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ABSTRACT 
 

Neuronuclear imaging has been utilized for several decades in the study of primary 

neurodegenerative conditions, such as dementia and parkinsonian syndromes, both for research 

and clinical purposes. There has been a relative paucity of application of neuronuclear imaging to 

evaluate non-neurodegenerative conditions that can also have long-term effects on cognition and 

function. This article summarizes clinical and imaging aspects of three such conditions that have 

garnered considerable attention in recent years: 1) cancer- and chemotherapy-related cognitive 

impairment, 2) post-traumatic stress disorder, and 3) traumatic brain injury. Further, we describe 

current research using neuroimaging tools aimed to better understand the relationships between 

the clinical presentations and brain structure and function in these conditions. 

 
 

INTRODUCTION 
 

While an extensive literature exists describing neuronuclear imaging studies of long-term 

cognitive effects of primary neurodegenerative disease on human brain, corresponding 

publications focused on non-neurodegenerative conditions are relatively sparse. The main purpose 

of the present paper is to review literature concerning three such conditions – changes in cerebral 

function associated with 1) cancer and chemotherapy (often referred to as “chemobrain” in lay 

literature), 2) post-traumatic stress disorder (PTSD), and 3) traumatic brain injury. Clinical aspects 

of evaluation and therapy are presented in some detail to provide context to the neuronuclear 

imaging findings to be reviewed for each condition – the latter most often assessed through 

positron emission tomography (PET) along with some single-photon emission computerized 

tomography (SPECT) studies of human brain, and also given additional breadth through 

descriptions of related functional MRI (fMRI) findings, as well as to stimulate future studies 

with heightened cognizance of current diagnostic and therapeutic limitations. 
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CANCER PATIENTS AND THE POST-CHEMOTHERAPY STATE: 

NEUROPSYCHOLOGY 

In the United States, approximately 16 million people have a history of cancer (1), and 

cancer/chemotherapy-related cognitive impairment (CRCI) has frequently been reported by cancer 

patients after concluding treatment, with variable post-therapy duration of deficits ranging from 

months to years (2,3). The burden of CRCI has been increasing along with improved survival 

rates, with up to 35% of chemotherapy-treated patients now experiencing long-term cognitive 

sequelae (4). 

Across cognitive studies, changes in memory and executive function are commonly 

reported (5). Some impairment may occur before treatment and, in addition to chemotherapy, 

factors like surgery, anesthesia, and concurrent endocrine and/or radiation interventions may also 

contribute to deficits. Generally, affected patients after chemotherapy report expending more 

effort to complete tasks, especially when facing multiple tasks in high-stress situations, and may 

suffer from difficulties with concentration, attention, thought processing, working memory, recall, 

word-finding, reasoning and problem-solving, as well as fatigue and mood dysregulation. 

Comparisons of typical neuropsychological features of CRCI with those of PTSD or physical 

trauma are summarized in Figure 1. 

Neuropsychological evaluations include both verbal and written tests, with alternate test 

forms used for repeat administrations. Though magnitudes of neuropsychological deficits are not 

always well-correlated with patients’ global impression of their deficits, a direct correlation 

specifically with patient memory and problem-solving complaints has been demonstrated (6). 

Dose-dependent side-effects have also been reported, showing a correlation between larger 

chemotherapy exposure and lower test scores (7). 
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Treatment protocols for CRCI include implementing stress management practices and 

establishing accommodations in the home and workplace to compensate for impairments and 

lessen distress. Medications such as antidepressants, anxiolytics and hypnotics, may help with 

coexisting and exacerbating problems. Some studies have shown promise in lessening cognitive 

decline and fatigue levels after chemotherapy with the use of stimulants like modafinil (8) and 

methylphenidate (9), and efficacy of antidementia drugs such as donepezil and memantine is also 

being explored (10), with the former seeming to be most useful for treating memory-related 

symptoms. In addition, studies have pointed to cognitive rehabilitation protocols to address 

specific cognitive sequelae (11), and physical activity (12) and meditation practices (13) may also 

be employed to lessen CRCI. 

 
 

CRCI: NEUROIMAGING 
 

While rates of ultimate reversibility of CRCI differ across studies, in part due to differences 

in the sensitivity and types of cognitive assessments administered, the majority of affected patients 

appear to normalize within one to two years. CRCI can nevertheless persist for periods exceeding 

one to two decades, and imaging studies have been performed documenting cerebral alterations 

across short-term and long-term time frames (Table 1). Although a number of CRCI neuroimaging 

review articles have been recently published, these have primarily focused upon MR imaging 

modalities (14); none has been previously focused on Nuclear Medicine imaging. The discussion 

here will concentrate on the latter, highlighting findings particularly from those studies examining 

metabolism with 18F-fluoro-2-deoxy-D-glucose PET (18F-FDG PET), by far the most well-

studied in this field among Nuclear Medicine modalities. 

