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Background: Conventional fractionated radiotherapy has been shown to be partially effective for

management of pituitary tumors in cats that cause acromegaly and diabetes mellitus (DM), but, the

efficacy and safety of stereotactic radiation therapy (SRT) as a treatment for acromegalic cats has

not been described.

Hypothesis: Stereotactic radiation therapy is an effective and safe treatment for controlling acro-

megaly associated with pituitary adenomas in cats. Additionally, SRT-treated acromegalic cats with

DM will experience a decrease in insulin requirements after radiation therapy.

Animals: Fifty-three client-owned cats referred to Colorado State University for SRT to treat pitui-

tary tumors causing poorly controlled DM secondary to acromegaly.

Methods: Retrospective study of cats treated for acromegaly with SRT between 2008 and 2016

at Colorado State University. Diagnosis of acromegaly was based on history, physical examination,

laboratory results, and cross-sectional imaging of the pituitary. Signalment, radiation protocol, insu-

lin requirements over time, adverse effects, and survival were recorded.

Results: Median survival time was 1072 days. Of the 41 cats for which insulin dosage information

was available, 95% (39/41) experienced a decrease in required insulin dose, with 32% (13/41)

achieving diabetic remission. Remission was permanent in 62% (8/13) and temporary in 38% (5/

13) cats. Median duration to lowest insulin dose was 9.5 months. Of the treated cats, 14% devel-

oped hypothyroidism and required supplementation after SRT.

Conclusions: Stereotactic radiation therapy is safe and effective for treating cats with acromegaly.

Cats treated with SRT have improved survival time and control of their DM when compared to

previously reported patients treated with non-SRT.
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1 | INTRODUCTION

Acromegaly in cats is caused by a functional pituitary adenoma causing

hypersecretion of growth hormone (GH) and consequently insulin-like

growth factor 1 (IGF-1) from the liver.1 Growth hormone has anabolic

and catabolic effects. Anabolic effects are mediated by IGF-1, whereas

catabolic effects contribute to insulin resistance and ultimately diabetes
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mellitus (DM).2 Not only is the pituitary gland responsible for secretion

of GH, but it is also responsible for maintaining thyroid homeostasis.

Clinical signs and laboratory results consistent with acromegaly in

cats include polyphagia, polyuria, polydipsia, weight gain, insulin-resistant

DM, enlargement of the head, paws and internal organs, stertorous

breathing, and central nervous system signs.2 A male sex predilection

has been identified.1–9 Diagnosis is based on clinical findings, serum IGF-

1 concentrations, and cross-sectional imaging of the pituitary gland.1,2

One study reported identifying a pituitary mass in cats with insulin resist-

ance based on advanced imaging, suggesting these cats likely had acro-

megaly or pituitary-dependent hyperadrenocorticism, but the distinction

between these conditions can be made using laboratory test results.5

Medical management, surgery, and radiotherapy options have

been explored for this condition.4–8,10–13 Medical management with

pasireotide, a somatostatin receptor-ligand, has shown efficacy with a

recent publication identifying diabetic remission in 3 of 8 cats treated

with long-acting pasireotide.4 However, this medication is prohibitively

expensive and has some intolerable adverse effects including diarrhea,

hypovolemia, hypoglycemia, and worsening polyphagia.4 Successful

treatment with transphenoidal hypophysectomy has been reported,

but the surgery is technically challenging with limited availability.11

Early efforts using radiotherapy were directed at resolving neuro-

logical signs associated with intracranial masses in the pituitary fossa.8

These studies evaluated fractionated protocols ranging from 2.7 to 4

Gy/fraction for a total of 36–54 Gy using either electrons or pho-

tons.6,8,12 Reduction in insulin requirements for these cats ranged from

55 to 92%.3,6–8,12 A single fraction technique utilizing 3-dimensional-

conformal radiotherapy (3D-CRT) of 15–20 Gy also has been reported,

decreasing insulin requirements in 56% (5/9) of treated patients with

poorly controlled DM.9 Advances in radiotherapy now allow adminis-

tration of higher doses of targeted radiation to tumors using 1–5 frac-

tions using a technique known as stereotactic radiation therapy (SRT).

