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Objective

Suprasellar pituitary adenomas (PAs) can be located in either extradural or intradural spaces, which impacts surgical strategies and outcomes. This study determined how to distinguish these two different types of PAs and analyzed their corresponding surgical strategies and outcomes.



Methods

We retrospectively analyzed 389 patients who underwent surgery for PAs with suprasellar extension between 2016 to 2020 at our center. PAs were classified into two main grades according to tumor topography and their relationships to the diaphragm sellae (DS) and DS-attached residual pituitary gland (PG). Grade 1 tumors were located extradurally and further divided into grades 1a and 1b, while grade 2 tumors were located intradurally.



Results

Of 389 PAs, 292 (75.1%) were surrounded by a bilayer structure formed by the DS and the residual PG and classified as grade 1a, 63 (16.2%) had lobulated or daughter tumors resulting from the thinning or absence of the residual PG and subsequently rendering the bilayer weaker were classified as Grade 1b, and the remaining 34 (8.7%) PAs that broke through the DS or traversed the diaphragmic opening and encased suprasellar neurovascular structures were classified as Grade 2. We found that the gross total removal of the suprasellar part of grade 1a, 1b, and 2 PAs decreased with grading (88.4%, 71.4%, and 61.8%, respectively). The rate of major operative complications, including cerebrospinal fluid leakage, hemorrhage, and death, increased with grading.



Conclusions

It is essential to identify whether PAs with suprasellar extension are located extradurally or intradurally, which depends on whether the bilayer structure is intact. PAs with an intact bilayer structure were classified as grade 1. These were extradural and usually had good surgical outcomes and lower complications. PAs with no bilayer structure surrounding them were classified as grade 2. These were intradural, connected to the cranial cavity, and had increased surgical complications and a lower rate of gross total removal. Different surgical strategies should be adopted for extradural and intradural PAs.
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Introduction

Pituitary adenomas (PAs) account for approximately 15% of all intracranial tumors that originate in the anterior pituitary gland (1–3). As the tumor increases in size, it often grows beyond the confines of the sella turcica (4). Since the lateral and superior surfaces of the sella turcica lack bony structural support, PAs are likely to extend into the parasellar and suprasellar regions (5). In past studies, approximately 80% of the macroadenomas reported were observed to extend into the suprasellar space (6–8).

PAs that significantly extend into the suprasellar region are considered invasive on imaging (9, 10). This definition of an invasive PA, with the criteria that the tumor invades into the suprasellar region, leads to confusion in diagnosis and treatment. Some PAs that significantly extend into the suprasellar region still have a bilayer structure formed by the diaphragm sellae (DS) and the thinning residual pituitary gland after tumor removal. Thus, the tumor cavity is not connected to the intracranial cavity and it seems unreasonable to classify these as invasive PAs. Other tumors create cavities that are in direct contact with the cranial cavity after excision. These tumors often encircle vital neurovascular structures. The surgical approach to and complications of such PAs are markedly different from those with unconnected tumor cavities.

Distinguishing between the two types of PA with differential suprasellar extension (SSE) is crucial to surgical strategy, though there is currently no method to distinguish between them.

There is also still no convincing theory on how PAs extend into the suprasellar space. Some suggest that they extend through the large diaphragmatic opening (5, 11) but fail to explain how an intact DS and DS-attached residual pituitary gland can still be visible without cerebrospinal fluid (CSF) leakage after tumor resection.

The purpose of this study was to determine how to objectively identify these two different forms of PA, their differential extension into the suprasellar region, and their corresponding surgical strategies, and to present our hypotheses on how the adenomas extend into the suprasellar space.



Materials and Methods


Patient Selection

Included in this study were 389 patients with PAs with SSE who underwent tumor removal surgery performed by lead investigator, Hong Tao, M.D. between 2016 and 2020. Patients with recurrent tumors were excluded to avoid confounding bias. Patients without preoperative magnetic resonance imaging (MRI) or with PAs lacking SSE were also excluded.

This retrospective study was approved by the University of Nanchang Institutional Review Board. Clinical and pathological characteristics were obtained from the institutional database and medical records. All patients routinely underwent endocrine and ophthalmic examinations just before surgery and 7 days post-surgery.



MRI Evaluation and Tumor Classification

An MRI was performed on each patient just before surgery and 3 days post-surgery using a standard 3.0-T scanner. Two independent neurosurgeons classified the adenomas with guidance from senior professors (T.H. and B.T.); any divergence was discussed and resolved.

Tumors were classified into two main grades based on the configuration of the suprasellar portion of the tumor and its relationship to the DS, DS-attached residual pituitary gland, and major intracranial neurovascular structure. Grade 1a: PAs presented as “inflated balloons” with expansive growth toward the suprasellar region and pushed the DS and DS-attached residual pituitary gland (Figure 1A). The suprasellar aspects of the tumors were regularly shaped and smooth with clear borders. A thick, uneven layer of residual pituitary was often observed below the DS. The arteries of the circle of Willis were located at the edge of these tumors and still outside the DS. Grade 1b: The suprasellar portion of the adenomas had an asymmetrically lobulated appearance, with clear borders (Figure 1B). 1b tumors elevated the DS and its attached residual pituitary gland. In some areas beneath the DS, the residual pituitary gland was flattened by the tumor, causing an extremely thin or even absent pituitary, leading to the formation of a daughter tumor, as if a tire had thinned and formed a bulb. Blood vessels were also often located at the edges of the tumor and still outside the DS. Grade 2: The tumor broke through the DS growing into the suprasellar region. These tumors grew along the suprasellar cistern and encircled the neurovascular structures (Figure 1C). In these tumors, the shape of the suprasellar adenoma was irregular and matched the suprasellar cistern morphology.




