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Background: We aimed to assess clinical factors associated with tumor recurrence and
build a nomogram based on identified risk factors to predict postoperative recurrence in
patients with pituitary adenomas (PAs) who underwent gross-total resection (GTR).

Methods: A total of 829 patients with PAs who achieved GTR at Tongji Hospital between
January 2013 and December 2018 were included in this retrospective study. The median
follow-up time was 66.7 months (range: 15.6–106.3 months). Patients were randomly
divided into training (n = 553) or validation (n = 276) cohorts. A range of clinical
characteristics, radiological findings, and laboratory data were collected. Uni- and
multivariate Cox regression analyses were applied to determine the potential risk
factors for PA recurrence. A nomogram model was built from the identified factors to
predict recurrence. Concordance index (C-index), calibration curve, and receiver
operating characteristic (ROC) were used to determine the predictive accuracy of the
nomogram. Decision curve analysis (DCA) was performed to evaluate the clinical efficacy
of the nomogram.

Results: Pseudocapsule-based extracapsular resection (ER), cavernous sinus invasion
(CSI), and tumor size were included in the nomogram. C-indices of the nomogram were
0.776 (95% confidence interval [CI]: 0.747–0.806) and 0.714 (95% CI: 0.681–0.747) for
the training and validation cohorts, respectively. The area under the curve (AUC) of the
nomogram was 0.770, 0.774, and 0.818 for 4-, 6-, 8-year progression-free survival (PFS)
probabilities in the training cohort, respectively, and 0.739, 0.715 and 0.740 for 4-, 6-, 8-
year PFS probabilities in the validation cohort, respectively. Calibration curves were well-
fitted in both training and validation cohorts. DCA revealed that the nomogram model
improved the prediction of PFS in both cohorts.

Conclusions: Pseudocapsule-based ER, CSI, and tumor size were identified as
independent predictors of PA recurrence. In the present study, we developed a novel
and valid nomogram with potential utility as a tool for predicting postoperative PA
recurrence. The use of the nonogram model can facilitate the tailoring of counseling to
meet the individual needs of patients.

Keywords: pituitary adenoma, tumor recurrence, nomogram, pseudocapsule, extracapsular resection, cavernous
sinus invasion
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INTRODUCTION

Pituitary adenomas (PAs), which represent 10–20% of all brain
tumors, are benign tumors with a prevalence rate of 80–100/
100,000 (1, 2). Further, the incidence of clinically related PAs is
4–7/100,000 per year (3). The prevalence and the incidence of PA
are increasing due to the increased availability of MRI (4). Autopsy
and radiological studies demonstrated that PAs have a prevalence
rate of 17% (range: 14–23%), which is higher than expected (5). The
primary treatment for PAs is transnasal-transsphenoidal surgery
(TTS) (6); however, suprasellar or parasellar PAs are difficult to
remove completely and result in residual adenoma relapse in 12–
58% of patients (1). Even in adenomas achieving GTR, 10–20%
recur within 5–10 years (1, 7). In patients who undergo repeated
treatment for recurrent PAs, mortality rates are elevated and quality
of life is significantly affected due to pituitary dysfunction, invasion-
related risks, and complications (8). Therefore, the identification of
predictive factors for recurrent PAs is needed.

A pseudocapsule is defined as the boundary between the
pituitary gland and an adenoma, which results from compressed
peritumoral cell cord basement membrane condensation (9).
PAs often spread beyond the edge of the pseudocapsule and
invade the surrounding pituitary tissue (10). These
characteristics of PAs have resulted in an alteration of their
operative approach including extending excision boundaries to
achieve total tissue removal and providing special attention to
complete pseudocapsule removal (11). Although some studies
have reported that pseudocapsule-based ER may improve the
resection rate and reduce the recurrence rate (11, 12), there have
been few reports on the relationship between pseudocapsule-
based ER and PA recurrence after GTR.

