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Abstract: Prophylactic cranial irradiation (PCI) has well established place in therapy for patients with
limited-disease small cell lung cancer who responded to treatment. The data from randomized trials
document that PCI reduces brain metastases rate from approximately 60% to 30%, and increases 3-year
overall survival by approximately 5%. Currently, the dose of 25 Gy in 10 fractions is considered as standard.
In attempt to reduce neuropsychological sequelae attributable to PCI hippocampal sparing techniques are
employed. The existing studies suggest the benefit of hippocampal sparing in limiting memory and higher
neurocognitive function losses, but with a risk of failures in the spared region. Ongoing studies will further
validate the role of hippocampal sparing, both in terms of toxicity reduction and metastases prevention. PCI
for patients who have undergone resection for stage I small cell lung cancer (SCLC) is not recommended,
PCI may be, however, associated with a favourable outcome in SCLC patients who have undergone
complete surgery in stages II-III. The role of PCI in extensive-disease (ED) SCLC has been evolving. Most
recent evidence indicate that PCI is controversial in ED patients with response to initial chemotherapy and
absence of brain metastases confirmed by contrast-enhanced MRI. The patients who do not receive PCI,
must, however, receive periodic MRI examination during follow-up, i.e., remain under active surveillance
with access to radiotherapy at brain relapse. The assessment of safety and effectiveness of hippocampal-

sparing PCI, with or without drug neuroprotection in consideration of diverse combinations of radiotherapy,

chemotherapy and immunotherapy create a background for future directions of research.
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Rationale for prophylactic cranial irradiation in
small cell lung cancer (SCLC)

The concept of prophylactic cranial irradiation for patients
with small cell lung cancer has been developed as a
consequence of progress in combined modality treatment
for thoracic disease: in spite of high responses to initial
therapy in the thorax approximately 60% of the patients
developed metastases in the brain (1). It was commonly
assumed that blood-brain barrier was responsible for
inability of chemotherapy to eliminate subclinical cancer
in the brain. While the concept of blood-brain barrier has
been recently modified by demonstrating the presence of
functional lymphatic vessels in the dural sinuses (2), clearly,
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endothelial, epithelial and glial brain barriers establish
compartments that differ with regard to their accessibility
to the drugs. This established the biological rationales for
prophylactic cranial irradiation: the direct cytotoxic effect of
radiotherapy on subclinical brain metastases may be further
enhanced by changes in blood-brain barrier permeability
induced by radiotherapy (3).

PCI in limited-stage SCLC
Early trials on PCI in SCLC

The early trials on PCI in SCLC focused, primarily, on
patients in complete remission after treatment for thoracic
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disease. Several trials addressed this issue: while all of them
demonstrated significant reduction of metastases in the
brain the impact of PCI on overall survival had not been
demonstrated. In 1999 Aupérin ez al. (4) performed meta-
analysis of individual data on 987 patients recruited in
seven randomized trials on patients with SCLC in complete
remission. Out of 987 patients included 86% had limited
disease and 14% had extensive disease, based on staging
procedures that are nowadays considered outdated. Notably,
the evaluation of complete response was based on chest
radiographs and not CT scans in most trials. PCI reduced
the cumulative incidence of brain metastasis at three years,
from 58.6% in the control group to 33.3% in the treatment
group, which corresponded to a pooled relative risk of
0.46. Most importantly, the meta-analysis demonstrated an
absolute increase in survival of 5.4% at three years, from
15.3% in the control group to 20.7% in the treatment
group. The survival benefit from PCI was statistically
significant, with a pooled relative risk of 0.84. Based on the
outcome of this meta-analysis PCI was introduced as part of
the standard treatment of patients with SCLC in complete
remission.

PCI for early LS-SCLC

The existing evidence support use of surgery in stage I
SCLC (5). Occasionally, patients with more advanced
disease also have surgery, although its routine use is not
supported by the existing data. Postoperative chemotherapy
is, generally, recommended in patients who underwent
surgery for SCLC (6). For patients with stage I or II node
negative LS-SCLC who are medically inoperable, either
SBRT or conventional fractionation is recommended and
chemotherapy should be delivered before or after SBRT (7).

