
Vol.:(0123456789)1 3

Pituitary (2021) 24:523–529 
https://doi.org/10.1007/s11102-021-01128-5

Neural network modeling for prediction of recurrence, progression, 
and hormonal non‑remission in patients following resection 
of functional pituitary adenomas

Shane Shahrestani1,2  · Tyler Cardinal1 · Alexander Micko1,3 · Ben A. Strickland1 · Dhiraj J. Pangal1 · 
Guillaume Kugener1 · Martin H. Weiss1 · John Carmichael1 · Gabriel Zada1

Accepted: 16 January 2021 / Published online: 2 February 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC part of Springer Nature 2021

Abstract
Purpose Functional pituitary adenomas (FPAs) cause severe neuro-endocrinopathies including Cushing’s disease (CD) and 
acromegaly. While many are effectively cured following FPA resection, some encounter disease recurrence/progression or 
hormonal non-remission requiring adjuvant treatment. Identification of risk factors for suboptimal postoperative outcomes 
may guide initiation of adjuvant multimodal therapies.
Methods Patients undergoing endonasal transsphenoidal resection for CD, acromegaly, and mammosomatotroph adenomas 
between 1992 and 2019 were identified. Good outcomes were defined as hormonal remission without imaging/biochemical 
evidence of disease recurrence/progression, while suboptimal outcomes were defined as hormonal non-remission or MRI 
evidence of recurrence/progression despite adjuvant treatment. Multivariate regression modeling and multilayered neural 
networks (NN) were implemented. The training sets randomly sampled 60% of all FPA patients, and validation/testing sets 
were 20% samples each.
Results 348 patients with mean age of 41.7 years were identified. Eighty-one patients (23.3%) reported suboptimal outcomes. 
Variables predictive of suboptimal outcomes included: Requirement for additional surgery in patients who previously had 
surgery and continue to have functionally active tumor (p = 0.0069; OR = 1.51, 95%CI 1.12–2.04), Preoperative visual deficit 
not improved after surgery (p = 0.0033; OR = 1.12, 95%CI 1.04–1.20), Transient diabetes insipidus (p = 0.013; OR = 1.27, 
95%CI 1.05–1.52), Higher MIB-1/Ki-67 labeling index (p = 0.038; OR = 1.08, 95%CI 1.01–1.15), and preoperative low cor-
tisol axis (p = 0.040; OR = 2.72, 95%CI 1.06–7.01). The NN had overall accuracy of 87.1%, sensitivity of 89.5%, specificity 
of 76.9%, positive predictive value of 94.4%, and negative predictive value of 62.5%. NNs for all FPAs were more robust 
than for CD or acromegaly/mammosomatotroph alone.
Conclusion We demonstrate capability of predicting suboptimal postoperative outcomes with high accuracy. NNs may aid 
in stratifying patients for risk of suboptimal outcomes, thereby guiding implementation of adjuvant treatment in high-risk 
patients.
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Introduction

Pituitary adenomas comprise approximately 15% of all 
primary central nervous system neoplasms [1, 2]. Accord-
ing to a meta-analysis of Ezzat et al. PRL cell adenomas 
account for 30–60%, followed by non-functioning adeno-
mas (14–55%), GH cell adenomas (8–15%), ACTH cell 
adenomas (2–6%) and TSH cell adenomas (< 1%) [3]. 
The majority of functional pituitary adenomas (FPAs) 
are prolactinomas, followed by somatotroph adenomas, 
corticotroph adenomas, thyrotroph adenomas, and rare 
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functional gonadotroph adenomas [4]. While these tumors 
are almost always histologically benign, hormonal overse-
cretion is associated with significant morbidity and mor-
tality in patients with FPAs [5–7]. Additionally, FPAs may 
exert mass effect on local neurovascular structures that can 
also significantly affect patient quality of life [7]. First-line 
therapy for non-prolactinoma FPAs is often transsphenoidal 
resection, which has been shown to be highly effective for 
tumor eradication and long-term hormonal remission, par-
ticularly in patients with Cushing’s disease and acromegaly 
[5–9]. Specifically, endoscopic endonasal resection has been 
shown to be at least as effective as the traditional micro-
scopic technique in leading to long-term remission with low 
complication rates [10–15].