A nomogram is a convenient graphical representation of a
model that includes various significant factors to predict a
specific outcome. Two nomograms related to PA recurrence
have been constructed for non-functional PAs and giant PAs,
respectively (13, 14). Good performance has been verified in the
two types of PAs in the above two nomograms, in which PA
recurrence included regrowth of tumor remnants after subtotal
resection or partial resection. In the present study, a nomogram
was constructed and validated to predict all subtypes PA
recurrence after GTR by combining clinical variables including
pseudocapsule-based ER and clinical image data.
MATERIALS AND METHODS

Study Population and Design
We retrospectively assessed patients with PAs who underwent
TTS at Tongji Hospital between January 2013 and December
2018. The median follow-up time was 66.7 months (range: 15.6–
106.3 months). The criteria for inclusion were as follows: (1) PA
patients confirmed histologically; (2) patients who underwent
microscopic or endoscopic TTS; (3) patients who achieved GTR;
and (4) patients followed up for more than one year post-GTR.
Criteria for exclusion were as follows: (1) patients who did not
undergo follow-up evaluations; (2) patients treated with
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chemotherapy or radiotherapy; and (3) patients with no data
relating to variables assessed. The primary cohort was randomly
assigned to the training and internal validation cohorts at a ratio
of 2:1, respectively. A flowchart summarizing the enrollment
strategy and design of the study is shown in Figure 1.

The following information was collected from all enrolled
patients: baseline characteristics, radiological features, and
preoperative laboratory tests. PA recurrence was defined as the
reappearance of PAs, as observed via MRI examination after
GTR. CSI status was determined according to MRI and operative
records within which operating neurosurgeons documented their
impressions. Pseudocapsule-based ER was conducted on patients
with PAs within whom a pseudocapsule was identified during
surgery. PFS in patients with PAs measured from the time of TTS
to tumor recurrence. The study was approved by the Ethics
Committee of Tongji Hospital. Due to the retrospective nature of
the cohort study, the need for informed consent was waived.

Development and Validation of
the Nomogram
There were no missing data among clinical characteristics. For
radiological findings and laboratory data, mean imputation for
missing data was applied. Patients were randomly assigned to the
training and validation cohorts. Based on the rule of having at
least 10 outcome events per variable (EPV) (15), we ensured no
more than six features were retained for multivariate Cox
regression analysis from 63 events in the training cohort.

All factors were filtered by least absolute shrinkage and
selection operator (LASSO) algorithm using the R package
glmnet (version 4.1). Uni- and multivariate Cox regressions
were utilised to confirm independent risk factors related to
recurrence level using the R package rms (version 6.2). Variables
included in the multivariate Cox regression analysis were required
to meet at least one criterion: confirmation as a significant
predictor in comparison of recurrence and non-recurrence
cohorts or univariate Cox regression analysis, or retention in
LASSO analysis. Using the R packages rms and survival (version
3.2), identified risk factors were used to develop a nomogram. C-
index, ROC curve analysis, and calibration curves were used to
evaluate the accuracy of the nomogrammodel, and DCAwas used
to evaluate the clinical utility of the model.

Statistical Analysis
Model construction and validation were carried out on the basis of
“Transparent Reporting of a Multivariable Prediction Model for
Individual Prognosis or Diagnosis” (TRIPOD) guidance (Table
S1) (15). R software (version 3.6.3) was used to perform statistical
analysis and p < 0.05 was considered statistically significant.
Categorical data were presented as percentages and continuous
variables as means ± standard deviation (SD). The Student’s t-test
was used to compare two continuous variables, and the Chi-square
test or Fisher’s exact tests were used for categorised variables. The
Spearman’s correlation test was used to verify correlations between
the quantitative variables and the Kaplan–Meier method was used
for estimating PFS. Data were visualised using the “ggplot” R
packages (version 3.3.3).
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Lu et al. Prediction of Pituitary Adenoma Recurrence
RESULTS

