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Up to 30% of cancer patients develop brain metastases at 
some point during their disease process and at least half of 
these receive whole brain radiotherapy (WBRT). Within the 
United States alone, approximately 200 000 patients a year are 
treated with brain radiation for primary or metastatic tumors.

Cranial radiation, especially WBRT, has been shown to 
be associated with cognitive decline. In adult patients, 
DeAngelis initially reported an 11% rate of severe dementia 
after WBRT for patients with brain metastases, recognizing 
that the daily doses of radiation utilized on this retrospective 
study were larger than typically used clinically.1 Although 
historically considered a late side effect, with availability of 
detailed neurocognitive testing, cognitive deterioration after 
WBRT has been shown to appear as early as 3–4 months,2–4 
affecting approximately 90% of patients, with memory and 
executive function preferentially affected.5,6

Recent advances in multimodality therapy have led to 
improved survival rates for many cancer patients. With 
longer survivorship, more attention has been directed 
toward long-term treatment-related morbidity. The effect 
of radiotherapy on the long-term cognitive performance of 
these patients is a major concern, as the morbidity can be 

devastating, with a significant impact on both patient and 
caregiver quality of life (QoL). In this article, we review the 
known or proposed mechanisms by which cranial radiation 
induces cognitive decline in patients with metastatic and 
primary intracranial malignancies, and the preclinical and 
clinical evidence to support such hypotheses. We discuss 
therapeutic approaches based on the underlying mecha-
nisms that can potentially prevent, minimize, or reverse 
the cognitive deterioration. We will also review available 
imaging modalities that can potentially be used to estab-
lish correlation between imaging and clinical deterioration.

Pathophysiology of Radiation-Induced 
Brain Injury

Radiation Reduces Proliferation of Neural 
Precursors in the Hippocampus

One prevailing hypothesis for a mechanism responsible 
for cognitive deterioration, especially memory impair-
ments, following cranial radiotherapy is through reduced 
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neurogenesis after exposure of neural precursors to ion-
izing radiation.7 Neurogenesis is thought to occur pre-
dominantly in 2 critical regions of the developed brain: the 
subgranular zone (SGZ) of the hippocampus and the sub-
ventricular zone (SVZ) of the lateral ventricles.8 From here, 
multipotent neural stem cells give rise to neural progeni-
tors, which are then capable of differentiating into neurons 
and glia.

Exposure to radiation has been shown to significantly 
reduce neurogenesis in the hippocampus. Work by Monje 
et  al evaluating the effects of radiation on neural prolif-
eration in the rat hippocampus demonstrated that, while 
new neuron production demonstrated a >95% reduction 
following a single 10-Gy dose of WBRT, the number of 
viable precursors one month after radiation was similar 
to that of non-irradiated controls.9 This suggests that early 
ablation of the entire pool of neural progenitors cannot 
solely explain the observed marked reductions in neuro-
genesis.7,9 Certainly, over time, there is depletion of neural 
progenitor cells reflective of radiation-induced mitotic 
catastrophes occurring over the course of multiple cell 
divisions. This was demonstrated in their in vitro studies 
confirming reduced growth of neural progenitor cells after 
irradiation.

Interestingly, radiotherapy has been shown to have 
a heterogeneous effect on neuron formation through-
out the brain volume. Although neurogenesis is initially 
diminished in both the SGZ and SVZ equally, the SVZ has 
been shown to have a delayed recovery, while hippocam-
pal neurogenesis remains stalled.10–12 It is hypothesized 
that lineage-specific differences in radiation sensitivity 
among the neural precursors are responsible for these 
observations.

Radiation Alters Differentiation of Neural 
Precursors Through Changes in the 
Microenvironment

Perhaps the most striking observation from Monje et  al 
was the shunting of viable precursor cells away from a 
neuronal to a glial fate due to a change in the microenvir-
onment.9 In their subsequent studies, as discussed later, 
Monje and colleagues suggested that radiation-induced 
neuro-inflammation is at least partially responsible for 
the altered fate of precursor cells. Radiation is known to 
induce significant increases in activated microglia, the resi-
dent immune cells in the brain, which are rarely observed 
in the un-irradiated setting.7,9 The precise mechanism for 
radiotherapy-induced altered neural precursor differen-
tiation remains under active investigation, with several 
reported alterations in cell-cycle signaling and epigenetic 
modifications.13–16

