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Abstract

Purpose Hypofractionated stereotactic radiotherapy (HSRT) for refractory Cushing’s disease may offer a condensed treat-
ment schedule for patients with large tumors abutting the optic chiasm unsuitable for stereotactic radiosurgery (SRS). To-
date only four patients have been treated by HSRT in the published literature. We investigated the feasibility, toxicity, and
efficacy of HSRT compared to SRS.

Methods After approval, we retrospectively evaluated patients treated at our institution for refractory Cushing’s disease with
SRS or HSRT. Study outcomes included biochemical control, time to biochemical control, local control, and late complica-
tions. Binary logistic regression and Cox proportional hazards regression evaluated predictors of outcomes.

Results Patients treated with SRS (n=9) and HSRT (n=9) were enrolled with median follow-up of 3.4 years. Clinicopatho-
logic details were balanced between the cohorts. Local control was 100% in both cohorts. Time to biochemical control was
6.6. and 9.5 months in the SRS and HSRT cohorts, respectively (p=0.6258). Two patients in each cohort required salvage
bilateral adrenalectomy. Late complications including secondary malignancy, radionecrosis, cranial nerve neuropathy, and
optic pathway injury were minimal for either cohort.

Conclusions HSRT is an appropriate treatment approach for refractory Cushing’s disease, particularly for patients with large
tumors abutting the optic apparatus. Prospective studies are needed to validate these findings and identify factors suggesting
optimal fractionation approaches.

Keywords Cushing’s disease - Fractionation - Radiosurgery - Pituitary adenoma - Biochemical control - Hypofractionated
stereotactic radiotherapy
Introduction

Functional pituitary adenoma hypersecreting adrenocor-
ticotropic hormone (ACTH) was first described by Cush-
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ing in 1932 [1, 2]. The prevalence of Cushing’s disease
is approximately 40 patients per million population with
a female preponderance, and Cushing’s disease is diag-
nosed in approximately 8 patients per million US popu-
lation annually [3, 4]. The pathogenesis of these tumors
is poorly understood [5, 6]. Disruption of the hypotha-
lamic—pituitary—adrenal axis due to ACTH hypersecretion
leads to elevated serum and urinary cortisol levels [7].
Prolonged glucocorticoid exposure manifests as central
obesity, fatigue with proximal myopathy, skin thinning
with purple striae, and bruising [8]. Hypercortisolemia
also promotes systemic arterial hypertension, osteoporo-
sis, dyslipidemia, immunocompromise, diabetes mellitus,
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sexual dysfunction, menstrual irregularity, psychiatric
disease including suicidality, and infertility [8]. These
comorbidities significantly impair quality of life and, with
particular regard to cardiovascular and infectious disease,
contribute to excess morbidity and mortality [9-11].

The first-line treatment of Cushing’s disease is surgical
resection typically by the transsphenoidal approach with
selective adenomectomy or hemi/total hypophysectomy.
Rates of immediate biochemical remission following pri-
mary surgery vary considerably and have been reported
between 25 and 100%; one review reported an average
immediate remission rate of 77.8% [7]. Late recurrence
rates up to 10 years following primary surgery alone have
also been heterogeneously reported between 0 and 51.2%
and on average 32% [7]. Persistent hypercortisolism fol-
lowing surgical resection can be treated by repeat resec-
tion, medication, or radiation, with bilateral adrenalectomy
as a final salvage alternative. Medical management can
successfully control chronic biochemical disease, although
medication alone does not offer definitive cure [12, 13].
While repeat surgery offers the potential for immediate
disease remission, repeat resection is associated with a
42% likelihood of failure, in addition to the concomitant
risks of an invasive procedure [7].