While current literature extensively highlights the effec-
tiveness and safety of endoscopic endonasal surgery, predic-
tive factors for patient outcomes remain elusive, and would 
be useful to help guide postoperative adjuvant treatment 
including medical and radiation-based therapy. Studies have 
proposed the use of presenting patient symptoms including 
vision loss [16], tumor characteristics including size and 
invasion [9, 17–19], and pre- and postoperative endocrine 
lab values [9, 20] to predict long-term hormonal remission 
and tumor control. A recent systematic review of endoscopic 
pituitary surgery outcomes found older age to be predictive 
of postoperative complications, but suggested the need for 
more comprehensive data [21]. Another study created an 
algorithm for predicting recurrence and hormonal remis-
sion after endoscopic endonasal resection for treatment of 
Cushing’s disease, yet suggested no single factor that could 
reliably predict outcomes [22]. The majority of current 
studies, however, lack consensus pertaining to predictors of 
outcomes in patients with FPAs. In this study, we examine 
outcomes in 348 cases of FPAs resected via microscopic and 
endoscopic endonasal transsphenoidal surgery (ETS) with 
long tern follow-up at a tertiary care center.

The aim of this study was to use multivariate analysis 
and NNM to determine reliable predictors of postoperative 
complications and patient outcomes to aid in physician and 
patient decision making.

Methods

Patient sample

This was a single center, Institutional Review Board (IRB 
HS-11-00,702) approved study. A retrospective chart 
review was conducted for all patients who underwent 
endonasal transsphenoidal resection of an FPA, including 
GH-secreting adenomas (acromegaly), ACTH-secreting 
adenomas (Cushing’s disease), and mammosomatotroph 
(growth hormone + prolactin) adenomas. All patients with 

nonfunctioning or silent pituitary adenomas were excluded, 
as well as all patients with non-transsphenoidal tumor resec-
tion. Variables collected through chart review included 
patient demographics, presenting clinical symptoms, pre-
operative exam findings, history of prior treatment, tumor 
characteristics and immunostaining, tumor invasion, extent 
of resection, cerebrospinal fluid (CSF) leak status, periop-
erative complications, additional treatments, and follow-up 
outcomes including tumor recurrence, progression, or hor-
monal non-remission.

Endocrine remission was defined as in the latest consen-
sus criteria: morning serum cortisol greater than 5 μg/dl 
alone or also with normal 24-h urinary free cortisol levels 
for ACTH-secreting adenomas, suppressed GH less than 
0.4 ng/ml during oral glucose tolerance test or a random GH 
less than 1.0 ng/ml with normal insulin-like growth factor 
1 (IGF-1), and normal prolactin and GH in mammosomato-
troph adenomas [23–26].

“Good outcome” was defined as hormonal remission 
and no imaging or biochemical evidence of recurrence or 
progression following surgery, and subsequently were bina-
rized and used as the primary outcome variable in this study. 
“Suboptimal outcome” was alternatively defined as cases 
with evidence of tumor recurrence, progression or hormonal 
non-remission despite multimodal therapy. A total of 348 
patients with FPAs were identified between 1992 and 2019 
matching inclusion and exclusion criteria and were included 
in the analysis.

Data imputation

Upon data inspection, several patients (5.1%) had missing 
extent of resection data due to incomplete hospital records. 
As such, multiple imputation by chained equations (MICE) 
was implemented to fill in all missing values [27]. Post hoc 
data validation was performed to confirm that no missing 
values were included in the database at the time of analysis.

Statistical analysis

All statistical analysis was conducted in RStudio (Version 
1.3.959).