Stereotactic radiation therapy is now an accepted treatment for

many tumor types and locations in both human and veterinary

medicine.14–21 Stereotactic radiation therapy delivers an ablative dose

of radiation to the tumor while avoiding normal tissues in the field.14

Administration of high doses of radiation is possible because of the

precision associated with immobilization, image-guidance, and a steep,

conformal, dose drop-off.14 For veterinary patients, SRT permits for

fewer anesthetic episodes to deliver a curative intent protocol.

The purpose of our study was to report the clinical outcome of 53

acromegalic cats with presumed pituitary adenomas treated with SRT at

Colorado State University. It was hypothesized that SRT would allow for

superior control of acromegaly and associated DM. Patient response

was characterized according to survival time, control of DM with respect

to reduction in insulin requirements over time, and the incidence of pre-

sumed acute and late normal tissue adverse radiation effects.

2 | MATERIALS AND METHODS

2.1 | Case selection

Cats with acromegaly that were treated with curative-intent SRT at the

Colorado State University Veterinary Teaching Hospital between

February 2008 and November 2016 were included in our study. Inclu-

sion criteria were developed by T. Wormhoudt, K. Lunn, and S. LaRue

and consisted of cats diagnosed with acromegaly and concurrent DM.

Medical records were reviewed and follow-up data was collected from

referring veterinarians and clients regarding presenting clinical signs,

clinical signs after treatment, prescribed insulin dose before and after

treatment, thyroid hormone status, acute and late normal tissue

adverse radiation effects, response to therapy and overall survival time.

Data was collected from staging diagnostic tests which were performed

before radiation therapy, including CBC, serum biochemical profile, uri-

nalysis, serum IGF-1 concentration, thoracic radiographs, echocardio-

gram, abdominal ultrasound examination, computed tomography (CT)

examination and magnetic resonance imaging (MRI) when available.

2.2 | CT examination

Computed tomography examination was performed using either a Picker

PQ2000 CT single slice helical scanner (before November 2009; Picker

Medical Systems, Cleveland, Ohio), or a Philips Gemini TF Big Bore 16-slice

scanner (after November 2009; Philips Medical Systems, Nederland, B.V.).

When obtaining CT images for radiation planning, all patients were placed

in sternal recumbency in a foam trough with the forelimbs positioned cau-

dally. Patients’ heads were further immobilized using a previously described

system including a carbon fiber stand, a fixed thermoplastic dental mold,

and a facial mask (Figure 1).22 A Styrofoam bead-style cushion was used to

provide ventral support to the cervical region.22

A non-contrast volumetric (helical) dataset was obtained through

the skull. Omnipaque 350 (GE Healthcare, Princeton, New Jersey) con-

trast media then was injected IV (2.2 mL/kg) before the postcontrast

series. Images were reconstructed at 2.0 mm contiguous intervals with

a 512 matrix, using the smooth algorithm.

2.3 | Radiation treatment planning

Both the 2-mm precontrast and postcontrast CT scan were used for

inverse treatment planning performed using a Varian Eclipse treatment

planning system (Varian Medical Systems, Inc Palo Alto, California).

Organs at risk (OAR) and gross tumor volume (GTV) were identified

and contoured. A 1–2 mm isotropic planned target volume (PTV)

expansion encompassed the GTV to account for daily set-up position-

ing error. No clinical target volume was used. The OARs for the radia-

tion treatment plans included brain, skin, palatine mucosa, ocular

lenses, optic chiasm, pharynx, bone, esophagus, and cochlea. Normal

brain tissue was defined as the contoured brain minus the GTV for

radiation treatment planning. When MRI was available, the T1-

weighted postcontrast was fused with the CT in the treatment planning

software to aid in contouring of the tumor volumes.

Inverse-planning was employed using Eclipse planning software; all

plans were designed using coplanar or noncoplanar, isocentrically

placed 6 MV radiation beams. Radiation beams were modulated using

sliding-window technique. The intent for each radiation plan was to

deliver 100% of the radiation prescription to 99% of the GTV and 95%

of the PTV. The volume constraint for the brain in these plans was that
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no more than 1.0 cc of normal brain may receive 24Gy for 3 fractions

and 27Gy for 4 fractions. Biological equivalent doses (BED) were calcu-

lated for comparison of plans based on the following formula:

BED5 nd (11 [d/(a/b)]) where n is the number of fractions, d is the

dose per fraction and the a/b was assumed to be 10 for a tumor.

