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Abstract
Background

Pediatric Cushing's disease (CD) is rare, and long-term data on remission durability, morbidity reversal and
reoperation outcomes after transsphenoidal surgery (TSS), especially from South Asia, are scarce. We report
a single-center surgical cohort spanning 313 patient-years.

Methods

We retrospectively studied 37 consecutive children (< 18 years) who underwent TSS for CD at a tertiary
neurosurgical center, with a salvage subset of nine children analyzed separately: seven underwent repeat
transsphenoidal surgery and two bilateral adrenalectomy for disease. Pre- and post-operative biochemistry
was compared using the Wilcoxon signed-rank test, and recurrence was expressed per person-time with
Poisson confidence intervals.

Results

The median age at diagnosis was 14 years, and 54% of the patients were girls. Weight gain (86.5%) and
hypertension (40.5%) were the most common features. Microadenomas predominated (83.8%; median 6
mm), and gross-total excision was achieved in 94.6%. Initial remission after surgery was achieved in 31 of 37
children (83.8%); after salvage treatment, the final remission rate was 36 of 37 (97.3%). Serum cortisol fell
from 28.6 to 8.5 pg/dL and ACTH from 60.3 to 24.2 pg/mL (both p < 0.001). Over a median follow-up of 130
months (total 313 patient-years), the recurrence/progression rate was 0.96 per 100 patient-years.
Hypertension, diabetes, and obesity resolved in 75-85% of patients, menstrual cycles normalized in two-
thirds, and salvage achieved remission in eight of nine.

Conclusions

TSS achieves durable remission with low morbidity in pediatric CD patients. Reoperation with or without
radiotherapy salvages most children with persistent or recurrent disease; therefore, structured lifelong
surveillance is warranted.

INTRODUCTION

Cushing's disease (CD), caused by chronic hypercortisolism resulting from an adrenocorticotropic hormone
(ACTH)-secreting corticotroph pituitary adenoma, is the most common cause of endogenous Cushing's
syndrome beyond infancy but remains rare in childhood, with an incidence of approximately 5-10% of that in
adults [1,2].

Pediatric CD has distinct clinical characteristics, most notably weight gain with impaired linear growth, which
distinguishes it from simple childhood obesity. Other manifestations include virilization, pubertal delay,
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menstrual disturbances, neuropsychiatric symptoms, hypertension, glucose intolerance, impaired bone
mineralization, and reduced adult height if left untreated [1,3]. Unlike adults, pediatric CD demonstrates a
more balanced sex distribution, with relative male predominance in younger children, and most tumors are
small corticotroph microadenomas that are frequently difficult to localize on magnetic resonance imaging
(MRI) (3-5).

Diagnosis requires biochemical confirmation of hypercortisolism and ACTH dependence, followed by pituitary
localization using MRI and, when imaging is inconclusive, bilateral inferior petrosal sinus sampling [4,6].

Transsphenoidal surgery (TSS) remains the treatment of choice, achieving remission in 70-100% of children
when performed in experienced multidisciplinary centers [2,6—8]. Persistent or recurrent disease may require
repeat surgery, pituitary irradiation, bilateral adrenalectomy, or selected medical therapy (2, 6).

Despite several large pediatric surgical series from Europe, North America, and China, long-term outcome
data from South Asia remain scarce, particularly regarding durable remission, endocrine and metabolic
recovery, salvage surgery, and late recurrence [3,9]. Therefore, we evaluated the long-term outcomes of
pediatric CD following TSS in a tertiary Indian neurosurgical center over 313 patient-years of follow-up.

METHODS
Study design and participants

We performed a retrospective cohort study at a tertiary academic referral centre where pediatric pituitary
surgery is performed by a dedicated multidisciplinary team. Consecutive children (s 18 years) with
biochemically confirmed ACTH-dependent Cushing's disease (CD), supported by histopathology where
available, were identified from operative and endocrine records, and their medical records were reviewed. The
study cohort comprised 37 children with CD who underwent transsphenoidal surgery. Salvage outcomes were
analyzed separately in nine children, including seven who underwent repeat TSS and two who underwent
bilateral adrenalectomy for persistent or recurrent disease. Children with adrenal, ectopic, or exogenous
Cushing syndrome were excluded. Follow-up was censored at the most recent clinical visit.