Multivariate analysis

Multivariate regression modeling was performed to test 
whether patient-specific characteristics were correlated with 
good outcomes (hormonal remission without recurrence or 
progression). Covariates in the analysis included all patient 
demographic and perioperative variables to control for con-
founding factors. Using built-in functions, we exponentiated 
the coefficients of continuous variables analyzed within the 
multivariate models and interpreted them as odds-ratios. 
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A two-sided p value < 0.05 was considered statistically 
significant.

Machine learning models

Several multilayered neural network (NN) with 3 neurons 
in their hidden layer were implemented in RStudio using 
the ‘neuralnet’ package. NNs were used becausewe did not 
predict a simple linear relationship between our predictors 
and our outcomes, and NNs are able to perform well in 
nonlinear models. The training set for the NN including all 
patients was defined as a random 60% (n = 208) sample of 
the total number of FPA patients, the validation set was a 
random sample of 20% (n = 70), and the testing set was the 
remaining 20% (n = 70) of these patients. Prediction with 
the validation set allowed for model tuning, while predic-
tion with the test set represented the reported model output. 
Variables that showed significance on multivariate analysis 
were included as input variables into the NN model. Weights 
in our model were calculated using these back-propagation 
models. Bias terms were also obtained from our model. 
Smaller NNs generated for Cushing’s disease and acro-
megaly + mammosomatotroph adenomas, with 60% of each 
patient pool being used as the training set and 40% as the 
testing set. The fully developed NN models were tested and 
confirmed using prediction and confusion matrices.

Results

Patient characteristics

The average patient age at the time of surgery was 41.7 
(SD ± 19.7) years and 63.8% of patients were female. 
The mean follow-up time was 68.2 (SD ± 69.7, Range: 
1–290 months) months, with 307 (88.2%) patients receiv-
ing the first operation for the tumor and 41 (11.8%) receiving 
reoperation. FPA subtypes included 191 (54.9%) GH-secret-
ing adenomas, 146 (41.9%) ACTH-secreting tumors and 11 
(3.2%) mammosomatotroph PAs. The average maximal 
tumor diameter was 6.5 (SD ± 9.8) millimeters and 144/348 
(41.4%) of all tumors were macroadenomas (> 10 mm). 
By far, the most common presenting clinical symptom was 
acromegaly (n = 153, 44.0%) followed by headache (n = 77, 
22.1%) and vision loss (n = 29, 8.3%), and upon endocrine 
evaluation 13 (3.8%) patients had a low gonadotrope axis, 
and 1 (0.29%) patient had panhypopituitarism. The mean 
hospital length of stay (LOS) was 2.6 (SD ± 3.2) days. On 
magnetic resonance imaging (MRI) evaluation, 87 (25.0%) 
FPAs were found to invade into the cavernous sinus, 50 
(14.4%) FPAs extended into the suprasellar space, and 25 
(7.2%) had infrasellar invasion into the sphenoid sinus or cli-
vus. Intraoperative extent of resection showed 287 (82.5%) 

cases of gross-total resection (GTR), 43 (12.4%) with sub-
total resection (STR), and 18 (5.1%) did not report intra-
operative extent of resection in the patient record. These 
missing data were imputed using MICE, yielding a total 
of 305 (87.6%) GTR and 43 (12.4%) STR. Tumor progres-
sion developed in 6 (1.7%) patients and tumor recurrence 
developed in 25 (7.2%) patients. Hormonal nonremission 
was seen in 54 patients (15.5%). Removing overlapping 
patients, a total of 81 (23.3%) patients had suboptimal out-
comes within the entire cohort (Table 1).

