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Background

Sleep disturbances are highly prevalent in patients treated
for a primary brain tumor, with reported prevalence esti-
mates ranging between 30 and 50% [1-3]. Sleep disturban-
ces may contribute to the development and exacerbation of
other common co-occurring symptoms in brain cancer
patients, including fatigue, depressed mood, and cognitive
impairment [4].

Despite advancements in precision radiotherapy (RT), it is
often inevitable that healthy brain tissue is exposed to radi-
ation. Although the exact neurobiological circuitry underlying
the regulation of sleep-wake behaviors is not fully under-
stood, evidence points to complex interactions between vari-
ous neuroanatomical structures, including the brain stem,
hypothalamus, and thalamus [5-8]. Furthermore, since sleep
is partly regulated by a circadian process [9], structures rele-
vant to the secretion of circadian and endocrine markers,
such as the pineal and pituitary glands, are important
[10,11]. Indeed, results from a recent cross-sectional study
found that radiation to midline brain structures, including
the pineal gland, was associated with lower levels of over-
night melatonin secretion [12].

While previous studies have investigated associations
between radiation to specific brain structures and cognitive-
and quality of life outcomes [13-15], no study has yet inves-
tigated whether radiation dose to the brain is a risk factor
for impaired sleep quality. Thus, the objective of the present
study was to explore the potential associations between radi-
ation dose to sleep-relevant brain structures and sleep qual-
ity in patients treated for a non-glioblastoma primary brain
tumor.

Methods
Study design and participants

The data were collected as part of a pre-registered cross-
sectional study with the primary aim of investigating

associations between irradiation to the brain and cognitive
functions (ClinicalTrials.gov: NCT04118426). The Research
Ethics Committee of Central Denmark Region approved this
study (no. 1-10-72-367-15). We have previously reported
results on the primary outcomes [13].

Patients who had previously received RT for brain tumors
were invited. Applied inclusion criteria were: primary non-
glioblastoma brain tumor according to WHO 2016 guidelines
[16]; RT between 2006 and 2016 at Aarhus University
Hospital (AUH) or proton therapy; progression-free since RT;
age >18 years; Karnofsky performance status = 60-100.
Exclusion criteria were a diagnosis of glioblastoma and inad-
equate Danish language proficiency.

Study procedures

Consenting participants were scheduled for an in-person
assessment, which included a questionnaire package and
neurocognitive assessment with a battery of standardized
neuropsychological tests [13]. The data were collected from
February 2017 to March 2018.

Sleep and other self-reported outcomes

Sleep quality was assessed with the Pittsburgh Sleep Quality
Index (PSQI), a self-reported questionnaire designed to meas-
ure sleep quality and quantity over the past month [17]. It
consists of 19 items that make up seven subcomponents,
each ranging from 0 to 3 and pertaining to: subjective sleep
quality, sleep latency, sleep duration, habitual sleep effi-
ciency, sleep disturbances, use of sleeping medication, and
daytime dysfunction. A global sleep quality score (0-21) is
calculated with higher scores indicating worse sleep. PSQI is
a reliable and valid measure of sleep quality, including in
cancer populations [18], and has been used to assess sleep
quality in brain tumor patients [19]. Other self-reported out-
comes were also collected [13,14].
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Radiation dose to sleep/wake-relevant brain structures

Details about the RT regimen have been reported elsewhere
[14]. In brief, participants received three-dimensional con-
formal RT (2006-2008; n = 5), or intensity-modulated RT
(IMRT) (after 2008; n = 64). RT was given with 1.8-2.0 Gray
(Gy) fractions to total doses of 45-60 Gy. Nine patients were
referred for proton therapy. Doses for these patients were
converted to cobalt gray equivalents (GyRBE) assuming a
constant relative biological effectiveness (RBE) factor of 1.1.

The following sleep/wake-related  structures were
delineated on the computerized tomography (CT) scan co-
registered with a contrast enhanced 3D T1-weighted mag-
netic resonance imaging (MRI) scan according to national
and European Particle Therapy Network guidelines [20,21]:
brain stem, hypothalamus, thalamus, pineal gland, and pituit-
ary gland. All contouring was performed by the same
oncologist and reviewed by a neurosurgeon and a neuro-
oncologist. Mean doses from these contours were converted
to equivalent doses in 2 Gy fractions (EQD,) assuming an «/f
ratio of 3 Gy [22].

