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Abstract

Purpose Acromegaly is most commonly caused by pituitary somatotroph adenomas, a substantial proportion of which
exhibit prolactin (PRL) expression on immunohistochemistry. However, the clinical relevance and prognostic implications
of this pathological phenotype remain controversial. We aimed to compare pathological features and treatment outcomes of
growth hormone/prolactin (GH/PRL)—positive adenomas with GH-only adenomas.

Methods We retrospectively analyzed 90 patients with acromegaly who underwent transsphenoidal surgery between 2010
and 2025. Adenomas were classified according to immunohistochemical staining as GH-only, GH/PRL, or other subtypes.
Clinical, biochemical, radiological, and treatment outcomes were compared across groups.

Results Of 90 adenomas, 47 (52.2%) were GH-only, 39 (43.3%) GH/PRL, and 4 (4.4%) other PIT-1 lineage adenomas.
Postoperative remission was achieved in 32 patients (35.6%), with no significant difference between GH-only and GH/PRL
adenomas. In multivariable analysis, optic chiasm compression was independently associated with lower odds of remission
(OR 0.212, 95% CI 0.049-0.910; p=0.037). Among 45 patients receiving SSA therapy, 25 (55.6%) achieved biochemical
response. Perinuclear CK8/18 staining (OR 4.839, 95% CI 1.198-19.540; p=0.027) and T2-weighted MRI hypointensity
(OR 5.464, 95% CI1 1.284-23.250; p=0.022) were independently associated with SSA response. Although Ki-67 was higher
in GH/PRL adenomas, it was not associated with treatment outcomes.

Conclusion Despite higher proliferative activity, GH/PRL adenomas did not demonstrate inferior surgical or medical out-
comes compared with GH-only adenomas. Prognosis appears to be driven primarily by anatomical features and cytokeratin
patterns, supporting individualized treatment strategies.
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Introduction

Acromegaly is a rare disorder caused by chronic hyperse-
cretion of growth hormone (GH) and consequent elevation
of insulin-like growth factor-1 (IGF-1), leading to increased
morbidity and mortality through cardiovascular, metabolic,
and musculoskeletal complications [1]. The vast majority
of acromegaly cases are caused by pituitary neuroendo-
crine tumors (PitNETSs), also known as pituitary adenomas,
arising from somatotroph cells. Nevertheless, variability
in pathological and clinical characteristics is commonly
observed across cases. Beyond purely GH-secreting adeno-
mas, a substantial subset of patients (reported as 25-30%
of cases) harbor adenomas exhibiting concomitant prolactin
(PRL) expression [2, 3]. However, the true prevalence and
prognostic impact of GH/PRL adenomas remain uncertain
because of variable diagnostic definitions across studies and
limited patient numbers.

Classical predictors of outcome include age, sex, baseline
GH and IGF-1 levels, tumor size, and radiological invasive-
ness [1, 4-6]. More recently, immunohistochemical (IHC)
features, particularly hormone expression patterns such as
GH and GH/PRL co-expression, have been explored as
potential indicators of tumor behavior. However, the avail-
able evidence remains inconclusive, as studies examining the
relationship between IHC-defined tumor characteristics and
clinical outcomes have yielded heterogeneous results. Some
studies have suggested worse remission rates in GH/PRL ade-
nomas compared with GH-only adenomas, often attributed to
larger size and higher prevalence of cavernous sinus invasion
[2, 7], whereas others found no significant differences [8, 9].

Given these controversies, there is a need for compre-
hensive evaluation of pathological features in relation to
clinical presentation and treatment outcomes. In this retro-
spective single-center cohort, we systematically assessed
IHC staining for GH, PRL, and other anterior pituitary hor-
mones. Our aim was to investigate the associations between
these staining patterns, patient characteristics, and treatment
responses in order to clarify the prognostic value of patho-
logical subtypes and to inform individualized management
strategies in acromegaly.

Methods
Study population

Patients diagnosed with acromegaly between 2010 and
2025 were retrospectively reviewed from the database of a
tertiary referral hospital. A total of 148 patients who under-
went transnasal transsphenoidal surgery (TNTS) with at
least 12 months of postoperative follow-up were initially

@ Springer

included. Fifty-eight patients were excluded due to the fol-
lowing reasons: prior first-line somatostatin analog (SSA)
therapy (n="7), incomplete or absent follow-up data (n=18),
unavailability of magnetic resonance imaging (MRI) images
with only radiological reports accessible (n=15), incom-
plete histopathological data (n=38), follow-up duration
of less than 12 months (n=4), inability to classify tumor
subtype despite re-staining (n=2), and conditions poten-
tially leading to hyperprolactinemia, including interfering
medication use, renal failure, or untreated hypothyroidism
(n=4).Consequently, 90 patients were eligible for the final
analysis. None of the patients received dopamine agonists
prior to surgery. Furthermore, no cases of syndromic dis-
ease, including AIP- or MEN1-associated adenomas, were
identified in the study cohort.

Diagnostic criteria and biochemical
assessment

The diagnosis of acromegaly was established according to
international guideline criteria [10]. GH and IGF-1 levels
were measured using the Maglumi X3 analyzer (Snibe,
Shenzhen, China) with a two-phase enzyme-labeled chemi-
luminescent immunometric assay. Postoperative biochemi-
cal remission was evaluated at 12 weeks after surgery and
defined as normalization of age-adjusted serum IGF-1 levels
[10]. Where results were borderline, an oral glucose toler-
ance test (75 g glucose) with GH nadir assessment at 30, 60,
90, and 120 min was additionally performed. Patients with-
out remission were treated based on residual tumor status
with surgery, radiosurgery, radiotherapy, or medical therapy.
All patients requiring medical therapy received SSAs as
first-line agents [1]. Biochemical response to SSA therapy
was assessed after at least 3 months of treatment with the
maximum recommended doses. Response was defined as
normalization of age-adjusted serum IGF-1 levels [10, 11].
Recurrence was defined as elevation of IGF-1 above the
age-adjusted upper limit of normal on at least two consecu-
tive measurements following an initial normalization [12].
For analysis, two remission endpoints were defined: early
postoperative remission (biochemical remission at 12 weeks
after surgery) and long-term remission (biochemical remis-
sion at last follow-up after all treatments).