Multivariate analysis findings

Multivariate analysis for relevant patient characteristics 
revealed several factors that were associated with subop-
timal postoperative outcomes in patients with FPAs. ORs 
above 1.00 suggested higher odds of a “suboptimal” out-
come (i.e., lower odds of a good outcome) and ORs below 
1.00 suggested lower odds of a “suboptimal” outcome (i.e., 
higher odds of a good outcome).Variables predictive of 
suboptimal outcomes included: Requirement for additional 
surgery in patients who previously had surgery and continue 
to have functionally active tumor (p = 0.0069; OR = 1.51, 
95%CI 1.12–2.04), Preoperative visual deficit not improved 
after surgery (p = 0.0033; OR = 1.12, 95%CI 1.04–1.20), 

Table 1  Patient demographics

FPA patient 
demographics(n = 348)

Age (years) 41.7 (SD ± 19.7)
Sex
 Female, n (%) 222 (63.8%)
 Male, n (%) 126 (36.2%)
 Mean follow-up time (months) 68.2 (SD ± 69.7)
 Maximal tumor diameter (mm) 6.5 (SD ± 9.8)

Pituitary adenoma subtype
 GH-secreting, n (%) 191 (54.9%)
 ACTH-secreting, n (%) 146 (41.9%)
 Mammosomatotroph, n (%) 11 (3.2%)

Tumor invasion
 Cavernous sinus, n (%) 87 (25.0%)
 Suprasellar space, n (%) 50 (14.4%)
 Infrasellar space, n (%) 25 (7.2%)

Extent of resection
 Gross-total, n (%) 287 (82.5%)
 Sub-total, n (%) 43 (12.4%)

Suboptimal outcomes
 Recurrence, n (%) 25 (7.2%)
 Progression, n (%) 6 (1.7%)
 Hormonal non-remission 54 (15.5%)
 Non-overlapping suboptimal outcomes 81 (23.3%)
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Transient diabetes insipidus (DI) (p = 0.013; OR = 1.27, 
95%CI 1.05–1.52), Higher MIB-1/Ki-67 labeling index 
percentage (p = 0.038; OR = 1.08, 95%CI 1.01–1.15), and 

preoperative low cortisol axis (p = 0.040; OR = 2.72, 95%CI 
1.06–7.01).

Conversely, variables predictive of good outcomes 
included: History of prior craniotomy (p = 0.037; OR = 0.54, 
95%CI 0.30–0.96), Longer hospital LOS (p = 0.0081; 
OR = 0.97, 95%CI 0.96–0.99), preoperative low GH axis 
(p = 0.0090; OR = 0.36, 95%CI 0.17–0.77), and preopera-
tive panhypopituitarism (p = 0.0028; OR = 0.17, 95%CI 
0.052–0.53) (Table 2). ORs for continuous variables were 
interpreted as an increase in odds for each unit change in 
a variable (i.e., 1 day for LOS, 1% for MIB-1/Ki-67 labe-
ling index %, etc.). Tumor invasion, Knosp scoring, immu-
nostaining, hospital type, CSF leak, medications, age, and 
sex were not found to be significant. All significant findings 
were used as inputs into our multilayered NN model.

Neural networks

The NN generated from significant variables from multi-
variate analysis using the training set of 208 PAs is shown 
in Fig. 1. We implemented two testing methods to con-
firm the accuracy of our NN model. First, we plotted the 
receiver operating characteristic (ROC) curve, with the 

Table 2  Multivariate analysis results for “suboptimal” postoperative 
outcomes

Odds ratio 95% 
Confidence 
interval

P value

Additional treatment with 
Surgery

1.51 1.12–2.04 0.0069

MRI at last clinical follow-up 1.78 1.10–1.26  < 0.0001
Preoperative visual deficit not 

improved after surgery
1.12 1.04–1.20 0.0033

Transient diabetes Insipidus 1.27 1.05–1.52 0.013
Hospital length of stay (days) 0.97 0.96–0.99 0.0081
MIB-1/Ki-67 labeling Index % 1.08 1.01–1.15 0.038
Low cortisol axis 2.72 1.06–7.01 0.040
Low GH axis 0.36 0.17–0.77 0.0090
Panhypopituitarism 0.17 0.052–0.53 0.0028
Acromegaly 1.33 1.02–1.73 0.038
Prior craniotomy 0.54 0.30–0.96 0.037

Fig. 1  Visualization of the most accurate computed neural network model with 3 hidden layer neurons constructed for all patients. Black lines 
represent weights as calculated by the back propagation algorithm, and blue lines represent calculated bias terms
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corresponding area under the curve (AUC) value (Fig. 2). 
With an AUC of 0.917, we see that the NN is able to cor-
rectly predict a large majority of patient outcomes with suc-
cess. A regression line is also drawn to visually represent 
NN performance. Additionally, we present a confusion 

matrix generated from applying the computed NN model 
to the training dataset. By doing so, we show that our NN 
model had an overall accuracy of 87.1%, sensitivity of 
89.5%, specificity of 76.9%, positive predictive value (PPV) 
of 94.4%, and negative predictive value (NPV) of 62.5% 
(Table 3).