Data collection

Data were extracted using a standardized proforma and included demographic, clinical, biochemical,
radiological, operative, histopathological, and follow-up variables. The clinical data comprised presenting
features, anthropometry, endocrine comorbidities, and bone mineral density, where available. Radiological
assessment included pituitary MRI findings (lesion visibility, size, and invasiveness), and inferior petrosal
sinus sampling was performed selectively for equivocal or discordant imaging. Operative variables included
the surgical approach, extent of resection, blood loss, perioperative complications, and postoperative
hormone replacement. Histopathological evaluation included ACTH and T-pit immunohistochemistry,
granulation pattern, and Ki-67 index. Follow-up data included clinical, biochemical, radiological, and treatment
outcomes.
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Definitions and statistical analysis

CD was diagnosed according to the accepted criteria for ACTH-dependent pituitary hypercortisolism.
Remission was defined by the final composite clinical, biochemical, and radiological status because
postoperative cortisol sampling was not standardized across the cohort. Persistent disease was defined as
failure to achieve sustained biochemical and clinical control after surgery; recurrence as disease re-
emergence after documented remission; and partial response as incomplete or discordant control. Tumors <
10 mm were classified as microadenomas, and cavernous sinus extension was graded using the Knosp-—
Steiner classification.

Continuous variables are presented as median (IQR) with range or frequency (%), as appropriate. Paired
hormone concentrations were compared using the Wilcoxon signed-rank test, continuous associations using
Spearman correlation, symptom clustering using tetrachoric correlation with hierarchical clustering, and
recurrence as events per 100 patient-years with exact Poisson confidence intervals. Missing data were
handled by complete-case analysis. Analyses were performed using R version 4.6.0, with two-sided p < 0.05
considered statistically significant. The study is reported according to the STROBE statement.

Ethics

The study was approved by the Institute Ethics Committee (approval no. AIIMSA1876/22.08.24) and
conducted in accordance with the institutional guidelines for retrospective research, the International Council
for Harmonization Good Clinical Practice (ICH-GCP), and the Indian Council of Medical Research (ICMR)
guidelines. Patient identifiers were removed before analysis, and consent requirements were obtained in
accordance with the approved protocol.

RESULTS

Cohort and follow-up (Table 1): Thirty-seven children underwent transsphenoidal surgery for Cushing disease.
Follow-up was available for 36 (97%) children, with a median duration of 130 months (range, 1-180 months),
providing 313 patient-years of observation for long-term outcome assessment.

Table 1. Baseline characteristics, clinical presentation, biochemistry, imaging and localisation (N=37).
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Variable

Demographics

Sex — female / male

Age at symptom onset, years
Age at diagnosis, years

Age at surgery, years

Diagnostic delay, years

Value

20 (54.1%) / 17 (45.9%)
13[11-15] (range 6-17.5)
14 [12-17] (range 7-18)
16 [13-17] (range 9-18)

1 (range 0-3)

Presenting features, n (%)
Weight gain
Truncal obesity
Skin striae
Hyperpigmentation
Hirsutism
Plethoric face
Proximal myopathy
Easy bruisability
Headache
Short stature / growth arrest
Fatigue
Acne
Psychiatric disturbance
Visual disturbance
Gynaecomastia
Galactorrhoea
Menstrual dysfunction (girls, n=19)
Comorbidities, n (%)
Hypertension
Diabetes
Hypothyroidism

Anthropometry and bone

Page 5/17

32 (86.5 %)
24 (64.9 %)
23 (62.2 %)
19 (51.4 %)
16 (43.2 %)
16 (43.2 %)
15 (40.5 %)
14 (37.8 %)
14 (37.8 %)
13 (35.1 %)
11 (29.7 %)
8(21.6 %)
4(10.8 %)
3(8.1%)
1(2.7 %)
1(2.7 %)
13 (68.4 %)

15 (40.5 %)
5(13.5 %)
4(10.8 %)




‘ Body mass index, kg/m?