As for PCI its benefit is unknown for patients who have
undergone resection, SBRT or conventionally fractionated
radiotherapy for early stage SCLC (7-9). The meta-analysis
of five retrospective studies revealed, however, that PCI
might be associated with a favourable survival advantage
and reduced BM risk in SCLC patients who underwent
complete surgery in stages II-1II (8).

Some differences may be noticed between the recent
guidelines of ESTRO, ASTRO and NCCN regarding use
of PCl in early LS SCLC.

ESTRO experts recommend prophylactic cranial
irradiation and thoracic radiotherapy for patients with
resected SCLC and positive lymph nodes (10). For elderly
patients with resected node negative SCLC, most of the
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ESTRO experts do not recommend thoracic radiotherapy
or prophylactic cranial irradiation.

ASTRO guidelines conditionally not recommend
PCI for patients with stage I SCLC (7). Instead of PCI,
surveillance using brain MRI with contrast can serve as an
alternative.

NCCN Guidelines state that the benefit of PCI is
unknown in patients who have undergone complete resection
for pathologic stage I-IIA (T1-2NOMO) SCLC (11).
PCI or brain surveillance should be considered for NO.
These patients have a lower risk of developing metastases
than patients with more advanced LS SCLC, and may not
benefit from PCI.

Dose-response for PCI

The dose-response curves derived from the data on therapy
for detectable cancer are threshold-sigmoid, indicating
that low radiation doses cannot sterilize the overt tumour,
that may contain 10°-10"" cells. By contrast, the dose-
response curve for control of subclinical metastases (1-10’
cells) is linear and shallow, and extrapolates to a dose
intercept not demonstrably different from zero, indicating
that low radiation doses may sterilize small subclinical
cancer deposits (12). Such shallow dose-response was also
demonstrated in PCI in SCLC. Review of dose-response in
historical trials on PCI suggested, however, displacement
of the dose threshold if PCI was applied with considerable
time delay relative to treatment for primary cancer (13).
This, likely, reflect growth of residual micrometastases
between treatment for the primary and prophylactic
irradiation.

The spectrum of total radiation doses used in the trials
that were included in Aupérin er 4/. meta-analysis allowed
to analyse dose-response effect in PCI (4). There was a
significant trend toward a lower risk of brain metastasis as
the radiation dose increased. The effect of treatment on
survival did not, however, differ significantly according to
the total dose. Also, there was a significant trend toward
a greater reduction in the incidence of brain metastasis in
patients randomized sooner after induction therapy than in
those randomized later.

While dose-response characteristics of PCI might
suggest the benefit from use of high radiation doses and
early administration of PCI, such inference must be
confronted against the toxicity of treatment. To address this
important issue an international consortium of EORTC,
RTOG, and IFCT performed a randomised clinical trial
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that compared the effects of standard versus higher PCI
doses (14). The trial recruited 720 patients with limited-
stage SCLC in complete remission after chemotherapy and
thoracic radiotherapy. They were randomized to receive
25 Gy in 10 daily fractions vs. 36 Gy delivered using either
conventional fractionation (18 daily fractions of 2 Gy) or
accelerated fractionation (24 fractions in 16 days with two
daily sessions of 1.5 Gy). There was no significant difference
in the 2-year incidence of brain metastases between the
standard PCI dose group and the higher-dose group (29%
vs. 23%). 2-year overall survival was 42% in the standard-
dose group and 37% in the higher-dose group. The lower
overall survival in the higher-dose group was attributed
to increase in mortality. Also, a pooled analysis by the
North Central Cancer Group revealed a survival difference
between PCI total dose of 25 and 30 Gy, in favour of lower
dose, likely associated with higher rates of adverse events in
the 30 Gy group (15). These results established 25 Gy in 10
fractions as the standard dose for PCI in SCLC.

Timing of PCI

As mentioned, the dose-response characteristics for
PCI may, potentially, favour its early use, considering
more effective reduction of the cumulative incidence of
brain metastasis (4,13). The potential benefit from early
administration of PCI must be, however, carefully weight
against the potential increase in toxicity of such approach.
While changes in blood-brain barrier permeability
induced by radiotherapy may enhance the effectiveness of
chemotherapy in reduction of brain metastases, the same
mechanisms may result in detrimental brain injury (3).
Also, early use of PCI may, potentially, interfere with
haematological tolerance of combined treatment.