Histopathological and
immunohistochemical analysis

Surgically resected tissues were fixed in 10% buffered
formalin, embedded in paraffin, and sectioned at 3—4 pm
thickness. Hematoxylin and eosin (H&E) staining was
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performed, followed by immunohistochemistry (IHC)
with indirect biotin-free detection kits (OptiView DAB
and UltraView Universal DAB, Ventana, Tucson, USA)
on the Ventana Benchmark XT/Ultra platforms (Ven-
tana, Tucson, USA). Antibodies against cytokeratin 8/18
(CK&8/18; B22.1&B23.1; Cell Marque), Ki-67 (30 — 9;
Ventana-Roche; RRID: AB 2631262), and pituitary hor-
mones (GH [EP267; Cell Marque], PRL[A0569; DAKO;
RRID: AB 2893308], TSH[AH21-10; Thermo Fisher Sci-
entific; RRID: AB 62711], FSH [EB257; Cell Marque],
LH [Cell Marque; C93], ACTH [Thermo Fisher Scien-
tific; AH26; RRID: AB_61009]) were applied. Hormone
positivity was defined as immunoreactivity in > 10% of
tumor cells [ 13]. Tumors were classified as GH-only adeno-
mas (GH only), GH/PRL adenomas (co-expression of GH
and PRL), or other (co-expression of GH, PRL, and other
pituitary hormones). Primary antibodies against CK8/18
and Ki-67 proliferation labeling index were investigated.
CK&8/18 immunostaining was evaluated based on staining
pattern, and tumors were classified as either perinuclear/
diffuse or dot-like (paranuclear, fibrous body type). Accord-
ingly, diffuse perinuclear positivity was defined as densely
granulated, whereas a dot-like paranuclear fibrous body
pattern was defined as sparsely granulated. The Ki-67
labeling index was determined as the maximum percent-
age of immunopositive nuclei among at least 1000 counted
adenoma cells. Mitotic activity was evaluated by counting
mitoses in at least 20 high-power fields at x400 magnifica-
tion, corresponding to a total area of 1.8 mm?. Antibodies
targeting the transcription factors (TFs) PIT1 (POUIF1;
Zeca Company), TPIT (TBX19; Gene-Tex), SF1 (EP434;
Cell Marque; RRID: AB_2894906), GATA3 (L50-823; Cell
Marque; RRID: AB 2895066) were additionally used for
histopathological subtyping. Histopathological evaluations
and subtyping were done according to recommendations of
World Health Organization (WHO) regarding classification
of pituitary tumors [14]. All patients harbored PIT-1 lineage
PitNETs. Representative immunohistochemical features of
pituitary adenomas in patients with acromegaly, including
hormone expression patterns, cytokeratin staining subtypes,
and Ki-67 proliferation indices, are illustrated in Fig. 1.

Radiological assessment

All patients underwent contrast-enhanced 3.0-Tesla MRI
(Siemens Magnetom Verio, Erlangen, Germany) both
pre- and postoperatively. Tumor maximum diameter, optic
chiasm compression, and invasion of the cavernous sinus
or sphenoid sinus were recorded. Adenomas were classi-
fied as microadenomas (< 1 cm) or macroadenomas (> 1
cm). The Knosp grading system (grades 0—4) was used to

assess cavernous sinus invasion, with grades 3—4 consid-
ered invasive [15]. Tumor volume was calculated accord-
ing to the following formula: height xwidth xlength x /6
[16]. In addition, tumors were qualitatively assessed on
T2-weighted sequences and categorized as hyperintense,
isointense, or hypointense.

Statistical analysis

All statistical analyses were conducted using IBM SPSS
Statistics version 30 (IBM Corp., Armonk, NY, USA). His-
topathological subtype comparisons were performed in 86
patients (GH-only and GH/PRL groups), as the other PIT-1
lineage tumor group (n=4) was excluded from this analysis
due to its small sample size. However, those four patients
were included in the analyses of postoperative remission
outcomes and, where applicable, SSA biochemical response.
The normality of continuous variables was assessed both
visually and analytically using the Kolmogorov—Smirnov
tests. Descriptive statistics were expressed as mean+stan-
dard deviation (SD) for normally distributed variables,
median (interquartile range [IQR]) for non-normally distrib-
uted variables, and frequency (percentage) for categorical
variables. Chi-square or Fisher’s exact tests were used for
categorical variables, depending on expected cell counts.
For two-group comparisons, Student’s t-test or Mann—Whit-
ney U test was applied as appropriate. Monte Carlo simula-
tion was used when expected counts were low.Both Pearson
and Spearman correlation tests were used to evaluate the
relationship between continuous variables, depending on
the distribution of the data. Univariable and multivariable
logistic regression analyses were performed separately to
identify factors associated with postoperative remission and
SSA response.Variables achieving p<0.05 in univariable
analysis were considered candidates for multivariable mod-
eling.Before modeling, multicollinearity was assessed using
Spearman correlation, and variables with »>0.6 were not
included together.For the postoperative remission model,
the final multivariable analysis included optic chiasm com-
pression, T2-MRI hypointensity, cavernous sinus invasion,
and preoperative GH level. For the SSA response model, the
final multivariable analysis included T2-MRI hypointensity
and perinuclear CK8/18 staining pattern. Odds ratios (ORs)
and 95% confidence intervals (Cls) were calculated. A two-
tailed p-value<0.05 was considered statistically significant.

Results
The study included 90 (58 females [64.4%] and 32 males

[35.6%]) patients with acromegaly. The mean age at diag-
nosis was 40.69+ 11.56 years. IHC revealed that 47 patients
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Fig. 1 Immunohistochemical
features of pituitary adenomas

in acromegaly (A) Growth
hormone (GH) only adenoma
showing strong diffuse GH stain-
ing. GHx40. (B) GH/prolactin
(PRL) co-secreting adenoma with
scattered moderate and strong
cytoplasmic prolactin positive
cells. PRLx40. (C) Cytokera-

tin 8/18 (CK8/18) perinuclear
pattern consistent with densely
granulated subtype. CK8/18 x40.
(D) CK8/18 dot-like pattern
consistent with sparsely granu-
lated subtype. CK8/18 x40. (E)
Ki-67 immunostaining showing
low proliferative index (<3%).
Ki67 % 20. (F) Ki-67 immunos-
taining with high proliferative
index (>10%). Ki67 x 40

(52.2%) had GH-only adenomas, comprising 27 densely
granulated somatotroph tumors (DGST; 30.0%) and 20
sparsely granulated somatotroph tumors (SGST; 22.2%).
Of the remaining 43 patients, 39 (43.3%) had adenomas
with co-expression of GH and PRL; comprising 24 (26.7%)
mammosomatotroph tumors and 15 (16.7%) mixed somato-
troph—lactotroph tumors, and 4 (4.4%) harbored other PIT-1
lineage tumors: three mature plurihormonal PIT-1 lineage
tumors (3.3%) and one immature PIT-1 lineage tumor
(1.1%) illustrated in Fig. 2.