External beam radiation has been used in the treatment
of Cushing’s disease since 1933 [1, 2, 14]. Radiation is
typically delivered by conventional intensity-modulated
radiation therapy (IMRT) over 5-6 weeks to 50.4-54 Gy
or by stereotactic radiosurgery (SRS) in a single session to
greater than 18 Gy [15]. SRS is associated with faster time
to biochemical remission compared with IMRT, as well
as greater convenience for the patient [16, 17]. However,
IMRT is typically indicated for tumors greater than 3 cm
or less than 5 mm from the chiasm due to an increased
risk of optic pathway injury with single session SRS [15].
Patients with these challenging tumors may be suitable
candidates for hypofractionated stereotactic radiotherapy
(HSRT). HSRT, delivered in 2—5 fractions, may reduce
the risk of optic toxicity and cranial nerve neuropathy
compared to SRS due to the radiobiologic advantage of
fractionation, which allows preservation of normal tissue
and destruction of tumor due to biological differences in
neoplastic and normal tissue [18]. HSRT may also offer
patients a shorter time to biochemical remission compared
to IMRT as well as convenience of a single week of treat-
ment. However, this approach remains novel, and to-date
the outcomes of HSRT for Cushing’s disease have been
reported in only four patients over three separate studies
[19-21]. Therefore, we sought to investigate the feasibil-
ity and efficacy of HSRT. The purpose of our study was
to compare the local control, biochemical control, time
to biochemical control, and toxicities of SRS and HSRT.
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Methods

After institutional review board approval, we retrospectively
evaluated adult patients with ACTH-secreting pituitary ade-
noma treated at our institution with linear accelerator-based
SRS or HSRT between 1996 and 2018. Treatment decision-
making in this study including surgery, medical management,
and radiation was at the discretion of the treating physician
and/or multidisciplinary tumor board. The electronic medical
record was reviewed for demographics and clinical details.
Toxicities were graded according to Common Terminology
Criteria for Adverse Events version 5.0. Biologically effective
dose (BED) and equivalent dose in 2 Gy fractions (EQD,)
was calculated using an alpha/beta ratio of three for pituitary
adenoma [18, 22-24]. Data were compiled using REDCap
(Research Electronic Data Capture) [25]. Radiation-induced
malignancy was defined as a new primary CNS malignancy
within the 2 Gy isodose line based on the Cahan criteria [26].
Study outcomes included biochemical control, local control,
endocrinopathy, and complications following multi-fraction
SRS compared to single-fraction SRS. Local control was
defined as the absence of tumor progression as determined
by a neuroradiologist necessitating salvage intervention. Bio-
chemical control was defined as hormone normalization with
the assistance of suppressive medication as determined by the
treating endocrinologist; complete biochemical control was
defined as hormone normalization without the need for sup-
pressive medications. Post-SRS endocrinopathy was defined
as a new requirement to replace physiologic hormone as a
result of pituitary insufficiency after SRS as determined by
the treating endocrinologist.

Baseline characteristics and treatment details were sum-
marized with descriptive statistics. The Shapiro—Wilk test
was used to assess for normality of continuous variables.
Covariates that lacked a normal distribution were described
by median and range. Predictors of binary outcomes were
evaluated by logistic regression. Time to event outcomes were
analyzed by single predictor Cox proportional hazards regres-
sion models. Proportionality was assessed by Kolmogorov-
type supremum test with 1000 simulations and by graphing
martingale score residuals versus time. Strata were evaluated
by fitting Kaplan—Meier curves and testing the two groups in
alog-rank test. All confidence intervals were reported at 95%
and all p values were reported as two-sided, with significance
defined at a level of p <0.05. All statistical analysis was per-
formed using SAS version 9.4 (Cary, NC); plots were gener-
ated using GraphPad Prism version 7 (La Jolla, CA).
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Table 1 Clinicopathologic characteristics Results

Clinicopathologic characteristics Median/inci- IQR/frequency

dence A total of 18 patients were enrolled in the study. Clinico-
pathologic details are described in Table 1. Most patients

Age 42 33-51 . .

. were Caucasian females treated at a median age of 42 years.

Caucasian race 17 94 . . . . . .

Patients typically came to medical attention with Cushin-

Female sex 15 83 . . .

goid symptoms (n=15, 83%). Patients were often diagnosed

Macroadenoma 11 65 . .. . .

P e syt with pituitary macroadenoma (n=11, 65%). 3 patients in the
resen.mg .bymp om HSRT cohort had radiologic chiasm involvement at the time
Cushingoid symptoms 15 83 . . . . . .

of diagnosis. All patients underwent surgical resection prior
Headache 4 22 - .
) . . to radiation and were referred to radiation oncology due to
Bitemporal hemianopia 2 11 . . . . .
. persistent local or biochemical disease. Median follow-up

Surgery prior to SRS 18 100 .-

Number of ) L o after radiation treatment was 3 years.
umoer o1 surgeries . - . .