Clinical Characteristics
Detailed characteristics of patients with PAs in the recurrence
and non-recurrence cohorts are summarized in Table S2, and
the baseline characteristics of PA patients in the training and
Frontiers in Oncology | www.frontiersin.org 3
validation cohorts are summarised in Table 1. The training
cohort included 315 male patients and 238 female patients,
with an average age of 49.8 ± 12.36 years and a mean tumor
size of 23.4 ± 5.5 mm. The validation cohort included 153 males
and 123 females, with an average age of 49.5 ± 12.45 years and a
mean tumor size of 23.7 ± 5.9 mm. Recurrence rates of the
FIGURE 1 | Flowchart summarizing the enrollment strategy and design of the study. PAs, pituitary adenomas.
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training and verification cohorts were 11.4% and 11.2%,
respectively. No statistically significant between-cohort
differences in patient characteristics were observed.

Analysis of the Risk Factors of PA
Recurrence
UnivariateCox regression andLASSOanalysis were used tofilter out
clinical factors and multivariate Cox regression analysis was applied
for further analysis (Figure2,TableS3, andTableS4).As a result, ER
(Hazardratio[HR],95%CI:0.323,0.141–0.741,P=0.008), tumorsize
(HR, 95% CI: 1.043, 1.013–1.075, P = 0.005), and CSI (HR, 95% CI:
3.786, 1.222–11.726, P = 0.021) were incorporated into the
multivariate model (Figure 3). Corresponding Kaplan–Meier
survival curves are shown in Figure 4.

Development of a Nomogram for
Postoperative Recurrence
A nomogram was developed to visualise the multivariate model
(Figure 5). Tumor size was the largest contributor to a prognosis
of recurrence, followed by the ER and CSI in the nomogram. To
use the nomogram, the respective values were determined using
the three factors of an individual patient, and the three values
were added to obtain the total value. Subsequently, a line was
drawn from the survival axis to determine 4-, 6-, and 8-year
PFS probabilities.

Validation of the Nomogram
The nomogram for PFS prediction showed good predictive
capacity with well-fitted calibration curves in both training and
validation cohorts (Figure 6). The C-indices of the nomogram
were 0.776 (95% CI: 0.747–0.806) and 0.714 (95% CI: 0.681–
0.747) for the training and validation cohorts, respectively. The
AUC of the nomogram was 0.770, 0.774 and 0.818 for 4-, 6-, and
8-year PFS probabilities in the training cohort, respectively;
0.739, 0.715 and 0.740 for 4-, 6-, and 8-year PFS probabilities
in the validation cohort, respectively, attesting to the good
performance of the nomogram model (Figure 6).

Evaluation of the Clinical Utility
of the Nomogram
DCA was applied to evaluate the net benefit of the nomogram for
assessing training and validation cohorts, which provided us with
TABLE 1 | Characteristics of patients with PAs in the training and validation
cohorts.

Variable Training
cohort (n=553)

Validation
cohort (n=276)

P value

Recurrence 0.945
YES 63 (11.4%) 31 (11.2%)
NO 490 (88.6%) 245 (88.8%)

Age, year 49.8 ± 12.36 49.5 ± 12.45 0.897
Gender 0.676
Female 238 (43.0%) 123 (44.6%)
Male 315 (57.0%) 153 (55.4%)

Headache 0.441
YES 148 (26.8%) 67 (24.3%)
NO 405 (73.2%) 209(75.7%)

Visual impairment 0.291
YES 273 (49.4%) 147 (53.3%)
NO 280 (50.6%) 129(46.7%)

Visual field defect 0.870
YES 125 (22.6%) 61 (22.1%)
NO 428(77.4%) 215 (77.9%)

Abnormal Menstruation 0.367
YES 42 (7.6%) 26 (9.4%)
NO 511 (92.4%) 250 (90.6%)

Acromegalia 0.567
YES 55 (9.9%) 31 (11.2%)
NO 498 (90.1%) 245 (88.8%)

Cushing’s syndrome 0.314
YES 38 (6.9%) 14 (5.1%)
NO 515 (93.1%) 262 (94.9%)

Thyroid dysfunction 0.824
YES 7 (1.3%) 3 (1.1%)
NO 546 (98.7%) 273 (98.9%)