‘ Osteoporosis / osteopenia (of n=10 assessed)

24.9 [21.6-27.7] (15.6-39.0; n=23) ‘
7 (70%) / 3 (30%)

Presentation and baseline characteristics of the study participants (Table 1). The cohort consisted

predominantly of adolescents, with a median diagnostic delay of one year. Weight gain, truncal obesity, and
skin striae were the predominant presenting features, whereas psychiatric and visual symptoms were rare.
Hypertension was the most frequent endocrine comorbidity, and reduced bone mineral density was present in

all children who underwent densitometry (Table 1).

Table 2. Key laboratory and imaging findings of the cohort (N=37).

Variable
Biochemical findings (median [IQR])
Pre-operative 0900 h Cortisol, pg/dL (RR 6.0-18.4)
Pre-operative ACTH, pg/mL (RR 7.2-63)
Imaging (3-Tesla MRI)
Microadenoma / macroadenoma / MRI negative
Discrete lesion visible
Maximum tumour dimension, mm
MRI evidence of local invasion
Knosp grade 0/ 1/ 2/ 3 (of n=34)
Localisation — venous sampling
Sampled
Central (pituitary) source

Lateralized / equivocal

Value

27.5[22.1-34.8] (n=37)
61.1[41.9-79.5] (n=34)

31(83.8%) /3 (8.1%) / 3 (8.1%)
34.(91.9)
Median 6 (range 1-16; n=34)

3 (8.1 %)
27/4/1/2
17/37 (45.9%)

13/17 (76.5%)
3/1

Biochemistry, imaging, and localization (Table 2): Biochemical evaluation confirmed ACTH-dependent
hypercortisolism in all children. MRl demonstrated a discrete pituitary lesion in most patients, predominantly
microadenomas, whereas inferior petrosal sinus sampling confirmed a central pituitary source in most
children undergoing evaluation. Radiological invasion was uncommon (Table 2 and supplementary Table S1).

Table 3. Operative details, peri-operative complications, histopathology and surgical outcome (N=37)
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Variable Value

Surgical approach and extent

Endoscopic / microscopic 24 (64.9%) / 13 (35.1%)
Gross-total / near-total excision 35(94.6%) / 2 (5.4%)
Estimated blood loss, mL 200 [100-300] (range 20-800)

Peri-operative complications, n (%)

Intra-operative CSF leak 10/35(28.6 %)
Post-operative CSF leak 1/36 (2.8 %)
Diabetes insipidus (transient) 10/37 (27.0 %)
Electrolyte imbalance 9/37 (24.3 %)
Visual deterioration / death 0/0

Histopathology and proliferation

ACTH-immunopositive 19/20

T-pit positive 5/6

MIB-1/Ki-67 index, % 1.5[1.0-4.5] (0.5-39; n=12)
Ki-67 > 3% 4/12 (33.3 %)

Surgical outcome, n (%)

Initial remission 31/37 (83.8%)
Final remission 36/37 (97.3%)
Persistence 1/37 (2.7%)
Partial / mixed 0

Paired biochemical change (Wilcoxon signed-rank)  pre — post; p

Serum cortisol, pg/dL (n=35 pairs) 28.6 — 8.5; p=4.1x10-°

Plasma ACTH, pg/mL (n=26 pairs) 60.3 — 24.2; p=2.7x10"5

(Note: CSF, cerebrospinal fluid. Complication denominators vary (n=35-37) because operative records were
incomplete for a small number of children; the paired biochemistry is restricted to children with both pre- and
post-operative values, so its baseline medians differ slightly from the full-cohort medians in Table 1. The single
tumour with a Ki-67 of 39% was a histologically confirmed, p53-negative aggressive corticotroph tumour).

Surgical and perioperative complications (Table 3): Gross-total resection was achieved in 94.6% of children.
Intraoperative CSF leak, transient diabetes insipidus, and electrolyte imbalance were the most frequent
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complications, whereas postoperative CSF leak was uncommon. No child experienced permanent visual
deterioration or perioperative mortality (Table 3).