A historical study that addressed the timing of PCI
suggested no difference in the frequency of brain metastases
between PCI performed at the start of induction treatment
and PCI delivered 6 weeks later, concurrently with
chemotherapy (16). The applicability of these results to the
current practice is, however, problematic due to obsolete
treatment schedules and techniques used at this time.
More recent study demonstrated a significant decrease
in intracranial recurrence when PCI was performed
during chemoradiotherapy as opposed to following
chemoradiotherapy. The observed incidence of brain
metastases was 7.3% in patients who received “early” PCI,
and 20% in patients after “late” PCI (17). Early PCI was
defined as delivered during chemoradiotherapy, while PCI
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performed after chemoradiotherapy was defined as “late” in
this study. A subsequent publication revealed, however, that
no difference with respect to overall survival was observed
when “early” and “late” PCI were compared (18). Both
studies (17,18) were retrospective, which limits strength of
the conclusions provided. A similar inference was provided
by another retrospective study that included 399 patients
with limited-stage SCLC (19). “Early” and “late” PCI
groups were separated using the median time interval
between the start of primary chemotherapy and the start of

PCI. No significant difference was identified between the

early and late PCI groups, either in the incidence of brain

metastases or the overall survival (19).

Considering the existing data on “early” versus “late”
use of PCI the protocol of the CONVERT trial, that
recently established the optimal dose-fractionation schedule
for thoracic radiotherapy in SCLC, recommended to
deliver PCI to patients without evidence of progressive
disease on the CT scan and with no clinical evidence of
brain metastases no later than 6 weeks after the last cycle
of chemotherapy (20). In general, however, the data on
timing of PCI are limited and mostly retrospective, and
the definition of “early” and “late” PCI differs among the
studies. It suggests the necessity of new research that would
address this important issue. Considering these limitations
and in view of the existing publications and guidelines (7,11)
the standard of care timing of PCI and CTRT might be
proposed as follows:

% In concurrent CTRT PCI is delivered after
completion of CTRT: the optimal interval is not,
however, defined;

% In sequential CTRT (whenever clinical situation
justifies use of sequential treatment) PCI is
delivered after chemotherapy and generally at the
same time as thoracic RT.

PCI in extensive disease

In 2007 Slotman et al. published results of phase III trial
that evaluated the effectiveness and tolerance of PCI in
extensive small-cell lung cancer (21). Only the patients who
responded after four to six cycles of initial chemotherapy
were included and brain imaging was not mandated.
Inclusion criteria allowed to enrol the patients in WHO
performance status of 0-2, with an interval of no more
than 5 weeks between the last cycle of chemotherapy and
randomization. Total PCI radiation doses were in range of
20-30 Gy. Patients in the PCI group had a lower risk of
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symptomatic brain metastases, compared to control (1-year
cumulative risk of brain metastases was 14.6% vs. 40.4%,
HR 0.27). PCI was associated with significant increase in
overall survival (1-year survival rate was 27.1% vs. 13.3%,
HR 0.68). As mentioned before, adverse events of PCI were
observed in this trial, the global quality of life of the patients
was, however, not significantly impaired in treatment group.

An important limitation to the trial by Slotman ez a/. (21)
is that the protocol did not necessitate CT/MRI
screening for brain metastases before PCI. Therefore,
some individuals with asymptomatic (but radiologically
detectable) brain metastases could be, potentially, enrolled.