Pituitary apoplexy 0.471
YES 57 (10.3%) 24 (8.7%)
NO 496 (89.7%) 252 (91.3%)

Clinical subtype 0.904
Nonfunctional 304 (55.0%) 145 (52.5%)
PRL secreting 117 (21.2%) 62 (22.5%)
GH secreting 75 (13.6%) 31 (11.2%)
ACTH secreting 18 (3.3%) 10 (3.6%)
TSH secreting 2 (0.4%) 2 (0.7%)
Plurihormonal 37 (6.7%) 18 (6.5%)

Tumor size, mm 23.4 ± 5.5 23.7 ± 5.9 0.874
Cavernous sinus invasion 0.206
YES 151 (27.3%) 87 (31.5%)
NO 402 (72.7%) 189 (68.5%)

Knosp grading 0.587
0-2 348 (62.9%) 179 (64.9%)
3-4 205 (37.1%) 97 (35.1%)

Pseudocapsule-based
extracapsular resection

0.817

YES 219 (39.6%) 107 (38.8%)
NO 334 (60.4%) 169(61.2%)

Intraoperative CSF leakage 0.574
YES 109 (19.7%) 59 (21.4%)
NO 444 (80.3%) 217 (78.6%)

Ki-67≥3 0.882
YES 82 (14.8%) 42 (15.2%)
NO 471 (85.2%) 234 (84.8%)

Prolacin (ng/mL) 20.5 ± 26.58 19.5 ± 22.39 0.714
Testosterone (ng/mL) 0.99 ± 1.293 0.99 ± 1.292 0.861
Estradiol (pg/mL) 43.1 ± 41.42 43.7 ± 42.85 0.292
Progesterone (ng/mL) 0.95 ± 2.045 1.15 ± 2.808 0.761
LH (IU/L) 4.61 ± 5.748 5.57 ± 7.377 0.535
FSH (IU/L) 12.2 ± 16.67 12.5 ± 18.75 0.595

(Continued)
TABLE 1 | Continued

Variable Training
cohort (n=553)

Validation
cohort (n=276)

P value

TSH (mIU/L) 2.12 ± 2.799 2.35 ± 2.916 0.217
FT3 (pg/mL) 2.58 ± 0.651 2.49 ± 0.609 0.253
FT4 (ng/dL) 1.80 ± 3.183 1.68 ± 3.172 0.193
ACTH (pg/ml) 46.8 ± 25.33 50.3 ± 28.93 0.174
Morning cortisol (mg/dL) 7.48 ± 4.821 6.93 ± 5.297 0.251
Bedtime cortisol (mg/dL) 4.29 ± 2.625 4.03 ± 2.417 0.436
GH (mg/L) 4.23 ± 12.780 3.24 ± 9.498 0.493
IGF-1 (mg/L) 210 ± 244.1 198 ± 225.7 0.751
April 2022 |
 Volume 12 | Artic
LH, luteinizing hormone; FSH, follicle-stimulating hormone; TSH, thyroid-stimulating
hormone; FT3, free tri iodothyronine; FT4, free tetraiodothyronine; ACTH,
adrenocorticotropic hormone; GH, growth hormone;IGF-1, insulin-like growth factor-1.
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insights into the clinical benefit within a reasonable range of
threshold probabilities. As a result, DCA revealed that using the
nomogram for clinical application likely benefited patients when
compared with treating either all or no patients of training and
validation cohorts (Figure 7).
Frontiers in Oncology | www.frontiersin.org 5
DISCUSSION

In the present study, we constructed a clinical nomogram based
on pseudocapsule-based ER, tumor size, and CSI for the
individualised evaluation of PA recurrence risk after GTR. C-
A B