Histopathology (Table 3): Histopathology confirmed corticotroph differentiation in 19 of 20 evaluable
tumours. Proliferative activity was generally low, although four tumours demonstrated Ki-67 indices >3%,
including one aggressive corticotroph tumour with a Ki-67 index of 39% (Table 3).

Surgical outcomes and biochemical responses (Table 3 & Figure 1): Initial remission was achieved in 31 of
37 children (83.8%). Following salvage treatment for persistent or recurrent disease, the final remission rate
increased to 97.3%. Paired analyses demonstrated significant postoperative reductions in serum cortisol and
plasma ACTH concentrations (both p<0.001; Figure 1).

Table 4. Long-term outcomes, endocrine recovery and recurrence

Variable Value

Follow-up
Duration, months (n=36) 130 [36-144] (range 1-180); mean 104
Total person-time 313.3 patient-years

Comorbidity resolution — improved / reassessed (%)

Hypertension 9/11 (82 %)
Diabetes 3/4 (75 %)
Obesity 23/27 (85 %)

Menstrual status at last follow-up (girls, n=12 classifiable), n (%)

Regular / resumed 8 (66.7 %)
Irregular / oligomenorrhoea 4(33.3%)
Persistent amenorrhoea 0(0)

Serial serum cortisol trajectory, ug/dL (n=9)
Pre-operative / post-operative / recent 22.3/33/7.4
Recurrence / progression
Events 3

Rate per 100 patient-years (95% CI) 0.96 (0.20-2.80)
Salvage cohort (n=9) — summary
Final remission / persistent 8/1

Adjuvant radiotherapy or gamma-knife; bilateral 3/9;2/9
adrenalectomy
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Long-term outcomes and recurrence (Table 4): During follow-up, hypertension, diabetes, obesity, and
menstrual dysfunction improved in most reassessed children. Three recurrences occurred during 313 patient-
years of observation, corresponding to a recurrence rate of 0.96 per 100 patient-years. Serial serum cortisol
measurements demonstrated sustained biochemical remission in most children.

Table 5. Salvage treatment and outcomes in children with persistent or recurrent Cushing's disease (n = 9).

ID Disease status (interval) Redo EETS Adjuvant treatment Final outcome
P1 Recurrence (at 8 mo) Yes x1 — Remission
P2 Recurrence (at 32 mo) Yes x1 - Remission
P3 Persistent Yes x1 Radiotherapy 50.4 Gy Persistent
P4 Persistent Yes x1 Gamma-knife Remission
PS5 Persistent Yes x1 Gamma-knife Remission
P6 Recurrence (at 24 mo) Yes x1 — Remission
P7 Persistent Yes x2 — Remission
P8 Persistent No Bilateral adrenalectomy  Remission
P9 Persistent No Bilateral adrenalectomy  Remission

Exploratory analyses and salvage treatment were performed (Table 5, Figure 2): Repeat transsphenoidal
surgery was the commonest salvage strategy, with radiotherapy, gamma-knife radiosurgery, or bilateral
adrenalectomy reserved for selected patients. Salvage treatment achieved remission in eight of nine children
(Table 5). Exploratory symptom clustering identified distinct catabolic, metabolic, and androgenic phenotypes,
with hyperpigmentation inversely associated with hirsutism (Figure 2; Supplementary Table S2).

Discussion

In this single-center series of 37 children with Cushing's disease, transsphenoidal surgery provided durable
long-term disease control, achieving a final remission rate of 97.3% with low morbidity and no perioperative
mortality. The prolonged follow-up of 313 patient-years demonstrated sustained biochemical remission,
substantial recovery of hypercortisolism-related comorbidities, and successful salvage in most children with
persistent or recurrent disease. Together, these findings reinforce the role of surgery as the primary treatment
for pediatric Cushing's disease in experienced multidisciplinary centers.

The demographic and clinical profiles of our cohort were comparable to those of contemporary pediatric
series. The near-equal sex distribution (54% girls) and median age at diagnosis of 14 years closely resemble
the largest prospective multisite cohort (56% females; median age 13 years) [3], consistent with the

disappearance of male predominance seen in younger children [1]. Weight gain remained the dominant
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presenting feature (86.5%), as consistently reported in previous studies [1,3]. Hypertension (40.5%),
dysglycemia (13.5%), and growth failure (35%) were less frequent than in predominantly prepubertal cohorts
[3,10,11], likely reflecting the predominantly adolescent composition of our series. The median diagnostic
delay of one year was shorter than the approximately two years reported in multicenter (3) and UK cohorts
(10), although retrospective ascertainment of symptom onset may have contributed to this finding.