In the first such investigation (15), both 18F-FDG- and 15O-water brain PET studies were 

performed in both healthy control subjects and in breast cancer patients previously treated or 
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untreated by chemotherapy. Altered functioning of the prefrontal cortex and cerebellum in 

patients previously treated with adjuvant therapy, 5-10 years after their last dose of chemotherapy, 

was found. During a short-term verbal memory task, the inferior and superior frontal gyri and 

posterior cerebellum displayed increased activity in the treated group. Further, each 3% decline 

in the 18F-FDG resting metabolic activity of left inferior frontal gyrus corresponded to a one 

standard deviation decline on delayed recall cognitive performance (p<0.0005), and only for the 

chemotherapy-treated group. Chemotherapy patients who were also treated with endocrine therapy 

(tamoxifen) displayed further reduction of basal ganglia resting metabolism. 

Subsequently, Baudino et al. reported altered brain metabolism, first across a variety of 

hematologic and solid malignancies (16), and then focusing exclusively on lymphoma patients 

(17). These studies were notable for examining relationships of regional brain metabolism to time 

since completion of chemotherapy and to number of chemotherapy cycles (Table 1). Both studies 

highlighted changes in prefrontal cortex, cerebellum, and limbic regions, negative correlations 

between number of cycles and metabolic activity, and increased activity with time after last dose 

of chemotherapy. 

A study focusing on Hodgkin’s patients by Chiaravalloti et al. (18) employed a longitudinal 

design, acquiring resting 18F-FDG PET studies one week after diagnosis, approximately two weeks 

after the first two cycles of chemotherapy, and again after four additional one-month cycles. 

Metabolic reductions in bilateral dorsal anterior cingulate, prefrontal, and orbitofrontal cortex were 

observed after the first two cycles. Another longitudinal study carried out by Hsieh et al. (19) 

examined patients with pharyngeal squamous cell carcinoma who had been treated primarily with 

chemoradiation. They identified a number of time-sensitive metabolic alterations, including in the 

bilateral basal ganglia (Table 1). 

A study by D’Agata et al. (20) analyzing metabolic data from lymphoma patients using a 
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network-based approach found significantly diminished metabolism in an identified prefrontal- 

cerebellar network, which was also capable of distinguishing between groups with 80% accuracy. 

In a longitudinal study further extending the range of cancers investigated, Horky et al. 

(21) examined non-small-cell lung cancer survivors before and 11 days after platinum-based 

chemotherapy completion. Resting hypometabolism after chemotherapy was seen diffusely in 

gray matter structures, and most profoundly in bilateral frontal lobes. 

In another longitudinal study, Hurria et. al (22) studied the effect of aromatase inhibition 

on outcomes of older breast cancer patients before and after 6 months of treatment compared with 

healthy controls, measuring neuropsychological performance and regional cerebral metabolism in 

a subset. In addition to hypometabolism near Broca’s area in the posterior inferior frontal gyrus, 

areas of hypermetabolism in bilateral temporal and cerebellar regions were identified in treated 

subjects. Ponto et al. (23) also studied metabolic alterations in older breast cancer survivors 

compared to healthy controls, including some who had been concomitantly treated with tamoxifen, 

and also identified areas of regional hyper- and hypometabolism. Most recently, at the other end 

of the age spectrum, Shrot et al. studied children having non-Hodgkin lymphoma with 18F-FDG 

PET, also identifying regions of hyper- and hypometabolism, though all of these latter patients’ 

central nervous systems had direct substantial exposure to chemotherapy agents through 

intrathecal administration, and so potentially involve other mechanisms of injury (24). 

As seen in discussion of the above, the prefrontal cortex, a part of the brain critical for 

executive function, has been the most consistently metabolically affected region in patients with 

CRCI. Limbic/temporal structures, and cerebellum have been the structures next most often 

reported to be affected by neuroimaging measures and are known to be important for memory, 

verbal abilities, and visuospatial functions (25). 

Studies of CRCI have involved a broad array of chemotherapy agents and regimens (Table 
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1), and specific risks and patterns of neuropsychologic deficits by agent or dose remain mostly 

undetermined (26). Chemotherapy dose-response relationships have been observed, however, 

when comparing changes in patients to number of doses (7), or to magnitude of dose (27). There 

are also several agents that have been implicated in more severe changes in brain function, 

including carmustine, cisplatin, cytarabine, fludarabine, 5-fluorouracil, and methotrexate (28). 