Radiation Alters the Cellular Microenvironment

Radiation-induced changes in the cellular microenviron-
ment play a major role in the inhibition of neurogenesis 
and are equal to, if not greater than, the direct effects of 
ionizing radiation on the neural precursors.17 Irradiation 
of neural precursors promotes differentiation in in vitro 

studies, leading to an increase in differentiated cells in a 
dose-dependent manner.9 This is believed to occur through 
cell-cycle arrest, which in turn stimulates differentiation 
of neural precursors. However, the effects of radiation on 
neural precursor differentiation are highly dependent upon 
the surrounding cellular microenvironment. For example, 
irradiation of neural precursors in vitro promotes differ-
entiation into both neurons and glia, whereas exposure to 
ionizing radiation in vivo results in a preferential differen-
tiation along an astrocytic lineage.18 Furthermore, trans-
plantation of non-irradiated neural precursors into the 
dentate gyrus of irradiated animals does not restore neuro-
genesis, with persistent reductions observed in numbers 
of newly formed neurons.9 Taken together, these studies 
support alterations in the microenvironment as a major 
factor in the determinant of cellular fate and reductions in 
neurogenesis. This indicates a possible limited therapeutic 
benefit for interventions limited to replacement of neural 
progenitors, such as stem cell transplantation.

Radiation Induces an Inflammatory Response in 
the Brain Through Oxidative Damage

Radiation induces oxidative stress within the brain through 
the generation of free radicals, which in turn activates 
tumor necrosis factor alpha (TNF-α) and interleukin (IL)-
1β and results in downstream upregulation of pro-inflam-
matory pathways.19,20 Due to the high baseline metabolic 
burden and relative lack of endogenous anti-oxidants, the 
brain is particularly susceptible to such oxidative damages. 
The inflammatory response in the brain demonstrates sig-
nificant heterogeneity with differing levels of inflammatory 
cytokines in site-specific substructures such as the hippo-
campus and cortical regions, as well as distinct recovery 
time, with many structures exhibiting recovery follow-
ing acute radiation exposure, whereas persistent inflam-
matory responses are observed in the hippocampus for 
months beyond the initial insult.

One manifestation of the prolonged inflammatory 
response in the hippocampus is a pronounced increase 
in numbers of activated microglia observed following 
WBRT. Microglia produce TNF-α and IL-6, which contrib-
ute to ongoing inflammation and are also potent inhibi-
tors of neurogenesis with relative sparing of gliogenesis.19 
Treatment with anti-inflammatory agents following radio-
therapy in animal models reduces the number of acti-
vated microglia and induces a corresponding increase in 
neurogenesis.21,22 Elimination of microglia by CSF receptor 
inhibition has been associated with avoidance of radiation-
induced cognitive impairment in adult mice.23 Exploration 
of putative targets for intervention in relieving inflamma-
tory-mediated damage following radiotherapy continues 
to be an area of active investigation.

Altered Neurovascular Relationships by 
Radiation

Beyond inflammation, the microvasculature plays a critical 
role in the maintenance of hippocampal neurogenesis. The 
microvasculature supports developing neural precursors 
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and is largely responsible for neuronal recruitment and 
survival. Proliferative neural precursor cells in the adult 
hippocampus tend to be clustered around small vessels. 
Recruitment of the neural precursor cells is accompanied 
by a synchronous stimulation of angiogenesis, and this 
relationship is thought to be important to normal neuro-
genesis. However, this relationship between the micro-
vasculature and neural precursors is disrupted in the 
irradiated hippocampus and is manifested morphologic-
ally by decreased size of the perivascular clusters of pre-
cursor cells and increased distance of these clusters to the 
nearest vessel.9 These changes persist for several months 
following radiation exposure and may be responsible for 
prolonged reductions in neurogenesis observed after cra-
nial radiation.