Our final remission rate of 97.3% lies at the upper end of the 70—100% reported for pediatric CD (1, 2) and
approaches the 98% achieved in the National Institutes of Health (NIH) series (7). Comparable long-term
outcomes have been reported in China (81.8%) (12), the United Kingdom (76%) (10), and the University of
Virginia, where remission increased from 76% after primary surgery to 91% after salvage treatment (13).
Lower rates have been observed in cohorts enriched with macroadenomas (5). Marked postoperative
reductions in serum cortisol (28.6 to 8.5 ug/dL) and plasma ACTH (60.3 to 24.2 pg/mL) confirmed effective
corticotroph ablation, while the low persistent disease rate (2.7%) likely reflected successful salvage
treatment. Together with the prolonged follow-up, these findings further support the current
recommendations favoring management in experienced multidisciplinary pituitary centers (4, 6).

Radiological—pathological discordance was one of the most notable findings. MRI identified a discrete lesion
in 92% of children, whereas histological confirmation of adenoma was obtained in only 53%, with normal
pituitary tissue identified in 47% of cases. Similar discrepancies have been recognized in previous pediatric
series, where MRI detection ranges from 43% to 87%, despite higher histological confirmation rates (3, 9, 12,
14-16). Inferior petrosal sinus sampling confirmed a central pituitary source in 77% of the sampled children
but showed limited lateralizing accuracy, consistent with previous reports [17,18]. The lack of correlation
between cortisol concentration and tumor size further reflects the predominance of functioning
microadenomas. Although proliferative activity was generally low, one-third of tumors demonstrated a Ki-67
index = 3%, comparable with previous pediatric studies [14], while one tumor exhibited a Ki-67 index of 39%,
indicating aggressive biological behavior [19,20]. These findings highlight that successful management
requires integration of biochemical, radiological, and intraoperative assessments, as histologically normal
tissue does not exclude remission [3,7,17].

The perioperative outcomes of our cohort further support the safety of transsphenoidal surgery for pediatric
CD when performed in experienced multidisciplinary centers. Contemporary pooled analyses have reported an
overall complication rate of approximately 23% (21). Transient diabetes insipidus (27.0%) and intra-operative
cerebrospinal fluid (CSF) leak (28.6%) were the most frequent complications and exceeded pooled estimates
of approximately 13% (21) and the benchmarked incidence of postoperative hyponatremia (13.3%) (22).
However, only one child (2.8%) developed a persistent postoperative CSF leak, all cases of diabetes insipidus
resolved, and there were no instances of visual deterioration or perioperative mortality. The relatively high
intraoperative CSF leak rate likely reflects the extensive exploration required to localize small, frequently MRI-
discordant corticotroph microadenomas. Overall, our findings are comparable with those of recent pediatric
studies (10, 23) and reinforce the evidence that endoscopic and microscopic transsphenoidal surgeries have
similar safety profiles when performed in specialized centers [10,21,24,25].

The extended follow-up period represents a major strength of this study, permitting a robust assessment of
durable remission and recurrence. The extended follow-up of 130 months (313 patient-years) allowed
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assessment of late recurrences and long-term endocrine recovery, outcomes that are often incompletely
captured in shorter pediatric series. Our recurrence rate (0.96 per 100 patient-years) lies at the lower end of
that reported in comparable pediatric cohorts [2,3,9,12,14]. The marked postoperative decline followed by
gradual recovery of serum cortisol is consistent with the progressive restoration of hypothalamic—pituitary—
adrenal axis function and supports the need for lifelong biochemical surveillance after apparent cure (9, 11).
Hypercortisolism-related morbidity improved substantially, with hypertension, diabetes, obesity, menstrual
dysfunction, and reduced bone mineral density showing favorable recovery, consistent with previous pediatric
studies demonstrating the reversal of metabolic, cardiovascular, skeletal, and gonadal sequelae following
biochemical remission (3, 9, 26, 27). To our knowledge, this represents one of the longest reported
contemporary pediatric Cushing's disease surgical series from South Asia, with 313 patient-years of follow-up,
providing clinically relevant data on durable remission, recurrence, and long-term endocrine recovery. Growth
outcomes could not be evaluated because height standard deviation scores and growth velocity were
unavailable, despite their importance in pediatric CD (1, 9, 11).