Figure 1 | Classification of pituitary adenomas (PAs) with suprasellar extensions (SSE). Each horizontal panel represents an illustration of coronal and sagittal sectional views, and preoperative and postoperative magnetic resonance images for each type of PA. (A1–A4) Grade 1a PAs presented as an “inflated balloon” with expansive growth toward the suprasellar region that pushed the DS and DS-attached residual pituitary gland. (B1–B4) Grade 1b PAs elevated the DS and DS-attached residual pituitary gland. In some areas beneath the DS, the residual pituitary gland was compressed by the tumor, resulting in it become extremely thin or even absent. The thinning or even absence of the residual pituitary caused the bilayer to become weaker, leading to an inability to resist the intratumoral pressure. This led to the formation of daughter tumors, like a thinning tire forming a bulge. The suprasellar portion of the PAs had an asymmetrically lobulated appearance with clear border. (C1–C4) Grade 2 PAs broke through the DS to reach the subarachnoid space.



The extent of tumor removal was confirmed by intraoperative findings and postoperative contrast enhanced MRI acquired within 72 hours after surgery. Gross total removal (GTR) was confirmed if no suprasellar adenoma was identified by postoperative MRI, and cases in which there were any small residual tumors were classified as subtotal resection (STR). Radical resection of the tumor from within the cavernous sinus was not involved as the focus of the study was on resection of suprasellar adenomas.



Surgical Approach

All patients underwent surgical treatment via the endoscopic endonasal approach (EEA). The expanded endoscopic endonasal approach (EEEA), transsphenoidal transtuberculum approach, is a valuable treatment option for PAs with significant SSE (12–16). However, it remains unclear how deep a tumor must extend into the suprasellar region to require EEEA. Therefore, on the mid-sagittal image, the degree of SSE (17, 18) and the maximum vertical height (H1) of the upper surface of the tumor to the line joining the inferior border of the nostril and the inferior border of the tuberculum sellae were measured (Figure 2). A receiver operating characteristic curve (ROC) was used to evaluate the cutoff values of SSE and H1 as predictive factors for EEEA.




Figure 2 | (A) Illustration demonstrating the “two points and one line” method. (B, C) Receiver operating characteristic (ROC) curves for evaluating the predictive power of the SSE (B) and H1 (C) for the expand endoscopic endonasal approach. (D) The vertical height (H1) from the upper surface of the tumor to the AB line is within 8.1 mm and often a standard endoscopic endonasal approach can remove the tumor. (E) Tumors that exceed the AB line by 8.1 mm often require an extended endoscopic endonasal approach. Point A, the inferior border of the nostril. Point B, the inferior border of the tuberculum sellae. Point C, the inferior border of the optic chiasm. H1, the vertical height from the upper surface of the tumor to the AB line.





Operative Technique

The standard EEA for PAs has been described previously (13, 19, 20). A 2-surgeon 4-handed technique with binostril access was employed as previously described (21, 22). Briefly, in situations where the DS descended asymmetrically, care was taken to avoid tumor residue (23). For lobulated tumors, special attention was paid to the management of the daughter tumor. Because grade 2 tumors encircled vital neurovascular structures, surgeons took particular care to avoid damaging non-tumor structures such as the perforators. After tumor removal, a multilayered reconstruction technique was performed to repair the skull base defect, as described in previous publications (24).



Statistical Analysis

Differences between groups were assessed by Chi-square analysis (or Fisher’s exact test where appropriate). A p-value <0.05 was considered statistically significant by using SPSS software (SPSS version 25). ROC curves were generated to determine the sensitivities and specificities of the cut-off values of H1 and SSE for the prediction of EEEA.




Results


Patient Demographics, Tumor Characteristics, and Grading

There were 389 patients with PAs with SSEs who received surgical treatment. The mean age was 51.6 ± 13.1 years, and 52.2% (n = 203) of patients were male. The mean follow-up time was 16.2 months (range 3–54 months). Nonfunctioning PA was the most frequent tumor type (n=263, 67.4%). There were 52 (13.4%) growth hormone secreting adenomas, 34 (8.7%) prolactinomas, 12 (3.1%) ACTH secreting adenomas, 6 (1.5%) TSH-secreting adenomas, and 22 (5.7%) mixed adenomas. The prolactinomas in this study were treated surgically in patients who had either serious side effects or no reaction to a dopamine agonist. The most common clinical manifestations were visual complaints (n = 286, 73.5%) and headaches (n = 160, 41.1%), while 58 (14.9%) cases were asymptomatic (incidental detection). Anterior hypopituitarism was detected in 51 cases (13.1%). According to the criteria described above, there were 292 (75.1%), 63 (16.2%), and 34 (8.7%) patients with grade 1a, 1b, and 2 tumors, respectively (Table 1).


Table 1 | Patient and tumor characteristics.





Surgical Outcomes

As this study focused on removal of suprasellar adenomas, radicality of tumor removal from within the cavernous sinus was not addressed. Based on the intraoperative assessment and postoperative MRI, GTR of the suprasellar adenoma was achieved in 258 (88.4%), 45 (71.4%) and 21 (61.8%) grade 1a, 1b, and 2 adenomas, respectively. The rate of GTR declined with increasing grade (p < 0.05) (Table 2).


Table 2 | Clinical outcomes in patients with suprasellar pituitary adenomas.



Postoperative CSF leakage occurred in 13 (3.3%) patients: grade 1a, 6 (2.1%); grade 1b, 4 (6.3%); and grade 2, 3 (8.8%). The rate of CSF leakage was significantly higher in grade 2 than in grade 1a (p < 0.05) (Table 2).