Quality assurance (QA) was performed by gamma analysis using

the Varian portal dosimetry system on individual fields. A minimum of

95% gamma for a 3 mm distance to agreement and a 3% absolute dose

difference were defined as a passing QA score.

When retrospectively reviewing the radiation treatment plans, the

following data was collected: dose to 99% of GTV, dose to 95% of

PTV, maximum tumor dose, minimum tumor dose, mean doses to the

PTV, conformity index (CI), and gradient index (GI). The GTV was

recorded for each patient. Regarding radiation dose delivered to normal

brain tissue, the dose of 1.0 cc of the normal brain was recorded.

The CI is a quantitative measurement evaluating the degree of

conformity of the dose distribution to the size and shape of the target

volume and can be calculated as CI5TV2
PIV/(TV3 PIV), where

TVPIV5 volume (in cubic centimeters) of the PTV that is covered

by the prescription dose

TV5 volume of the target (PTV)

PIV5prescription isodose volume

A CI of 1 indicates that the prescription isodose line cover the PTV

without irradiation of any tissue outside of the PTV. The GI is an objective

assessment that evaluates dose drop-off outside of the target and is eval-

uated by dividing the volume of the body receiving 50% of the prescrip-

tion by the volume of the body getting 100% of the prescription.23

2.4 | Radiation treatment

Patients were anesthetized for the delivery of radiation therapy. Anes-

thetic protocols varied but in most cases consisted of an opioid pre-

medication followed by propofol induction and maintenance with an

isoflurane and oxygen admixture. Once anesthetized, cats were posi-

tioned in the same immobilization devices used for their initial CT imag-

ing. Daily patient position verification was performed by online

registration of the simulation CT with images of the daily setup

obtained using an on-board cone beam CT (CBCT), or registration of a

digitally reconstructed radiograph with setup images obtained using

on-board imaging (OBI) with kilovoltage radiographs. Therapy was

delivered using a Varian Trilogy linear accelerator.

2.5 | Follow-up

After completion of SRT, the recommended follow-up schedule

included physical examination and evaluation of blood glucose concen-

tration at 2 weeks and 4 weeks, and assessment of a serum thyroid

panel at 4 weeks including total T4 and TSH performed through CSU

Diagnostic Laboratory, IDEXX Laboratories (Westbrook, ME) or Antech

Diagnostics (Fountain Valley, CA). Blood glucose monitoring at home

with a glucometer calibrated for cats and adjusting insulin dose as nec-

essary was recommended, under the guidance of the primary care vet-

erinarian or veterinary specialist. It was recommended that any change

in neurologic status or appetite should be investigated immediately by

the referring veterinarian or veterinary specialist.

2.6 | Statistical analysis

Survival time was calculated as the time between the first day of treat-

ment and death. Survival analysis was performed on an intent-to-treat

basis; events included death of the patients. Cats were censored at the

time of analysis if they were still alive or lost to follow-up. Kaplan-

Meier survival curves were created depicting median survival time.

Continuous variables including age, weight, plasma IGF-1 concentra-

tions, and GTV were evaluated for correlation using Pearson’s correla-

tion coefficient. The data was described using means, medians, and

95% confidence limits of means. A P-value of .05 was considered for

statistical significance. The software SAS v9.4 (SAS Institute Inc, Cary,

North Carolina) was used for all statistical analyses.

3 | RESULTS

3.1 | Patient population

Fifty-six cats with pituitary tumors were considered for our study from

case reviews. Three cats with pituitary tumors not causing signs

FIGURE 1 Patient shown in immobilization devices including a
bead cushion ventrally, dental mold, bite block bridge, and
thermoplastic mask over the bridge of the nose
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associated with acromegaly or DM were excluded. In total, 53 acrome-

galic cats treated with SRT were included in our retrospective analysis.

The median age of the cats at the time of treatment was 10 years (95%

CI, 9.9–11.2 years). There were 43 neutered males and 10 neutered

females. Forty-three cats were domestic shorthairs, 8 were domestic

longhairs, and 2 were Maine Coon cats. The median weight of the

patients was 5.85 kg (95% CI, 5.67–6.49 kg).

