performed
during a dedicated brain MRI study. In ad-
dition, dedicated PET of the brain involves a
higher-resolution matrix (often 344 x 344 x
127) with a longer imaging time, which leads
to better-quality images, when compared
with the 172 x 172 x 515 matrix used in typi-
cal body PET acquisitions. For all the cere-
bral lesions identified on PET/MRI body se-
quences, there was a predominance of MRI
findings over PET findings. In fact, for all the
PET findings, with the exception of one pitu-
itary adenoma, corresponding abnormalities
were identified on body MRI sequences. In-
cluding brain MRI alone in the staging or re-
staging of cancer would identify most abnor-
malities without the need to perform the PET
portion of the examination, although this
would add an additional burden of time and
cost to health care. The MRI findings were
best identified on the T2-weighted HASTE
sequence that had a slice thickness of 5 mm
and was not optimized for evaluation of the
brain parenchyma. The most clinically rel-
evant findings were identified on both the
PET and MRI portions of the examination.
Of note, some incidental brain findings could
be construed as either a benefit or a negative
aspect of including the whole head on rou-
tine PET/MRI. Newly detected findings have
the potential of increasing the cost of med-
ical management without leading to patient
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benefit. One limitation of the present study is
that there was a higher proportion of women
included in the study, compared with men. In
addition, the types of indications for obtain-
ing whole-body PET/MRI studies, especially
the types of cancers imaged, vary depending
on the institution and referring clinicians in-
volved. In the present study, a predominance
of cervical cancer, breast cancer, and lym-
phoma was noted, which may not be reflec-
tive of cases at other institutions.

Conclusion

FDG PET/MRI is a new evolving modal-
ity that is most commonly used for staging
and restaging of malignancy, as well as for
other indications. The routine PET/MRI pro-
tocol that images the area from the skull base
to the mid thigh may miss many important
brain abnormalities that are easily detected
with PET/MRI body sequences. These ab-
normalities could change patient manage-
ment or alter patient prognosis. The amount
of time required to include the entire head
was only an additional 3—5 minutes of im-
aging time for the standard scan covering
the skull base to the mid thigh, and the ra-
diologist needed only 2—3 minutes to review
the images. Dedicated brain radiofrequency
coils were not required, and no additional ra-
diation was accrued by its implementation.
An FDG PET/MRI whole-body scan that in-
cludes the head provides added value to the
management of these patients.
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OBJECTIVE. Depressed regional metabolism and cerebellar blood flow may be
caused by dysfunction in anatomically separate but functionally related regions, pre-
sumably related to disruption of the corticopontine-cerebellar pathway. The purpose
of this study was to evaluate the prevalence of crossed cerebellar diaschisis (CCD) in pa-
tients undergoing "®F-FDG PET/MRI for suspected neurodegenerative disease.

MATERIALS AND METHODS. In total, 75 patients (31 men, 44 women; mean age,
74 years) underwent hybrid FDG PET/MRI for clinical workup of neurodegenerative dis-
ease. Images were obtained with an integrated 3-T PET/MRI system. PET surface maps,
fused T1-weighted magnetization-prepared rapid acquisition gradient echo and axial
FLAIR/PET images were generated with postprocessing software. Two board-certified
neuroradiologists and a nuclear medicine physician blinded to patient history evaluat-
ed for pattern of neurodegenerative disease and CCD.

RESULTS. Qualitative assessment showed that 10 of 75 (7.5%) patients had de-
creased FDG activity in the cerebellar hemisphere contralateral to the supratentorial
cortical hypometabolism consistent with CCD. Six of the 10 patients had characteristic
imaging findings of frontotemporal dementia (three behavioral variant frontotemporal
dementia, two semantic primary progressive aphasia, and one logopenic primary pro-
gressive aphasia), three had suspected corticobasal degeneration, and one had Alzhei-
mer dementia.

CONCLUSION. Our study results suggest that CCD occurs most commonly in fron-
totemporal dementia, particularly the behavioral variant, and in patients with cortico-
basal degeneration. Careful attention to cerebellar metabolism may assist in the clinical
evaluation of patients with cognitive impairment undergoing FDG PET/MRI as part of
their routine dementia workup.

Brain PET/MRI is a newer imaging modality that has advantages over PET/CT in the
evaluation of patients with cognitive impairment who have suspected underlying de-
mentia and neurodegenerative disease. Specifically, compared with CT, the structural
MRI component has superior soft-tissue contrast, is free of radiation exposure, and yields
more information about intrinsic tissue characteristics, improving anatomic accuracy.
Furthermore, PET/MRI systems with simultaneous imaging capabilities allow PET and MRI
acquisition in a single convenient session, affording precise image coregistration and im-
proved anatomic localization. Additionally, hybrid imaging such as brain PET/MRI inher-
ently promotes a more collaborative interpretation effort among radiologists, nuclear
medicine physicians, and clinical subspecialists owing to the inherent complexity of the
imaging modality and associated pathologic conditions. This collaboration encourages a
multidisciplinary team approach to complex cases, especially those of patients with mul-
tiple comorbid conditions and complex differential diagnoses.

Crossed cerebellar diaschisis (CCD) is an imaging artifact present in patients with var-
ious supratentorial insults, including cerebral infracts, traumatic brain injury, and prior
surgery. These insults may destroy the corticobulbar, corticopontine, or corticocerebellar
fiber tracts. Subsequent transneural degeneration of the white matter tracts, specifically
the corticocerebellar fibers, results in cerebellar parenchymal changes that are best vis-
ualized with functional PET and are typically occult on structural imaging studies [1-4].
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Traditionally, CCD was considered to be associated with a de-
gree of hemiparesis at clinical examination. Pantano et al. [1],
however, found that CCD may also be present in patients who do
not have hemiparetic symptoms. Those authors suggested that
destruction of the pyramidal tract alone is not sufficient for the
development of CCD, nor, conversely, is it its sole clinical mani-
festation. Furthermore, in certain cases imaging findings of CCD
were present on images hours after stroke and subsequently
resolved, suggesting that with certain etiologic factors, there ex-
ists a window of reversibility for cerebellar diaschisis.