Radiation-Induced Alterations in Dendritic 
Morphology of Mature Neurons

Although the effects of ionizing radiation have been most 
studied on neuronal precursor cells, cranial irradiation 
also leads to alterations in the function of mature neu-
rons reflected in alterations of dendritic morphology and 
physiological function. Dendrites are critical for normal 
neuronal function and signaling, and alterations in den-
dritic morphology have been demonstrated in a number of 
neurocognitive disorders and in aging. Studies by Duman 
et  al have demonstrated that exposure of hippocampal 
neurons to radiation leads to an acute proliferation of den-
dritic spines, followed by a progressive and persistent loss 
of the same.24 Dendritic spines are small projections ema-
nating from dendrites that compromise the postsynaptic 
loci of most excitatory synapses in the central nervous 
system. Generally, increases in dendritic spines reflect 
increases in synapses, and spine decreases reflect synap-
tic decreases. Critically, both changes can lead to circuit 
dysfunction.

Morphological changes in the dendrites after radiation 
exposure are further confirmed by Limoli et  al.25 They 
observed significant and persistent reductions in den-
dritic complexity, including dendritic branching, length, 
and area, in a dose-dependent manner, after radiation. For 
example, there were significant reductions in the number 
(20%–35%) and density (40%–70%) of dendritic spines on 
the hippocampal neurons of the dentate gyrus. Immature 
filopodia, which are small transient protrusions located 
along the length of the dendrites, demonstrate the most 
pronounced sensitivity to ionizing radiation compared with 
more mature spine morphologies with greatly reduced 
numbers following acute radiation exposure.25 The pre-
cise mechanism of dendritic injury following radiotherapy 
remains unknown. Alterations in the redox environment 
may also factor into dendritic dysfunction and impaired 
neuronal signaling.26

Impaired Physiological Function of Mature 
Hippocampal Neurons After Radiation

As noted previously, alterations in dendritic spines reflect 
synaptic function. Directly interrogating the effects of 

radiation on neuronal connectivity, Wu et  al have dem-
onstrated early ablation of long-term potentiation in the 
rat hippocampus after radiation.27 Long-term potentia-
tion describes the strengthening of synaptic connections 
following high frequency stimulation and is a potential 
cellular substrate of learning and memory. Long-term 
depression, on the other hand, results in weakening of the 
synaptic strength in response to repetitive low frequency 
stimulation. Together, the 2 processes help to improve the 
signal-to-noise ratio within the system and improve the 
efficiency of the synaptic networks.28 Prior studies exam-
ining hippocampal slices from animal models following 
exposure to WBRT revealed a significant reduction in both 
acute and long-term synaptic efficiency in a dose-depend-
ent manner.29,30

Vascular Hypothesis: Radiation Disrupts 
Microvasculature Leading to Ischemia and Toxic 
Neuroexcitation

Radiation-induced vascular changes are similar to small 
vessel disease seen with vascular dementia. Radiation 
causes the death of endothelial cells and platelet adher-
ence to the exposed matrix, leading to thrombus formation 
and occlusion of small vessels over a period of months. 
Additionally radiation is associated with thickening of 
basement membranes and replacement of the lumen by 
collagen, thereby leading to vascular damage. The accel-
erated atherosclerosis and mineralizing microangiopathy 
in small vessels following radiation can lead to vascular 
insufficiency and infarction.31,32

Ischemia, whether caused by vascular insufficiency or 
radiation, results in a significant rise in the levels of extra-
cellular glutamate. Glutamate is the principal excitatory 
neurotransmitter in cortical and hippocampal neurons, and 
a potent activator of the postsynaptic N-methyl-d-aspartate 
(NMDA) receptors. Under physiologic conditions, it is 
tightly regulated and distributed in the synaptic cleft. By 
binding to and activating postsynaptic NMDA recep-
tors, glutamate promotes normal learning and memory. 
However, under ischemic or other pathologic states, an 
excessive rise in extracellular glutamate triggers neur-
onal excitotoxicity through persistent activation of the 
NMDA receptors, causing a large and prolonged influx of 
calcium and subsequent activation of downstream signal-
ing pathways.33 These pathways, mediated by p38, c-Jun 
N-terminal kinase, and sterol regulatory element-binding 
protein 1, form potential targets for therapeutic inter-
vention in the prevention of radiation-induced cerebral 
injury.33