Multiple mechanisms could give rise to the observed alterations. These range from direct 

toxic effects of some chemotherapy agents (which might be expected with higher penetrance 

across the blood-brain barrier), oxidative damage, metabolic dysregulation and triggering of 

immune system and inflammatory responses, including through cytokine release. The last of these 

has been directly tied to alterations in brain metabolism. This is of particular interest since elevated 

circulating cytokine levels can be present for months to years after initial treatment for cancer and 

are known to be associated with neurotoxic effects. In a systematic examination with respect to 

several inflammatory markers, those cytokine levels occurring soon after chemotherapy have 

predicted patterns of brain metabolism occurring even a year later (29). It should also be noted 

that the mechanisms suggested above are not necessarily competing, but can work in concert, 

either in parallel fashion or in series. For example, oxidative stress mediated by increasing plasma 

superoxide levels can in turn trigger release of neurotoxic cytokines capable of penetrating the 

blood-brain barrier. Moreover, a wide range of chemotherapeutics including anthracyclines, 

antimetabolites and alkylating agents are known to produce such intermediaries, which helps to 

explain why multiple classes of chemotherapy agents treating multiple kinds of cancer may lead 

to such overlapping profiles of cognitive dysfunction and associated patterns of altered brain 

chemistry. 

 
 

POST-TRAUMATIC STRESS DISORDER: DIAGNOSIS AND THERAPY 
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PTSD has been conceptualized as a memory persistence disorder, in which patients 

“relive their trauma in the form of involuntary recollection,” with distressing recollections being 

“vivid” and “long-lasting” (30). The U.S. National Comorbidity Survey Replication found a 

lifetime prevalence of PTSD of approximately 7% among adult Americans (31). Globally, 

analysis of World Mental Health surveys have found significant differences in prevalence rates 

of PTSD (32). The Diagnostic and Statistical Manual of Mental Disorders, 5th Edition criteria 

for PTSD (33) require the survivor to have been exposed to or threatened by a traumatic event, 

directly or indirectly. Patients re-experience the events through intrusive thoughts, nightmares, 

memories, flashbacks and other traumatic recollections. They often demonstrate a distorted 

sense of blame concerning the traumatic event, decreased social engagement, increased arousal 

to future threats, concentration difficulties, irritability, anger, sleep dysregulation and 

hypervigilance. To meet diagnostic criteria, symptoms must persist for at least 1 month, 

seriously affects one’s ability to function and be unrelated to drug use or other medical illness 

(33). PTSD often coincides with other co-morbid conditions such as Traumatic Brain Injury 

(TBI) (34) and depression (35), making it more challenging to diagnose or study the disorder, 

and complicating treatment. 

Psychotherapy is the initial basis of treatment for PTSD, and various drug therapies 

adjunctive to psychotherapy are typically added, though there remains a pressing need for 

development of new therapies (36). Selective serotonin reuptake inhibitors have shown efficacy 

in symptomatic relief and decreasing rates of relapse, as have norepinephrine reuptake 

inhibitors (37). Other drugs used to treat and resolve ancillary symptoms, such as intrusion and 

hyper-arousal include alpha- and beta-blockers (38), and more recently, novel treatments such 

as ketamine (39). Considered to have strong research support by the American Psychiatric 
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Association, US Department of Defense and Department of Veterans Affairs, Cognitive 

Processing Therapy (CPT) has been successful in reducing feelings of fear and culpability in 

PTSD (40). CPT typically consists of twelve 60-90 minute sessions that focus on changing the 

patients’ understanding and conceptualization of their trauma, and recently, intense versions of 

CPT have demonstrated heightened treatment success and faster recovery times (41). 

 
 

POST-TRAUMATIC STRESS DISORDER: NEUROIMAGING 
 

Neuroimaging studies have been directed toward understanding the biochemical 

mechanisms that underlie the pathophysiology of PTSD. Several brain areas have been implicated 

by neuroimaging modalities in PTSD, and here we focus on more recent studies making use of 

three neuroimaging modalities, most often fMRI, but also PET or SPECT. 

Neurocircuitry Model Of PTSD 
 

The hypothalamic pituitary adrenal (HPA) axis is primarily responsible for mediating stress 

responses and controls the level of cortisol circulating in the body (42). Inputs from the amygdala, 

medial prefrontal cortex (mPFC), and hippocampus activate the HPA axis, and these regions have 

been widely identified as having altered function or structure in PTSD. Converging lines of 

evidence from imaging studies indicate that the ventromedial prefrontal cortex inhibits or 

modulates the activity of the amygdala and anterior insula, suggesting a basis for understanding 

relationships between these regions in patients with PTSD (43). Further roles of key brain regions 

are highlighted below, with additional details described in Table 2. 