To address this issue Takahashi ez /. (22) performed
a randomized trial which recruited the patients with
extensive-disease SCLC. The response was assessed after
completion of two or more cycles of initial platinum-based
doublet chemotherapy, the absence of brain metastases
confirmed by gadolinium-enhanced MRI was required
for recruitment. Patients in both trial arms, irrespective
of the presence or absence of neurological symptoms,
were required to have brain MRI at 3-month intervals up
to 12 months and at 18 and 24 months after enrolment.
Patients who did not receive PCI were, thus, under active
surveillance, while the patients in treatment arm received
PCI at a total dose of 25 Gy delivered in 10 fractions. The
cumulative incidence of brain metastases at 12 months were
32.9% in the PCI group vs. 59.0% in “observation” arm,
the difference was statistically significant. Progression-free
survival did not, however, differ significantly between the
two groups. Likewise, no significant difference between
groups in overall survival was seen: median overall survival
was 11.6 months in the PCI and 13.7 months in the
“observation” arm (HR 1.27). Radiotherapy for brain
metastases was given in 83% of the patients with brain
metastases in the observation group, and this proportion
was higher than in PCI arm. A limitation of this research
was lack of QuL/neurotoxicity data It was concluded
from this trial that prophylactic cranial irradiation is
controversial for patients with extensive-disease small-cell
lung cancer with response to initial chemotherapy and a
confirmed absence of brain metastases. The patients who
do not receive PCI, must, however, receive periodic MRI
examination during follow-up, i.e., remain under active
surveillance. PCI in ED SCLC should be, thus, replaced
by active surveillance with access to salvage conformal/
stereotactic brain radiotherapy. Clearly, this finding has
impacted decision making regarding PCI in ED-SCLC (23)
and found reflection in clinical guidelines.
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The role of PCI in extensive disease has been further
challenged in the context of immunotherapy use.
The IMpowerl33 trial reported a survival benefit to
atezolizumab for ES-SCLC (24). The protocol of this
trial allowed, bud did not require PCI use: eventually only
10% of the patients received PCI during the maintenance
phase of immunotherapy. Likewise, the protocol of a
randomized multicenter phase 3 study of nivolumab alone
or in combination with ipilimumab in patients with ED
SCLC (CheckMate 451, ClinicalTrials.gov Identifier:
NCT02538666) defines that PCI may be offered to subjects
following the completion of first-line chemotherapy, per
local standard of care. Recently presented retrospective
data suggest, nevertheless, that PCI use has declined after
introduction of immunotherapy for patients with ED
SCLC (25). Clearly, new studies are required to assess safety
and efficacy of PCI in ED SCLC patients who receive
immunotherapy.

Toxicity of PCI

It has been early recognized that use of PCI may carry
a considerable neurotoxicity in long-term survivors of
SCLC (26).

On the other hand, a systematic review of the literature
on health-related quality of life in SCLC patients revealed,
that the diagnosis of SCLC, by itself, negatively affects
quality of life, in comparison to the normal population (27).
The quality of life appeared to be affected not only by
extent of the disease, by also by response to treatment, with
better quality of life in good responders.

In a randomized trial of prophylactic cranial irradiation
compared with observation in patients with locally advanced
non-small-cell lung cancer PCI was delivered to a total dose
of 30 Gy/15 fractions, once daily (28). The neurocognitive
and quality-of-life analysis did not find any significant
differences in global cognitive function or QOL after PCI,
but there was a significant decline in memory (HVLI) at
1 year. One may notice that the PCI dose used in this trial
was higher than currently recommended.

Slotman et al. performed a trial on PCI in extensive
disease small-cell lung cancer including the analysis of
short-term health-related quality of life and patient reported
symptoms (29). The PCI doses of 20 Gy in 5 or 8 fractions,
24 Gy in 12 fractions, 25 Gy in 10 fractions, or 30 Gy in 10
or 12 fractions were allowed. There was a negative impact
of PCI on selected HRQOL scales with largest difference
between the arms for fatigue and hair loss. For global health
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status, the observed mean difference was not significant.

In a randomized study that evaluated optimal
radiation dose of PCI a mild deterioration across time
of communication, intellectual and memory deficit were
generally observed, with no significant difference between
25 and 36 Gy groups (30).

Two other randomized controlled trials have compared
PCI to no PCI and reported on neurocognitive function
(31,32). The outcome of these trials has been summarized
and discussed elsewhere (33). In general, no evidence of
major impairment attributable to PCI was demonstrated in
these trials.