FIGURE 2 | Least absolute shrinkage and selection operator (LASSO) regression analysis for the selection of characteristic parameters. (A) Penalty diagram for
coefficients of thirty-one characteristic variables. As the penalty coefficient lambda changes, the number of compression variable coefficients increases continuously.
Finally, most of the variable coefficients are compressed to zero. (B) In the LASSO Logistic regression model, the optimal penalty coefficient lambda was selected by
using 10-fold cross-validation and minimization criteria. The optimal lambda (lambda = 3) was selected at the lowest point of the curve, and three variables with non-
zero coefficient were selected at the optimal lambda. The characteristic parameters without information were removed to realize automatic selection of characteristic
parameters.
FIGURE 3 | Multivariable Cox regression analysis of PFS in the training cohort. HR, hazard ratio; CI, confidence interval; PRL, prolactin; GH, growth hormone;
ACTH, adrenocorticotropic hormone; TSH,thyroid-stimulating hormone; CSI, cavernous sinus invasion; ER, extracapsular resection.
April 2022 | Volume 12 | Article 882049
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indices, ROC, calibration curves, and DCA showed excellent
predictive performance and clinical efficacy when using the
nomogram models. Therefore, the nonogram can be used in
clinical practice to improve the prediction accuracy of PA
recurrence after GTR.

A major new finding from this study is the influence of
pseudocapsule-based ER on the risk of PAs recurrence after
GTR. The pseudocapsule is the important boundary between
pituitary gland and adenoma. Oldfield EH began resecting PAs
by dissecting the pseudocapsule from the mid-1980s (16).
Frontiers in Oncology | www.frontiersin.org 6
Kawamata described the important value of excising
pseudocapsule when removing growth hormone-secreting
tumors to improve rates of endocrine remission and tumor
recurrence (11). Pseudocapsule, as a surgical capsule in TTS,
may assist the operator in identifying the boundaries of PAs to
achieve better resection and remission rates (12, 17).
Furthermore, damage to normal pituitary tissue and
occurrence of operative complications are reduced (16, 17).
Adenoma cells frequently invade and infi l trate the
pseudocapsule; as a result, a few tumor cells are easily retained
FIGURE 5 | A prognostic nomogram for predicting the 4-, 6-, and 8-year progression-free survival (PFS) probabilities in patients with pituitary adenomas (PAs) after
gross-total resection (GTR).
A B C

FIGURE 4 | Kaplan–Meier survival curves of filtered risk factors in the training cohort. (A) Kaplan–Meier survival curves of tumor size. (B) Kaplan–Meier survival
curves of pseudocapsule-based extracapsular resection (ER). (C) Kaplan–Meier survival curves of cavernous sinus invasion (CSI). GTR, gross-total resection.
April 2022 | Volume 12 | Article 882049
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in the pseudocapsule during a conventional intracapsular
resection (IR), thus promoting recurrence and preventing the
achievement of complete remission (12). Therefore, ER should
more completely involve the removal of residual or invasive
tumors beyond IR, especially for portions not easily visible. Qu
et al. reported that the ER method could be used to achieve
higher resection and remission rates than those of IR, a finding
consistent with results of prior studies (12, 17–19). Our study
demonstrated that ER might reduce risk of PA recurrence after
GTR (HR, 95% CI: 0.323, 0.141–0.741, P = 0.008), while careful
inspection is essential with the suspicion that tumor cells may
remain beyond the main tumor boundary when the
pseudocapsule is not fully developed (12).

CSI is a prognostic indicator of the long-term prognosis of PAs
(20). Some work has shown that CSI was associated with GTR and
recurrence, and the revised Knosp radiological classification was
recommended for prediction of surgical outcomes (21–23). GTR
Frontiers in Oncology | www.frontiersin.org 7
rates were negatively correlated with Knosp grade classification,
with 56% for grade 3A and only 25% for grade 3B (21). Marta et al.
reported that Knosp and revised-Knosp classification showed good
diagnostic accuracy in predicting surgical cure (AUC, 0.820),
whereas Hardy classification lacked practicality in this purpose
(AUC, 0.654) (22), which may indicate that the main prognostic
factor was CSI (24). In an 8-year, retrospective, multicenter, cohort
study that included 410 patients, Trouillas et al. found that
invasiveness was the main prognostic factor for predicting
progression-free status (25). Furthermore, a clinicopathologic
classification of PAs based on invasion and proliferation was
generated to predict relapse/progression-free status (AUC, 0.814)
in patients with PAs. They also validated this classification in a
prospective single-center cohort comprising 374 postoperative
patients followed up for 3.5 years (26).