Baseline characteristics are summarized in Table 1. Pre-
operative PRL levels were significantly higher in GH/PRL
adenomas than in GH-only adenomas (median 32.00 vs.
15.20 ng/mL; p<0.001), and the prevalence of PRL>100
ng/mL was also significantly higher in the GH/PRL group
(25.6% vs. 4.3%; p=0.010). In histopathological evaluation,
the Ki-67 proliferation index was significantly higher in GH/
PRL adenomas than in GH-only adenomas (4.31£2.33% vs.
3.45+3.01%; p=0.009). Postoperatively, SSA therapy was
administered to 21 patients (44.7%) in the GH-only group and
22 (56.4%) in the GH/PRL group (p=0.386), while cabergo-
line was used in 2 (4.3%) and 7 (17.9%) patients, respectively
(»=0.073).Within the GH-only group, SGST were diagnosed
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at a significantly younger age than DGST (35.90+£10.02
vs. 43.30£11.43 years; p=0.018) and were characterized
by larger tumor size (24.20+£13.90 vs. 14.70+£6.92 mm;
p=0.005), greater tumor volume (median 2.26 vs. 0.65 cm?;
p=0.007), and a higher rate of macroadenomas (100% vs.
81.5%; p=0.031). SGST also showed higher rates of cav-
ernous sinus invasion (40.0% vs. 7.4%; p=0.011) and optic
chiasm compression (50.0% vs. 22.2%; p=0.047), and a less
favorable Knosp score distribution (p=0.037). On MRI, T2
hypointensity was more frequent in DGST than in SGST
(51.9% vs. 15.0%; p=0.014). Histopathologically, SGST
exhibited a significantly higher Ki-67 index (5.25+3.78%
vs. 2.194+1.08%; p=0.001) and a higher rate of Ki-67>10%
(20.0% vs. 0%; p=0.027). Postoperatively, SGST had higher
residual tumor rates (80.0% vs. 40.7%; p=0.009), lower early
remission rates (15.0% vs. 51.9%; p=0.006), and higher post-
operative IGF-1 levels (median 575.00 vs. 318.50 ng/mL;
p=0.003). At final follow-up, GH and IGF-1 levels remained
significantly higher in SGST compared with DGST (median
0.80 vs. 0.33 ng/mL, p=0.023; and 187.00 vs. 132.00 ng/mL,
p=0.034, respectively). No significant differences were iden-
tified between mammosomatotroph and mixed somatotroph—
lactotroph adenomas in any of the evaluated parameters.
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Fig. 2 Distribution of hormone
staining patterns

Postoperative remission was achieved in 32 patients
(35.6%). Remission rates were 36.2% in GH-only, 38.5% in
GH/PRL, and 0% in other PIT-1 lineage tumors (p=0.308).
DGST were significantly more frequent in patients with
postoperative remission compared with those without
remission (83.3% vs. 41.4%, p=0.006), whereas the pro-
portion of mammosomatotroph tumors was similar between
the two groups (60.0% vs. 62.5%, p=0.876). Compared
with those without remission, patients in remission had
lower preoperative GH (7.0 vs. 12.0 ng/mL, p=0.026) and
PRL levels (15.6 vs. 28.0 ng/mL, p=0.004), and smaller
adenomas (13.34 vs. 22.26 mm, p<0.001). Optic chiasm
compression (9.4% vs. 50.0%, p<0.001) and cavernous
sinus invasion (6.3% vs. 31.0%, p=0.007) was more fre-
quent in non-remission cases, whereas T2 hypointensity
was more common in remission patients (65.6% vs. 34.5%,
p=0.008). Two patients (6.3%) in the remission group
and one (1.7%) in the non-remission group experienced
recurrence after surgery (p=0.287). (Table 2). In univari-
able logistic regression, higher preoperative GH level (OR
0.935, 95% CI1 0.885-0.988, p=0.016), macroadenoma (OR
0.189, 95% CI 0.053-0.677, p=0.011), cavernous sinus
invasion (OR 0.148, 95% CI 0.032-0.688, p=0.015), and
optic chiasm compression (OR 0.103, 95% CI 0.028-0.378,
»<0.001) were all associated with reduced odds of remis-
sion, while T2-MRI hypointensity was positively associated
with remission (OR 3.627, 95% CI 1.462-8.998, p=0.005).

m DG somatotroph tumors

® SG somatotroph tumors

® Mammosomatotroph tumors

® Mixed somatotroph and lactotroph tumors
m Mature plurihormonal PIT1-ineage tumors

= Immature PIT1-lineage tumors

In the multivariable model, optic chiasm compression was
independently associated with postoperative remission (OR
0.212, 95% CI 0.049-0.910, p=0.037), whereas T2-MRI
hypointensity, cavernous sinus invasion, and preoperative
GH level did not reach statistical significance.

Among 45 patients who received SSA therapy, 25
(55.6%) achieved a biochemical response. SSA response
rates were 42.9% in GH-only, 68.2% in GH/PRL, and 50.0%
in other PIT-1 lineage tumors (p=0.245). DGST were more
frequent in responders (87.5% vs. 20.0%, p=0.020), while
mammosomatotrophs also tended to be more common
(73.3% vs. 28.6%, p=0.074). Responders were older (40.0
vs. 34.5 years, p=0.027), had lower baseline IGF-1 (591
vs. 1055 ng/mL, p=0.040), and smaller adenomas (18.1 vs.
24.0 mm, p=0.010). They also showed a higher frequency
of T2 hypointensity (56.0% vs. 20.0%, p=0.018) and peri-
nuclear CK8/18 staining (60.0% vs. 25.0%, p=0.034), and
a lower Ki-67 index (3.52% vs. 5.80%, p=0.041). Postop-
erative IGF-1 levels were significantly lower in responders
(381 vs. 553 ng/mL, p=0.004), as was maximum residual
tumor size (8.1 vs. 13.8 mm, p=0.005). At last follow-
up, remission was more frequent in responders (100% vs.
70.0%, p=0.005), and IGF-1 levels remained significantly
lower (155 vs. 191 ng/mL, p=0.049) (Table 3).In uni-
variable logistic regression, older age (OR 1.072, 95% CI
1.006—1.143, p=0.033), T2-MRI hypointensity (OR 5.091,
95% CI 1.319-19.649, p=0.018), and perinuclear CK8/18
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Table 1 Baseline characteristics, imaging, histopathology, treatment modalities, and outcomes of patients with GH-only and GH/PRL adenomas

Variable GH-only GH/PRL p value
(n=47) (n=39)
Densely Sparsely p value Mammoso-  Mixed p
granulated granulated matotrophs  somatotroph  value
somatotrophs  somatotrophs (n=24) — lactotrophs
(n=27) (n=20) (n=15)
Age, years 39.72£10.96 43.30+11.43  3590+10.02 0.018 40.67+£11.99 42.58+10.97 37.60+13.28 0.184 0.667
(mean=+SD)