There are limited data on the prevalence of CCD in patients
presenting with cognitive impairment due to suspected under-
lying dementia and neurodegenerative disease and the potential
impact of CCD on progression of neurodegeneration and asso-
ciated symptoms. In this study, we used hybrid ¥F-FDG PET/MRI
of the brain to detect differences in cerebellar metabolism and
patterns of asymmetric hypometabolism in the cerebral cortex
in patients undergoing neuroimaging evaluation for clinically
symptomatic cognitive impairment. We conducted a retrospec-
tive prevalence-based assessment for CCD. The results may fur-
ther our understanding of the potential contribution of CCD to
underlying neuronal demise in the various dementia subtypes.

Materials and Methods

This HIPAA-compliant retrospective study received local insti-
tutional review board approval. The requirement for written in-
formed consent was waived because of the retrospective nature
of this study.

Subjects

Among 175 patients initially identified, 75 patients (44 women,
31 men; mean age, 74 years) with clinically symptomatic neuro-
degenerative disorders were enrolled in our study from January
2015 to February 2019. All 75 subjects underwent FDG PET/MRI
of the brain as part of their routine clinical workup for cognitive
impairment and suspected neurodegenerative disease. The ex-
clusion criteria were as follows: age younger than 18 years, clini-
cal indication other than dementia, pregnancy, and fasting blood
glucose level greater than 150 mg/dL. Additional technical ex-
clusions were PET/MRI examination without dedicated brain se-
quences, deviation from standard protocol in image acquisition,
and brain studies other than FDG PET/MRI.

Image Acquisition

Before imaging, an IV injection of approximately 5 mCi (185
MBq) of FDG was administered. After 40 minutes of uptake, the
patient was positioned for brain imaging in a 3-T PET/MRI system
(Biograph mMR, Siemens Healthcare) with a standard 12-chan-
nel head coil. A dual-echo T1-weighted gradient-recalled echo
sequence was performed to acquire the MRI attenuation-cor-
rection map based on Dixon segmentation (air, fat, soft tissue,
lungs). Emission data were collected for 20 minutes while ded-
icated brain MRI sequences were performed. PET data were re-
constructed with an iterative 3D ordinary Poisson ordered sub-
sets expectation maximization algorithm at three iterations and
21 subsets and with a 4-mm gaussian postreconstruction image
filter. The PET image matrix size was 344 x 344 x 127 mm, and
transaxial voxel dimensions were 1.04 X 1.04 mm with a thick-

ness of 2.03 mm. Further postprocessing of PET images was per-
formed with MIMneuro software (version 6.9.5, MIM Software).

MRI data included images from the skull vertex to the fora-
men magnum. Standard high-resolution 3D sagittal magnetiza-
tion-prepared rapid acquisition gradient echo (MP-RAGE) and
3D FLAIR sequences were used to image the anatomic features
of the brain. Afterward, routine diagnostic MRI sequences, includ-
ing T2-weighted turbo spin-echo imaging in the axial and coro-
nal planes, axial susceptibility-weighted imaging, diffusion-tensor
imaging, axial proton density-weighted imaging, and DWI, were
performed. Three-dimensional MP-RAGE image data were addi-
tionally postprocessed with NeuroQuant software (version 2019,
CorTechs Laboratories) for semiquantitative volumetric analysis.

The sagittal 3D FLAIR fat-suppressed images were obtained
with the following parameters: TR/TE, 5000/402; inversion time,
1800 ms; FOV, 250 x 250 mm; voxel size, 0.9 X 0.9 X 0.9 mm; slice
thickness, 0.9 mm; acquisition time, 7 minutes. The 3D sagittal
MP-RAGE sequence was performed with the following parame-
ters: TR/TE, 1700/2.44; inversion time, 841 ms; FOV, 250 x 250 mm;
voxel size, 1.0 X 1.0 X 1.0 mm; slice thickness, 1.0 mm; flip angle,
9° acquisition time, 3 minutes 58 seconds. The MR-based attenu-
ation-corrected PET sequence was performed with the following
parameters: TR/TE 1, 3.6/1.23; TR/TE 2, 3.6/2.46; FOV, 500 x 500
mm; voxel size, 4.2 X 2.6 x 3.1 mm; slice thickness, 3.12 mm,; flip
angle, 10°% acquisition time, 19 seconds.

The diffusion-tensor imaging sequence was performed with
the following parameters: TR/TE, 5600/90; FOV, 250 x 250 mm;
voxel size, 2.0 X 2.0 X 4.0 mm; slice thickness, 4 mm; delay, 0 ms;
acquisition time, 3 minutes 10 seconds.

Axial T2-weighted turbo spin-echo images were obtained with
the following parameters: TR/TE, 4000/96.0; FOV, 230 x 230 mm;
voxel size, 0.8 X 0.7 x 3.0 mm; slice thickness, 3.0 mm; delay, 0 ms;
flip angle, 150°% acquisition time, 1 minute 12 seconds. The follow-
ing parameters were used for coronal turbo spin-echo imaging:
TR/TE, 4720/96.0; FOV, 230 x 230 mm; voxel size, 0.8 x 0.7 x 3.0
mm; slice thickness, 3.0 mm; delay, 0 ms; of flip angle, 150°% acqui-
sition time, 1T minute 25 seconds.

Axial susceptibility-weighted imaging was performed at
TR/TE, 26/20; FOV, 230 x 230 mm; voxel size, 0.8 x 0.7 X 1.3 mm;
slice thickness, 1.3 mm:; flip angle, 15° acquisition time, 5 minutes
2 seconds. DW images were obtained at TR/TE, 7500/92.0; FOV,
240 x 240 mm; voxel size, 1.5 x 1.5 x 4.0 mm; slice thickness, 4.0
mm; delay, 0 ms; acquisition time, 2 minutes 8 seconds. Axial pro-
ton density-weighted images were obtained at TR/TE 1, 2800/10;
TR/TE 2, 2800/93; FOV, 230 x 230 mm; voxel size, 0.9 X 0.9 X 3.0
mm; slice thickness, 3.0 mm; delay, 0 ms; flip angle, 150° acquisi-
tion time, 2 minute 41 seconds.