Several confounding factors can impact on
neurocognition after PCIL. This include the disease itself,
radiation dose fractionation, concurrent or sequential
use of chemotherapy, age, effects of tobacco smoking,
paraneoplastic syndromes, or presence of undiagnosed
micrometastases. Patients may also have underlying
symptoms of depression, decreased attention, memory
and problem-solving ability which further affect the
overall impact of PCI on neurocognition. These factors
contribute for patient concerns about neurotoxicity of brain
radiotherapy, which appears to be the most common reason
for PCI omission in routine therapy for SCLC (34).

Current guidelines do not recommend PCI in patients
with neurocognitive impairment or those in poor general
performance status. Also, the neurotoxicity of PCI should be
of particular concern among elderly patients (>60 years) (7).
An active MRI surveillance for brain metastases might be
the choice for such individuals.

Attempts to reduce the toxicity of PCI

Some studies attempted to detect brain structural changes
in patients with lung cancer who were undergoing PCI for
SCLC (35). In general, hippocampal region was identified
as responsible for memory and higher neurocognitive
function losses after PCI. Such observation created the
rational background for attempts to reduce the toxicity of
PCI by sparing this region.

Intensity-modulated radiotherapy allows to avoid
irradiation of the hippocampal neural stem-cell
compartment during whole brain radiotherapy. Such
technique has been investigated both for patients with
brain metastases from various primary sites, as for PCI in
patients with SCLC. A phase II trial that recruited 113
patients (including 42 available at 4 months) demonstrated,
that in patients with brain metastases, conformal avoidance
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of the hippocampus during WBRT was associated with
preservation of memory and QOL as compared with
historical series (36). A prospective study of hippocampal-
sparing PCI in limited-stage SCLC was also performed,
and included 20 patients (37). The outcome of this study
suggests the benefit of hippocampal sparing in limiting
the neuropsychological sequelae of brain radiation, but
with a risk of failures in the spared region. Two studies
analysed the incidence of hippocampal metastasis (38,39).
Guo et al. (38), based on retrospective analysis of the
clinical characteristics and patterns of brain metastases
detected at the time of diagnosis or during the follow-
up in patients with SCLC, concluded that the incidence
of perihippocampal metastases (12%) may be acceptably
low enough to justify hippocampal-sparing techniques for
SCLC. A similar conclusion was provided by Kundapur
et al. (39), based on evaluation of risk of hippocampal
metastases in small cell lung cancer at presentation and after
WBRT. Out of 59 patients presenting with de novo brain
metastases, 3 patients (5%) had hippocampal metastases.
An interesting case report (40) clearly indicate, however,
necessity of further validation of hippocampal-sparing
PCI both in terms of neurocognitive protection and brain
metastases prevention. A large clinical trial on this subject
(ClinicalTrials.gov identifier NCT02635009) started
recruitment of the patients. The early outcome of two other
studies has been presented at ASTRO 2019 (41,42).

It is important to recognize attempts to improve the
tolerance of PCI by drug neuroprotection. These attempts
were discussed in recent review on patient selection, efficacy
and outcomes of PCI in SCLC (43). An evidence on utility
of such approach provide results of RTOG 0614 trial that
studied memantine for the prevention of cognitive dysfunction
in patients receiving whole-brain radiotherapy (44).
Memantine is a drug that was studied in patients with
neurodegenerative disorders, including Alzheimer disease.
More recent results provide Phase III Trial NRG Oncology
CCO001 trial on hippocampal avoidance during whole-
brain radiotherapy plus memantine for patients with brain
metastases (45). It was concluded, based on outcome of this
trial, that hippocampal avoidance WBRT plus memantine
better preserved cognitive function and patient-reported
symptoms than WBRT plus memantine, with no difference
in intracranial PFS and OS. Although both of these trials
(44,45) refer to radiotherapy for patients with detectable
brain metastases, and not to PCI, the recent NCCN
guidelines for the management of SCLC recommend
considering memantine during and after administration of
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PCI(11).

It appears that the assessment of safety and effectiveness
of hippocampal-sparing PCI, with or without drug
neuroprotection in consideration of diverse combinations
of radiotherapy, chemotherapy and immunotherapy create

a robust background for future directions of research in this
field.
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