Radi & Patients were treated with SRS (n=9) or HSRT (n=9).
adlosurger . . . . .
Total 8 y | dose (Gy) )1 2030 Patients treated with HSRT either received two fractions

otal marginal dose —. . . .
BED (G ;‘g Y 133 00168 (n=3), three fractions (n=1), or five fractions (n=35).
EQD (é ) %0 s4.101 Median total marginal dose to the PTV was 21 Gy with

Fract 215 a median BED, . of 133 Gy and EQD, of 80 Gy. The
ractions . . .

: 9 50 SRS and HSRT cohorts were not significantly different
) 3 17 in terms of age, race, sex, tumor morphology, presenting
3 | 6 symptoms, prior surgical resection, number of surgeries, or

follow-up time (p > 0.05) (Table 2). Patients in the HSRT
5 5 28 . .

Foll ( ) 34 L6-10 were treated to a higher total marginal dose (p=0.0168),
ollow-uj ears . .O0— . . .

Py and patients in the SRS cohort were treated to a higher
BED, ;o (p=0.0048). Acute side effects of SRS included

Table2 Demographics and Characteristics SRS HSRT p

clinical characteristics of

the stereotactic radiosurgery Median/  IQR/Frequency Median/Incidence IQR/Frequency

(SRS) cohort compared to the Incidence

hypofractionated stereotactic

radiotherapy (HSRT) cohort

Age 40 33-49 44 36-51 0.9648
Caucasian race 8 89 9 100 1.0000
Female sex 8 89 7 78 1.0000
Macroadenoma 4 50 7 78 0.3348
Presenting symptom

Cushingoid symptoms 9 100 6 67 0.2059

Headache 1 11 3 33 0.5765

Bitemporal hemianopia 0 0 2 22 0.4706
Surgery prior to SRS 9 100 9 100 1.0000
Number of surgeries 1 1-2 2 1-2 0.5183
Radiosurgery

Total marginal dose (Gy) 20 20-21 30 21-30 0.0166

BED (Gy) 153 153-168 90 87-90 0.0048

EQD, (Gy) 92 92-101 54 52-54 0.0048
Follow-up (years) 2 0.8-3.8 9 2-14 0.1223

Bolded values are statistically significant
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Fig. 1 Local control plotted on Kaplan—-Meier curves

CTCAE grade 1 headache (n=1); no other side effects were
observed.

At the time of last follow-up, 2 patients in the SRS cohort
had developed central hypothyroidism, O patients developed
hypogonadotropic hypogonadism, and 2 patients in the
HSRT cohort developed central adrenal insufficiency. Time
to development of any endocrinopathy was not significantly
different between the SRS and HSRT cohorts (p=0.4077).
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of fractions were also not predictive of post-SRS pituitary
deficit.

Overall local control at last follow-up was 100% with O
local failures observed; time to local failure is plotted on
Kaplan—Meier curves (Fig. 1). Single predictor and multi-
variable Cox proportional hazard regressions model analyses
were not performed due to the absence of disease events.
There were no pituitary-directed salvage therapies.

At last follow-up after SRS, 5 patients (39%) achieved
biochemical control with or without medication assistance,
and 4 patients (31%) achieved complete biochemical con-
trol without the need for medications. The mean time to
biochemical control with medication was 9 months, and the
mean time to complete biochemical control was 41 months
(Fig. 2a, b). SRS versus HSRT was not associated with
achievement of biochemical control, complete control, time
to control, or time to complete control (Table 3). Age, sex,
morphology, functional histology, number of surgeries,
number of fractions, dose per fraction, total marginal dose,
and BED,,,,,, were not associated with time to biochemi-
cal control or complete biochemical control (p > 0.05). Four
patients underwent salvage bilateral adrenalectomy follow-
ing radiation, two patients in each cohort. Median time to
adrenalectomy was 2.1 years (IQR 1.0-3.9 years). Age, sex,
single versus multisession SRS, BED,,,, total marginal
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Fig.2 Time to biochemical control with medication (a) and time to complete biochemical control without medication (b)

Table 3 Outcomes following

¢ . : Outcome SRS HSRT p

single-fraction SRS or multi-

fraction SRS Local control (%) 100 100 N/A
Biochemical control (%) 43 33 0.7255
Mean time to biochemical control (months) 6.5 9.9 0.6258
Complete biochemical control (%) 29 33 0.8530
Mean time to complete biochemical control (months) 2.7 44 0.6301
Salvage bilateral adrenalectomy (%) 22 22 N/A
Median time to salvage bilateral adrenalectomy (months) 25 34 0.6391

N/A: lack of fit in regression analysis
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dose, number of surgeries, and number of fractions were
not predictive of salvage bilateral adrenalectomy.