Previous studies have identified adenoma identification, ACTH immunopositivity, absence of invasion, and
postoperative morning cortisol levels < 1 pug/dL as the strongest predictors of durable remission (7, 28).
Consistent with comparative studies, we observed no meaningful advantage of endoscopic over microscopic
surgery regarding remission, recurrence, or complications, apart from shorter hospitalization after endoscopic
surgery (29). Although endoscopy provides superior illumination and a wider panoramic view, these
advantages may be attenuated in pediatric patients because of a narrower nasal corridor, variable sphenoid
sinus pneumatization, and smaller sellar anatomy, which can make surgical exposure and instrument
manoeuvrability more challenging, particularly in younger children (24, 25). Consequently, when surgery is
performed in experienced multidisciplinary pituitary centres, remission appears to depend more on accurate
tumour localisation and surgical expertise than on the operative approach itself. The exploratory symptom co-
occurrence analysis identified distinct catabolic—metabolic and androgenic phenotypes, with
hyperpigmentation inversely associated with hirsutism, a finding that requires validation in larger cohorts [3].
Salvage treatment achieved remission in eight of nine children, supporting the established roles of repeat
surgery, radiotherapy, stereotactic radiosurgery, and bilateral adrenalectomy for persistent or recurrent
diseases [2,6,20,30]. Although invasive tumors were uncommon (8.1%), all patients achieved remission
despite the recognized adverse prognostic impact of cavernous sinus invasion (13, 14).

The principal strengths of this study are its regional size, exceptionally long follow-up, comprehensive
assessment of recovery outcomes, and conservative statistical approach without data imputation.

Limitations include the retrospective single-center design, limited outcome events, incomplete endocrine and
molecular data, absence of detailed growth assessment and complete clinicopathological grading, reliance on
a composite remission definition, and predominance of adolescent patients. Because the study spanned a
prolonged recruitment period, immediate postoperative cortisol sampling was not standardized throughout
the cohort; consequently, remission was defined using a composite clinical, biochemical, and radiological
assessment rather than a uniform early postoperative cortisol threshold. Prospective multicenter studies with
standardized endocrine assessments and outcome measures are required to validate these findings.

Conclusion
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Transsphenoidal surgery provides durable long-term remission with low morbidity in pediatric Cushing's
disease when performed in experienced multidisciplinary pituitary centres. Although localization of small
corticotroph adenomas remains challenging because of frequent radiological-histopathological discordance,
excellent long-term disease control is achievable, and repeat surgery with selective adjuvant therapy
effectively salvages most children with persistent or recurrent disease. Our findings reinforce the importance
of referral to specialised pituitary centres and lifelong clinical, biochemical, and radiological surveillance to
optimise long-term outcomes.
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Figure 1

Paired biochemical response following transsphenoidal surgery for pediatric Cushing disease. (A) Paired pre-
and postoperative serum cortisol concentrations. (B) Paired preoperative and postoperative plasma ACTH
concentrations. In panels A and B, individual patients are connected by gray lines, and boxplots represent the
median and interquartile range. The ACTH axis in panel B was truncated at 150 pg/mL for clarity.
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Figure 2

Exploratory symptom correlation heatmap in pediatric Cushing's disease. Pairwise tetrachoric correlation
coefficients with hierarchical clustering demonstrated co-occurrence patterns among the presenting clinical
features. Positive correlations are shown in blue and negative correlations are shown in red. Distinct catabolic-
metabolic and androgenic symptom clusters were identified, with an inverse association between
hyperpigmentation and hirsutism. This exploratory analysis was hypothesis-generating and requires validation in
larger cohorts.
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