 
 

Amygdala 
 

The amygdala has consistently been demonstrated to show hyperactivity in PTSD, which 

manifests in an exaggerated response to traumatic or fearful stimuli (44). Recent literature has 
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moved towards understanding subtle differences in amygdala activity, including studying different 

trauma types, as they pertain to subregions of the amygdala, and amygdala volume (45). In an 18F- 

FDG PET study on active duty treatment-seeking US Army Soldiers with PTSD, in patients who 

experienced danger-based trauma decreased metabolism in the left amygdala was associated with 

PTSD severity. In PTSD patients without danger-based trauma, decreased metabolism in the right 

amygdala was associated with PTSD severity (46). Recent studies have also explored discrete 

amygdala subregions involved in encoding of emotional events, including the basolateral 

subdivision and the centromedial amygdala (47). (Table 2) 

Medial Prefrontal Cortex 
 

The mPFC has been consistently established as a region involved in emotional regulation, 

and its failure to inhibit the amygdala in PTSD has been thought to lead to impaired fear extinction. 

An early study using 15O-CO2 PET imaging in Vietnam veterans who experienced combat or 

served as nurses in the combat theater found that veterans with PTSD had lower resting cerebral 

blood flow in the mPFC compared to those without PTSD (48), and in general, various 

neuroimaging studies focused on the prefrontal cortex of PTSD patients demonstrate 

hypoactivity in this region. 

Hippocampus 
 

Neuronal atrophy and synaptic degeneration in the hippocampus can result from stress and 

trauma (45). The largest neuroimaging study to include a focus on PTSD to date, “ENIGMA - 

Enhancing Neuroimaging Genetics through Meta-Analysis,” recently found smaller hippocampal 

volumes in PTSD subjects compared to trauma-exposed control subjects (49), an effect that 

remained highly significant after adjustment for multiple comparisons. Some studies have also 

reported diminished hippocampal metabolism and cerebral blood flow associated with PTSD; but 

although PTSD patients can experience cognitive dysfunction and are at increased risk for 
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development of AD, its associated pathology appears to be distinct from AD-related pathology 

with respect to medial temporal atrophy as well as amyloid positivity, when compared to suitable 

control subjects (50,51). Since exposure to traumatic events does not always lead to developing 

PTSD, it has been postulated that functional and structural abnormalities of the hippocampus may 

predispose an individual to PTSD (52). At this point, it remains unclear whether decreased volume 

and activity of the hippocampus precede or follow development of PTSD. 

 
 

Functional Connectivity 
 

Functional connectivity is operationally defined in PET and fMRI studies by identifying 

sets of regions having activity co-varying with each other in individual subjects measured across 

multiple time points (53). Many studies have examined differences in functional connectivity 

between the amygdala, mPFC, and hippocampus. One such study suggests that the pathogenesis 

of PTSD may be associated with increased amygdala connectivity with mPFC and hippocampus, 

and decreased amygdala connectivity with the inferior mPFC and insula (54). 

Default mode network (DMN) is defined by the set of brain regions having their highest 

activity levels in a group of subjects during the resting state, which then decrease together during 

cerebral stimulation. In a number of studies, patients with PTSD demonstrate abnormal levels of 

activity in these regions during the resting state. Further, 11C-flumazenil PET reveals that patients 

with PTSD have higher benzodiazepine receptor binding in dorsal and superior anterior cingulate 

cortex and precuneus, regions known to play a key role in the default mode network (55). In brain 

perfusion SPECT studies of veterans with PTSD, TBI, and PTSD/TBI, the DMN has been found 

to distinguish between PTSD, which demonstrates hyperperfusion, and mechanical minor 

traumatic brain injury, which demonstrates hypoperfusion (56). However, lack of longitudinal 

MRI studies and small sample sizes make it difficult to ascertain how soon these findings are 
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present after trauma occurs. Neuropathological markers that may affect DMN activity are also 

being examined, such as amyloid-beta deposition, with voxel-based data suggesting that small 

focal accumulations of amyloid may occur especially in temporal lobes of PTSD patients, despite 

lack of significant global cortical amyloid accumulation (57,58). 