Statistical analysis

Descriptive statistics were computed for demographic, clin-
ical, and treatment variables. Possible differences in sleep
quality between tumor types were tested with ANOVAs. For
each PSQI sub-component, a dichotomized score was calcu-
lated indicating a good or poor outcome. Patients character-
ized as poor sleepers were determined using established
cutoffs for the PSQI global score (>5) [17]. Mean radiation
dose (Dmean) was compared between patients with good or
poor sleep using independent t-tests with 1000 bootstrapped
re-samplings. Due to the exploratory nature of the analyses,
no adjustments for multiple comparisons were undertaken
[23]. Between-group differences with effect-sizes (d) exceed-
ing +0.4 were highlighted. Statistical analyses were per-
formed using SPSS Statistics 28.0 (SPSS Inc., Chicago, IL).

Results
Participants

A total of 78 (64%) of 121 eligible patients (glioma, grade 1-
3 = 28; meningioma = 22, pituitary = 16, other = 12) con-
sented to participate in the present study. Median time since
RT was 4.6 years (range 1-9 years). For details about demo-
graphic and clinical characteristics, see Table 1.

Sleep quality

Mean PSQI global score for the total group was 5.13
(SD = 3.13). No differences were observed in overall sleep
quality between tumor types (F[3, 74] = 0.37, ° = .02). Poor
sleep quality (PSQI >5) was reported by 37.2% (n = 29) of
the sample. The frequency across different tumor types was
35.7% (n = 10) in patients with glioma, 40.9% in patients
with meningioma, 50% (n = 8) in patients with a pituitary
tumor, and 16.7% (n = 2) in patients with other tumor types.
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No associations were observed between the PSQI global
score and years since diagnosis (r = -0.01, 95% ClI [-0.22,
.21]), years since RT (r = .08, 95% Cl [-0.30, .15]), or age
(r = -0.06, 95% Cl [-0.28, .17]). For details regarding PSQI
sub-components, see Table 1.

Radiation dose

Mean radiation doses to the brainstem, hypothalamus, thal-
amus, the pineal and pituitary glands are reported in Table 1.

Associations between radiation dose and sleep
outcomes

The means, standard deviations, effect size estimates, 95%
bias-corrected confidence intervals, and significance levels
based on the bootstrapped t-tests for all PSQI components
and global PSQI score in each brain region are presented in
Table 2.

Patients reporting high levels of daytime dysfunction had
received greater radiation doses to all of the brain regions
examined, including the brain stem, hypothalamus, thalamus,
pineal gland, and pituitary gland with medium to large effect
sizes (ds = -0.54 to -0.90). All associations, except the associ-
ation with radiation doses to the pineal gland, were statistic-
ally significant. Dose-volume histograms for high and low
daytime dysfunction for significant brain structures are pre-
sented in Figure 1.

Associations corresponding to small-to-medium effect
sizes were found across several PSQI sub-component scores
and the pituitary gland. Specifically, those with poorer out-
comes in subjective sleep quality, sleep latency, sleep dis-
turbance, daytime dysfunction, as well as the global PSQI
score tended to have received higher radiation doses to the
pituitary gland than those who did not exceed the cutoffs.
As noted, the association between daytime dysfunction and
radiation dose to this region was also statistically signifi-
cant. To investigate whether these findings were specifically
driven by patients with pituitary tumors, sensitivity analyses
were conducted excluding these patients from the analyses.
The analyses revealed similar results in terms of the direc-
tion and magnitude of effect sizes, and the significant asso-
ciation with daytime dysfunction remained statistically
significant (Cohen’s d = -0.80, 95% Cl [-1.49, -0.10],
p = .011).

Finally, two small-to-medium associations were also
detected in the opposite direction from our predictions.
Participants who reported poor subjective sleep quality
received lower doses of radiation to the thalamus than those
with good sleep quality. Furthermore, those who reported
using sleep medicine received lower radiation doses to the
hypothalamus than those who did not.

Discussion

To the best of our knowledge, no previous studies have
investigated the association between radiation dose to spe-
cific brain structures and sleep quality. While the prevalence
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Table 1. Mean PSQI component and global scores and radiation doses to sleep- and wake-related brain structures.

Demographics and clinical characteristics Value Dichotomized
Number of participants, N (%) 78 (100) -
Age (years), mean (SD) 51.53 (15.68) -
Education (years), mean (SD) 14.44 (3.16) -
Years since diagnosis, median (range) 6.67 (1-27) -
Years since radiation therapy, median (range) 4.62 (1-9) -
Gender, N (%) -
Male 47 (60) -
Female 31 (40) -
Education in years, median (range) 14 (7-20) -
Employment, N (%) -
Working 36 (46) -
Not working due to their illness 22 (28) -
Retired 20 (26) -
Karnofsky Performance Score, mean (range) 90 (70-100) -
Tumor type, N (%) -
Meningioma 22 (28) -
Pituitary adenoma 16 (21) -
Glioma grade I-lll 28 (36) -
Other brain tumors 12 (15) -
EORTC QLQ-C30, mean (SD) 85.49 (13.22) -
HADS