For the patients with preoperative visual dysfunction, approximately 70% reported improvement after surgery. A total of 9 patients experienced worsening vision: grade 1a, 4 (1.4%); grade 1b, 2 (3.2%); and grade 2, 3 (8.8%). The rate of worsening vision was significantly higher in grade 2 than in grade 1a (p < 0.05) (Table 2).

Out of our cohort, 5 (1.7%) patients in grade 1a, 3 (4.7%) in grade 1b, and 4 (11.8%) in grade 2 experienced postoperative hematomas. There were no cases of intracranial ischemia or death in grade 1a and grade 1b tumors. Among those with grade 2 tumors, cerebral ischemia occurred in 2 cases and death occurred in 1 case.



Sensitivities and Specificities of Cut-Off Values of H1 and SSE on Sagittal Views

In our cohort, 67 (22.9%) patients in grade 1a, 19 (30.2%) in grade 1b, and 25 (73.5%) in grade 2 experienced EEEA. The ROC curves for the sagittal H1 and SSE that were used to predict the need for an EEEA are shown in Figure 2. The area under the curve (AUC) of the ROC curve for the sagittal SSE was 0.886 (95% CI: 0.855-0.917). When the Youden index reached a maximum, the optimal cut-off value was 17.4 mm. The AUC for H1 was 0.960 (95% CI: 0.941-0.980). We found the optimal relationship between sensitivity and specificity for EEA at the cut-off value of 8.1 mm.




Discussion

PAs with significant extension into the suprasellar region are a huge challenge for neurosurgeons. Identifying whether PAs with SSE are located extradural or intradural is essential for surgical strategies and outcomes, though there is currently no method to distinguish between them. The DS is an important barrier between the intrasellar and the suprasellar region (25–27). Hence, we established a classification system that can identify these two PAs preoperatively according to tumor topography and its relationship to the DS, DS-attached residual pituitary gland, and major intracranial neurovascular structures.

Grade 1a PAs pushed and stretched the DS and the residual pituitary gland up toward the suprasellar region. Due to the restriction of the DS and DS-attached residual pituitary gland, these tumors grew expansively into the suprasellar region like an inflated balloon (Figure 3). The clear border and smoothly rounded superior wall of the tumors we observed suggests that the DS was intact (28). A thin, uneven layer of residual pituitary was usually observed beneath the DS (Figure 1A3). Intraoperatively, the intact DS and DS-attached residual pituitary gland were observed to herniate into the intrasellar space after tumor resection (Figure 3A3). Even in some PAs that grew significantly toward the suprasellar region, we were still able to observe an intact DS and its attached residual gland after adenomas resection (Figure 3B3). Therefore, we suggest that the surfaces of grade 1a suprasellar tumors are often surrounded by the DS and a thin, uneven layer of residual pituitary. The intact bilayer structure formed by the DS and the residual pituitary gland act as a barrier between the tumor and the cranial cavity, so this type of PA is located in the extradural space. Theoretically, these tumors are located in the intrasellar/subdiaphragmatic space. The bilayer structure is the key to determining whether a PA is located in the extradural or intradural region.




Figure 3 | Two cases with grade 1a pituitary adenomas (PAs). (A1, B1) Preoperative, coronal post-gadolinium magnetic resonance image (MRI) showing grade 1a tumor with a regular smooth shape and clear border. (A2, B2) Postoperative MRI showing gross total resection. (A3, B3) Endoscopic views showing an intact bilayer structure formed by the DS and DS-attached residual pituitary gland.



Compared to Grade 1a, Grade 1b PAs grew further and stretched the DS and DS- attached residual gland into the suprasellar region. The relatively thin residual pituitary gland beneath the DS was compressed and stretched so much by the tumor that it became extremely thin or even absent, leading to weakness in this area and an inability to resist the intratumoral pressure (Figure 4). This led to the formation of daughter tumors (Figure 5A). Despite being thin, the walls of the daughter tumors remained continuous with the DS. Thus, theoretically, these tumors were still located in the intrasellar/subdiaphragmatic space and classified as grade 1. When the area of weakness in the DS was relatively large, a wide-necked daughter tumor formed, while when the area was relatively small, a narrow-necked daughter tumor formed. Both single and multiple daughter tumors of varying sizes could be formed in the same patient. The daughter tumor could extend in the direction of the anterior cranial base, temporal lobe, and clivus (Figures 4A1–C1). Intraoperatively, a transparent and extremely thin wall of the daughter tumor could be observed inversely projecting into the tumor cavity forming a reverse daughter balloon after the tumor removal (Figure 5F), just as the DS descended into the sellar region after the tumor removal (Figure 5). The descending wall of reverse daughter balloon has no residual pituitary or only an extremely thin remnant pituitary attached that appears similar to the arachnoid membrane. Here, blood vessels were pushed by the tumor, and located at the tumor’s edge. In some cases, blood vessels were located at the bifurcation of multiple lobulated daughter tumors, and the bifurcation covered the vessels, similar to blood vessel being encircled.




Figure 4 | Three cases with grade 1b PAs that underwent endoscopic endonasal surgery. (A1, B1, C1) Preoperative, sagittal post-gadolinium MRIs showing 3 grade 1b tumors with daughter tumor (yellow arrow) extending to the anterior skull base (A1), the interpeduncular fossa (B1), and the suprasellar lateral (C1). (A2, B2, C2) Postoperative MRI demonstrating gross total resection of suprasellar part of tumor was achieved. (A3, B3, C3) Endoscopic views showing the intact wall of daughter tumor. Daug. Tu, daughter tumor; DS, diaphragm sellae.