Although all patients included in this study underwent GTR,
complete removal of all adenomas was not guaranteed, especially
A B

C D

FIGURE 6 | Predictive performance for nomogram model. (A, B) Time-dependent ROC analysis of nomogram for 4-, 6-, and 8-year progression-free survival (PFS)
probabilities in training cohort (A) and validation cohort (B), respectively. (C, D) Calibration plots of the nomogram for the training (C) and validation (D) cohorts at 4,
6, or 8 years. ROC, receiver operating characteristic; TPR, true positive rate; FRR, false positive rate.
April 2022 | Volume 12 | Article 882049
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for PAs with CSI that tended to be associated with invisible or
infiltrating adenomas. Zhang et al. indicated that tumor size and
CSI were important predictors of GTR in patients with PAs (27).
Further, high-field intraoperative MRI facilitated the excision of
PAs with CSI, increasing the rate of GTR and decreasing
recurrence rates of PAs in endoscopic TSS (27). Thus, GTR
improvement leads to improved PFS. CSI was also an
independent prognostic indicator of PA recurrence (HR, 95%
CI: 3.786, 1.222–11.726, P = 0.021) in our study. Our results
suggest that PAs with CSI deserve more attention even after
achieving GTR.

The large size of an adenoma may reduce the probability that
it is completely resected, which may affect prognosis and
recurrence. Hofstetter et al. assessed the effects of adenoma size
on resection range, revealing that patients with PAs sized > 10
cm3 are most likely to experience residual adenoma (28). GTR
was achieved in 90.2% vs 40.0% of adenomas < and > 10 cm3,
respectively. Further, GTR was complete in 47.6% of a total of
166 patients with adenomas < 3cm versus 9.1% of a total of 77
patients with adenomas > 3 cm (28). Our study also suggested
that PAs with larger tumor size are associated with a higher risk
of recurrence (HR, 95% CI: 1.043, 1.013–1.075, P = 0.005).
Considering its significant impact on the scope and extent of
resection, more attention should be paid to the possibility of
residual tissue and invasion of large PAs, even when GTR
appears to be achieved via surgery.

There are several limitations to this study. The single-center
study design and absence of external validation are the major
limitations, which may introduce the possibility of selection bias
and limit the predictive power of the nomogram model. In
addition, the study design focuses on ER and PA patients after
GTR, which may limit the clinical applicability of the model due
to low recurrence rate after GTR and the fact that ER has not
Frontiers in Oncology | www.frontiersin.org 8
been put into use widely enough (1, 12). Despite these
limitations, our nomogram was useful for predicting PA
recurrence after GTR with good accuracy. Furthermore,
pseudocapsule-based ER was introduced as an independent
prognostic indicator of PA recurrence after GTR for the first
time. This finding deserves more attention and may play a more
important role in the treatment and prognosis of PAs. Using the
nomogram model, clinicians can communicate more effectively
with patients and adjust their treatment plans. Patients with
pseudocapsules, for example, could be recommended to undergo
pseudocapsule-based ER. Moreover , pat ients wi th
macroadenomas and CSI should be reminded that they need
long-term follow-up, as they are more likely to relapse compared
to other patients with PAs, according to our study, even 8 years
after GTR.

CONCLUSION

This study showed that pseudocapsule-based ER, CSI, and tumor
size are independent risk factors for PA recurrence after GTR.
Moreover, pseudocapsule-based ER was first introduced as an
independent prognostic indicator of PA recurrence after GTR.
The nomogram constructed in our study was effective and
valuable for predicting PA recurrence after GTR, suggesting its
potential utility for assisting neurosurgeons in the development
of improved and individualised PA treatment strategies.
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