Strategies to Minimize Radiation-
Induced Neurotoxicity

Memantine

Memantine is a low-affinity voltage-dependent noncom-
petitive antagonist of NMDA receptors that preferen-
tially acts in the excitotoxic state and relatively spares the 
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function of glutamate signaling under normal physiologic 
condition. Mechanistically, memantine binds to NMDA 
receptors, thereby preventing the binding of glutamate 
when released at high levels in the ischemic or other patho-
logic states. This inhibits the prolonged influx of Ca2+ ions 
triggered by glutamate binding from extrasynaptic NMDA 
receptors that forms a basis of neuronal excitotoxicity.34 
Due to the low affinity, noncompetitive nature, and rapid 
off-rate kinetics of memantine, the physiological function 
of NMDA receptors localized at synapses is relatively pre-
served, as these receptors can still be activated by high 
levels of glutamate released by the depolarization-induced 
release of glutamate from the presynapse.35 Memantine 
gained initial FDA approval in the treatment of Alzheimer’s 
and vascular dementia after 2 phase III randomized, pla-
cebo-controlled trials showed improved cognitive metrics 
with minimal side effects.36–38

Due to the overlapping mechanisms responsible for 
neurotoxicity in both vascular dementia and radiation-
induced vasculopathy, there has been significant interest 
in the use of memantine to minimize cognitive deterior-
ation following WBRT. The Radiation Therapy Oncology 
Group (RTOG) 0614 trial examined the role of memantine 
in the preservation of cognitive function in patients receiv-
ing WBRT. The trial randomized 554 patients to receive 
either WBRT (37.5 Gy in 15 fractions) plus memantine or 
placebo.39 Memantine was administered concurrently 
with radiotherapy at a dose of 5 mg daily and escalated 
to a final dose of 10 mg delivered twice daily and contin-
ued for a total of 24 weeks. Cognitive testing at 24 weeks 
post-radiotherapy demonstrated a trend toward improved 
memory function in the memantine arm as measured by 
the Hopkins Verbal Learning Test–Revised Delayed Recall 
(HVLT-R DR) (median decline 0 vs −0.895, P = 0.0587) with 
significantly less decline in the memantine arm on several 
secondary endpoints evaluating memory, executive func-
tion, and processing speed. Another secondary endpoint 
was time to cognitive decline, defined as first cognitive fail-
ure on any cognitive test, and memantine was associated 
with reduced cognitive function failure at 24 weeks com-
pared with placebo (53.8% vs 64.9%, P = 0.01). Memantine 
was well tolerated with no significant differences in 
reported adverse events compared with placebo.39 Since 
the publication of this trial, memantine has been used in 
our practice as the standard of care to reduce the cognitive 
side effects of WBRT.

Donepezil

Several neurocognitive disorders are characterized by 
reductions in the activity of choline acetyltransferase, 
which leads to decreased levels of acetylcholine and 
impaired neuronal signaling.40 Donepezil is a reversible 
noncompetitive inhibitor of acetylcholinesterase, which 
enhances cholinergic-dependent neural communication. It 
is typically well tolerated and has shown efficacy in improv-
ing cognitive function in patients with Alzheimer’s disease, 
vascular dementia, multiple sclerosis, and Parkinson’s dis-
ease, among others.41

Donepezil has been explored in a double-blinded, pla-
cebo-controlled trial in patients with a history (≥6 mo prior) 

of either whole brain or partial brain radiotherapy of at 
least 30 Gy for treatment of either primary or metastatic 
brain tumors.42 A total of 198 patients were randomized to 
receive either donepezil (5 mg daily for 6 wk, then 10 mg 
daily for 18  wk) or placebo with the primary outcome 
evaluating cognitive function at 24 weeks. Both interim 
and final evaluation failed to demonstrate a significant dif-
ference in overall cognitive function with the addition of 
donepezil, although there were modest improvements in 
several cognitive functions, especially in those patients 
with greater pretreatment impairments. Overall, donepezil 
was well tolerated, with only the presence of diarrhea (25% 
vs 9%, P = 0.005) significantly different from the placebo 
arm.42