Image Analysis

Two neuroradiology fellowship-trained board-certified radiol-
ogists with dedicated brain PET/MRI clinical and research expe-
rience independently reviewed the fused PET/MR images and
classified each case according to subtype of neurodegenerative
disease. Along with qualitative assessment, 3D MP-RAGE MR im-
age data were additionally evaluated by means of quantitative
volumetric analysis with NeuroQuant software (version 2019,
CorTechs Laboratories). This U.S. Food and Drug Administration—
cleared program is used to analyze intracranial volume and com-
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pare these volumes with those in a normative database. The pro-
gram compares lobar and sublobar cortical volumes with data in
a standardized database, adjusted for age, sex, and volume sta-
tus. Regions of parenchymal volume loss greater than 2 SD from
that of healthy control subjects in the standardized atlas were
flagged as abnormal. Quantitative percentages were assigned
to lobar and sublobar areas to quantify the extent of parenchy-
mal volume loss. The software provides semiquantitative data re-
garding the aforementioned variables and does not provide a de-
mentia diagnosis.

One nuclear medicine physician with 25 years of experience
in brain PET used MIMneuro 6.9.5 (MIM Software) to review the
PET portion of the study with additional cortical surface map
reconstructions (qualitative assessment) and semiquantitative
z-score analysis of brain hypometabolism. This program runs a
region-based analysis that calculates z scores (nhumber of SD from
the mean) and asymmetry measurements for individual brain re-
gions defined by the single brain atlas and MIM probabilistic an-
atomic atlas to perform semiquantitative analysis of brain hy-
pometabolism. According to the manufacturer, the single brain
atlas and MIM probabilistic anatomic atlas are composed of 43
individuals (19 women, 24 men; age range, 41-80 years; mean,
63.8 + 9.98 [SD] years). The distribution of the normal age-based
atlas is as followed: six subjects 40-49 years old, eight subjects
50-59 years old, 14 subjects 60-69 years old, 14 subjects 70-79
years old, and one subject 80-89 years old. The automated z
scores were calculated by comparing the patient to the select-
ed age-matched set of healthy control subjects (within 5 years of
the patient’s age). The MIMneuro software performs semiquanti-
tative z-score analysis of the aforementioned variables and does
not provide a dementia diagnosis.

All three readers separately scored the supratentorial brain pa-
renchymal FDG uptake as follows: symmetric, asymmetric left
greater than right, and asymmetric right greater than left. After su-

pratentorial analysis, cerebellar FDG uptake was also independent-
ly scored as symmetric versus asymmetric and specifically eval-
uated for the presence of CCD. Any discrepancy was resolved by
secondary consensus review among the three readers. Interreader
agreement was evaluated with Cohen kappa coefficient for read-
ers 1 versus 2, readers 1 versus 3, and readers 2 versus 3.

Results

Qualitative assessment of images revealed that 19 subjects
had imaging findings typical of frontotemporal dementia (FTD)
(nine, behavioral variant FTD; six, semantic variant primary pro-
gressive aphasia (PPA); three, logopenic variant PPA; one, agram-
matic variant PPA); 12 had Alzheimer disease; 10 had Lewy body
dementia; 12 had corticobasal degeneration; and two had pro-
gressive supranuclear palsy. Characteristic structural and func-
tional PET/MRI findings for each dementia subtype [5, 6] are out-
lined in Table 1. All three readers agreed on identification of 65
cases of symmetric cerebellar FDG uptake and 10 cases of cere-
bellar diaschisis. The Cohen kappa coefficient for interreader reli-
ability indicated perfect agreement (k = 1) for all combinations of
readers (1vs2,1vs3,and 2vs 3).

Ten of 75 (7.5%) subjects also had hypometabolism within the
cerebellar hemisphere contralateral to the side of supratentori-
al cortical hypometabolism, findings compatible with associated
CCD. Initial interreader agreement on detection of CCD is depict-
ed in Table 2. The results of assessment of interreader reliability
for detection of asymmetric supratentorial hypometabolism are
shown in Table 3.

The underlying neurodegenerative disorders in the 10 patients
with CCD were distributed as follows: six, suspected FTD (specifi-
cally, three behavioral variant FTD; two, semantic PPA; one, logope-
nic PPA), three, corticobasal degeneration; one, Alzheimer disease.
Figure 1 shows serial fused FDG PET and axial FLAIR MR images of
a 73-year-old woman with metabolic and structural imaging find-

TABLE 1: Brain FDG PET Hypometabolism and Structural MRI Findings in Neurodegenerative Disorders

Dementia Subtype FDG PET

Region of Hypometabolism According to

Structural MRI Finding

Behavioral variant frontotemporal
dementia

Anterior cingulate gyrus
Primary progressive aphasia

Semantic variant

Logopenic variant

and superior temporal gyrus
Agrammatic variant

Alzheimer dementia

Posterior cingulate gyrus

entorhinal cortex)

Frontal and anterior temporal lobe

Asymmetric involvement of the temporal poles

Predilection for the left temporal lobe or pole
Left lateral temporoparietal regions

Supramarginal and angular gyri of parietal lobe

Predominant left posterior frontoinsular

Bilateral parietotemporal (including precuneus)

Mesial temporal lobe (hippocampus and

Volume loss in the frontal and to a lesser degree temporal lobes

Volume loss in temporal lobe (left greater than right, anterior
greater than posterior)

Hippocampal atrophy (left greater than right)

Volume loss in left temporal and parietal lobes

Volume loss in the left posterior frontoinsular cortex

Volume loss in parietotemporal (precuneus) and mesial
temporal lobes

AJR:216, January 2021
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TABLE 1: Brain FDG PET Hypometabolism and Structural MRI Findings in Neurodegenerative Disorders

(continued)

Dementia Subtype FDG PET

Region of Hypometabolism According to

Structural MRI Finding

Lewy body dementia Bilateral parietotemporal

With or without basal ganglia

Symmetric mesial occipital lobe

Corticobasal degeneration

basal ganglia, thalamus)

Progressive supranuclear palsy Paramedian frontal lobes

Anterior cingulate gyrus

Basal ganglia and midbrain

Asymmetric subcortical structures (ipsilateral

Asymmetric primary sensorimotor cortex

Overlap with Alzheimer dementia with volume loss involving
parietotemporal lobe

Absent swallow tail sign (loss of expected hyperintensity in
nigrosome 1 of substantia nigra) highly specific on susceptibil-
ity weighted imaging

Asymmetric frontal, parietotemporal, and occipital | Pronounced asymmetric volume loss in posterior frontoparietal
lobes of a single cerebral hemisphere

region of a single cerebral hemisphere

Asymmetric ipsilateral primary sensorimotor cortex

Midbrain atrophy

Possible absent swallow tail sign (seen in atypical parkinsonian
syndromes)

TABLE 2: Interreader Agreement on Detection

of Asymmetric Supratentorial
Hypometabolism

Reader | Reader | Reader
Outcome 1 2 3
No asymmetry in cortical FDG uptake 51 37 40
Left greater than right hypometabolism 20 33 30
Right greater than left hypometabolism 4 5 5

Note—Values are numbers of subjects.

ings suggestive of underlying behavioral variant FTD with associ-
ated CCD. Specifically, the FDG distribution pattern was abnormal
with substantially decreased radiotracer uptake primarily in the
right frontal lobe and to a lesser degree in the right temporal lobe,
including the anterior cingulate gyrus, with corresponding striking
hypometabolism in the contralateral left cerebellar hemisphere.
These findings were consistent with CCD.