All cats were presented with signs consistent with acromegaly,

including DM that was deemed poorly responsive to insulin (100%). All

cats had �1 of the following clinical signs: polyuria, polydipsia, weight

gain, enlargement of the head and paws, and polyphagia. Three cats

(5.6%) also had neurologic signs, including seizures, light sensitivity, star

gazing, and head pressing. Twenty cats (38%) had laboratory test

results that were suggestive of chronic kidney disease (CKD) and 22

(42%) had echocardiogram findings consistent with hypertrophic car-

diomyopathy (HCM). Thirteen cats (25%) had both CKD and HCM. Six

cats had echocardiograms and did not have evidence of HCM. Insulin-

like growth factor concentrations were available for 40 patients with a

median concentration of 345 nmol/L (95% CI, 315.5–379; reference

interval, 12–92 nmol/L).

3.2 | Imaging findings

A presumptive diagnosis of pituitary adenoma was made for all cats

in the study (100%) according to the CT images and interpretation

by board-certified veterinary radiologist. Four of the cats were

diagnosed with suspected microadenoma (8%) based on clinical

signs, laboratory results, and an otherwise normal appearing

pituitary gland. The remaining 49 were diagnosed with macroade-

noma (92%). Findings for most cats with the diagnosis of macroad-

enoma included an ovoid, soft tissue attenuating, homogenously

contrast-enhancing mass in the sella turcica without lysis or prolif-

eration of surrounding bone. Magnetic resonance imaging was

available for 8 cats and supported the presumptive diagnosis of

microadenoma (1/8, 12%) and macroadenoma (7/8, 88%).

3.3 | Radiation treatment protocol

Several SRT treatment protocols were utilized to treat the cats, but

the dose per fraction generally was escalated as we became more

experienced with normal tissue tolerance. Forty-four cats received

8Gy over 3 consecutive days for a total of 24Gy. Five cats received

7Gy over 4 days for a total of 28Gy. Three cats received 6.75Gy

over 4 consecutive days for a total of 27Gy. One patient received

18Gy in 3 fractions of 6Gy. One of the cats that received 24Gy

over 3 fractions of 8Gy, was re-treated with a single fraction of

17Gy. Consecutive days are defined by a Monday-Friday schedule.

Table 1 presents the mean treatment values for the various treat-

ment groups.23

The mean dose to 1 cc of normal brain for the patients that

received 4 fractions of SRT was 22.6Gy (range, 19–28). The mean dose

to 1 cc of normal brain for the patients that received 3 fractions of SRT

was 19.5Gy (range, 16–24). The dose to 1 cc of normal brain for the

patient that received a single fraction of 17Gy was 9.0Gy. Figure 2

presents a selected patient’s dose volume histogram (DVH) and dose

color wash from the treatment planning software.

TABLE 1 Mean and range values for each protocol

28 Gy 27 Gy 24 Gy 18 Gy 17 Gy
7Gy 3 4fx 6.75Gy 3 4fx 8Gy 3 3fx 6Gy 3 3fx 17Gy 3 1fx

Number of Patients 5 3 44 1 1

Dose to 99% Of GTV 25.64 (22.0–28.3) 24.1 (22.8–24.8) 25.04 (22–26.6) 18.31 18.0

Dose to 95% Of PTV 24.8 (20.0–27.0) 23.67 (22.0–25.0) 23.89 (22.0–25.0) 17.16 17.0

Max Dose to PTV 30.6 (29.3–31.6) 27.77 (26.7–28.8) 27.29 (25.7–30.6) 19.13 19.0

Min Dose to PTV 16.9 (11.9–24.7) 15.97 (13.0–18.1) 20.95 (16.0–24.5) 14.77 14.8

Mean Dose to PTV 27.98 (26.5–28.7) 25.8 (25.3–26.5) 25.73 (24.7–27.8) 18.09 18.0

Median Dose To PTV 29.32 (28.7–29.7) 25.26 (23.5–26.8) 25.82 (24.9–27.1) 18.15 18.09

Modal Dose To PTV 30.32 (29.5–31.1) 26.04 (23.4–28.6) 26.26 (24.5–29.4) 18.19 19.1

Dose at Isocenter 30.93 (29.3–33.5) 26.55 (24.7–28.6) 26.98 (25.1–30.2) 18.92 18.99