Gender, female, n 34(72.3%) 21 (77.8%) 13 (65.0%) 0333 22(56.4%) 11(45.8%) 11(73.3%) 0.092 0.123
(%)

BMI, kg/m? 27.82+3.76 28.41£3.36 26.88+4.17 0337  28.79+£4.03 29.52+4.06 27.60+3.83 0.168 0.289
(mean+SD)
Preoperation
GH, ng/mL, (median 9.00 7.00 11.20 0.112  7.00 8.0 6.1[3.6-8.3] 0.199 0.904
[IQR]) [4.34-22.50] [3.55-9.50] [7.00-24.70] [3.80-16.85] [2.5-23.0]
IGF-1, ng/mL 790 786.00 982.00 0.146 760 [487.5—- 729 817 0.684 0.904
(median [IQR]) [523-1300] [521.00- [529.75- 1332.5] [423-1365]  [564-1255]

944.50] 1575.00]
IGF-1, %ULN, 2.40 2.40 2.85 0.796  2.50 2.50 2.45 0.863 0.904
(median [IQR]) [1.90-3.90] [2.00-3.65] [1.43-4.00] [2.25-5.10] [1.50-5.10] [1.354.15]
Nadir GH, ng/mL, 13.10 16.90 7.10 0.245  3.80 4.45 3.00 0.734 0.139
(median [IQR]) [4.10-17.70] [7.00-24.95] [4.10-11.10] [2.25-15.05] [1.53-15.05] [2.25-14.40]
PRL, ng/mL, (median 15.20 14.00 17.20 0.106  32.00 49.50 20.00 0.363 <0.001
[IQR]) [10.40-23.00] [7.10-21.00]  [14.10-31.90] [18.00- [17.25- [19.00-78.00]

100.00] 103.75]

PRL>200 ng/mL, 1(2.1%) 1 (3.7%) 0 (0.0%) 1.000 2 (5.1%) 1 (4.2%) 1 (6.7%) 0.731 0.588
n (%)
PRL>100 ng/mL, 2 (4.3%) 2 (7.4%) 0(0.0%) 0.500 10 (25.6%)  7(29.2%) 3 (20.0%) 0.524 0.010
n (%)
TSH deficit, n (%) 7 (14.9%) 4 (14.8%) 3 (15.0%) 1.000 5 (12.8%) 3 (12.5%) 2 (13.3%) 0.940 1.000
ACTH deficit, n (%) 6 (12.8%) 2 (7.4%) 4 (20.0%) 0379  3(7.7%) 3 (12.5%) 0 (0.0%) 0.271 0.502
FSH/LH deficit, n 14 (29.8%)  9(33.3%) 5(25.0%) 0.748 14(35.9%) 10(41.7%) 4 (26.7%) 0.342 0.646
(%)
Hypopituitarism, n 20 (42.6%) 11 (40.7%) 9 (45.0%) 0.652 16(41.0%) 11(45.8%) 5(33.3%) 0.440 1.000
(%)
Imaging
Maximum 19.00£11.22 14.70+6.92 2420+13.90 0.005 19.82+11.78 22.25+13.33 15.93+7.64 0.219 0.941
tumor size, mm,
(mean=+SD)
Tumor volume, cm®, (.84 0.65 2.26 0.007 1.25 1.49 1.00 0.341 0.716
(median [IQR]) [0.50-3.60] [0.29-1.35] [0.67-7.05] [0.36-6.00] [0.44-6.45] [0.14-4.80]

Macroadenoma, n 42 (89.4%)  22(81.5%)  20(100.0%)  0.031 31(79.5%) 20(83.3%) 11(73.3%) 0.452 0.238
(%)

Knosp score, n (%) 0.037 0.131

0 15(31.9%) 11 (40.7%) 4 (20.0%) 14 (35.9%)  7(29.2%) 7 (46.7%) 0.559
1 13 (27.7%)  10(37.0%) 3 (15.0%) 7 (17.9%) 5(20.8%) 2 (13.3%)

2 9 (19.1%) 4 (14.8%) 5(25.0%) 8(20.5%) 5(20.8%) 3(20.0%)

3 7 (14.9%) 1 (3.7%) 6 (30.0%) 4 (10.3%) 1 (4.2%) 3(20.0%)

4 3 (6.4%) 1 (3.7%) 2 (10.0%) 6 (15.4%) 6 (25.0%) 0 (0.0%)

Optic chiasm com- 16 (34.0%) 6 (22.2%) 10 (50.0%) 0.047 14 (35.9%) 10(41.7%) 4 (26.7%) 0.342 1.000
pression, n (%)

Cavernous sinus 10 (21.3%) 2 (7.4%) 8 (40.0%) 0.011  10(25.6%) 7(29.2%) 3 (20.0%) 0.524 0.798
invasion, n (%)

Sphenoid sinus inva- 10 (21.3%) 5 (18.5%) 5(25.0%) 0.723  12(30.8%) 9 (37.5%) 3(20.0%) 0.249 0.333
sion, n (%)

T2-MRI hypointen- 17 (36.2%) 14 (51.9%) 3 (15.0%) 0.014 21(53.8%) 14(58.3%) 7 (46.7%) 0.477 0.128
sity, n (%)

Histopathology
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Table 1 (continued)

Variable GH-only GH/PRL p value
(n=47) (n=39)
Densely Sparsely p value Mammoso-  Mixed p
granulated granulated matotrophs  somatotroph  value
somatotrophs  somatotrophs (n=24) — lactotrophs
(n=27) (n=20) (n=15)
Mitotic index, 0 [0-1] 0 [0-0] 0 [0-1] 0333  0[0-0] 0 [0-0] 0[0-1] 0.046 0.177
(median [IQR])
Ki 67 index, %, 3.45+3.01 2.19+1.08 5.25+3.78 0.001 4.31+2.33 4.46+2.28 4.07+2.46 0.419 0.009
(mean+SD)
Ki67>3%, (n,%) 21(44.7%) 7(25.9%) 14 (70.0%) 0.003  30(76.9%) 21(87.5%) 9 (60.0%) 0.063 0.003
Ki67>10%, (n, %) 4 (8.5%) 0 (0.0%) 4 (20.0%) 0.027 1(2.6%) 1(4.2%) 0 (0.0%) 0.423 0.371
Perinuclear CK8/18 27 (57.4%) 27 (100.0%) 0 (0.0%) <0.001 15(38.5%) 10(41.7%) 5(33.3%) 0.603 0.088
staining, (n, %)
Postoperation
GH, ng/mL, (median 2.10 1.15 2.50 0.103 1.10 1.30 1.10 0.684 0.129
[IQR]) [0.95-4.55] [0.55-4.25] [1.54-5.00] [0.80-2.15] [0.90-2.30] [0.70-2.13]
IGF-1, ng/mL, 365 318.50 575.00 0.003 306 260 351 0.778 0.324
(median [IQR]) [212-590.5] [139.25— [379.00— [183-500.5] [156-583] [196-483]
421.00] 1158.50]
IGF-1, %ULN, 1.40 1.05 2.00 0.014 1.10 1.10 1.20 0.875 0.483
(median [IQR]) [0.90-2.25]  [0.65-1.60] [1.15-4.35] [0.85-1.95] [0.90-2.00] [0.80-1.93]