Hippocampal Avoidance WBRT

Despite the success with memantine in preserving cog-
nitive function in patients receiving WBRT, over 50% of 
patients still experienced cognitive decline, arguing for 
the need for additional measures to further reduce cogni-
tive toxicity from radiotherapy. The hippocampus is critical 
in memory formation and learning, and is extraordinarily 
sensitive to cranial radiotherapy, with even low doses of 
ionizing radiation demonstrating a significant reduction in 
neurogenesis and deficits in memory.43 As the hippocam-
pus is an infrequent site for metastatic brain involvement, 
RTOG 0933 sought to answer the question whether avoid-
ance of the hippocampus via highly conformal radiother-
apy techniques resulted in preserved memory function 
compared with historical controls.44

RTOG 0933 enrolled a total of 113 patients, of whom 
42 were alive and analyzable at the study endpoint of 
4 months. Per protocol, 30 Gy in 10 fractions was deliv-
ered to the brain parenchyma via an intensity modu-
lated radiation therapy technique. The dose to 100% of 
the hippocampus was constrained to 9 Gy with a max-
imal point dose of 16 Gy with central review of treatment 
plans prior to initiation of therapy. At 4 months, patients 
on trial experienced significantly less mean decline on 
the HVLT-R DR compared with historical controls (7% vs 
30%, P  <  0.001). Hippocampal avoidance furthermore 
did not appear to convey a heightened risk of intracra-
nial progression, with only 4.5% of patients who devel-
oped intracranial progression experiencing progression 
within the hippocampal avoidance region.44 Despite the 
promising cognitive outcomes of this trial, it is a non-
randomized phase II study and the cognitive benefits of 
hippocampal avoidance need to be proven in a phase III 
trial. Currently 2 phase III randomized studies are being 
conducted investigating the role of hippocampal spar-
ing in the setting of WBRT (NRG CC001) and prophylac-
tic cranial irradiation for small cell lung cancer patients 
(NRG CC003).

Anti-Inflammatories

As discussed earlier, radiation causes chronic inflamma-
tion in the hippocampus, contributing to reduced neuro-
genesis. In animal models, treatment of inflammation 
with nonsteroidal anti-inflammatory drugs (NSAIDs) or 
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elimination of inflammation by other means has shown 
preservation of memory and learning capability.21 This 
seems to be a mechanistically sound and potentially viable 
clinical approach to reduce radiation-induced cognitive 
decline. However, clinical trials are needed to establish 
the role of NSAIDs in reducing radiation-induced cognitive 
deterioration.

Other Strategies to Avoid or Delay Whole Brain 
Radiotherapy

Stereotactic radiosurgery

Another increasingly popular approach by which to spare 
radiation dose to the hippocampus as well as other areas 
of uninvolved brain parenchyma is by deferring WBRT 
in favor of stereotactic radiosurgery (SRS) to the sites of 
known disease or surgical cavity. WBRT has previously 
been shown to reduce the risk of local and distant brain 
failure following either surgical resection45 or SRS,46,47 
although it has not been shown to convey a significant 
survival benefit and additionally has been associated 
with a significant longitudinal decline in cognitive func-
tion following treatment.3 Given this knowledge, several 
randomized trials have been conducted to address the 
question of whether the potential cognitive deficits due 
to an increased risk of tumor recurrence in the brain with 
the omission of WBRT outweigh the cognitive dysfunc-
tion caused by treatment of the entire brain parenchyma. 
At least 3 studies have shown a cognitive benefit by using 
SRS to treat patients with limited brain metastases without 
compromising survival outcome, establishing SRS as the 
standard of care in this patient population.2,3,48

The N0574 trial, the largest of these trials, enrolled a 
total of 213 patients with 1–3 brain metastases who were 
randomized to SRS alone versus the addition of WBRT. 
The primary endpoint was cognitive deterioration as 
defined by a decline of >1 standard deviation on at least 
1 of 7 administered cognitive tests. As expected, there 
was a significant reduction in the incidence in the time 
to intracranial failure with the addition of WBRT (hazard 
ratio [HR] 3.6, P  <  0.001), although there was no differ-
ence in overall survival between the study arms. The 
patients receiving SRS alone demonstrated significantly 
less cognitive deterioration at 3 months compared with 
the addition of WBRT (63.5% vs 91.7%, P < 0.001), which 
remained significant at 1  year following treatment in 
long-term survivors. In addition, there was better QoL at 
3 months with SRS alone compared with those treated 
with WBRT. As the largest trial to systematically employ 
comprehensive cognitive testing between these 2 treat-
ment arms, N0574 cast doubt on the overall benefit of 
WBRT in patients with oligometastatic disease. The rela-
tive lack of a benefit in terms of meaningful clinical end-
points other than the incidence of new metastases for 
WBRT in these patients is likely due in part to the avail-
ability of salvage therapies in patients who are initially 
treated with SRS alone. Any benefit procured by up-front 
WBRT for this patient population also appears to be out-
weighed by the potential significant cognitive toxicities 
imparted by treatment of the entire brain volume.