Figure 5 | Schemes, preoperative magnetic resonance images (MRI), and endoscopic views showing a daughter tumor and reverse daughter balloon. (A) Illustration of the formation of a daughter tumor. The thinning or even absence of the residual pituitary caused the bilayer to be weaker, leading to an inability to resist the intratumoral pressure. Thus, a daughter tumor formed, like a thinning tire creating a bulge. (B, C) Illustration of reverse daughter balloon. When the tumor was completely removed, due to the intracranial cerebrospinal fluid pressure, the thin dura on the surface of the daughter tumor inversely protruded into the tumor cavity, forming a reverse daughter balloon. Diagram (D) is a merge of diagrams (B, C). (E, G) Preoperative, sagittal post-gadolinium MRI showing grade 1b tumor with a small daughter tumor extending into the suprasellar space. (F, H) Endoscopic view after tumor resection showing a reverse daughter balloon. Re. Daug. Ba, reverse daughter balloon.



Grade 2 PAs broke through the DS or transgressed the diaphragmic opening to reach the intracranial cavity. Here, the lack of the bilayer barrier allowed the tumor to communicate directly with the cranial cavity, so this type of tumor was classified as an intradural subarachnoid tumor. Because of the lack of constraint by the bilayer, they lost their expansive growth characteristics and, like epidermoid cysts, spread along the subarachnoid space into the available space and encircled vital neurovascular structures such as the circle of Willis and its perforators, optic nerve, and optic chiasm (Figure 6). These tumors could even invade the floor of the third ventricle and enter the ventricular space. We have found that some PAs not extending very deep into the suprasellar cistern could also break through the DS into the intracranial cavity (Figure 6A). Notably, such tumors grew in grid-like structures formed by the perforating vessels (Figure 6J), posing a great challenge for tumor resection. These tumors could break though the Liliequist membrane and grow along the prepontine cistern into the clivus, characteristics unique to grade 2 PAs (characteristics of each grade show in Table 3).




Figure 6 | Pre- and postoperative magnetic resonance imaging (MRI) demonstrating two cases of grade 2 pituitary adenoma. (A) A grade 2 PA that extended to the suprasellar region and grew along with the suprasellar cistern. (B) Endoscopic views showing the tumor entered into the arachnoid spaces and encased vital neurovascular structures. (C) postoperative MRI showing gross total resection. (D–F) Preoperative T1 contrast-enhanced images showing a grade 2 tumor significantly extended to the suprasellar and encircled vital neurovascular structures. (G–J) Endoscopic views showing the tumor entered into the suprasellar space and encased vital neurovascular structures. The tumor grew in grid-like structures formed by the perforating vessels (J). (K, L) Postoperative T1 contrast-enhanced MRI demonstrating subtotal resection of the suprasellar component of adenoma. PS, pituitary stalk; PG, pituitary gland; Tu, tumor; R. A1, right A1 segment of anterior cerebral artery; R. P1, right P1 segment of posterior cerebral artery; SCA, superior cerebellar artery; BA, basilar artery; R. Ht, right hypothalamus.




Table 3 | Characteristics and surgical strategies and outcomes of each grade.



Surgical approaches to resection were determined by tumor grade. Grade 1a PAs were located in the extradural/subdiaphragmatic space. The transsphenoidal approach is more appropriate for grade 1a PAs. However, we preferred EEA, owing to its advantages including wide-angle view and elimination of brain retraction (12, 14, 29–31). Special attention should be given to protect the residual pituitary gland intraoperatively. When the residual pituitary is observed, the boundary of the tumor has been reached. If the tumor is removed and only a thin, transparent DS remains, the residual pituitary gland might have been excised. Thus, establishing the concept of a bilayer separating the cranial cavity from the tumor facilitates the protection of the residual pituitary gland. The transsphenoidal approach was also appropriate for grade 1b PAs, as they were also located in the extradural/subdiaphragmatic space. We utilized an EEA, which allowed closer visualization of the daughter tumor. Some tumor locations were difficult to reach with EEA (12, 13, 32, 33), requiring a transcranial route or transcranial combined transsphenoidal approach. For example, this approach was used when the daughter tumor extended from the retro-chiasmatic region to its superior anterior aspect, significantly lateral to the suprasellar cistern. Special attention should be paid to the treatment of daughter tumors intraoperatively. With EEA, when the neck of the daughter tumor was wide, the tumor could be resected along the natural corridor of the daughter tumor, using the opening of the daughter tumor as a starting point to remove the tumor within the daughter tumor. when the neck of the daughter tumor was small, the neck opening could be widened to remove the tumor within the daughter tumor. When the tumor within the daughter tumor was completely removed, because of the intracranial cerebrospinal fluid pressure, the thin dura on the surface of the daughter tumor could inversely protrude into the tumor cavity. Forming a reverse daughter balloon was a sign of complete removal of the daughter tumor.

The transsphenoidal and transcranial approaches were all very difficult for grade 2 PAs, as these tumors were located in the intradural space. These tumors grew in grid-like structures formed by the perforating vessels, and it was necessary to both remove the tumor and avoid damaging the perforators. In some patients, the third ventricle floor was compressed into a thin layer, and protection of the floor of the third ventricle is necessary to avoid damage to the hypothalamus. For these reasons, when such tumors are giant, the transcranial approach can also be an appropriate choice. When the tumor is coaxial with the transsphenoidal route, EEA may be preferred. If the tumor is giant or extends laterally to the temporal lobe with sphenoidal or cavernous sinus invasion, a combined transcranial and EEA approaches may be more appropriate.