Volume of GTV (cm3) 0.226 (0.06-0.35) 0.23 (0.16-0.29) 0.43 (0.04-3.17) 0.08 0.04

Volume of PTV (cm3) 0.898 (0.53-1.4) 0.97 (0.75-1.09) 0.87 (0.3–4.85) 0.47 0.2

CI 1.254 (0.82-2.26) 0.23 (0-0.45) 1.27 (0.89-2.09) 0.61 1.27

GI 0.67 (0.61-0.75) 0.88 (0.69-1.1) 0.62 (0.53-0.8) 0.72 0.53

PTV Expansion (mm) 1.8 (1–2) 2 1 2 1

Dose to 1 cm3 of Normal Brain 23.8 (19.0–28.0) 20.67 (19.0–23.0) 19.57 (16.0–24.0) 18 9

Number of Beams 7 7 7.15 (5–11) 7 7

Dose refers to the radiation dose (in gray). CI5 (prescription isodose volume)2/(total PTV volume) 3 (prescription isodose volume).23
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presents a selected patient’s dose volume histogram (DVH) and dose

color wash from the treatment planning software.

TABLE 1 Mean and range values for each protocol

28 Gy 27 Gy 24 Gy 18 Gy 17 Gy
7Gy 3 4fx 6.75Gy 3 4fx 8Gy 3 3fx 6Gy 3 3fx 17Gy 3 1fx

Number of Patients 5 3 44 1 1

Dose to 99% Of GTV 25.64 (22.0–28.3) 24.1 (22.8–24.8) 25.04 (22–26.6) 18.31 18.0

Dose to 95% Of PTV 24.8 (20.0–27.0) 23.67 (22.0–25.0) 23.89 (22.0–25.0) 17.16 17.0

Max Dose to PTV 30.6 (29.3–31.6) 27.77 (26.7–28.8) 27.29 (25.7–30.6) 19.13 19.0

Min Dose to PTV 16.9 (11.9–24.7) 15.97 (13.0–18.1) 20.95 (16.0–24.5) 14.77 14.8

Mean Dose to PTV 27.98 (26.5–28.7) 25.8 (25.3–26.5) 25.73 (24.7–27.8) 18.09 18.0

Median Dose To PTV 29.32 (28.7–29.7) 25.26 (23.5–26.8) 25.82 (24.9–27.1) 18.15 18.09

Modal Dose To PTV 30.32 (29.5–31.1) 26.04 (23.4–28.6) 26.26 (24.5–29.4) 18.19 19.1

Dose at Isocenter 30.93 (29.3–33.5) 26.55 (24.7–28.6) 26.98 (25.1–30.2) 18.92 18.99

Volume of GTV (cm3) 0.226 (0.06-0.35) 0.23 (0.16-0.29) 0.43 (0.04-3.17) 0.08 0.04

Volume of PTV (cm3) 0.898 (0.53-1.4) 0.97 (0.75-1.09) 0.87 (0.3–4.85) 0.47 0.2

CI 1.254 (0.82-2.26) 0.23 (0-0.45) 1.27 (0.89-2.09) 0.61 1.27

GI 0.67 (0.61-0.75) 0.88 (0.69-1.1) 0.62 (0.53-0.8) 0.72 0.53

PTV Expansion (mm) 1.8 (1–2) 2 1 2 1

Dose to 1 cm3 of Normal Brain 23.8 (19.0–28.0) 20.67 (19.0–23.0) 19.57 (16.0–24.0) 18 9

Number of Beams 7 7 7.15 (5–11) 7 7

Dose refers to the radiation dose (in gray). CI5 (prescription isodose volume)2/(total PTV volume) 3 (prescription isodose volume).23
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3.4 | Survival

The median overall survival time for all patients after SRT, was 1072

days (95% CI, 845–1339 days; Figure 3). Sixteen patients were still

alive at the time of censoring. Five cats were lost to follow-up. Inad-

equate numbers of patients in 4 of the different treatment protocol

groups prevented meaningful comparison of the survival time among

groups. Of the deceased cats, 7 deaths (13%) appeared to be neuro-

logic in nature, 7 (13%) were attributed to heart failure or HCM compli-

cations, and 6 (11%) were related to CKD. Eight cats (15%) died of

unrelated diseases including pancreatic neoplasia (n52), hepatic neu-

roendocrine neoplasia, tooth root abscess, oral neoplasia, leukemia, car-

cinoma of the thoracic wall, and nasal neoplasia. The cause of death of

4 cats (8%) was unknown. No statistically significant association was

found between IGF-1 concentrations and survival time (P5 .81) nor

between volume of the pituitary tumor and survival time (P5 .56). A

significant negative correlation was observed between the patient age

and survival time (P5 .03).