Residual tumor, (n, 27 (57.4%) 11 (40.7%) 16 (80.0%) 0.009 24 (61.5%) 15(62.5%) 9 (60.0%) 0.876 0.826
%)

Maximum residual 1471+11.42 12.25+6.92 16.23+13.53  0.689  11.35+820 12.92+9.77 9.00+4.69 0.588 0.187
tumor size, mm,

(mean=+SD)

Remission, (n, %) 17 (36.2%) 14 (51.9%) 3 (15.0%) 0.006 15(38.5%) 9(37.5%) 6 (40.0%) 0.876 1.000
TSH deficit, n (%) 10 (21.3%)  6(22.2%) 4 (20.0%) 1.000 8 (20.5%) 5(20.8%) 3 (20.0%) 0.950 1.000
ACTH deficit, n (%) 9 (19.1%) 5 (18.5%) 4 (20.0%) 1.000 6 (15.4%) 4 (16.7%) 2 (13.3%) 0.779 0.778
FSH/LH deficit, n 12 (25.5%)  6(22.2%) 6 (30.0%) 0.737 11 (28.2%) 8(33.3%) 3(20.0%) 0.368 0.811
(%)

AVP deficit, n (%) 5(10.6%) 2 (7.4%) 3 (15.0%) 0.638  7(17.9%) 6 (25.0%) 1 (6.7%) 0.147 0.365
Hypopituitarism, n 18 (38.3%) 11 (40.7%) 7 (35.0%) 0.688 13(33.3%) 9(37.5%) 4 (26.7%) 0.485 0.659
(%)

Recurrence, n (%) 1(2.1%) 1 (3.7%) 0(0.0%) 1.000 2 (5.1%) 2 (8.3%) 0(0.0%) 0.251 0.588
Second-line

treatment

SSA, n (%) 21 (44.7%) 11 (40.7%) 10 (50.0%) 0.566  22(56.4%) 13 (54.2%) 9 (60.0%) 0.721 0.386
Cabergoline, n (%) 2 (4.3%) 0(0.0%) 2 (10.0%) 0.176 7 (17.9%) 4 (16.7%) 3(20.0%) 0.792 0.073
Reoperation, n (%) 6 (12.8%) 2 (7.4%) 4 (20.0%) 0379  2(5.1%) 2 (8.3%) 0 (0.0%) 0.251 0.283
Gamma knife, n (%) 2 (4.3%) 0 (0.0%) 2 (10.0%) 0.176 0 (0.0%) 0 (0.0%) 0(0.0%) — 0.498
Conventional RT, 1(2.1%) 0 (0.0%) 1 (5.0%) 0.426  0(0.0%) 0 (0.0%) 0(0.0%) 1.000
n (%)

Follow - up

Remission at last fol- 41 (87.2%) 26 (96.3%) 15 (75.0%) 0.070  37(94.9%) 23(95.8%) 14(93.3%) 0.731 0.283
low up, n (%)

GH, ng/mL, (median  0.50 0.33 0.80 0.023  0.60 0.60 0.60 0.718 0.655
[IQR]) [0.30-1.20]  [0.20-0.88]  [0.42-1.95] [0.30-121] [0.26-1.40]  [0.30-0.80]
IGF-1, ng/mL, 141 132.00 187.00 0.034 154 144 163 0.341 0.594
(median [IQR]) [93.8-204]  [88.00-175.00] [103.25— [110-220]  [104-213]  [111-228]

315.00]
IGF-1, %ULN, 0.60 0.50 0.70 0.106  0.70 0.60 0.70 0.805 0.678
(median [IQR]) [0.40-0.80]  [0.40-0.80]  [0.50-1.05] [0.40-0.80] [0.43-0.80]  [0.30-0.80]

Follow up duration,  10.14+4.25 10.76+4.14 9.23+4.30 0282  9.33+4.40  9.27+4.00 9.42+5.12 0.840 0.284
years (mean+ SD)

ACTH adrenocorticotropic hormone, AVP arginine vasopressin, BMI body mass index, CK8/18 cytokeratin 8/18, FSH follicle-stimulating
hormone, GH growth hormone, /GF-1 insulin-like growth factor-1, PRL prolactin, RT radiotherapy, SS4 somatostatin analog, 7SH thyroid-
stimulating hormone
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Table 2 Comparison of baseline, imaging, histopathological, and postoperative characteristics between patients with and without early postopera-

tive remission

Variable Post-op remission (n=32) Post-op non-remission (n=>58) P value
Age, years (mean+SD) 43.78+10.88 38.98+11.67 0.052
Gender, female, n (%) 20 (62.5%) 38 (65.5%) 0.775
BMI, kg/m? (mean=+SD) 28.34+4.18 28.41+3.84 0.927
Preoperation

GH, ng/mL, (median [IQR]) 7.0 [3.88-8.0] 12.0 [4.23-24.55] 0.026
IGF-1, ng/mL (median [IQR]) 712 [518.3-910.3] 892.5 [545-1353.8] 0.096
IGF-1, %ULN, (median [IQR]) 2.20 [1.68-3.63] 2.85[1.60-4.30] 0.291
Nadir GH, ng/mL, (median [IQR]) 4.15[1.70-13.05] 4.70 [2.50-17.00] 0.626
PRL, ng/mL, (median [IQR]) 15.6 [10.80-20] 28 [15.23-69] 0.004
PRL>200 ng/mL, n (%) 1(3.1%) 2 (3.4%) 1.000
PRL>100 ng/mL, n (%) 2 (6.3%) 10 (17.2%) 0.201
TSH deficit, n (%) 3(9.4%) 10 (17.2%) 0.366
ACTH deficit, n (%) 1 (3.1%) 8 (13.8%) 0.150
FSH/LH deficit, n (%) 10 (31.3%) 19 (32.8%) 1.000
Hypopituitarism, n (%) 12 (37.5%) 26 (44.8%) 0.656
Imaging

Maximum tumor size, mm, (mean=SD) 13.34+7.54 22.26+11.75 <0.001
Tumor volume, cm?, (median [IQR]) 0.51 [0.11-1.00] 1.74 [0.65-6.68] <0.001
Macroadenoma, n (%) 23 (71.9%) 54 (93.1%) 0.011
Knosp score, n (%) <0.001
0 20 (62.5%) 9 (15.5%)