The past 5–10  years have seen a general shift toward 
using SRS for patients with >3 brain metastases with the 
intent of eliminating or avoiding WBRT in as many patients 
for as long as possible. Can we extrapolate the results from 
trials in patients with 1–3 brain metastases and expand the 
use of SRS alone to patients with 4 or more brain metas-
tases? The answer may be yes, based on several retro-
spective studies and one prospective observational study 
(JLGK0901) that compared outcomes for patients with 
2–4 versus 5–10 brain metastases.49 In this study, SRS 
for patients with 5–10 brain metastases was not inferior 
to SRS for patients with 2–4 brain metastases in terms of 
overall survival (10.8 vs 10.8 mo), local recurrence (6.5% vs 
7.0%, P = 0.70), appearance of new brain lesions (63.8% vs 
54.5%, P = 0.067), or risk of neurologic death (4.3% vs 1.7%, 
P = 0.25) at 1 year. This is the best evidence available to 
support the use of SRS in patients with 5–10 brain metas-
tases. One ongoing phase III trial for patients with 4–15 
brain metastases, NCT01592968, in which patients are ran-
domized to receive WBRT versus SRS, with neurocognitive 
function and intracranial control as primary endpoints, will 
hopefully provide high-level evidence to guide the therapy 
for patients with multiple brain metastases.

Systemic therapy

In the era of targeted therapy (eg, inhibitors of epidermal 
growth factor receptor [EGFR], Braf, anaplastic lymphoma 
kinase [ALK]) and immunotherapy, the notion of using 
WBRT to control microscopic disease is further questioned. 
One emerging concept is to use SRS to treat gross dis-
ease and targeted agents and/or immunotherapy to con-
trol microscopic disease, thereby avoiding or delaying the 
need for WBRT for as long as possible. In that regard, mul-
tiple studies have demonstrated the intracranial activity of 
inhibitors for EGFR, ALK, and Braf. As for immunotherapy, 
retrospective evidence from MD Anderson in which mel-
anoma patients with 4 or more brain metastases given 
ipilimumab and SRS had better intracranial control than a 
propensity-matched cohort who received WBRT suggests 
that anti–cytotoxic T lymphocyte antigen 4 has similar or 
better ability to control microscopic disease in the brain.50 
It should be noted that delaying radiation due to CNS activ-
ity of systemic agents should be handled with caution. 
Two recent retrospective studies showed that in patients 
with EGFR-mutant non–small cell lung cancer, delaying 
brain radiation, either SRS or WBRT, until intracranial dis-
ease progression was associated with increased neuro-
logic death and worse survival.51,52 The authors of these 
studies noted that SRS followed by tyrosine kinase inhibi-
tors resulted in the longest overall survival and allowed 
patients to avoid the potential cognitive sequelae of WBRT.

Tumor-treating fields

Tumor-treating fields (TTFields) are an antimitotic treat-
ment that selectively disrupts the division of cells by 
delivering low-intensity, intermediate-frequency alter-
nating electric fields via transducer arrays applied to the 
shaved scalp. TTFields have been shown in a phase III 
trial to improve survival in patients with newly diagnosed 



 602 Wilke et al. Mechanisms of radiation-induced cognitive toxicity

glioblastoma53 without compromising cognitive out-
comes. In patients with recurrent glioblastoma, TTFields 
have also been shown to lead to similar survival rates as 
systemic therapy—however, with better patient reported 
outcomes.54 The device is currently being evaluated in a 
randomized trial for patients with lung cancer who develop 
brain metastases (NCT02831959). In this phase III trial, 
patients are randomized to TTFields or observation after 
SRS for 1–10 brain metastases. The primary outcome is 
time to first cerebral progression to see if TTFields could 
be a less toxic alternative to WBRT to improve intracranial 
control.