Depression 2.86 (3.41) -
Anxiety 4.21 (3.65) -
FACIT-Fatigue, mean (SD) 40.55 (9.48) -
PSQI components Mean (SD) N (%)
Subjective sleep quality (poor, >1) 0.76 (0.71) 10 (13)
Sleep onset latency (long, >15 min) 0.94 (0.94) 47 (61)
Sleep duration (short, <7 hours) 0.69 (0.79) 40 (5)
Habitual sleep efficiency (poor, <85%) 0.49 (0.86) 23 (30)
Sleep disturbances (high, >1) 1.10 (0.57) 15 (19)
Use of sleep medication (yes) 0.26 (0.78) 9 (12)
Daytime dysfunction (poor, >1) 0.85 (0.76) 11 (14)
PSQI global score (impaired, >5) 5.13 (3.13) 29 (37)
Radiation dose to brain region (EQD2, Gy) Mean (SD)

Brainstem 18.09 (14.33) -
Hypothalamus 23.19 (17.62 -
Thalamus 20.01 (18.75) -
Pineal gland 18.23 (19.12) -

Pituitary gland

29.20 (18.62) -

SD: standard deviation; NOS: not otherwise specified; EORTC QLQ-C30: European Organization for the Research and
Treatment of Cancer Quality of Life Questionnaire; HADS: The Hospital Anxiety and Depression Scale; FACIT-Fatigue:
Functional Assessment of Chronic lliness Therapy Fatigue Scale; PSQI: Pittsburgh Sleep Quality Index; Gy: Gray.

of long-term sleep disturbances in patients with primary
brain tumors (37%) was comparable to other findings within
this population [19,24], as well as with the general popula-
tion [25], the present results indicated that a higher radiation
dose to the pituitary gland, brain stem, thalamus, and pineal
gland could represent a risk factor for poor sleep quality.
Daytime dysfunction may be particularly affected by higher
radiation doses to these sleep-related brain areas. The day-
time dysfunction sub-component of the PSQI relates to the
consequences of sleep disturbances, including an impaired
ability to maintain wakefulness and motivation during day-
time activities. The component has shown good convergent
validity with other measures of daytime fatigue and insomnia
severity [26].

Among the different sleep- and wake-related brain struc-
tures investigated, a higher radiation dose to the pituitary
gland appeared to be the most substantial risk factor for
poor sleep outcomes. Patients with poorer subjective sleep
quality, longer sleep latency, more sleep disturbances,
greater daytime dysfunction, and lower global sleep quality

tended to have received higher mean radiation doses to the
pituitary gland compared to patients who reported better
sleep outcomes. Mean doses to the pituitary gland for each
impaired sleep outcome ranged from 32.6 to 38.9 Gy, while
patients with better sleep outcomes typically received mean
radiation doses below 30 Gy. These findings remained con-
sistent even when excluding patients with pituitary tumors
in sensitivity analyses. A key regulator of the HPA axis is cor-
ticotropin releasing hormone which, when released, results
in secretion of adrenocorticotropic hormone (ACTH) from the
anterior pituitary triggering the production of cortisol [27].
Cortisol and ACTH follow a diurnal pattern with a steep rise
after awakening and a decline across the day [11]. Previous
studies in primary brain tumors patients have reported a
high frequency of hypopituitarism following brain radiation
with lower serum cortisol [28-31]. Importantly, chronic ACTH
deficiency can cause tiredness and lethargy [32]. Thus, higher
radiation doses to the pituitary gland may potentially disrupt
HPA axis function and contribute to disturbed sleep and day-
time dysfunction.



ACTA ONCOLOGICA 1523

10" > dyy 'SO° > dy, :(padsnipeun) a>uedyiubis |ednsiels

‘ueawq J9yb1y yum paieidosse aie sPoInd 310ds Jusuodwodgns [DSd Buipaadxa Jou $3103s Jeyy sa1edipul pazidijeyl ‘ueawq Jaybiy

YUM paleosse aie syoind jusuodwodqns [DSd Buipasdxe s2103S 1eyl saledipul pjog :Smojjoj se paiybiybiy sie seduaseylp wnipaw o} jews 0} buipuodsaniod $0F buipaadxa (p) s§3 yum saduasaylp dnoib-ussmiag
"xapu| Aljend das|s ybingsnld :DSd ‘uoneiasp piepuels :gs ‘Aeib A 5215 1039 S {[eAISIUI SDUSPLUOD :|D ‘9SOP UOIIRIPR) UBSW :uedW(