1 7 (21.9%) 15 (25.9%)

2 3(9.4%) 16 (27.6%)

3 2 (6.3%) 9 (15.5%)

4 0(0.0%) 9 (15.5%)

Optic chiasm compression, n (%) 3(9.4%) 29 (50.0%) <0.001
Cavernous sinus invasion, n (%) 2 (6.3%) 18 (31.0%) 0.007
Sphenoid sinus invasion, n (%) 4 (12.5%) 18 (31.0%) 0.072
T2-MRI hypointensity, n (%) 21 (65.6%) 20 (34.5%) 0.008
Histopathology

Mitotic index, (median [IQR]) 0[0-1] 0[0-1] 0.851
Ki 67 index, %, (mean+ SD) 3.03+1.93 4.19+3.02 0.087
Ki 67 > 10%, (n, %) 0(0.0%) 5(8.6%) 0.156
Perinuclear CK8/18 staining, (n, %) 20 (62.5%) 25 (43.1%) 0.123
Dens granulated somatotrophs, n (%) * 14 (82.3%) 13 (43.3%) 0.012
Mammosomatotrophs, n (%) ** 9 (60.0%) 15 (62.5%) 0.876
Postoperation

GH, ng/mL, (median [IQR]) 0.90 [0.25-1.25] 2.30[1.15-4.95] <0.001
IGF-1, ng/mL, (median [IQR]) 151 [116-232] 470 [369.5-665.5] <0.001
IGF-1, %ULN, (median [IQR]) 0.80 [0.55-1.00] 1.90 [1.40-2.75] <0.001
Residual tumor, (n, %) 2(6.3%) 51 (87.9%) <0.001
Maximum residual tumor size, mm, (mean=+SD) — 13.02+9.89 —
TSH deficit, n (%) 5 (15.6%) 13 (22.4%) 0.585
ACTH deficit, n (%) 3(9.4%) 1(1.7%) 0.240
FSH/LH deficit, n (%) 5 (15.6%) 20 (34.5%) 0.084
AVP deficit, n (%) 2 (6.3%) 10 (17.2%) 0.201
Hypopituitarism, n (%) 7 (21.9%) 26 (44.8%) 0.040
Recurrence, n (%) 2 (6.3%) 1 (1.7%) 0.287
Follow - up

Remission at last follow up, n (%) 32 (100.0%) 47 (81.0%) 0.007
GH, ng/mL, (median [IQR]) 0.30 [0.11-0.73] 0.80 [0.38-1.63] <0.001
IGF-1, ng/mL, (median [IQR]) 133.5[90.9-162.3] 174 [108.3-240.3] 0.006
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Table 2 (continued)

Variable Post-op remission (n=32) Post-op non-remission (n=>58) P value
IGF-1, %ULN, (median [IQR]) 0.50 [0.40-0.70] 0.70 [0.50-1.00] 0.008
Follow up duration, years (mean+ SD) 9.75+4.66 9.60+4.15 0.909

ACTH adrenocorticotropic hormone, 4VP arginine vasopressin, BMI body mass index, CK8/18 cytokeratin 8/18, F'SH follicle-stimulating hor-
mone, GH growth hormone, /GF-1 insulin-like growth factor-1, PRL prolactin, RT radiotherapy, 7SH thyroid-stimulating hormone

*Analyses were performed for n=47

**Analyses were performed for n=39

staining (OR 4.500, 95% CI 1.238-16.351, p=0.022) were
significantly associated with SSA response. In the multivari-
able model, both perinuclear CK8/18 staining (OR 4.839,
95% CI 1.198-19.540, p=0.027) and T2-MRI hypointen-
sity (OR 5.464, 95% CI 1.284-23.250, p=0.022) were inde-
pendently associated with SSA response.

In correlation analyses, tumor volume did not show sig-
nificant correlations with baseline GH, PRL and IGF-1 in
overall cohort. (rho=0.201, p=0.065; tho=0.126, p=0.132,
rho=0.105, p=0.343, respectively). Similarly, no signifi-
cant correlations were observed between tumor volume and
GH (tho=0.112, p=0.480), IGF-1 (rho=-0.056, p=0.719),
or PRL (rho=0.158, p=0.290) in the GH-only tumor sub-
group. In contrast, within the GH/PRL tumor subgroup,
tumor volume correlated positively with both baseline PRL
(tho=0.395, p=0.013) and GH (tho=0.348, p=0.035),
whereas no significant association was found with IGF-1
(rho=0.268, p=0.108).

Discussion

In our study, GH-only adenomas accounted for 52.2% of
cases, GH/PRL adenomas for 43.3%, and other PIT-1 lin-
eage tumors for 4.4%. Patients with GH/PRL adenomas
exhibited significantly higher Ki-67 indices, indicating
greater proliferative activity, but surgical remission rates
were comparable between GH/PRL and GH-only groups.
Interestingly, GH/PRL adenomas showed a tendency toward
higher SSA responsiveness.

In the most recent WHO classification, pituitary adeno-
mas are categorized according to their cell lineage (PIT-1,
TPIT, and SF1) [17]. While transcription factor staining
provides important information for broad tumor classi-
fication, PIT-1 immunopositivity alone does not distin-
guish between GH-only and GH/PRL adenomas, as both
share this lineage marker. Although not yet completely
established, estrogen receptor alpha (ERa) is included in
the WHO classification as a transcription factor to further
differentiate pure GH from GH/PRL adenomas. However,
ERa staining was not available in our series, and therefore
tumor subclassification was based on hormonal immuno-
reactivity alone. While the pathological definition of GH/

PRL adenomas is established within the most recent WHO
classification, there is currently no universally accepted
clinical and biochemical criteria of GH/PRL adenomas,
and reported prevalence varies widely depending on the
criteria used [18]. Our classification was based exclusively
on PRL immunoreactivity, independent of serum PRL lev-
els. In our cohort, the GH/PRL group represented 43.3%
of cases consistent with other IHC-based series reporting
24-43.6% [2, 3, 19, 20], but exceeding estimates from
studies requiring concomitant serum PRL elevation [7, 8,
21] This lack of consensus is mainly due to the difficulty
in distinguishing true cosecretion from hyperprolactinemia
secondary to stalk effect. Some authors have suggested a
PRL cut-off > 100 ng/mL as indicative of adenoma secre-
tion [4], whereas the Pituitary Society consensus empha-
sizes that PRL < 200 ng/mL is less likely to reflect true
secretion [22]. Both thresholds remain imperfect: tumors
with stalk effect may exceed 100 ng/mL, and some genu-
ine cosecreting adenomas may present with normal PRL
levels. In our series, median PRL levels were significantly
higher in GH/PRL adenomas compared with GH-only ade-
nomas, however when applying cut-offs, 13.3% of patients
had PRL > 100 ng/mL; significantly more frequent in GH/
PRL group than in GH-only group (25.6% vs. 4.3%, p =
0.010) whereas only 3.3% had PRL > 200 ng/mL, with no
significant group differences.