Imaging of Radiation-Induced Brain 
Injury

Conventional Diagnostic Imaging

Conventional neuroimaging modalities have demon-
strated anatomic changes in a variety of neurologic dis-
eases, some of which are pathognomonic for specific 
neurodegenerative disorders. Likewise, changes in cere-
bral anatomy can also be observed following radiation 
exposure, although these tend to be more subtle and not 
necessarily specific to radiotherapy. Reductions in hip-
pocampal volume following high-dose partial brain radio-
therapy have been demonstrated in patients with primary 
brain tumors, with these changes remaining significant on 
multivariate analysis even after accounting for a variety of 
patient factors, disease laterality, and systemic therapy.55

The hippocampus, though, is not the only cerebral 
structure to demonstrate changes in anatomic appear-
ance following radiotherapy, with changes in cerebral cor-
tex anatomy also observed following cranial irradiation.56 
Karunamuni et al have shown a dose-dependent reduction 
in cortical thickness 1 year after partial brain irradiation in 
the treatment of patients with high-grade gliomas. The 
degree of cortical thickness loss was most pronounced in 
the temporal and limbic lobes and parallel patterns are 
observed in neurodegeneration caused by Alzheimer’s 
disease.56 Additional studies in patients undergoing high-
dose partial brain radiotherapy have shown changes in the 
underlying white matter that are significantly correlated 
with radiation dose.57 Clinically, these changes have been 
shown to be associated with the development of cognitive 
disabilities.58

Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) is a form of magnetic reson-
ance imaging that measures the anisotropy of structures 
in relation to the diffusion of water. Water molecules read-
ily diffuse along the length of the neuron but are much 
more limited in their ability to move perpendicularly to the 
neuronal axis across the myelin sheath. In the brain, this 
differential diffusion capability can be exploited to visu-
alize white matter tracts. Many different pathologies can 
cause changes in white matter DTI-identified fiber tracts, 

with several studies in particular exploring DTI-identified 
changes following cranial radiotherapy.

DTI studies following radiotherapy have demonstrated 
the capability to detect radiation-induced white matter 
changes that are often not readily apparent on conven-
tional diagnostic imaging. One study evaluating a group 
of patients receiving WBRT ± chemotherapy revealed sig-
nificant differences in the spatiotemporal disturbances in 
diffusion indices potentially indicating differing pathologic 
mechanisms of injury and sensitivity to ionizing radio-
therapy dependent upon anatomic location.59 Specifically, 
there was a significant decrease in fractional anisotropy, 
which is a marker of white matter density and integrity, 
most prominently observed in the fornix, cingula, and cor-
pus callosum. It was hypothesized that these regions are 
particularly susceptible to damage from ionizing radiation 
and give rise to the functional impairments observed fol-
lowing cranial radiotherapy.60

Many DTI studies exploring white matter injury fol-
lowing cranial radiotherapy are confounded by the fact 
that most patients are also treated with systemic ther-
apy, with some receiving numerous lines of several cyto-
toxic agents. Numerous studies have demonstrated that 
patients receiving systemic therapy alone61,62 or surgery 
without additional adjuvant therapy63 also have DTI-
identified changes associated with white matter injury 
and neurotoxicity. As DTI visualizes white matter tracts 
predominantly on the macrocellular level, it is difficult 
to discern from imaging findings alone as to the mecha-
nisms and microenvironmental alterations responsible 
for the visualized white matter damage. Further work is 
needed to elucidate the role of DTI changes following 
chemotherapy or radiation and their ability to predict 
later cognitive injury.