Two additional NNs were generated to evaluate whether 
predictive capabilities of our model would improve if the 
data included a homogenous sample of pituitary pathologies. 
Both the NNs generated for Cushing’s disease (Table 3) and 
acromegaly + mammosomatotroph adenomas (Table 3) were 
outperformed by the aforementioned NN generated for the 
entire cohort. This finding suggests that heterogenous sam-
ples of FPA patients, with sufficient statistical power, may 
be used to accurately predict postoperative outcomes with 
high accuracy.

Discussion

We developed a multilayered neural network for predict-
ing tumor recurrence, progression, or hormonal non-remis-
sion in a large cohort of patients whom underwent surgi-
cal resection of a FPA causing CD or acromegaly. Through 

Fig. 2  Receiver operating characteristic (ROC) curve of the com-
puted neural network for all patients. The area under the curve (AUC) 
is 0.917

Table 3  Confusion matrices for neural network models

95% confidence intervals shown in brackets

Confusion matrix for neural network model—all patients

Predicted “Good” outcome Predicted “Suboptimal” outcome

Actual “Good” 
outcome

51 6 Sensitivity: 89.5% [81.3%–97.7%]

Actual “Suboptimal” 
outcome

3 10 Specificity: 76.9% [56.2%–97.6%]

Positive predictive value: 94.4% 
[88.4%–1.00%]

Negative predictive value: 62.5% [36.2%–
88.8%]

Accuracy: 87.1% [79.2%–95.0%]

Confusion matrix for neural network model—cushing’s disease

Predicted “Good” outcome Predicted “Suboptimal” outcome

Actual “Good” 
outcome

45 3 Sensitivity: 93.8% [87.1%–99.9%]

Actual “Suboptimal” 
outcome

5 6 Specificity: 45.5% [13.0%–78.0%]

Positive predictive value: 90.0% 
[81.5%–98.5%]

Negative predictive value: 66.7% [38.8%–
94.6%]

Accuracy: 86.4% [77.7%–95.1%]

Confusion matrix for neural network model—acromegaly + mammosomatotroph

Predicted “Good” outcome Predicted “Suboptimal” outcome

Actual “Good” 
outcome

48 15 Sensitivity: 71.4% [59.2%–83.6%]

Actual “Suboptimal” 
outcome

5 13 Specificity: 72.2% [55.6%–88.8%]

Positive predictive value: 90.6% 
[83.4%-97.8%]

Negative predictive value: 46.4% [23.4%-
69.4%]

Accuracy: 75.3% [65.9%–84.7%]
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multivariate analysis we narrow our search for statistically 
significant patient variables that predicted a good outcome, 
which we then fed into our NN for predictive testing. These 
variables included MRI imaging during last clinical follow-
up reviewed by radiologist or neurosurgeon, DI, tumor char-
acteristics, abnormal preoperative endocrine testing, prior 
craniotomy, and hospital type. By doing so, we developed a 
highly accurate NN prediction system, with acceptable sen-
sitivity, specificity, PPV, and NPV. Findings from this study 
may help to guide future decision-making following surgery 
for FPAs as it pertains to adjuvant medical and radiation-
based treatments.