3.5 | Diabetic regulation

Information regarding the insulin requirements of patients after SRT

was available for 41 of 53 cats (77%). Of these 41 cats, 39 (95%)

experienced a reduction in the insulin dose required to manage their

DM, with 13 (32%) going into diabetic remission. Five of those 13 cats

did have relapse of their DM 5, 11, 15, 17, and 46 months after the

onset of remission. The median duration to lowest insulin dose was 9.5

months (95% CI, 9–15.3 months; range, 0–27 months). One patient

experienced an increase in insulin dose of 150% of the starting dose.

The mean decrease in insulin was 72% (median, 86%; range, 250%-

100%).

3.6 | Radiation-induced adverse effects

Acute radiation effects were reported in 10 cats (18%) during radiation

treatment, including mental dullness, light sensitivity, or mydriasis. In all

cases, these effects were treated with prednisolone (0.5–1 mg/kg q24h

for 1–6 weeks) and resolved without complication. One cat lost vision

2 years after treatment without development of cataracts. No other

cats had reported vision changes. Two of the 3 cats (67%) that were

presented with neurologic signs experienced neurologic improvement

within 3 weeks after SRT.

Serum thyroid hormone concentrations after SRT were available

for 50 cats (94%). Of those 50 cats, 7 cats (14%) developed hypothyr-

oidism and supplemented. Five of the patients developed hypothyroid-

ism between 4 and 6 months after SRT and the other 2 developed

FIGURE 2 A, Dose color wash displaying the seven-angle beam arrangement that was used most commonly for patients in this study.
Beams were typically arranged 518 apart as seen here. The angle numbers are listed at the top of each beam starting with “G0.” Dose color
interpretation is displayed on the left-hand side of the image with dose displayed in cGy. B, Dose color wash indicating that the orange/red
portion is the area that received �2400 cGy. C, DVH displaying the GTV (red line) and PTV (pink line) curves with the red arrow and the
OARs with the green arrow. Organ at risks in this DVH include optic chiasm (blue line), pharynx (brown line), and brain minus GTV (orange
line). Y-axis displays the percentage of the total structure. The top X-axis displays the relative dose as a percentage. The bottom X-axis dis-
plays the absolute dose in cGy. In this case, 99% of the GTV received 25Gy, or 104% of prescription, and 95% of the PTV received 24Gy,
or 100% of the prescription
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hypothyroidism 1.5 and 2 years after treatment. Figure 4 shows a

cumulative risk curve that represents the timing for development of

hypothyroidism.

3.7 | Necropsy findings

Necropsy was performed on 2 patients. One cat was euthanized for a

thoracic wall adenocarcinoma with metastasis to the kidneys 277 days

after SRT. On necropsy, an acidophil adenoma of the pituitary gland with

cholesterol granuloma was noted. This patient experienced an 86% reduc-

tion in insulin dose. The second patient examined by necropsy had fibrosis

of the pituitary gland 1461 days after radiation therapy. This patient had

sustainable diabetic remission and developed hypothyroidism.

4 | DISCUSSION

Ours is the first study to evaluate the use of stereotactic radiation to

treat pituitary tumors causing acromegaly in cats. The overall median

survival time is longer than in other published studies evaluating con-

ventionally fractionated, coarse fractionated and single fraction radia-

tion treatments for acromegalic cats. Median survival in those studies

ranged from 508 to 840 days, compared to 1072 days reported

here.6–9 This information, along with data from humans, suggests that

a higher dose per fraction may be more biologically effective for this

tumor type.24 In addition to longer overall survival time, a higher pro-

portion of the patients in our study had a more favorable response in

terms of control of their DM. Previous studies reported a decrease in

FIGURE 2 Continued
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exogenous insulin requirements in 55%-92% of treated patients com-

pared with 95% reported here.6–9 The information from our study is

comparable to results of stereotactic radiosurgery for treatment of

functional pituitary adenomas in humans.24 In human patients, a single

fraction of 35Gy resulted in shorter time to and higher rate of endo-

crine remission without an increase in radiation-induced adverse

effects when compared to conventionally fractionated radiation.24 In

the previously described study, 70% of patients experienced endocrine

remission with a median time of 17.7 months. Considering the

improvement noted in our study and the reported human literature,

evidence supports a higher dose per fraction to gain control of this

disease.