Figure 2 shows serial fused FDG PET and axial FLAIR MR im-
ages of a 75-year-old man with metabolic and structural imag-
ing findings suggestive of underlying corticobasal degeneration
and associated CCD. Specifically, the FDG distribution pattern
was abnormal with striking hemispheric asymmetry and de-
creased radiotracer uptake in nearly the entire left cerebral hemi-
sphere. Marked hypometabolism was evident, particularly in
the left frontoparietal region, including the sensorimotor cor-
tex. Decreased uptake was also evident in the ipsilateral left bas-
al ganglia and left thalamus. There was corresponding hypome-
tabolism in the contralateral right cerebellar hemisphere. These
findings were compatible with CCD.

Discussion
Recognizing that little is known about CCD in the context of
geriatric cognitive impairment due to underlying neurodegen-

TABLE 3: Interreader Reliability in Assessment

of Hypometabolic Supratentorial

Asymmetry
Comparison Reader Agreement (%) Cohenk
Reader 1 vs reader 2 81.3 0.62
Reader 1 vs reader 3 85.3 0.70
Reader 2 vs reader 3 96.0 0.92

erative disease, we conducted a retrospective qualitative anal-
ysis of a large database of patients with various dementia sub-
types to evaluate for the prevalence of CCD. Our results indicate
that CCD is most commonly present in patients with behavioral
variant FTD and to a lesser extent corticobasal degeneration. Our
study addressed the potential of routine assessment of cerebel-
lar metabolism patterns and asymmetry in supratentorial tracer
uptake in the evaluation of patients with cognitive impairment
undergoing hybrid FDG PET/MRI of the brain as part of the diag-
nosis of dementia.

Data in the literature on cerebellar FDG abnormalities in pa-
tients with neurodegenerative disease are limited. Akiyama et al.
[2] were the first to evaluate for the presence of crossed cerebel-
lar and uncrossed basal ganglia and thalamic diaschisis by means
of FDG PET. Their study included 26 patients with clinically di-
agnosed and pathologically proven Alzheimer disease and nine
age-matched control subjects. They calculated asymmetry in-
dexes of cerebral metabolic rate for matched left-right ROIs and
used them to determine the extent of diaschisis by means of cor-
relative analyses. In the group with Alzheimer disease, cerebel-
lar asymmetry indexes correlated negatively and thalamic asym-
metry indexes positively with those of the cerebral hemisphere
and frontal, temporal, parietal, and angular cortexes. Basal gan-
glia asymmetry indexes correlated positively with frontal cortical
asymmetry index. The only significant correlation of asymmetry
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Fig. 1—73-year-old woman with behavioral variant frontotemporal dementia. Axial fusion PET and FLAIR MR images show abnormal FDG distribution and
decreased radiotracer uptake primarily in right frontal lobe and striking hypometabolism in contralateral left cerebellar hemisphere. Findings are consistent with
crossed cerebellar diaschisis. Red box indicates dominant clinical image with findings suggestive of behavioral variant frontotemporal dementia. There is marked

asymmetrical hypometabolism within frontal and temporal lobes.

indexes for healthy subjects was between the thalamus and ce-
rebral hemisphere.

Prior studies [1, 3] have shown that after stroke, the cerebellum
undergoes reduction in metabolism and blood flow in the cere-
bellar hemisphere contralateral to the destructive cerebral lesion.
Previous reports have also shown that electrical stimulation of
the fastigial nucleus can improve symptoms of vascular demen-
tia. Taken together, the empirical evidence seems to suggest that
the cerebellum plays a role in the regulation of vascular demen-
tia, and special attention should be paid to cerebellar FDG uptake
patterns in these patients [3]. Additionally, a 2014 case report out-
lining the FDG hypometabolism pattern in a patient with Lewy
body dementia [4] described marked hypometabolism in the oc-
cipital lobes (left greater than right) with associated decreased
FDG uptake in the right cerebellar hemisphere, presumably relat-
ed to disruption of the corticopontine-cerebellar pathway.

There are also few reports in the literature on hemispheric dif-
ferences in FDG uptake patterns, specifically left versus right
asymmetry in cortical metabolism in patients with neurodegen-
erative disease. Murayama et al. [7] reported on 36 patients with
Alzheimer disease and amnestic mild cognitive impairment. The
patients were divided into three groups according to FDG avidi-
ty (left-dominant hypometabolism, right-dominant hypometab-
olism, and nondominant hypometabolism) based on hemispher-
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ic asymmetries of decreases in cerebral metabolic rate of glucose
consumption in the posterior cingulate cortex, precuneus, and pa-
rietotemporal cortex. The left-dominant hypometabolism group
had significantly lower scores in verbal memory than the other
two groups and also were more likely to have their condition diag-
nosed as Alzheimer dementia rather than amnestic mild cognitive
impairment. Jeong et al. [8] used voxel-wise analysis with statisti-
cal parametric mapping to compare regional metabolic patterns
on FDG PET of 29 patients with FTD and 11 healthy subjects. The
hemispheric asymmetry of hypometabolism (more frequently lat-
eralized to the left) was more common in patients with FTD, which
may aid in differentiating FTD from Alzheimer disease and other
causes of dementia if there is clinical uncertainty.