 
 

Imaging Treatment of PTSD 
 

Given that 30-50% of PTSD patients fail to respond positively to treatment, some studies 

have investigated the use of neuroimaging to predict treatment outcomes. For example, in a fMRI 

study on war veterans with and without PTSD, increased insula, dorsal anterior cingulate cortex, 

and amygdala activation predicted persistence of PTSD symptoms after treatment (59). In terms 

of monitoring responses, psychotherapy has been shown to increase prefrontal dorsal anterior 

cingulate and hippocampal activity, and to reduce amygdala activity (60), while 15O-water PET 

studies of mindfulness-based therapy for combat veterans have pointed to associated increases in 

anterior cingulate activity, along with decreased insula and precuneus activity (61). Changes in 

the amygdala, insula, and anterior cingulate cortex may also predict response to psychotherapy 

treatment, with for example higher baseline amygdala activity corresponding to worse treatment 

response (62). Preliminary studies also suggest that intranasal oxytocin may diminish the 

amygdala and ventrolateral prefrontal cortical functional connectivity (63). 

 
 

TRAUMATIC BRAIN INJURY: NEUROPSYCHOLOGIC EVALUATION AND 

PROGNOSIS 

Traumatic brain injury (TBI) involves mechanical “traumatically induced physiological 

disruption of brain function,” characterized by at least one of the following: loss of consciousness, 

memory loss for events surrounding the accident, alterations of mental state at the time of the 
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accident and/or focal neurological deficits. In the United States, TBI has an estimated prevalence 

of approximately 5 million people and annual incidence of 200 cases per 100,000 people (64), 

though several epidemiological studies have noted difficulties in estimating prevalence and 

incidence of TBI due to the heterogeneity of age, sex, severity, and methods across studies. In 

addition, cases of TBI are often not reported by patients or not detected by health care professionals 

(65). The 2008 Rand Report found that 7% of troops who served in Afghanistan and Iraq suffered 

from TBI with co-morbid PTSD or depression (66). Tests for TBI, including a complex battery 

like the Glasgow Coma Scale (GCS), assess physical injuries, brain and nerve functioning, level 

of consciousness, speech, language, as well as cognitive and neuropsychological abilities, such as 

thinking, reasoning, problem solving and memory, ranking these from mild to severe. Mild TBI, 

the main focus here, requires any loss of consciousness to be for less than 30 minutes, period of 

memory loss limited to less than 24 hours and a GCS of at least 13 out of 15 possible points. Prior 

studies have found an association between moderate to severe TBI and increased risk of 

developing dementia. Evidence based on a large, retrospective cohort of veterans indicates that 

even mild TBI without loss of consciousness may double the risk of dementia diagnosis (67). 

Cognitive domains typically affected by mild TBI include attention, memory, executive 

functioning, and information processing (68). Behavioral and affective changes can further 

complicate both diagnosis and treatment, including anxiety, irritability and compromised social 

functioning, with depression being the most frequent psychiatric diagnosis one year post-injury. 

Treatment of TBI is tailored to patient complaints and the extent of injury. Pharmacological 

treatments may aid in alleviating some TBI symptomatology and lowering some commonly 

associated risks, such as seizures and sleeping dysregulations. Stimulants, such as 

methylphenidate, may aid patients in the acute phase regarding concentration, attention and motor 

memory, and shorten recovery time. A variety of applied behavioral and cognitive therapies have 
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also been effective for some patients, including physical, occupational, speech, and vocational 

therapy, as well as psychological counseling, cognitive therapies, and mindfulness training (69). 

 
 

TRAUMATIC BRAIN INJURY: NEURONUCLEAR IMAGING 
 

While imaging is one of the first-line interventions after a head trauma, its application in 

the post-acute and chronic phases of traumatic brain injury remains controversial. Variability in 

several factors in TBI pose challenges to interpreting imaging studies. These include mechanism 

of injury, variable period for manifestation of delayed sequelae, and confounding effects of 

accompanying factors such as PTSD or substance abuse (70). 

Performing a computed tomography (CT) or MRI scan can be critical in the acute stages 

of a head injury to evaluate intracranial bleeding and structural damage. Non-contrast enhanced 

CT is the modality of choice in moderate and severe TBI for decision on admission to hospital and 

surgical intervention. MRI is considered as the second imaging modality of choice in moderate 

and severe TBI, if CT results need clarification. Increased sensitivity in MRI helps to identify 

brain tissue contusions or further validate negative findings on CT scans. Neither CT nor MRI has 

been shown to significantly impact evaluation of mild TBI, however, beyond excluding possible 

structural abnormalities. 