The dose-limiting normal tissue in our study was the normal brain.

The goal of the Radiation Oncology Service at CSU is to keep 1.1 cc of

normal brain under 24Gy for 3 fractions and under 27Gy for 4 frac-

tions.17 Assuring that the brain was within tolerance constraints took

precedence over total radiation dosage administered to the tumor vol-

umes. Late radiation effects to the brain are irreversible and frequently

incompatible with good quality of life. Neurologic changes were noted

in 7 patients at the time of euthanasia. No advanced imaging was per-

formed on these patients to confirm tumor recurrence or suggest pos-

sible late radiation effects. Necropsy in 2 cases did not show changes

in the brain outside of the pituitary gland.

The other OAR considered in our study included the optic chiasm.

Although the optic chiasm was consistently contoured in all patients

treated, radiation dose to the tumor was not jeopardized to spare this

tissue. Given the proximity of the optic chiasm to the sella turcica, in

most cats the OAR dose was above the given constraint of 21Gy.25

Owners were consistently warned about the potential of vision loss

after radiation therapy given full dose to the optic chiasm in most

patients. Despite this, only 1 patient reportedly lost vision in both eyes

without development of cataracts 2.5 years after treatment. This find-

ing was suspected to be a late radiation effect given that this patient

went into diabetic remission approximately 22 months after treatment

and the remission was sustained until euthanasia for a suspected nasal

tumor. There was no evidence of tumor recurrence at the time of

vision loss, suggesting that the vision loss could have been caused by

radiation-induced optic neuropathy.

Our study supports a male sex predilection for the development of

acromegaly in cats with approximately 80% of patients being male.

Although 43 patients (81%) were listed as domestic shorthairs, this desig-

nation is a default at our institution for mixed breed cats with short hair

coats. Given this information, no breed predilection was identified in our

study.

One cat developed generalized osteopenia based on interpretation

of thoracic radiographs 2.5 years after SRT. Thoracic radiographs dis-

closed healed vertebral and sternebrae fractures as well as multiple

healed rib fractures. Laboratory testing including serum vitamin D,

calcium, and parathyroid hormone concentrations was performed at

Michigan State University and returned without abnormalities. The

osteopenia was thought to be associated with the acromegaly. At the

time of the radiography, the cat was suspected to have tumor progres-

sion, had come out of diabetic remission, and was exhibiting signs of

polyuria, polydipsia, and polyphagia. This patient received SRT a second

time, but was treated outside the time period to be included in the sta-

tistical analysis for our study. The pathogenesis of osteopenia in acro-

megaly is multifactorial, but is believed to be a result of GH

hypersecretion causing high bone turnover, deterioration of bone

microarchitecture, and high risk of vertebral fractures.26 Although bone

abnormalities have been noted in human patients with acromegaly,

ours is the first study to report the development of acromegalic oste-

opathy in cats.

One cat underwent 2 treatments with SRT 39 months apart with

the first protocol being 24Gy total over 3 fractions of 8Gy and the sec-

ond being 17Gy total in a single fraction. Three months before presen-

tation for the second treatment, the insulin requirements increased

dramatically (0.7 IU q12h to 6.5 IU q12h). During this 3-month period,

abnormal limb thickening and stridor also were reported. Anisocoria

was noted for at least 8 months and confirmed on physical examination

before radiation. The size of the GTV on the first treatment was 0.16

cc and 0.04 cc on the second. Stereotactic radiation therapy was

FIGURE 3 Kaplan-Meier curve depicting survival of cats that were
treated with SRT for a pituitary tumor causing acromegaly. Cats
censored from the analysis are depicted with a crosshair

FIGURE 4 Cumulative risk curve. The x-axis shows days until
diagnosis of hypothyroidism and the y-axis is the probability of
developing hypothyroidism
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administered and this patient had a favorable response after both the

first and second treatment with the insulin dose being decreased by

92% and 85%, respectively. This patient was well regulated with its

insulin for 13 months after the second treatment until euthanasia was

elected because of progression of CKD, HCM, and small cell gastroin-

testinal lymphoma.