Several publications have also described hemispheric asym-
metry patterns in various dementia syndromes based on results
of structural volumetric analysis. For example, Whitwell et al. [9]
reported on frontal lobe asymmetry in 80 patients with behav-
ioral variant FTD and evaluated for associations between clinical,
imaging, pathologic, and genetic features. Most of the patients
(65%) had a symmetric pattern; 20%, asymmetric left; and 15%,
asymmetric right. There were no significant clinical differences
across groups, although a trend toward greater behavioral dis-
inhibition was noted in patients with a right asymmetric pattern.
Furthermore, genetic features differed across groups with sym-
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Fig. 2—75-year-old man with corticobasal degeneration. Axial fusion PET and FLAIR images show abnormal FDG distribution pattern, hemispheric asymmetry, and
decreased radiotracer uptake in nearly entire left cerebral hemisphere. Marked hypometabolism is evident, particularly in left frontoparietal region, as is decreased
uptake in ipsilateral left basal ganglia and left thalamus. Corresponding hypometabolism is present in contralateral right cerebellar hemisphere. Findings are
compatible with crossed cerebellar diaschisis. Red box indicates dominant clinical image of marked hypometabolism in cerebellum. There is asymmetry of radiotracer

uptake consistent with crossed cerebellar diaschisis.

metric frontal lobes associated with C9ORF72 and tau mutations,
and asymmetric frontal lobes were more commonly associated
with progranulin mutations.

Thompson et al. [10] reported on behavioral-cognitive im-
plications of left-right asymmetry of temporal lobe atrophy in
47 patients with semantic dementia. The frequency of several
symptoms differed significantly between left and right tempo-
ral variants of the disease. Social awkwardness, job loss, loss of
insight, and difficulty with person identification were more likely
to be associated with major right temporal atrophy. Word-find-
ing difficulties and reduced comprehension were more salient
features of left-dominant temporal lobe atrophy. Both groups
had deficits in semantic memory tests, but several items yield-
ed greater impairment for patients with left-dominant tempo-
ral atrophy.

Finally, Rogalski et al. [11] reported on patterns of asymmetry
in cortical decline as characterized by changes in cortical thick-

ness and volume loss and neuropsychological performance in
26 patients who fulfilled criteria for logopenic (eight patients),
agrammatic (10 patients), or semantic primary progressive apha-
sia (eight patients). Progression in cortical volume loss for each
of the three subtypes showed left greater than right hemispher-
ic asymmetry, and progression was greater within the language
network, suggesting that preferential neurodegeneration of the
left hemisphere language network is a common denominator for
all three PPA subtypes.

In our study, the key finding in patients with cognitive impair-
ment undergoing clinical FDG PET/MRI neuroimaging as part of
their routine dementia workup is an expected association of asym-
metric supratentorial hypometabolism in patients with CCD. This
imaging finding has been well documented in patients with supra-
tentorial cerebral infarcts, traumatic brain injury, and prior surgery.
Our findings, however, indicate that CCD may often be present in
patients presenting with underlying neurodegenerative disease.
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The SUV ratio is a typical value used in PET to derive radioac-
tivity concentration as a ratio of concentrated radioactivity ver-
sus whole body concentration [12]. Traditional SUV calculations
include administered dose (megabecquerels) and body weight
(kilograms) measurements, although some institutions have re-
placed body weight calculations with lean body weight or body
surface area, but that remains institution specific [13].

Typical brain PET relies heavily on cerebellar uptake as the
standardized reference region. Our results, however, suggest
that abnormal cerebellar uptake patterns are present in 10% of
patients with clinical dementia. This imaging finding is consis-
tent with those of previous studies; however, we are practically
intrigued by the prevalence of CCD in various neurodegenerative
diseases. CCD as an imaging finding likely represents macroscop-
ic tissue atrophy and subsequent degeneration of corticocere-
bellar tracts. As the supratentorial upper motor neurons under-
go insult, the lower motor neurons lose their neurotropic effect
on the cerebellum. Severing the upper motor neuron connection
could lead to loss of neurotropic stimulation, loss of intracellu-
lar signaling to maintain neuronal function, and tissue atrophy
[14]. This could manifest as asymmetric decreased SUV ratio with-
in the cerebellum and subsequent development of CCD. Future
work is needed to further characterize the intracellular signal-
ing abnormalities and the extent to which CCD biases SUV ratio-
based quantification in clinical neuroimaging studies.

Limitations

Although this study is the first, to our knowledge, to effective-
ly examine findings of CCD in the context of neurodegenerative
disorders in a clinical setting, limitations include a fairly hetero-
geneous dataset, retrospective nature, and limited availability
of long-term patient follow-up to assess for morbidity and mor-
tality, including potential clinical impact of CCD-type pathologic
conditions. Our future work will focus on further elucidating the
impact of cerebellar diaschisis and hemispheric asymmetry on
clinical presentation, neurologic and neurocognitive assessment,
and disease progression in patients with neurodegenerative dis-
ease, with a special focus on the FTD subtypes and patients with
corticobasal degeneration.

Conclusion

Patients with cognitive impairment who undergo FDG
PET/MRI of the brain as part of their clinical dementia workup
need a focused assessment of the cerebellum for the presence
of CCD, in particular when findings suggest an asymmetric su-
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pratentorial hypometabolism pattern. To elicit further clinical
implications of these findings, follow-up PET/MRI neuroimaging
is needed to fully characterize the progression of clinically symp-
tomatic supratentorial neurodegenerative disorders with associ-
ated diaschisis.
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Optimized, Minimal Specific Absorption Rate MRI for
High-Resolution Imaging in Patients with Implanted Deep Brain
Stimulation Electrodes

A.M. Franceschi, ¥ G.C. Wiggins, “”A.Y. Mogilner, ““T. Shepherd, ““’S. Chung, and “*Y.W. Lui

ABSTRACT

BACKGROUND AND PURPOSE: Obtaining high-resolution brain MR imaging in patients with a previously implanted deep brain stimulator
has been challenging and avoided by many centers due to safety concerns relating to implantable devices. We present our experience with
a practical clinical protocol at 1.5T by using 2 magnet systems capable of achieving presurgical quality imaging in patients undergoing
bilateral, staged deep brain stimulator insertion.