Previous studies have shown that machine learning meth-
ods may be good predictors of poor postoperative outcomes 
following neurosurgery. Nadezhdina et al. have developed 
artificial neural networks (ANN) capable of predicting recur-
rence and remission in patients with Cushing disease after 
transnasal adenomectomy [22]. While their ANN is robust 
for the case of Cushing disease, it is not generalizable to 
all FPAs. Furthermore, several contemporary studies have 
proven the utility of machine learning models in predict-
ing surgical extent of resection of pituitary adenomas [28, 
29]. Similarly, Hollon et al. have demonstrated the use of 
supervised machine learning in predicting early outcomes 
in a mixed cohort of surgically treated functional and non-
functional pituitary adenomas. After analysis, they report an 
accuracy of 87.0% which is nearly identical to the accuracy 
of the NN developed in this study [30].

Our findings on multivariate analysis suggest that longer 
hospital LOS, low preoperative GH axis, panhypopituita-
rism, and a history of a prior craniotomy may reduce the 
odds of a suboptimal outcome. Conversely, additional treat-
ment with surgery, stable vision status following surgery, 
transient DI, increased MIB-1/Ki-67 labeling index percent-
age, low preoperative cortisol axis, and a preoperative diag-
nosis of acromegaly were shown to increase the odds of a 
suboptimal outcome. Transient DI is a known complication 
of pituitary surgery and has been shown to be proportional 
to the degree of damage to the pituitary gland [31, 32]. As 
a result, more aggressive tumors with a high likelihood of 
recurrence or progression may require increased margins of 
resection, thus increasing the rates of transient DI.

In the case of patients receiving surgical treatment for 
acromegaly, prior literature suggests a disappointing over-
all cure rate of 33% [33], with mortality being directly 
related with postoperative GH concentrations [34, 35]. 
Our results suggest similar findings, with the diagnosis of 
acromegaly increasing the odds of suboptimal outcomes 
and low preoperative GH axis reducing the odds of sub-
optimal outcomes. Additionally, the finding that shorter 
hospital stays may be predictive of suboptimal outcomes 
likely stems from the fact that patients with Cushing’s 
disease are kept in the hospital longer than patients with 

acromegaly to monitor hormonal remission. Since our data 
suggests that acromegaly patients, who have shorter LOS 
compared to Cushing’s patients, have worse overall out-
comes, multivariate modelling likely associated reduced 
LOS with suboptimal outcomes. Furthermore, several 
studies have suggested that the MIB-1/Ki-67 labeling 
index percentage may be directly correlated with subopti-
mal postoperative outcomes in a variety of tumors, includ-
ing pituitary tumors [36–39].

Lastly, we are hopeful that a robust NN capable of 
catching patients who may exhibit tumor recurrence, pro-
gression, or hormonal non-remission may allow for patient 
risk stratification. Specifically, patients at highest risk of 
suboptimal postsurgical outcomes may be more closely 
monitored and offered MRI imaging and hormonal testing 
more frequently during follow up visits. Through these 
measures, it may be possible to catch tumor recurrence, 
progression, and hormonal remission at an earlier stage 
to prevent significant and permanent complications in the 
patient.

Limitations

This study has the limitations associated with the retro-
spective character of this cohort study, in which our data 
is limited by the quality and depth of the records kept for 
patients included in this series. While retrospective chart 
review allowed for the collection of a great amount of data 
for each patient, we lack data on patient-specific risk factors 
such as nutritional status, drug use, and frailty [40]. Further-
more, patients developing suboptimal outcomes outside of 
our follow-up interval may not be included in this analysis, 
and as such, our analysis may underreport suboptimal out-
comes. Lastly, data included in this study are from a single 
institution’s county and academic hospital, and future studies 
with more patients that includes multi-center data and longer 
follow-up is warranted to confirm these findings.

Conclusion

Machine learning has proved to be an invaluable tool in med-
icine, allowing for detailed data analysis and disease-state 
prediction. By applying multilayered NN to data gathered 
from patients surgically treated for FPAs, we successfully 
created a robust prediction algorithm for adenoma recur-
rence, progression, and hormonal non-remission. As such, 
further investigation through larger case series should be 
explored to improve the accuracy and predictive capabilities 
of NNs in determining postoperative outcomes following 
resection of an FPA.
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