In our cohort, the mean age at diagnosis was 40 years,
and females accounted for approximately 64.4% of cases.
No significant age or sex differences were observed between
GH-only and GH/PRL adenomas. Some earlier reports sug-
gested that GH/PRL adenomas tend to occur in younger
patients, particularly in those with childhood-onset gigan-
tism [9], and that acromegaly with hyperprolactinemia may
present 3—5 years earlier than GH-only adenomas [7, 8].
A recent multicenter study from Spain reported a younger
mean age in GH/PRL compared with GH-only adenomas
(43.5 vs. 50.1 years, p = 0.006) [21] Regarding gender, a
large cohort of 529 patients found a higher proportion of
females in acromegaly with hyperprolactinemia compared
with those with normal PRL (64.7% vs. 50%, p =0.001) [7].
However, IHC-based series failed to confirm such differ-
ences, reporting similar age and gender distribution across
GH-only and GH/PRL adenomas [2, 3, 19, 23].
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Table 3 Comparison of baseline, imaging, histopathological, and postoperative characteristics between patients with and without SSA response

Variable SSA responders (n=25) SSA non-responders (n=20)

Age, years (mean+SD) 40.0+8.9 345123 0.027
Gender, female, n (%) 16 (64.0%) 15 (75.0%) 0.428
BMI, kg/m? (mean =+ SD) 29.2+4.2 27.4+3.8 0.220
Preoperation

GH, ng/mL, (median [IQR]) 7.412.0-19.9] 11.2 [4.5-26.0] 0.272
IGF-1, ng/mL (median [IQR]) 591 [447-1313] 1055 [790-1800] 0.040
IGF-1, %ULN, (median [IQR]) 2.5[1.5-4.5] 3.0[2.1-4.0] 0.628
Nadir GH, ng/mL, (median [IQR]) 2.7 [2.1-4.5] 16.9 [2.7-18.1] 0.142
PRL, ng/mL, (median [IQR]) 28.0[18.5-101.5] 25.4 [15.0-48.3] 0.326
PRL>200 ng/mL, n (%) 2 (8.0%) 0(0.0%) 0.495
PRL>100 ng/mL, n (%) 7 (28.0%) 1 (5.0%) 0.059
TSH deficit, n (%) 3 (12.0%) 6 (30.0%) 0.157
ACTH deficit, n (%) 3 (12.0%) 4 (20.0%) 0.682
FSH/LH deficit, n (%) 6 (24.0%) 10 (50.0%) 0.117
Hypopituitarism, n (%) 10 (40.0%) 12 (60.0%) 0.236
Imaging

Maximum tumor size, mm, (mean=SD) 18.1+10.8 24.0+9.2 0.010
Tumor volume, cm?, (median [IQR]) 0.71 [0.43-3.43] 3.58 [1.28-9.30] 0.033
Macroadenoma, n (%) 21 (84.0%) 20 (100.0%) 0.117
Knosp score, n (%) 0.061
0 8(32.0%) 2 (10.0%)

1 8 (32.0%) 3 (15.0%)

2 5(20.0%) 8 (40.0%)

3 1 (4.0%) 5(25.0%)

4 3 (12.0%) 2 (10.0%)

Optic chiasm compression, n (%) 10 (40.0%) 10 (50.0%) 0.557
Cavernous sinus invasion, n (%) 4 (16.0%) 7 (35.0%) 0.176
Sphenoid sinus invasion, n (%) 6 (24.0%) 6 (30.0%) 0.741
T2-MRI hypointensity, n (%) 14 (56.0%) 4 (20.0%) 0.018
Histopathology

Mitotic index, (median [IQR]) 0[0-1] 0[0-1] 0.304
Ki 67 index, %, (mean+SD) 3.52+2.14 5.80£3.76 0.041
Ki 67 > 10%, (n, %) 0 (0.0%) 4 (20.0%) 0.033
Perinuclear CK8/18 staining, n (%) 15 (60%) 5(25.0%) 0.034
Dens granulated somatotrophs, n (%) * 7 (87.5%) 3 (23.1%) 0.020
Mammosomatotrophs, n (%) ** 11 (73.3%) 2 (28.6%) 0.074
Postoperation

GH, ng/mL, (median [IQR]) 1.7 [1.0-2.5] 2.5[1.4-6.0] 0.059
IGF-1, ng/mL, (median [IQR]) 381 [312-436] 553 [424-680] 0.004
IGF-1, %ULN, (median [IQR]) 1.6 [1.1-1.9] 2.0[1.3-2.9] 0.138
Residual tumor, (n, %) 18 (72.0%) 7 (35.0%) 0.059
Maximum residual tumor size, mm, (mean+SD) 8.1+£7.2 13.8£9.0 0.005
TSH deficit, n (%) 6 (24.0%) 5(25.0%) 1.000
ACTH deficit, n (%) 4 (16.0%) 4 (20.0%) 1.000
FSH/LH deficit, n (%) 6 (24.0%) 8 (40.0%) 0.336
AVP deficit, n (%) 5(20.0%) 3 (15.0%) 0.716
Hypopituitarism, n (%) 9 (36.0%) 10 (50.0%) 0.379
Follow - up

Remission at last follow up, n(%) 25 (100.0%) 14 (70.0%) 0.005
GH, ng/mL, (median [IQR]) 0.70 [0.30-1.35] 1.15[0.56-3.05] 0.093
IGF-1, ng/mL, (median [IQR]) 155 [92-188] 191 [111-424] 0.049
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Table 3 (continued)

Variable

SSA responders (n=25)

SSA non-responders (n=20)

IGF-1, %ULN, (median [IQR])
Follow up duration, years (mean=SD)

0.70 [0.40-0.85]
11.02+4.00

0.70 [0.33-1.10]
8.25+3.31

0.687
0.035

ACTH adrenocorticotropic hormone, AVP arginine vasopressin, BMI body mass index, CK8/18 cytokeratin 8/18, F'SH follicle-stimulating hor-
mone, GH growth hormone, /GF-1 insulin-like growth factor-1, PRL prolactin, RT radiotherapy, 7SH thyroid-stimulating hormone

*Analyses were performed for n=21

**Analyses were performed for n=22

Regarding hormonal parameters, baseline GH, nadir GH,
IGF-1, and IGF-1 index values did not differ significantly
between groups in our cohort, and the prevalence of hypo-
pituitarism remained comparable. Previous studies have
reported inconsistent findings in patients with GH/PRL
adenomas. Some series described significantly higher serum
IGF-1 and GH levels, including higher nadir GH values dur-
ing OGTT, in dual-staining adenomas [3, 17, 21], whereas
others did not detect baseline differences across histologi-
cal subtypes [19, 23]. In contrast, higher baseline GH levels
were observed in some cohorts of patients without hyperp-
rolactinemia [8].