MATERIALS AND METHODS: Protocol optimization was performed to minimize the specific absorption rate while providing image
quality necessary for adequate surgical planning of the second electrode placement. We reviewed MR imaging studies performed with a
minimal specific absorption rate protocol in patients with a deep brain stimulator in place at our institution between February 1, 2012, and
August 1,2015. Images were reviewed by a neuroradiologist and a functional neurosurgeon. Image quality was qualitatively graded, and the
presence of artifacts was noted.

RESULTS: Twenty-nine patients (22 with Parkinson disease, 6 with dystonia, T with essential tremor) were imaged with at least 1 neuro-
modulation implant in situ. All patients were imaged under general anesthesia. There were 25 subthalamic and 4 globus pallidus implants.
Nineteen patients were preoperative for the second stage of bilateral deep brain stimulator placement; 10 patients had bilateral electrodes
in situ and were being imaged for other neurologic indications, including lead positioning. No adverse events occurred during or after
imaging. Mild device-related local susceptibility artifacts were present in all studies, but they were not judged to affect overall image
quality. Minimal aliasing artifacts were seen in 7, and moderate motion, in 4 cases on TIWI only. All preoperative studies were adequate for
guidance of a second deep brain stimulator placement.

CONCLUSIONS: An optimized MR imaging protocol that minimizes the specific absorption rate can be used to safely obtain high-quality

images in patients with previously implanted deep brain stimulators, and these images are adequate for surgical guidance.

ABBREVIATIONS: DBS = deep brain stimulator; RF = radiofrequency; SAR = specific absorption rate

Deep brain stimulation is an effective treatment for medically
refractory movement disorders, including Parkinson dis-
ease, essential tremor, and dystonia. Imaging plays a critical role
in stereotactic targeting and long-term assessment. Preoperative
MR images routinely used for deep brain stimulator (DBS) place-
ment guidance include a high-resolution T1-weighted sequence
used to identify standard anatomic landmarks such as the anteri-
or/posterior commissures and high-resolution T2-weighted MR
imaging routinely used to target the subthalamic nucleus, the
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most common structure targeted in deep brain stimulation for
Parkinson disease. For patient safety and to judge treatment effi-
cacy, placing bilateral leads in staged unilateral procedures can be
advantageous. Due to the precision required for stereotaxis and
the size of the anatomic structures (Fig 1), immediate preopera-
tive imaging is the standard of care. When staged procedures are
used, this necessitates imaging with 1 electrode in place for
subsequent placement of the second electrode. Additionally,
electrode-in imaging may be required to assess lead placement.
Manufacturer’s guidelines for performing MR imaging with
DBSs in situ are extremely conservative; this feature makes
acquiring diagnostic and therapeutic imaging in these patients
challenging.

The recommended head specific absorption rate (SAR) limit
for Medtronic DBS systems (Medtronic, Minneapolis, Minne-
sota) has been 0.1 W/kg (compared with the usual normal mode,
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FIG 1. The smallest of the basal ganglia nuclei can be delineated on
appropriate T2-weighted imaging through a region just cephalad to
the midbrain. The subthalamic nucleus, a frequent target for deep
brain stimulation, is outlined by arrows on the patient’s right.

which calls for SAR < 3.2 W/kg). These devices are rated condi-
tional at 1.5T. The main safety concern is heating the electrode
due to energy deposition, and a few prior complications have been
reported in the literature"?; however, Larson et al” described 405
patients imaged with implanted DBS systems by using a variety of
different scanning protocols, and their review suggests that a head
SAR up to 3.0 W/kg may be applied without untoward incidents.
Other potential interactions between MR imaging and implant-
able neuromodulators include magnetic field interactions, in-
duced stimulation, effects on neurostimulator function, and arti-
facts from the device. In a single published article, Sarkar et al*
reported being able to achieve diagnostic quality within the man-
ufacturer’s SAR limit with research 3D spin-echo sequences. The
research sequences used in that study are not universally available,
and the method they used most likely underestimated the loss of
the signal-to-noise ratio. There is no clear consensus in the liter-
ature as to the optimal SAR and MR imaging parameters for safe
imaging of patients with DBS electrodes.

The purpose of this study was to describe our experience with
an MR imaging protocol by using product sequences, optimized
for both therapeutic image quality in patients with implanted
DBS electrodes and low SAR on 1.5T clinical scanners.

MATERIALS AND METHODS

The study was approved by the institutional review board, and the
imaging protocol was approved by the institutional MR imaging
safety committee.

Patients

Patients with neuromodulation devices, including Itrel II Model
7424, Soletra Model 7426, Kinetra Model 7428, Activa PC Model
37601, Activa RC Model 37612, Activa SC Model 37602, Activa SC
Model 37603 (Medtronic), referred by the Center for Neuromodu-
lation at the New York University Department of Neurosurgery for
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MR imaging, were included in this protocol. Patients with bilateral
DBS devices all had separate pacemakers, separated by 6 cm.

Protocol Optimization

Axial T1-weighted magnetization prepared rapid acquisition of
gradient echo is an intrinsically low-SAR sequence and requires
little optimization. SAR-limited T2-weighted protocols were con-
structed by varying TRs, resolutions, flip angles, and radiofre-
quency (RF) pulse types. Use of the manufacturer-supplied low-
SAR RF pulse reduced the SAR to 58% of the value with the
default RF pulse. The target resolution to provide diagnostic in-
formation was 1 mm in-plane with a 2.5-mm section. The applied
strategy was to keep TEs and flip angles constant and to reduce the
SAR by lowering the number of RF pulses per unit of time in the
sequence by increasing TRs and reducing the number of averages.
It was not possible to meet the implant manufacturer’s 0.1 W/kg
SAR limit within reasonable scan times by this strategy. Therefore,
the 0.1 W/kg SAR limit was only reached by additionally reducing
the excitation flip angle and the phase resolution (to reduce en-
coding steps and thus reduce the number of RF pulses). Longer-
than-normal scan times of up to 13 minutes were tolerated, given
that patients were anesthetized. The SAR level associated with
each sequence was determined by examining the scanner log files
after running each sequence on a healthy volunteer and subse-
quently by monitoring the SAR levels recorded in the DICOM
header for individual patient scans. Both sequences provided im-
aging through the ROI from the corpus callosum to the base of the
pons.