Although there has been much interest in evaluating applications of 18F-FDG PET and 

other neuronuclear imaging modalities in TBI, the clinical utility remains unclear. Some studies 

report immediate changes in glucose metabolism in whole brain, while patients experiencing a 

single episode of blunt trauma may have altered patterns particularly of prefrontal and limbic 

metabolism even years later (71). Several other studies have shown abnormally reduced regional 

metabolism, especially in cerebellum, in patients with blast-induced TBI. Initial patterns of 18F- 

FDG PET metabolism, however, may substantially differ even among individuals with very 
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similar mechanisms of injury; such imaging studies may nonetheless lend themselves to intra- 

individual longitudinal assessments (72). 

The recent recognition of the magnitude of the problems of TBI and Chronic Traumatic 

Encephalopathy (CTE) along with their associations with tauopathy has led to increased 

exploration with other tracers. Along these lines, 18F-FDDNP, 11C-PBB3, 18F-THK5351 and 18F- 

flortaucipir (also known as 18F-T807 and 18F-AV1451) have been used in evaluation of tau deposits 

in the brain. For example, 18F-flortaucipir has demonstrated multifocal increased uptake in the 

gray-white matter junction, corresponding to the tauopathy that is diagnostic for CTE (73). Most 

recently, its uptake has been reported in frontal, parietal, and temporal regions in symptomatic 

NFL players, as well as in variable distributions in some patients with single TBI episodes, 

occurring many years prior to PET (74,75). Further studies in subjects with TBI and CTE are 

needed to evaluate these radiotracers and their relationship to nature and severity of clinical 

symptoms, and the bases for wide interindividual variability in their uptake patterns. 

Other PET imaging studies, examining post-traumatic neuroinflammation or dopaminergic 

pathway alterations (76,77), are now being evaluated in larger cohorts. In an early study of patients 

with recurrent head trauma, 18F-FDOPA helped to differentiate posttraumatic parkinsonism from 

Parkinson’s disease (76). Microglial activation in post-TBI subjects has been evaluated by 

imaging translocator protein (TSPO) ligands in several studies. For example, 11C-PK11195 has 

demonstrated increased uptake in subcortical structures including thalami, putamen, and parts of 

white matter in subjects with chronic single moderate to severe TBI (78). Furthermore, these 

findings have been replicated in additional studies using second-generation TSPO ligands 11C- 

DPA-713, 18F-DPA-714 (79), and 11C-PBR28 (77). 
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GENERAL CONSIDERATIONS

There are a number of issues and limitations that apply broadly across the clinical 

conditions described above. For example, it should be noted that there are not yet sufficient 

compelling data to suggest adequate sensitivity or specificity at the individual level to be able to 

reliably apply the regional brain data in a clinically diagnostic or prognostic manner. Rather, the 

data have been mostly obtained at the group level to gain some insight on underlying neurological 

substrates for the syndromes under study. Relatedly, in general, the findings would not be expected 

to necessarily be identified through visual image readings of individual brains, but rather emerge 

from either of the two kinds of quantitative methods used in the papers discussed, voxel-based and 

volume-of-interest based, for which age-matched comparisons are typically applied. 

Consequently, with respect to who should be imaged and why in a more routine clinical manner, 

this currently makes the most sense in the context of differentiating these conditions from 

neurologic changes such as occur in early stages of neurodegenerative disease (particularly in older 

patients), for which characteristic findings of more established clinical significance have been 

extensively documented. The reassurance that can be provided to a CRCI patient, for instance, 

that she or he is not suffering from inexorably progressive comorbid Alzheimer’s disease (AD) 

can be valuable and, conversely, identifying signature neuroimaging findings of that disease, 

leading to initiation of appropriate treatment, may also be useful. 

As it required over three decades of study with neuronuclear imaging methods of even the 

most common neurodegenerative conditon, AD, before large databases were prospectively 

amassed that allowed for systematic, generalizable findings, so it is with the current phase of our 

understanding of the conditions considered here. For example, limitations that are common to 

neuronuclear imaging studies on CRCI include relatively small sample sizes, the wide variety of 



17  

chemotherapy agents and combinations of agents pooled into each analysis (also a necessary 

function of limited sample sizes), and inherent difficulty of matching patients with similar cancer 

histologies and stages who have nevertheless been with and without chemotherapy exposure. 