We used the two-point-one-line method to predict the need for EEEA. Our data show that both SSE and H1 are effective predictors of the need for EEEA. The cut-off value of SSE was 17.4 mm, so Hardy’s classification grades C and D may necessitate an EEEA. H1 can reflect the degree of tumor extension to the anterior skull base. We suggest that H1 is a more appropriate predictor of needing an EEEA. An EEEA is usually required for grade 1b, grade 2, and large or hard consistency grade 1a PAs.

The goal of the surgery was optic apparatus decompression and the safest possible tumor resection (32, 34). The GRT of suprasellar tumor in grade 1a PAs was higher than that of grade 1b and grade 2 tumors, due to the regular shape and the protection of the bilayer structure. Some residual tumor tended to remain in the daughter tumor, so the total resection rate was significantly lower than that of grade 1a PAs. Grade 2 tumors encircled vital blood vessels, making them more difficult to remove. Some grade 2 PAs were close to the hypothalamus, and care was taken to protect the hypothalamus and the floor of the third ventricle. These are among the reasons for incomplete resection in our series.

Severe postoperative complications, including postoperative hemorrhage, visual deterioration, cerebral infarction, and death occurred, though mostly in patients with grade 2 tumors. We believe that grade 2 tumors encircled vital neurovascular structures and were in close proximity to the hypothalamus, which greatly increased the chance of incidental damage during surgery. The tumors grew in the grids formed by the penetrating vessels, particularly in sites with abundant perforator vessels. Resection of tumors in these grids was prone to serious complications, such as postoperative stroke, due to damage to the perforator vessels.

The dura mater on the surface of daughter tumors was very thin and easily ruptured, potentially increasing the rate of CSF leakage. In our data, the rates of CSF leakage were higher in patients with grade 1b than grade 1a tumors, but not significantly. Since grade 2 PAs broke through the DS and extended into the subarachnoid space, the CSF leakage rate was significantly higher than that of patients with grade 1a PAs.

We suggest a possible pattern in which PAs extend into the suprasellar region. In grade 1 PAs, the tumor may originate in the lower part of the pituitary gland and push and stretch the pituitary gland and diaphragmatic dura upward into the suprasellar space. The possible patterns in which grade 2 PAs break through the DS into the suprasellar region include: (1) A grade 1b tumor further grows and traverses the extremely thin layer of the daughter tumor into the subarachnoid space. The distribution of the residual pituitary glands in grade 2 PAs formed this way are the same as that of grade 1b PAs. (2) In the early stages of PA growth, the tumor directly invades and penetrates the DS into the suprasellar region; (3) The tumor grows into the intracranial space through the loose diaphragmatic opening. For the latter two situations, the tumor may originate near the upper surface of the pituitary gland and easily transgress the DS or diaphragmatic opening. We have made these assumptions based on the location of the residual pituitary in these tumors. For example, the residual pituitary gland of grade 1 tumors tends to be located on the superior and lateral surface of the tumor. In contrast, the residual pituitary gland of grade 2 tumors (except those developed from grade 1b) tends to be located on the bottom and lateral surface of the tumor.

Goel et al. divided giant pituitary adenomas into 4 grades depending on their anatomical extensions and the nature of their meningeal coverings (28). In our classification, grade 1 PAs are beneath the DS, which is consistent with Goel’s classification of grade I. However, we suggest that it is not only the DS that was elevated by the tumor but also the residual pituitary gland. The surfaces of these tumors were covered by an intact bilayer structure formed by the DS and the residual pituitary. We propose that the thinning or absence of the residual pituitary gland caused the double barrier (DS and residual pituitary) to become a weak barrier, which was the key to the formation of daughter tumors.

This study has some limitations. First, our classification focused on identifying whether PAs with SSEs are located in extradural or intradural spaces, but did not take into account the degree of the suprasellar and lateral tumor extensions. In the future, we hope to reconcile our study with Hardy’s classification. In grade 1b and 2 tumors, for instance, if the tumor extends significantly lateral to the suprasellar region, a Hardy’s classification grade D, a transcranial approach or a combined transsphenoidal approach may be more appropriate. Another limitation was that our proposed two-point-one-line method of predicting when an EEEA was required is only a prediction. As such, the need for an EEA may also be related to other factors, particularly the consistency of the tumor, revision surgery, and intraoperative CSF release.



Conclusion

The bilayer structure formed by the DS and the residual pituitary gland is the key to determining whether a PA is located in the extradural or intradural space. The grade 1 PAs are located extradural which we further divided into 2 subtypes: grade 1a and grade 1b PAs. Grade 1a PAs push and stretch the bilayer structure up toward the suprasellar region. Grade 1b PAs demonstrate a thinning or absence of residual pituitary gland, leading to weakness of the bilayer structure and formation of a daughter tumor. Grade 2 PAs have a surface that is not surrounded by a bilayer structure and are located in the intradural space. GTR decreases with increasing grade, while the surgical risks and complications increase with increasing grade. Given the information provided by this classification scheme, surgeons can plan the most appropriate operative approach and extent of resection and can better predict the surgical outcomes.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The studies involving human participants were reviewed and approved by Institutional Ethics Committee of the First Affiliated Hospital of Nanchang University. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. Written informed consent was obtained from the individual(s), and minor(s)’ legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.



Author Contributions

TH and YY conceived of and directed the study. TH, YB, SX, and BT provided clinical information and analysis the data. XW, LY, and JW collected the data. SL and SZ made the tables and figures. TH, YY, YB, and SX reviewed the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Natural Science Foundation of China (grant nos. 82060246 and 81460381), the Ganpo555 Engineering Excellence of Jiangxi Science and Technology Department (2013), and the Key Research and Invention Plan of Jiangxi Science and Technology Department (20192BBG70026).