Our initial tests showed that at SAR = 0.1 W/kg and 0.4 W/kg,
the quality of the study was insufficient for stereotaxis. At an SAR
of ~0.7 W/kg, we were able to achieve images adequate for intra-
operative stereotaxis, and the images were reviewed by a neuro-
modulation neurosurgeon (A.Y.M.) and a neuroradiologist
(Y.W.L.) for adequacy (Fig 2). Therefore, the following protocol
was set up: MPRAGE obtained in the axial plane with the follow-
ing parameters: TR = 1870 ms, TE = 4 ms, flip angle = 15°,
number of signal averages = 1, FOV = 260 X 260 mm, matrix
size = 256 X 256, section thickness = 1.5 mm, 176 sections; a
T2-weighted sequence obtained in the axial plane with the follow-
ing parameters: TR = 2500 ms, TE = 80—83 ms, flip angle = 150°,
number of signal averages = 4, FOV = 260 X 260 mm, matrix
size = 256 X 256, section thickness = 2.5 mm, low SAR RF pulse.
Using these parameters, we recorded ~1.0 W/kg SAR or lower for
our test images obtained on an Avanto 1.5T horizontal bore mag-
net (Siemens, Erlangen, Germany), with a circularly polarized
transmit-receive head coil.

Of note, fast spin-echo inversion recovery sequences are rou-
tinely used to identify the globus pallidus internus, the primary
surgical target used to treat dystonia, but are targeted less frequently
than the subthalamic nucleus in Parkinson disease. Preliminary cal-
culations revealed that it would not be possible to modify the se-
quence to create usable images with acceptable SARs. Surgical target-
ing for the GPi was thus performed on the T2 images.

Scanning and Patient Monitoring
Device impedance was checked by personnel from the Center for
Neuromodulation before imaging preoperative patients. Patients



FIG 2. Tests on a volunteer subject show decreasing anatomic detail of the subthalamic region with decreasing SAR. T2-weighted images
obtained with an SAR = 0.1 W/kg and 0.4 W/kg were deemed insufficient for stereotaxis by consensus view between the neuromodulation
neurosurgeon and neuroradiologist, while images obtained with an SAR of 0.7 W/kg were adequate for intraoperative stereotaxis.

with abnormal impedance readings, broken leads, or electrodes
not connected to the pacemaker were excluded because free wires
are potentially more hazardous. DBS devices were deactivated
before imaging by trained personnel. Imaging was performed by
using either an Avanto or Aera 1.5T magnet (Siemens) with cir-
cularly polarized transmit-receive head coils, with the patient un-
der general anesthesia to minimize motion in this patient cohort
with primary movement disorders. Following imaging, devices
were reprogrammed and inspected by trained neuromodulation
staff. Patients were strictly monitored during and after MR imag-
ing for complications.

Surgical Technique

MR imaging scans were all obtained 1-4 weeks before DBS sur-
gery. The day of the operation, a stereotactic headframe (Leksell G
frame; Elekta Instruments, Stockholm, Sweden) was affixed to the
head with the patient under local anesthesia, and a high-resolu-
tion CT scan was performed (120 kV, 325 mAs, detector config-
uration of 128 at 0.6-mm collimation). The CT data were then
fused via standard stereotactic neurosurgical software (Brainlab,
Munich, Germany) to the MR imaging scans for surgical
targeting.

Patients

We retrospectively reviewed the institutional data base of patients
who underwent implantation of DBS electrodes between Febru-
ary 1, 2012, and August 1, 2015, by using the optimized low-SAR
protocol. Patients who underwent clinical MR imaging per-
formed at our institution with a DBS device in place during im-
aging were included. No specific exclusion criteria were applied.
Chart review was performed to determine outcome, as measured
by the rate of subsequent lead revision required relating directly to
complications from MR imaging.

Image Analysis

All MR images were reviewed by a board-certified neuroradiologist
(Y.W.L.) and a neurosurgeon specializing in neuromodulation
(A.Y.M.). Images were aligned parallel to the anterior/posterior
commissure plane. The subthalamic nucleus was assessed on the
T2 images on an axial section 4 mm below the anterior/posterior

commissure plane (z = —4). The globus pallidus was assessed on
the axial T2 section containing the anterior/posterior commis-
sures (z = 0). Overall image quality was graded as either accept-
able or not acceptable for stereotactic surgical guidance on the
basis of consensus review for the presurgical patients. The pres-
ence of device-related artifacts and any other artifacts was noted,
and a comment was made about the impact on image quality.
Data were extracted from the DICOM header for each patient
scan regarding SAR deposition for each sequence. Comparison of
SARs was made between magnets by using the Student ¢ test with
a significance level a = .05.

RESULTS

Twenty-nine patients (23 male/6 female) were included. The
mean age was 58 * 14 years (range, 1675 years). All subjects (22
with Parkinson disease, 6 with dystonia, 1 with essential tremor)
had neuromodulation implants in situ (Activa PC Models No.
37601 and 37603; Medtronic). There were 25 subthalamic and 4
globus pallidus implants; 10 patients had bilateral electrodes. Of
the 29 patients, 5 were scanned on the Aera system and 24, on the
Avanto.

Average imaging time was 6 minutes 17 seconds for MPRAGE
and 12 minutes 16 seconds for T2. The average SAR deposition for
MPRAGE was 0.114 = 0.021 for the Avanto system, 0.090 = 0.001
for the Aera system, and 0.109 = 0.021 overall. The average SAR
deposition for the T2-weighted sequence was 1.037 * 0.214 for
the Avanto system, 0.828 = 0.091 for the Aera system, and
0.987 £ 0.210 overall. SAR depositions for both MPRAGE and
T2-weighted sequences were significantly lower on the Aera sys-
tem (P = .012 and P = .03, respectively) (Fig 3). Four patients
underwent MPRAGE imaging only, for reasons not specified on
retrospective review.

All patients tolerated imaging well, with successful completion
of MR imaging. No clinical adverse events were reported during
or immediately after imaging. All images were deemed by consen-
sus review to be adequate for surgical stereotaxis and were used
for subsequent surgical guidance. At an average follow-up time of
553 days ~ 1.5 years (range, 2—1251 days; standard deviation, 374
days), there were no adverse patient outcomes and no cases re-
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quiring lead replacement resulting directly from MR imaging
complications.