Neuroimaging studies on PTSD are typically marked by small sample sizes, psychiatric and other 

comorbidities, a wide range of types of events leading to PTSD, and confounds related to 

medications used. Similarly, neuroimaging studies on TBI are often limited by relatively small 

sample sizes, multiple comorbidities (including PTSD), the lack in most studies of correlative 

neuropathologic data, and frequently lack of longitudinal assessments. In many respects, we are 

still in relatively early stages of understanding the underlying neurobiologic changes in these 

conditions, along with how they are related to observed clinical manifestations, and imaging-based 

studies are playing a leading role in contributing to their elucidation. Moving forward, as we gain 

a deeper understanding of features of these conditions that may be detected and measured through 

brain imaging, studies will be needed that individually examine large series of regionally 

quantified scans, to assess accuracy and incremental value in answering questions clinically 

pertinent to the treatment and outcomes of patients suffering from them. 
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FIGURE 1: Venn diagram describes key clinical features (red = CRCI, blue = PTSD, yellow = TBI). Brain slices on the right show 
corresponding brain regions implicated in these disorders. Areas in darker shades occur most consistently in literature. Although 
not depicted due to internal location, basal ganglia structures have also been implicated in several CCRI and PTSD studies. 
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TABLE 1: Summary of neuroimaging findings in CRCI studies 
 

 
Reference # 

 
Imaging 

Chemotherapeutic 
Drugs Used 

(*Not Further Detailed) 

 
Main Findings 

(15) 15O-water PET 
and 18F-FDG 
PET 

 cytotoxic 
chemotherapy* 

 tamoxifen therapy* 

 INCREASED activation in prefrontal 
cortex and cerebellum during short-term 
memory recall task in chemotherapy-treated 
patients 

 DECREASED prefrontal cortex resting 
metabolism in correlation with decreased 
short-term memory 

 Basal ganglia resting metabolism 
DECREASED in patients with tamoxifen 
and chemotherapy-treated compared with 
chemotherapy-only breast cancer patients or 
patients without chemotherapy 

(16) 18F-FDG 
PET/CT 

 Systemic CHT*  Early High chemo group had 
DECREASED metabolism of prefrontal 
cortex, white matter, cerebellum, posterior 
medial cortices, and limbic regions 
compared to group without chemotherapy 

 Early High chemo group had 
DECREASED metabolism of right 
temporal and PFC compared to Late Low 
chemo group 

 Number of cycles negatively correlated with 
rate of metabolism in these regions 

 Post-chemotherapy time positively 
correlated with rate of metabolism in these 
regions 

(17) 18F-FDG 
PET/CT 

 CHT*  DECREASED metabolism in prefrontal 
cortex, cerebellum, medial cortex, and 
limbic regions in chemotherapy group 

 Metabolism of these regions negatively 
correlated with number of cycles and 
positively with post-chemotherapy time 

 Poorer performance in many frontal 
functions in chemotherapy group 

(18) 18F-FDG 
PET/CT 

 ABVD consisting of 
doxorubicin 
(Adriamycin) 
bleomycin, vinblastine, 
dacarbazine 

 Interim PET scan showed INCREASED 
metabolism in right angular gyrus 
(Brodmann area 39) and DECREASED 
activity in prefrontal cortex bilaterally 

(19) 18F-FDG 
PET/CT 

 Intensity‐modulated 
radiation therapy 
(IMRT) 

 DECREASED metabolism in bilateral 
basal ganglia and bilateral occipital lobes, 
even after termination of anticancer therapy 

 Relative metabolic recovery in bilateral 
occipital lobes and further deterioration in 
bilateral basal ganglia 

 Right prefrontal cortex metabolism 
INCREASED during therapy 

 INCREASED metabolism in right PFC 
also seen at end of therapy 
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(20) 18F-FDG PET  CHT group: 
conventional standard- 
dose chemotherapy* 

 HL patients: 
hydroxydaunorubicin 
(Adriamycin), 
bleomycin, vinblastine, 
dacarbazine (ABVD) 
chemotherapy 

 NHL patients: 
cyclophosphamide, 
hydroxydaunorubicin 
and vincristine 
(Oncovin), prednisone 
or prednisolone 
associated with the 
monoclonal antibody 
rituximab (R-CHOP) 

 NHL 2nd line: 
cyclophosphamide, 
mitoxantrone 
(Novantrone), Oncovin, 
prednisone (CNOP); 
vincristine, 
Adriamycin, 
cyclophosphamide, 
Oncovin and 
prednisone (VACOP); 
and etoposide, 
Oncovin, 
cyclophosphamide, 
hydroxydaunorubicin, 
(EPOCH) 