The single patient that received a total of 18Gy in 3 fractions of

6 Gy initially was scheduled for 4 fractions, but during pre-anesthetic

laboratory testing and physical examination, it was determined the cat

was suffering an acute exacerbation of its previously diagnosed CKD,

and the patient was hospitalized before anesthesia. After supportive

care, the patient’s renal test results, attitude and appetite improved. By

the end of the third fraction, the cat developed bilateral mydriasis and

weak pupillary light reflexes, but maintained its vision. These changes

were attributed to edema of the brain within the radiation field and the

final fraction was not given. The patient was treated with a tapering

dose of prednisolone over the course of 2 weeks, and the clinical signs

resolved. Despite the complications faced during the treatment proto-

col, this cat went on to have a 35% reduction in insulin requirements

after 4 months. This patient lived for 1410 days after SRT.

Seven of 50 cats (14%) developed hypothyroidism after SRT. Clini-

cal signs of the disease were mild and included hair coat changes,

weight gain, and lethargy. Hypothyroidism required supplementation in

all 7 patients. Spontaneous hypothyroidism in adult cats is very rare

and its incidence in the feline population is unknown. The development

of hypothyroidism in cats is more commonly iatrogenic as a result of

the treatment of hyperthyroidism.27–29 Development of hypothyroid-

ism in our patients is believed to be related to therapy. Central hypo-

thyroidism is caused by direct damage to the hypothalamic-pituitary

axis and is characterized by decreased serum free T4 concentrations

with normal or decreased TSH concentrations.30 Radiation-induced

hypothyroidism after pituitary tumor radiotherapy has not been

reported previously in the veterinary literature. Reports in human

medicine have evaluated thyroid function for patients receiving only

conventionally fractionated radiotherapy, surgery followed by postop-

erative radiation therapy, and SRT to the pituitary gland and pharyngeal

region.30 These reports suggest a lower incidence of pituitary dysfunc-

tion in patients causing central endocrinopathies if they are treated

with SRT.30 Hormone function was disrupted in as few as 17% of

patients treated with SRT when compared to 72–100% of patients

treated with a fractionated protocol.30,31 In the previously described

study, it also was determined that the pituitary gland is capable of

secreting sufficient TSH to maintain euthyroidism, but its concentration

is lower than in normal non-irradiated individuals.32 Although these

individuals continue to have low-normal concentrations of TSH, l-

thyroxine supplementation often is required for long term maintenance

of euthyroidism.30 Ours is the first study to report development of

hypothyroidism in cats after pituitary irradiation. It is not clear whether

development of hypothyroidism is a consequence of radiation-induced

fibrosis of the pituitary gland or destruction of thyrotrophin-releasing

hormone producing cells.

Several causes of death were identified in this population. Seven

cats died or were euthanized because of neurologic disease. Of those

cats, 1 had neurologic signs before radiation treatment with no

improvement after SRT. It is unclear if the remaining 6 cats had pro-

gression of the pituitary tumor or if adverse effects in the normal brain

caused the changes in neurologic status. The cats lost to CKD or HCM

were diagnosed with these diseases before treatment of their pituitary

tumors. This information suggests that although SRT may improve the

insulin resistance associated with uncontrolled DM, it does not change

the course of other diseases caused by acromegaly.

The primary limitations of our study are its retrospective nature

and lack of consistent follow-up by the treating institution. Referring

veterinarian records were reviewed for changes in physical examination

findings and laboratory data after radiation, but the lack of consistency

among clinicians was an important limitation. Necropsy results were

available for 2 of the treated cats and provided encouraging informa-

tion for successful treatment of the tumor, but the data would be

stronger if more of the study population had undergone necropsy.

In conclusion, SRT is a safe and effective treatment for pituitary

tumors causing acromegaly in cats. Acute radiation adverse effects are

minimal in the treated population, mild in severity, limited in duration,

and responsive to therapy. Late radiation effects include rare optic

chiasm neuropathy, hypothyroidism, and potential for late stage neuro-

logic progression. Based on the outcomes in our study, SRT should be

considered for cats diagnosed with acromegaly.
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