Consensus review of imaging revealed mild device-related lo-
cal susceptibility artifacts present in all studies that were judged
not to affect overall image quality required for subsequent stereo-
taxis. Mild aliasing artifacts (seen only on T1-weighted images)
were present in 6/29 (21%) cases, and apparent motion arti-
facts were seen in 4/29 (14%) cases, all seen on MPRAGE se-
quences (Fig 4). No such artifacts were present on T2-weighted
images.

DISCUSSION

Our results demonstrate the effective use of an optimized imaging
protocol balancing image quality and low SAR to scan patients
with DBS implants for surgical planning. The T2-weighted images
used applied an average SAR of 0.987 seconds, which, though still
higher than the original manufacturer’s recommendations, is
lower than that published in the literature by using standard se-
quences and less than one-third the usual SAR when scanning in
normal mode. The MPRAGE sequences used in this study were in
the range of 0.1 W/kg SAR. Low SAR imaging is accomplished
with longer imaging times, the use of a low SAR RF pulse, and
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FIG 3. SAR deposition was significantly lower on the Aera system for
both MPRAGE (P = .01) (A) and T2-weighted images (P = .03) (B). On
the Aera system, all patients were imaged by using an SAR <1W/kg,
and the SAR SD was small: 0.02 and +0.09 W/kg for MPRAGE and
T2-weighted images, respectively.

FIG 4. A, Susceptibility from the electrode was very minimal within the adjacent brain paren-
chyma on T2-weighted images (arrow). B, Device-related local susceptibility in the scalp at the
site of electrode entry was seen in most cases on the MPRAGE sequence and was not thought to
affect image quality. Additionally, a minority of cases showed artifacts likely attributable to
stimulated echoes arising from peripheral fat on MPRAGE images only (arrowhead). Overall, all

images were judged to be adequate for presurgical guidance.
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adjustment of image resolution and was found to be well-toler-
ated by patients, without complications.

Imaging patients with implantable devices is challenging be-
cause of potential safety concerns and artifacts arising from the
device, such as local susceptibility effects and spatial distortion.
While it is possible to image patients with Medtronic DBS
devices,”” there is limited published information describing ap-
propriate SARs for preoperative planning. Rezai at al® summa-
rized the major safety concerns of imaging patients with im-
planted devices, with one of the primary concerns being heating of
electrodes due to energy deposition from the transmit RF field.
Their in vitro tests showed changes in the temperature of an elec-
trode tip of up to 25.3°C by using a transmit/receive body coil in
contrast to a maximum change in temperature of 7.1°C by using a
transmit-receive head coil. Irreversible lesions in brain tissue can
occur at temperatures of 45°C and higher (ie, 8°C above normal
body temperature). The degree of electrode heating depends on a
number of factors, including routing of the leads, position and
orientation of the device, type of coil used, whether leads are con-
nected to the neurostimulator device, where the device is located
relative to the isocenter of the MR imaging unit, and energy de-
position during imaging or SAR. In the literature, there are 2
reported cases of complications from overheating of DBS elec-
trodes."? In the first case, a body coil was used for excitation, and
in the other, the patient had free, unconnected leads present. Ad-
ditional transient adverse events such as dystonia have also been
reported.”

Due to these potential adverse events, the device manufac-
turer (Medtronic) issued very conservative guidelines, most no-
tably a head SAR limit of 0.1 W/kg (the usual limit is >30 times
that at 3.2 W/kg). Despite a single report” of 6 subjects in whom
quality MR images were obtained by using research sequences
that were within the manufacturer’s SAR limit, our tests concur
with the more widespread experience that this power limitation is
insufficient to produce therapeutic-quality T2-weighted images
for surgical planning (Fig 2) with FDA-
approved sequences. In December 2015,
Medtronic issued updated guidelines in
which they suggested switching to the
use of Bl + root mean square to calcu-
late RF power with a maximum of 2.0
1T, though they continue to recom-
mend that if Bl + root mean square is
not available, the maximum SAR re-
mains 0.1 W/kg.

Relatively low SAR imaging is
accomplished with longer imaging
times, use of a low SAR RF pulse, and
adjustment of image resolution and is
well-tolerated by patients, without
complications. We found artifacts to
be minimal and more prominent on
MPRAGE. Susceptibility effects in the
brain parenchyma from the lead itself
were minor. Potential room for im-
provement in image quality may be
obtained by shortening the TE (from
104 to below 90 TE) and reducing the



bandwidth (from 195 to 160 Hz/pixel). Limiting section cov-
erage to only the electrode target region would allow more
averaging and higher resolution for the same SAR level.

Our results indicate significantly lower SAR for both pulse
sequences on the Aera scanner compared with the Avanto
scanner with a lower SD of SAR values, which could be due to
a variety of factors including coil selection. The 2 magnet sys-
tems have a number of differences, including bore diameter,
software version, and coil. In our clinical practice, specifica-
tions for the Aera and Avanto magnet systems are as follows:
D13, 70 cm diameter bore, circularly polarized send/receive
Aera head coil with integrated preamplifier: 315 X 475 X 360
mm (length X width X height) and B17, 60 cm diameter bore,
circularly polarized Avanto head coil with 2 integrated pream-
plifiers: 480 X 330 X 270 mm (length X widthX height), re-
spectively. SAR levels reported by different scanners can also
vary for the same actual delivered energy, and this has moti-
vated the manufacturer’s recent shift to using B1 + root mean
square as the safety metric for DBS implants. Different mag-
nets and magnet systems can affect SAR and individualized
phantom scanning, and testing should be performed before
clinical implementation.

The primary indication for our subjects was presurgical tar-
geting and electrode placement/location confirmation. One lim-
itation of this protocol is that it may not be suitable for other
indications such as assessing new or additional pathology. In fact,
the protocol does not include whole-brain coverage, which would
result in higher SAR. Furthermore, all of our scans were obtained
with the patient under general anesthesia, thereby allowing
slightly longer scan time without motion. Scan time would cer-
tainly be a limitation for awake subjects.

CONCLUSIONS

Here we introduce a practical, low-SAR MR imaging protocol that
can effectively and safely obtain high-quality and high-resolution
preoperative images for DBS surgical guidance in patients with a
previously implanted electrode. In our multiyear experience with
an average T2 head SAR of 0.987 W/kg, there are no recorded
adverse events to date. Optimized coil design, such as the incor-
poration of a multi-element receive array in a geometry that still
allows the use of the stereotactic frame, could improve image
quality without increasing the SAR.
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