 Corticosteroid and 
immunotherapy 

 Prefrontal-cerebellar system (PCS) 
metabolism DECREASED in 
chemotherapy group 

(21) 18F-FDG PET  Carboplatin/taxol 
 Carboplatin/gemcitabin 

e/avastin 
 Cisplatin/etoposide 
 Cisplatin/gemcitabine 
 Cisplatin/navelbine 
 Alimta (pemetrexed) 
 Carboplatin/taxol/ 

avastin 

 Mean overall metabolic DECREASE of 
22% in all gray matter structures 

 Chemotherapy associated with 
DECREASED metabolism in 
paraventricular and subcortical white matter 
tracts, corpus callosum, and cerebellar white 
matter 

 Most profound DECREASED metabolism 
in bilateral frontal cortex and bilateral 
olfactory gyri 

(22) 18F-FDG PET  Chemotherapy, 
radiation, hormone 
replacement therapy 

 INCREASE in bilateral anterior medial 
temporal activity, left posterior medial 
temporal activity, and cerebellar region 
activity 

 DECREASE in the Broca’s area activity 
following aromatase inhibition therapy 

 Greatest INCREASE in metabolism in 
right medial temporal lobe 
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(23) 18F-FDG PET  Chemotherapy 
 Chemoradiation therapy 
 standard multi-agent 

regimens using 
cyclophosphamide, 
methotrexate and 5- 
fluorouracil or an 
anthracycline 
(doxorubicin) 

 DECREASED metabolism in orbital 
frontal regions in breast cancer survivors 
compared with healthy controls 

 Right substantia nigra most profoundly 
affected in tamoxifen-treated patients 

 Treated patients showed INCREASED 
metabolism in left postcentral gyrus and 
corpus callosum 
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TABLE 2: Summary of neuroimaging findings in PTSD studies 
 

Reference # Imaging Main Findings 
(46) 18F-FDG PET  INCREASED metabolism in right amygdala in danger-based trauma 

versus control groups 
 INCREASED metabolism in precuneus in non-danger-based traumas 

versus danger group 
(47) fMRI  INCREASED activation of basolateral relative to centromedial amygdala 

in PTSD group 
(48) 15O-CO2 PET  DECREASED regional cerebral blood flow in mPFC in veterans with 

PTSD during mental imagery of trauma-unrelated stressful personal 
experiences 

(61) rs-fMRI  Oxytocin DECREASED amygdala-left vlPFC functional connectivity after 
trauma script-driven imagery versus neutral script-driven imagery 

 Oxytocin INCREASED amygdala–insula functional connectivity and 
DECREASED amygdala–vmPFC functional connectivity in both groups 

 PL-treated participants had INCREASED amygdala-left vlPFC functional 
connectivity following trauma script-driven imagery 

(50) SPECT and 
18F-FDG PET 

 DECREASED perfusion and metabolism in left hippocampus and basal 
ganglia in PTSD group 

 INCREASED cerebellar metabolism in PTSD group 
(51) MRI and 18F- 

AV-45 PET 
 Slightly DECREASED superior parietal volume in TBI + PTSD group 

versus controls 
 DECREASED odds of amyloid positivity based on cortical amyloid SUVR 

in PTSD group versus controls 
 No evidence for increased brain amyloid associated with TBI 
 No evidence for medial temporal lobe atrophy in PTSD and/or TBI versus 

controls 
(54) fMRI  DECREASED functional connectivity between left ventral anterior insula 

and anterior cingulate cortex 
 DECREASED functional connectivity between right posterior insula and 

left inferior parietal lobe 
(56) SPECT  Hyperperfused DMN in PTSD group 

 Hypoperfused DMN in TBI group 
(55) 11C-flumazenil 

PET and MRI 
 INCREASED mean 11C-flumazenil binding potential in PTSD group 

versus healthy controls in medial and superior portion of caudal anterior 
cingulate cortex and precuneus 

 INCREASED BZD receptor BP in precuneus, and superior and dorsal 
anterior cingulate cortex in PTSD patients versus healthy controls 

(57) 18F-AV-45 
PET 

 INCREASED amyloid accumulation in frontal, occipital, and temporal 
lobes of PTSD, in white matter of TBI + PTSD group, and in cerebellum 
and precuneus area of TBI group 

(59) Active task 
fMRI 

 INCREASED activation of dACC, insula, and amygdala in response to 
trauma-unrelated negative stimuli predicted PTSD persistence after trauma- 
focused therapy 
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SUPPLEMENTAL DATA: Glossary 
 

 CRCI: Cancer/Chemotherapy Related Cognitive Impairments
 CT: Computed Tomography
 DMN: Default Mode Network
 fMRI: Functional Magnetic Resonance Imaging
 mPFC: Medial Prefrontal Cortex
 PTSD: Post-Traumatic Stress Disorder
 TBI: Traumatic Brain Injury