/ auodwo)

9 jusuodwo)

G Jusuodwo)

¥ Jusuodwo)

€ Juauodwo)

Z wauodwo)

| usuodwo)

31035 |eqo|b pue syusuodwod xapu| Aujenp das|s ybingsiid

S0 +€0° Ly *870° 96’ ¥9’ 80" €L anjep d

[€00°0 ‘€6°0-] [€0°0 ‘9T'L-] [€0'L "2€0-] 700 ‘OL°L-] [05°0 ‘8¥°0-] [s5°0 ‘vE0-] [€0°0 ‘06'0-] [vzo ‘oL'L-] 1> %S6
ov'0- 79°0- €€0 €9°0- 100 0Lo r'0o- w'o- (P) s3

[4%] €18l ST9L 098l Ly'ee €18l 0€91L 9,81 L6’/1L 906l 7L8l o6l 6691 0€0¢ 0€91L €881l as
LSYE (A4 £6'8€ 99°L¢ L8°€C 96'6C 60°LE 6€°LT oLec [43Y4 £€°8C €T0¢ 09ce 14074 L19g ¥T'8C (£D) ueswq
Kieynyg

i L w“ 4% 8L ¥8 06’ 8L’ anjep d

[€9°0 ‘8T°0-1 [oL0 ‘8LL-] [88°0 “15°0-] [$8°0 ‘82°0-] [€1°0 ‘s8'0-] [6+°0 ‘O¥'0-] [0 ‘6¥°0-] [so'L “8T°0-] 1> %S6
81’0 ¥s0- 610 870 9¢€'0- S00 €00~ 6€0 (P) S3

6961 988l 1ZAY! 8,8l LL°0T w6l 6v'81 LT6l 00T €81 oLe6l 6£6l 90T 8L/L 879l £v'6l as
9091 7s6l [\ A4 6.9l €0°GL 598l 88'¢l LT6l (Y4 ozal 8LLL w8l 08l oLglL LLLL 6L61 (£D) ueswq
|eauld

Ly *9v0° 6¢ 8T L 06’ 9 6l anjep d

[s9°0 ‘2z0-] [¥0'0 ‘sTL-] [00'L ‘6€°0-] (680 ‘¥C0-] [S1°0 ‘€8'0-] [8¥°0 ‘L¥"0-] [65°0 ‘€€°0-] (V] 74(0]] 1D %S6
610 09'0— LE0 €€0 S0~ €00 €10 1344 (P s3

69°0¢C 09°ZL 09°ZL 658l 7881 8.8l ¢s6l €581 wle 8Ll 086l S8'/L Loz 6€91 08'/L 0881 as
SLLL veLe 85°6¢ 78l 0671l £9°0T ¥0'SL 6L1T SSvC L8l el LE0T 676l LL1T 66CL ¥0°'LT (£D) ueswq
snwejey|

42 %10 60° 43 9¢ 06’ JAs L8 anjep d

[1v'0 ‘L1501 [¥T0- 'sS°L-] [9OL'1L ‘vz0o-] [€5°0 09°0-] [£z0120-] [£v°0 ‘Tv0-] [ev'0 ‘05°0-] [€£°0 ‘09°0-] 12> %S6
900~ 06'0— 90 700~ wo- €00 00— 900 (P) s3

€8l Lzt 8,81 0991 L6TL 008l 89°0C 00°ZL PE8L SeLL 1494} oLslL 00'81L Lzt S8'6l Ll as
6L°€C [4: 744 [44°]3 ¥0°'1T 66'SL [4h 74 €L'E€T 90°€T L6°ST S0'ze £6'7C S¥'ee €L'e LO°€T j£444 [43Y4 (£D) ueswq
snwejeyjodAH

86" #x900" 8t ¥9' S v oL 6t anjep d

[£¥°0 ‘S¥°0-] [0T°0- ‘05°L-] [96°0 ‘€¥°0-] [r¥'0 69°0-] [£€0 '09°0-] [¢s0 “2€0-] [c1'0 ‘08'0-] [8%°0 ‘58°0-] 12> %S6

100 G8°0- LT0 cLo- Lro- 800 Y€0- 810~ (P s3

L§Cl €Sl STl oL 9l AR 4} 60CL 887l el €67l el Lo'slL LLEL 8l 68'LL 0LvL as
208l rL8lL 81'8¢ oL LLyL €981 Lg'6l SLLL ST6l L9°/1L vSLL £9°81L 0Toz (437} 8€0C 9L'LL (£D) ueswq
wa)lsulelg