Acknowledgments

We express our sincere appreciation to Miss Jing Liu and Rong Yuan for the illustration.



References

1. Melmed, S. Pituitary-Tumor Endocrinopathies. N Engl J Med (2020) 382(10):937–50. doi: 10.1056/NEJMra1810772

2. Pertichetti, M, Serioli, S, Belotti, F, Mattavelli, D, Schreiber, A, Cappelli, C, et al. Pituitary Adenomas and Neuropsychological Status: A Systematic Literature Review. Neurosurg Rev (2020) 43(4):1065–78. doi: 10.1007/s10143-019-01134-z

3. Zhang, Y, Ko, CC, Chen, JH, Chang, KT, Chen, TY, Lim, SW, et al. Radiomics Approach for Prediction of Recurrence in Non-Functioning Pituitary Macroadenomas. Front Oncol (2020) 10:590083. doi: 10.3389/fonc.2020.590083

4. Chatzellis, E, Alexandraki, KI, Androulakis, II, and Kaltsas, G. Aggressive Pituitary Tumors. Neuroendocrinology (2015) 101(2):87–104. doi: 10.1159/000371806

5. Campero, A, Martins, C, Yasuda, A, and Rhoton, AL Jr. Microsurgical Anatomy of the Diaphragma Sellae and its Role in Directing the Pattern of Growth of Pituitary Adenomas. Neurosurgery (2008) 62(3):717–23; discussion -23. doi: 10.1227/01.neu.0000317321.79106.37

6. Ishii, K, Ikeda, H, Takahashi, S, Matsumoto, K, Ishibashi, T, and Tazawa, S. MR Imaging of Pituitary Adenomas With Sphenoid Sinus Invasion: Characteristic MR Findings Indicating Fibrosis. Radiat Med (1996) 14(4):173–8.

7. Sarkar, S, Chacko, AG, and Chacko, G. Clinicopathological Correlates of Extrasellar Growth Patterns in Pituitary Adenomas. J Clin Neurosci: Off J Neurosurg Soc Australas (2015) 22(7):1173–7. doi: 10.1016/j.jocn.2015.01.029

8. Singh, H, Essayed, WI, Cohen-Gadol, A, Zada, G, and Schwartz, TH. Resection of Pituitary Tumors: Endoscopic Versus Microscopic. J Neurooncol (2016) 130(2):309–17. doi: 10.1007/s11060-016-2124-y

9. Meij, BP, Lopes, MB, Ellegala, DB, Alden, TD, and Laws, ER Jr. The Long-Term Significance of Microscopic Dural Invasion in 354 Patients With Pituitary Adenomas Treated With Transsphenoidal Surgery. J Neurosurg (2002) 96(2):195–208. doi: 10.3171/jns.2002.96.2.0195

10. Jefferson, G. Extrasellar Extensions of Pituitary Adenomas: (Section of Neurology). Proc R Soc Med (1940) 33(7):433–58. doi: 10.1177/003591574003300717

11. Cabuk, B, Anik, I, Kokturk, S, Ceylan, S, and Ceylan, S. Anatomic and Histologic Features of Diaphragma Sellae That Effects the Suprasellar Extension. J Clin Neurosci: Off J Neurosurg Soc Australas (2020) 71:234–44. doi: 10.1016/j.jocn.2019.11.014

12. de Divitiis, E, Cavallo, LM, Cappabianca, P, and Esposito, F. Extended Endoscopic Endonasal Transsphenoidal Approach for the Removal of Suprasellar Tumors: Part 2. Neurosurgery (2007) 60(1):46–58; discussion -9. doi: 10.1227/01.Neu.0000249211.89096.25

13. Dehdashti, AR, Ganna, A, Witterick, I, and Gentili, F. Expanded Endoscopic Endonasal Approach for Anterior Cranial Base and Suprasellar Lesions: Indications and Limitations. Neurosurgery (2009) 64(4):677–87. doi: 10.1227/01.Neu.0000339121.20101.85

14. Di Maio, S, Cavallo, LM, Esposito, F, Stagno, V, Corriero, OV, and Cappabianca, P. Extended Endoscopic Endonasal Approach for Selected Pituitary Adenomas: Early Experience. J Neurosurg (2011) 114(2):345–53. doi: 10.3171/2010.9.JNS10262

15. Di Somma, A, Torales, J, Cavallo, LM, Pineda, J, Solari, D, Gerardi, RM, et al. Defining the Lateral Limits of the Endoscopic Endonasal Transtuberculum Transplanum Approach: Anatomical Study With Pertinent Quantitative Analysis. J Neurosurg (2018) 130(3):848–60. doi: 10.3171/2017.9.JNS171406

16. Kutlay, M, Durmaz, A, Ozer, I, Kural, C, Temiz, C, Kaya, S, et al. Extended Endoscopic Endonasal Approach to the Ventral Skull Base Lesions. Clin Neurol Neurosurg (2018) 167:129–40. doi: 10.1016/j.clineuro.2018.02.032

17. Mohr, G, Hardy, J, Comtois, R, and Beauregard, H. Surgical Management of Giant Pituitary Adenomas. Can J Neurol Sci (1990) 17(1):62–6. doi: 10.1017/s0317167100030055

18. Thotakura, AK, Patibandla, MR, Panigrahi, MK, and Addagada, GC. Predictors of Visual Outcome With Transsphenoidal Excision of Pituitary Adenomas Having Suprasellar Extension: A Prospective Series of 100 Cases and Brief Review of the Literature. Asian J Neurosur (2017) 12(1):1–5. doi: 10.4103/1793-5482.149995