No differences in tumor diameter or prevalence of inva-
sive disease were observed between GH-only and GH/PRL
adenomas in our series. These results contrast with some
serum-based series suggesting larger and more invasive
GH/PRL adenomas [7, 8], though IHC-based studies have
reported more variable findings [2, 3, 19, 20]. A likely
explanation for these conflicting findings lies in the varying
proportions of mammosomatotroph tumors included across
studies. Lv et al. showed that mixed somatotroph-lactotroph
adenomas are aggressive tumors, typically associated with
larger size, greater invasiveness, and lower biochemical
remission rates [2].

In our cohort, GH/PRL adenomas exhibited a signifi-
cantly higher mean Ki-67 index compared with GH-only
adenomas (4.31% vs. 3.45%, p=0.009), and the rate of
Ki-67>3% was also significantly more frequent in the GH/
PRL group (76.9% vs. 44.7%, p=0.003), though the rate
of Ki-67>10% did not differ significantly between groups
(2.6% vs. 8.5%, p=0.371). Importantly, Ki-67 status was
not significantly associated with postoperative remission or
SSA responsiveness in univariate or multivariate analyses.
Instead, classical clinical and radiological factors deter-
mined outcomes. For postoperative remission, optic chiasm
compression emerged as the only independently associated
factor (OR 0.212, 95% CI 0.049-0.910, p=0.037). Like-
wise, SSA response was primarily influenced by perinu-
clear CK8/18 staining (OR 4.839, 95% CI 1.198-19.540,
»=0.027) and T2-MRI hypointensity (OR 5.464, 95%
CI 1.284-23.250, p=0.022). These findings indicate that
Ki-67, although elevated in GH/PRL adenomas, does not
independently predict surgical or medical outcomes. Rather,

remission and treatment response in acromegaly are more
strongly determined by anatomical invasion, postoperative
hormonal levels, and cytokeratin staining patterns.
Whether PRL co-secretion in acromegaly influences sur-
gical and medical outcomes remains debated. In our cohort
of 90 patients, postoperative remission was achieved in
35.6% of cases overall, with SSA therapy administered to
50% of patients, among whom 55.6% achieved biochemical
response. This postoperative remission rate likely reflects
the challenging case mix of our tertiary referral center, pre-
dominantly composed of macroadenomas (84.4%) with
a high prevalence of cavernous sinus invasion and optic
chiasm compression, and is consistent with contemporary
large surgical series [24, 25]. Meta-analyses estimate an
overall pooled surgical remission rate of approximately
55%, decreasing to 29-37% in invasive macroadenomas
[26]. Initial postoperative remission rates were nearly iden-
tical between GH-only and GH/PRL groups. Although the
overall use of SSAs and adjunctive cabergoline was numeri-
cally higher in GH/PRL adenomas compared with GH-only
adenomas (56.4% vs. 44.7% and 17.9% vs. 4.3%, respec-
tively), these differences did not reach statistical signifi-
cance. Notably, SSA response rates showed a trend toward
being higher in patients with GH/PRL adenomas com-
pared with GH-only tumors (68.2% vs. 42.9%). However,
this association did not fully retain significance in logistic
regression analyses, suggesting that PRL positivity alone
may not independently predict SSA response. Some stud-
ies reported no significant differences in surgical remission
rates between GH/PRL and GH-only adenomas [8, 20, 27],
while others have suggested a less favorable prognosis for
GH/PRL adenomas [3, 7]. The largest cohort, the ACRO-
SPAIN study, which used a hybrid IHC and serum-based
definition, did not show worse surgical remission outcomes
in GH/PRL adenomas compared with GH-only adenomas
[21]. However, they reported that biochemical control with
preoperative SSA monotherapy was significantly poorer in
GH/PRL tumors [21]. In their cohort, 18% were resistant
to SSA, with predictors of non-response including Knosp
grade > 2 (OR 8.75, p = 0.003), higher GH at diagnosis (OR
1.02, p =0.031), and elevated postoperative GH levels (OR
1.05, p = 0.006) [28]. Importantly, in our cohort multimodal
management resulted in long-term biochemical control in
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87.2% of GH-only and 94.9% of GH/PRL patients at final
follow-up, rates comparable to contemporary multimodal
series [24, 25].

Beyond hormone co-expression, our data indicate that
granulation pattern is a key determinant of tumor behavior.
SGST consistently exhibited a more aggressive phenotype,
with larger tumor size, higher rates of cavernous sinus inva-
sion and optic chiasm compression, and markedly lower
rates of both surgical remission and SSA responsiveness.
These observations are consistent with recent literature
showing that SGST are generally associated with larger and
more invasive lesions, as well as poorer biochemical control
and reduced responsiveness to first-generation somatostatin
receptor ligands compared with DGST [6, 29].

Unlike prolactinomas, clear correlations have not been
established between the size of GH-producing adenomas
and serum GH levels [10, 22]. In our study, there was no
significant correlation between tumor volume and baseline
GH or IGF-1 in the full cohort, and only GH/PRL adeno-
mas showed a positive correlation with PRL. These findings
suggest that PRL may be a more reliable marker of tumor
burden in GH/PRL adenomas.

This study has several limitations. Its retrospective,
single-center design introduces potential selection bias and
limits generalizability, although the uniformity of surgical
expertise, perioperative decision-making, and postopera-
tive management across the cohort represents a correspond-
ing methodological strength. Although our sample size is
comparable to many published series, it remains relatively
modest for subgroup analyses, particularly for the small
and heterogeneous “other” tumor group. T2-weighted MRI
signal intensity was assessed qualitatively rather than by
standardized quantitative measures, which may have intro-
duced interobserver variability. Finally, SSTR2 and ERa
immunohistochemistry were not available in our cohort,
limiting mechanistic interpretation of SSA responsive-
ness and lineage-specific characterization of GH/PRL co-
expressing subtypes.

In conclusion, although GH/PRL adenomas demon-
strated higher proliferative activity, this did not translate
into inferior surgical or medical outcomes compared with
GH-only tumors. Treatment response was primarily deter-
mined by anatomical and pathological features rather than
by hormone co-expression status alone. The observation
that PRL correlated with tumor burden exclusively in
GH/PRL adenomas further suggests subtype-specific bio-
marker utility.

These findings support individualized management strat-
egies guided by morphological and radiological characteris-
tics, and highlight the need for future studies incorporating
transcription factor profiling and receptor expression analy-
ses to refine prognostication in acromegaly.
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