Functional Imaging of Radiation-Induced Toxicity

While conventional imaging and DTI measure anatomic 
changes within the brain, functional imaging techniques 
have also been used to assess radiation-induced neuro-
toxicity. Functional MRI, which indirectly measures neural 
activity through the measurement of changes in blood 
flow, has been widely utilized in the clinical setting dur-
ing surgical treatment planning in order to spare vital 
eloquent cortical regions.64,65 After high doses of radiother-
apy, decreased neural activations during motor and sen-
sory tasks have been observed with suppressed output 
observed several months following treatment.66 Functional 
imaging studies have also been utilized clinically to differ-
entiate radiation-induced damage such as radiation necro-
sis from recurrent intracranial tumors.67–70

Spectroscopy is a powerful functional imaging tool to 
detect and characterize alterations in metabolism in vivo 
in the absence of any overt anatomic pathology. Following 
high-dose partial brain radiation therapy, spectroscopy 
tools have shown intracranial molecular derangements 
even in unexposed brain regions.71,72 This is hypothesized 
to arise from the release of cytokine cascades follow-
ing radiotherapy exposure, which may also account for 
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functional neural changes observed outside of the focal 
radiotherapy field.73 These metabolic changes have been 
observed for months following radiation exposure even 
in the absence of significant overt anatomic changes.74,75 
Clinically, alterations detected by functional imaging have 
also been correlated with long-term cognitive dysfunction 
in pediatric brain tumor survivors.76

Conclusions

Cranial radiation is associated with significant cogni-
tive deterioration which can have a devastating impact 
on patients’ QoL. Possible mechanisms of radiation-
induced cognitive decline are multifactorial, includ-
ing (i) reduced neurogenesis in the hippocampus and 
altered neural stem cell differentiation, chronic inflam-
mation/abnormal relationship between neural stem 

cells and microvasculature; (ii) altered neuron mor-
phology, with reduced dendritic spines and filopodia 
reflective of impaired synaptic function; and (iii) vas-
cular insufficiency with ischemia-induced excitotoxicity 
as seen in vascular dementia (Fig. 1).

Based on these mechanisms supported by preclinical 
and clinical evidence, there are multiple targets for thera-
peutic intervention with the goal to prevent, minimize, 
or reverse radiation-induced cognitive decline, some of 
which have been proven to be successful (Table 1). These 
include: (i) memantine to prophylactically reduce radia-
tion-induced cognitive decline, supported by level 1 evi-
dence; (ii) hippocampal avoidance WBRT, supported by a 
promising phase II trial with 2 phase III trials ongoing; (iii) 
use of SRS to delay or avoid WBRT, supported by at least 
3 phase III trials in patients with limited brain metasta-
ses, with phase III trials in patients with 5+ brain metasta-
ses ongoing; (iv) an ongoing phase III trial in lung cancer 
patients with 1–10 brain metastases assessing the efficacy 

Neural
precursors Neurons

Ionizing
Radiation

A

B

C

Microglia

TNF-α
IL-6

Astrocytes

Glutamate

Capillaries

Dendritic spines

Fig. 1  Selected proposed mechanisms of radiation-induced neurocognitive dysfunction. (A) Pro-inflammatory changes following radiotherapy 
result in an increase in the numbers of microglia which produce TNF-α and IL-6. This contributes to an ongoing inflammatory state and alteration 
in the microenvironment, which preferentially drive differentiation of neural precursors to an astrocytic lineage. (B) Radiation disrupts the vas-
cular niche of the neural precursors and additionally leads to ischemia and toxic neuroexcitation among mature neurons. (C) Radiation exposure 
reduces the number of dendritic spines on mature neurons, which in turn disrupts synaptic efficiency.
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of TTFields to reduce intracranial recurrence without the 
side effects of WBRT; and (v) use of systemic therapies that 
especially target agents against EGFR, ALK, and Braf and 
immunotherapy that has demonstrated intracranial activi-
ties to delay cranial radiation. Retrospective studies have 
cast doubt on whether patients’ survival is compromised 
by delaying cranial radiation, and this will need to be stud-
ied in a prospective setting. Other potential preventive or 
therapeutic interventions include intrahippocampal trans-
plantation of neural stem cells or microvesicles and the 
use of NSAIDs or other agents to reduce chronic inflam-
mation. These are currently limited to the preclinical set-
ting, although they remain areas of active investigation. 
Finally, advances in imaging allowing for more accurate 
assessment of radiation-induced brain injury may help to 
further refine our understanding of critical brain structures 
which are especially sensitive to ionizing radiotherapy. 
Thanks to improvements in multimodality therapies and a 
corresponding increase in long-term cancer survivorship, 
mitigation of treatment-related toxicities affecting QoL will 
continue to become an ever-increasingly important consid-
eration in the care of this patient population.
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