19. Dehdashti, AR, Ganna, A, Karabatsou, K, and Gentili, F. Pure Endoscopic Endonasal Approach for Pituitary Adenomas: Early Surgical Results in 200 Patients and Comparison With Previous Microsurgical Series. Neurosurgery (2008) 62(5):1006–15; discussion 15-7. doi: 10.1227/01.neu.0000325862.83961.12

20. Mortini, P, Barzaghi, R, Losa, M, Boari, N, and Giovanelli, M. Surgical Treatment of Giant Pituitary Adenomas: Strategies and Results in a Series of 95 Consecutive Patients. Neurosurgery (2007) 60(6):993–1002; discussion 3-4. doi: 10.1227/01.NEU.0000255459.14764.BA

21. Yang, L, Xie, SH, Fang, C, Zeng, EM, Tang, B, and Hong, T. Preservation of Hypothalamic Function With Endoscopic Endonasal Resection of Hypothalamus-Invaded Craniopharyngiomas. World Neurosurg (2019) 132:e841–51. doi: 10.1016/j.wneu.2019.07.225

22. Wu, X, Xie, SH, Tang, B, Yang, YQ, Yang, L, Ding, H, et al. Pituitary Adenoma With Posterior Area Invasion of Cavernous Sinus: Surgical Anatomy, Approach, and Outcomes. Neurosurg Rev (2020) 1–9. doi: 10.1007/s10143-020-01404-1

23. Abdelmaksoud, A, Fu, P, Alwalid, O, Elazab, A, Zalloom, A, Xiang, W, et al. Degrees of Diaphragma Sellae Descent During Transsphenoidal Pituitary Adenoma Resection: Predictive Factors and Effect on Outcome. Curr Med Sci (2018) 38(5):888–93. doi: 10.1007/s11596-018-1958-2

24. Hadad, G, Bassagasteguy, L, Carrau, RL, Mataza, JC, Kassam, A, Snyderman, CH, et al. A Novel Reconstructive Technique After Endoscopic Expanded Endonasal Approaches: Vascular Pedicle Nasoseptal Flap. Laryngoscope (2006) 116(10):1882–6. doi: 10.1097/01.mlg.0000234933.37779.e4

25. Guinto Balanzar, G, Abdo, M, Mercado, M, Guinto, P, Nishimura, E, and Arechiga, N. Diaphragma Sellae: A Surgical Reference for Transsphenoidal Resection of Pituitary Macroadenomas. World Neurosurg (2011) 75(2):286–93. doi: 10.1016/j.wneu.2010.08.002

26. Rhoton, AL Jr. The Sellar Region. Neurosurgery (2002) 51(4 Suppl):S335–74. doi: 10.1097/00006123-200210001-00009

27. Bergland, RM, Ray, BS, and Torack, RM. Anatomical Variations in the Pituitary Gland and Adjacent Structures in 225 Human Autopsy Cases. J Neurosurg (1968) 28(2):93–9. doi: 10.3171/jns.1968.28.2.0093

28. Goel, A, Nadkarni, T, Muzumdar, D, Desai, K, Phalke, U, and Sharma, P. Giant Pituitary Tumors: A Study Based on Surgical Treatment of 118 Cases. Surg Neurol (2004) 61(5):436–45; discussion 45-6. doi: 10.1016/j.surneu.2003.08.036

29. Laufer, I, Anand, VK, and Schwartz, TH. Endoscopic, Endonasal Extended Transsphenoidal, Transplanum Transtuberculum Approach for Resection of Suprasellar Lesions. J Neurosurg (2007) 106(3):400–6. doi: 10.3171/jns.2007.106.3.400

30. Khalafallah, AM, Liang, AL, Jimenez, AE, Rowan, NR, Oyesiku, NM, Mamelak, AN, et al. Trends in Endoscopic and Microscopic Transsphenoidal Surgery: A Survey of the International Society of Pituitary Surgeons Between 2010 and 2020. Pituitary (2020) 23(5):526–33. doi: 10.1007/s11102-020-01054-y

31. Van Gerven, L, Qian, Z, Starovoyt, A, Jorissen, M, Meulemans, J, van Loon, J, et al. Endoscopic, Endonasal Transsphenoidal Surgery for Tumors of the Sellar and Suprasellar Region: A Monocentric Historical Cohort Study of 369 Patients. Front Oncol (2021) 11:643550. doi: 10.3389/fonc.2021.643550

32. Koutourousiou, M, Gardner, PA, Fernandez-Miranda, JC, Paluzzi, A, Wang, EW, and Snyderman, CH. Endoscopic Endonasal Surgery for Giant Pituitary Adenomas: Advantages and Limitations. J Neurosurg (2013) 118(3):621–31. doi: 10.3171/2012.11.Jns121190

33. Nishioka, H, Hara, T, Nagata, Y, Fukuhara, N, Yamaguchi-Okada, M, and Yamada, S. Inherent Tumor Characteristics That Limit Effective and Safe Resection of Giant Nonfunctioning Pituitary Adenomas. World Neurosurg (2017) 106:645–52. doi: 10.1016/j.wneu.2017.07.043

34. Elshazly, K, Kshettry, VR, Farrell, CJ, Nyquist, G, Rosen, M, and Evans, JJ. Clinical Outcomes After Endoscopic Endonasal Resection of Giant Pituitary Adenomas. World Neurosurg (2018) 114:e447–56. doi: 10.1016/j.wneu.2018.03.006




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Copyright © 2021 Yang, Bao, Xie, Tang, Wu, Yang, Wu, Ding, Li, Zheng and Hong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-723513-g003.jpg