Over 110 years of patient follow-up after SRS, no patients
were diagnosed with optic neuropathy, secondary malig-
nancy, malignant transformation, cavernous sinus cranial
neuropathy, or cerebrovascular complications. One patient
was diagnosed with radionecrosis. This patient was treated
with 1 fraction to a marginal dose of 21 Gy. Three years fol-
lowing SRS, she presented with altered mental status and
was diagnosed with radionecrosis of the left temporal lobe
with pathologic confirmation. Shortly thereafter she was
diagnosed with subacute progressive encephalopathy sec-
ondary to adult-onset leukodystrophy with axonal spheroids
and pigmented glia, and discharged to hospice care.

Discussion

In this study, we report the outcomes of patients with refrac-
tory Cushing’s disease treated with HSRT compared to SRS.
To-date, this work represents the largest study of HSRT in the
treatment of refractory Cushing’s disease. We demonstrate
that HSRT is a feasible and appropriate treatment approach in
the radiosurgical management of Cushing’s disease. Patients
treated by HSRT appear to have comparable rates of bio-
chemical control and time to biochemical control compared
to SRS. HSRT may offer patients with large tumors or tumors
with chiasmatic involvement a safe treatment comparable
with IMRT with the convenience of a single week of treat-
ment. Prospective studies of HRST are needed to validate
the findings of this work and explore factors predictive of
outcome with well-powered multivariable analyses.

Importantly, the BED and EQD, of patients treated with SRS
was significantly greater than the BED and EQD, of patients
treated with HSRT. Although HSRT achieves highly precise
radiation deposition by stereotactic targeting, the dose and frac-
tionation schemes reported here are not biologically equivalent
to radiosurgery, and thus we interpret with caution our results
showing that HSRT offers comparable time to biochemical
control as SRS owing to sample size and follow-up limitations.
Dose-escalation trials utilizing radiosurgical dosing delivered
with stereotactic targeting in five fractions are warranted to
assess feasibility and tolerance, as such regimens are hypoth-
esized to have equivalent time to biochemical control outcomes
as single-fraction SRS with improved toxicity profiles.

Rate of biochemical control following IMRT after sur-
gical failure is approximately 80% with time to remission
between 18 and 42 months [7, 15, 27-33]. In contrast, bio-
chemical control rates following SRS appear to be between
85-100% with median time to normalization between 7.5
and 33 months [15, 34-38]. In our study, biochemical con-
trol and requirement for salvage adrenalectomy following
SRS and HSRT appear comparable to historical rates after

IMRT and SRS. Moreover, time to biochemical control in
the HRST cohort appears similar to the SRS cohort and his-
torical data. Local control also remains excellent after HSRT
and is consistent with the IMRT and SRS literature reporting
95-100% local control [15]. Post-SRS hypopituitarism also
appears similar between cohorts. Radiation-induced compli-
cations, such as blindness and secondary malignancy, were
not observed in either cohort, precluding comparison.

Limitations to this study include its sample size and ret-
rospective nature with associated biases such as selection
bias. Follow-up time was also heterogeneous in our study,
although balanced between cohorts, and rare late events such
as secondary malignancy require long-term follow-up for
full evaluation. A limited number of disease events also pre-
cluded our ability to evaluate predictive factors of outcome
in multivariable analysis; well-powered prospective studies
are needed to investigate such factors further.

HSRT is an appropriate treatment approach for patients
with refractory Cushing’s disease. HSRT allows for radiobio-
logic protection of native structures with the convenience of
1-week treatment time. Dose-escalation studies are warranted
to evaluate whether radiosurgical dosing for refractory Cush-
ing’s disease in five fractions is feasible and well-tolerated, as
dose-escalated multisession SRS over 5 fractions may offer
patients equivalent time to biochemical control as SRS. Fur-
ther studies evaluating HSRT are warranted to validate our
findings here and further explore the utility of HSRT in the
treatment of refractory Cushing’s disease.
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