(%L5) (%€9) (%¥1) (%98) (%C1) (%88) (%61) (%L18) (%67) (%L4) (%L19) (%6Y) (%19) (%6€) (%E€1) (%£9) uoibay uresg

6L =U 6y = u LL=u [9=u 6=U 69 = SL=u g9 =u g=u sG=u oy =u ge =u Ly =u og=u oL=u 89 =u
§< s> 1< 1> SIA ON 1< 1> %S58> %58< yr> yr< uwgL<  uwgL> 1< 1>
paiedw) pasredwiun SIA ON ybiH Mo Mo ybIH Hoys JewloN buoq |ewIoN 1004 pooo
10Sd |ego|D uonounysAp awnfoqg aupIpaw daa|s a2upqInisip daals fuapiya daa|s uonpinp daa|s fouajp dasis Aypnb daays “fgns

'3103s |eqo|b pue syusuodwod |DSd Uo sawodIno Jood pue poob yum syusied ul S3INIINIIS JULAI|DI-IEM

pue -daa|s 0} asop uonelpey °z djqel



1524 ALI AMIDI ET AL.

Daytime Dysfunction

Brainstem

— — = -IDVH good Daytime function
— = = -iDVH poor Daytime function

s mean DVH good Daytime function
mean DVH poor Daytime function

Volume [%]
3

Dose [Gy]

Thalamus

S5~ — -iDVH good Daytime function
2]~ — — -IDVH poor Daytime function
s mean DVH good Daytime function

|

\
\
|
|
1
1

Volume [%]

Rruh. T
50 60

RN
\\t SRR
LY 1N

T
T

Dose [Gy]

Hypothalamus

— — — iDVH good Daytime function

— — — -DVH poor Daytime function
s mean DVH good Daytime function
Y % \ | ===mean DVH poor Daytime function
[ITES v N

Volume [%]
3

Dose [Gy]

Pituitary
e L. TITSS T TSSE I TSTSS S [~ DvH good Daytime funciion
0 B TN S I e T W \\\\ — — — -iDVH poor Daytime function

i\ == mean DVH good Daytime function
e mean DVH poor Daytime function

Volume [%]
3

Dose [Gy]

Figure 1. Individual (iDVH) and mean dose volume histograms (DVH) for good (blue) and poor (red) daytime dysfunction across selected brain structures.

Two unexpected trends were also observed. First, partici-
pants who reported poor subjective sleep quality had
received lower radiation doses to the thalamus, and patients
taking sleep medication had received lower radiation to the
hypothalamus, although these differences were not statistic-
ally significant. Given the lack of consistent patterns in other
brain regions related to these sleep components, these find-
ings may be chance occurrences due to multiple testing.

The strengths of our study include the long-term assess-
ment of sleep quality in a relatively large sample (n = 78),
detailed information on radiation doses to sleep-related
regions of interest, the use of a validated measure of sleep
quality, and robust statistical estimations based on random
resampling. However, some limitations should be considered
when interpreting our findings. The cross-sectional design
limits our ability to establish causality. Further, we could not
assess the contribution of other potential causal factors to
sleep dysfunction, such as the impact of the tumor, surgery,
chemotherapy, other medications, as well as radiation to
additional brain structures that could be relevant for sleep.
Additionally, objective sleep measures were not assessed,
and multiple testing was conducted without correction due
to the exploratory nature of the analysis [23]. To address the
latter, we have presented effect sizes and associated 95%
confidence intervals.

In summary, our study suggests that more severe daytime
dysfunction is potentially associated with higher radiation
doses to sleep- and wake-relevant structures. Furthermore, a
higher radiation dose to the pituitary gland appears to have
detrimental effects on multiple sleep outcomes. While the
long-term goal is to develop dose-toxicity profiles for each
brain structure, specific recommendations regarding radiation

doses to the pituitary gland and other structures to protect
sleep are premature. However, our findings indicate that
impaired sleep outcomes were more evident when the dose
to the pituitary gland exceeded 30 Gy. This dose aligns with
published data showing ACTH deficiency and increased risk
for hypopituitarism at doses greater than 30 Gy [33,34].

Clearly, research is needed to confirm these initial findings
using more specific measures to assess both sleep quantity
and daytime dysfunction. We are currently undertaking a
nationwide prospective study of brain tumor patients, assess-
ing cognition and self-reported outcomes including sleep
quality up to 10 years post-treatment. Given the deleterious
impact of daytime dysfunction on quality of life in this popu-
lation, and the established importance of sleep for general
brain health, established non-pharmacological interventions,
such as cognitive-behavioral therapy for insomnia, should
specifically be tested in this population.
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