OEBPS/Images/fonc-11-723513-g006.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Identification of the Extradural and Intradural Extension of Pituitary Adenomas to the Suprasellar Region: Classification, Surgical Strategies, and Outcomes

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Patient Selection

          



          		

            MRI Evaluation and Tumor Classification

          



          		

            Surgical Approach

          



          		

            Operative Technique

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Patient Demographics, Tumor Characteristics, and Grading

          



          		

            Surgical Outcomes

          



          		

            Sensitivities and Specificities of Cut-Off Values of H1 and SSE on Sagittal Views

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-723513-g004.jpg





OEBPS/Images/table2.jpg
Grade 1a Grade 1b Grade 2 p Value
(n=292) (n = 63) (n=34)
Gross total resection, n (%) 258 (88.4) 45 (71.4) 21(61.8) 0.004*
Visual dysfunction
Improved, n (%)t 158 (73.4) 32 (71.1) 18 (69.2) 0.868
Unchanged, n (%) 130 (44.5) 29 (46) 12 (35.3) 0.553
Worsened, n (%) 4(1.4) 232 3(8.8) 0.023*
Postop Endocrine
Posterior pituitary insufficiency
Temporary DI, n (%) 30 (10.3) 8(12.7) 4(11.8) 0.838
Permanent DI, n (%) 13 (4.4) 3(4.7) 2(5.9) 0.930
New or worse anterior pituitary insufficiency, n (%) 38 (13) 9(14.3) 5(14.7) 0.937
CSF leak, n (%) 6(2.1) 46.9 3(8.8) 0.016*
Meningitis, n (%) 4(1.4) 34.7) 2(5.9) 0.067
Intracranial hematoma, n (%) 5(1.7) 3(4.7) 4(11.8) 0.006*
Intracranial ischemia, n (%) 0 0 2(56.9) NA
Death, n (%) 0 0 129 NA

DI, Diabetes insipidus; CSF, Cerebrospinal fluid.

*, % means “% of Pre-op abnormal.” *p < 0.05 vs. grade 1a group.
All the indiicators (P < 0.05) are highlighted in bold values.

NA, not available.
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Variable Grade 1a Grade 1b Grade 2
Location Located in Still located in extradural space Located in intradural space
extradural space
Bilayer Intact The DS was intact Lack of a bilayer structure, directly penetrate the DS or extend through the
structure Thinning or absence of the residual pituitary gland  opening of DS into the suprasellar region
(the DS and in the area where the daughter tumor was formed
the residual
pituitary
gland)
Location of  The residual The residual pituitary gland usually located on the  The residual pituitary gland usually located on the bottom and lateral surface
the residual  pituitary gland superior and lateral surface of the tumor and was  of the tumor
pituitary usually located on  extremely thin or even absent at the site of the
gland the superior and daughter tumor formation
lateral surface of
the tumor
Relationship Pushed the vessels Pushed the vessels and vessels located at the Encircled the arteries of the circle of Willis, optic nerve, and optic chiasm
with vessels and vessels located edge of the tumor and still outside the DS
at the edge of the
tumor and still
outside the DS
Growth “Inflatable ball” type spherical expansion, “Tire bulge”-like formation of  Lost expansive growth characteristics and growth along with the arachnoid
pattern of spherical large or small daughter balloons cistern
expansion
Morphology A regular An irregularly lobulated appearance with clear An irregular shape, and matched the morphology of the suprasellar cistern
morphology witha  border
smooth spherical
surface
Surgical Preferred EEA Preferred EEA When such tumors are giant, the transcranial approach can also be an
strategy If the daughter tumor extended from the retro- appropriate choice. When the tumor is coaxial with the transsphenoidal route,
chiasmatic region to its superior anterior aspect, the EEA may be preferred. If the tumor is giant or extends laterally to the
significantly lateral to the suprasellar cistern, a temporal lobe with sphenoidal or cavernous sinus invasion, a combined
transcranial route or transcranial combined transcranial and EEA approaches may be more appropriate.
transsphenoidal approach might be required
Extent of Higher rate of GTR  Lower rate of GTR relative to grade 1a, residual Lower rate of GTR relative to grade 1a
resection relative to grade 1b  tumors tended to remain in the daughter tumor
and grade 2

Complication Lower

Medium, the dura mater on the surface of the
daughter tumor is thin and prone to rupture
leading to intraoperative CSF leakage

Higher, intraoperative CSF leak occurs 100% and is prone to serious
complications such as neurovascular injury, cerebral hemorrhage, cerebral
ischemia and hypothalamic injury

DS, diaphragm sellae; EEA, endoscopic endonasal approach; CSF, cerebrospinal fluid: GTR, Gross total removal.
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Characteristic Value

Sex, male 203(52.2%)
Age (median + SD [range]) (yrs) 51.6 £ 13.1 (17-79)
Suprasellar extension (According to the degree of SSE) (no. 389

[%])
Omm < SSE < 10mm
10mm < SSE < 20mm
20mm < SSE < 30mm
30mm < SSE
Suprasellar extension (Our suprasellar grading) (no. [%])
Grade 1a
Grade 1b
Grade 2
Pathological types
Nonfunctional
GH
PRL
ACTH
TSH
Mix

127 (32.6%)
149 (38.3%)
74 (19.1%)
39 (10%)
389
202 (75.1%)
63 (16.2%)
34 (8.7%)

263 (67.6%)
52 (13.4%)
34 (8.7%)
12 (3.1%)
6 (1.5%)
22 (5.7%)

SSE, suprasellar extension; PRL, prolactin; ACTH, adrenocorticotropic hormone; GH,

growth hormone; TSH, thyroid stimulating hormone.





