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Abstract:

TITLE: Predictive Imaging Features and Longitudinal Follow-up of Intracranial
Meningiomas in Patients with Neurofibromatosis 2
Fallon E. Chipidza, Michael Larvie, Scott R. Plotkin, and Helen A. Shih.

Purpose: Patients with the Neurofibromatosis Type 2 (NF2) develop three major types of
tumors: vestibular schwannomas (VS), meningiomas and ependymomas. The natural history of
VSs has been well characterized, but that of meningiomas (which occur in multiple frequencies)
is not well understood. Our study aims to understand the natural history of intracranial
meningiomas by analyzing their radiologic features on CT and MR images as well as their
pathologic features from those meningiomas that were resected.

Methods: Between 1988 and 2015, 34 patients with a documented NF2 diagnosis were
followed at the MGH Cancer Cancer. Twenty-eight of these patients harbored at least 1
intracranial meningioma and the corresponding tumor data was obtained from T1 Axial images
of surveillance images in this patient population.

Results: On average, women tend to have a higher meningioma burden and earlier age of
diagnosis than men. However, men tend to have larger tumors with a much faster growth rate
as measured by both linear and volumetric dimensions. De novo tumors also tend to exhibit a
more aggressive growth pattern than pre-existing ones. There was not a strong association
between ADC and growth rate.

Conclusions: Our results suggest that larger tumors, particular in men, as well as de novo

tumors may warrant closer surveillance or early surgical intervention.
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Glossary of Abbreviations:

O

O

O

NF2: Neurofibromatosis Type |

CT: Computerized Tomography (imaging)
MR: Magnetic Resonance (Imaging)
MRN: Medical Record Number

3D: Three Dimensional (Imaging)
MGH: Massachusetts General Hospital
VS: Vestibular Schwanomma

IAC: Internal Auditory Canal

GD: Gadolinium

ADC: Apparent Diffusion Coefficient
DWI: Diffusion Weighted Imaging
WHO: World Health Organization



Section 1:

INTRODUCTION:
Neurofibromatosis Type Il (NF2) is a rare autosomal dominant disease with 100% penetrance

by age 60 and variable expressivity (1). The disease arises from loss of heterozygosity
mutations in the tumor suppressor gene, neurofiboromin (merlin) which is located on human
chromosome 22 (2, 3). In up to 50% of cases, the disease can also arise sporadically from de
novo mutations (4). There is marked heterogeneity within the NF2 population. As can be
predicted, the more severe cases tend to be early onset with more pronounced peripheral
disease while the milder cases have a later onset (1). In a genetic study of NF2 patients in the
United Kingdom, Evans showed that maternally inherited NF2 tends to be more severe and has
an earlier onset (~18years) than paternally inherited disease (mean age of onset = 24yrs,
p=0.026) (1). These findings were also confirmed in a similar, but larger study (20).

A defining hallmark of NF2 is the development of bilateral vestibular schwannomas, but patients
also develop ependymomas and meningiomas, with meningiomas being the second most
common tumors after the vestibular schwannomas (4). In the case of schwannomas, since they
usually occupy the vestibular branch rather than the acoustic branch of cranial nerve eight, the
term vestibular schwannoma is preferred over acoustic neuroma. About 50% of the NF2
patients harbor meningiomas, and these meningiomas tend to occur in multiple frequencies (5,
6). Despite being generally slow growing and mostly asymptomatic in sporadic cases,
meningiomas in NF2 display higher proliferative potential and aggressive growth (7). While
differences in meningioma quantities may be explained by somatic mosaicism (6), the
differences in growth potential and behavior are likely due to the idiosyncratic natural histories of
these tumors. Specifically, the presence of meningiomas in an NF2 patient signals disease
severity and the differing proliferative potentials of each meningioma warrant an understanding

of the balance between risk of treatment and natural history of the disease (6).

It is known that in NF2 patients with multiple meningiomas, some tumors will grow aggressively
while others will remain benign throughout the lifetime of the patient. Currently, we are unable
to predict which meningiomas will exhibit rapid growth and which will remain benign. Our
present analysis attempts to address this knowledge gap by retrospectively analyzing the
magnetic resonance (MR) and computerized tomography (CT) images of thirty-four NF2

patients who have been followed at the MGH Cancer Center. We identify radiologic features



that can be used to predict meningioma growth patterns over time to understand the distribution

of the features in meningiomas displaying differing growth potentials.

There are no known effective medical therapies for treatment of meningiomas. In sporadic
meningiomas, surgical resection with or without radiation therapy is the mainstay of treatment
as it is usually curative as monotherapy (21). While it minimizes the risk of recurrence (22),
complete surgical resection is not always possible as meningiomas are often located near vital
organs. Additional factors complicating treatment decision include patient age, performance
status, tumor size, growth pattern history, peritumoral edema and symptoms (22). For NF2-
related meningiomas, treatment varies from institution to institution due to lack of robust data.
Consequently, many NF2 patients receive routine surveillance. Tumors are usually resected or
debulked after they produce mass effect, exhibit aggressive growth or the patient develops
complex neurologic symptomatology. Our study quantifies these growth rates and correlates
them to patient factors such as gender and tumor factors such as pre-existing versus de novo

criteria.

SIGNIFICANCE:

The goal of this project is to identify, in NF2-related meningiomas, imaging features that can be
used to predict outcomes, and thus establish a role for early intervention or closer surveillance
in potentially-aggressive tumors. While sporadic meningiomas in the general population can be
treated with surgery and or radiation therapy, meningiomas in NF2 are much more challenging.
The challenge arises from the knowledge that NF2 meningiomas occur in multiple frequencies.
For instance, one of the patients in our database has nineteen unique meningiomas. It would
not be feasible to treat every single one of these with surgery and radiation. Developing a robust
imaging methodology through which we are able to predict growth pattern i.e. tumor
aggressiveness, would help determine meningiomas requiring close surveillance or early

intervention.

Furthermore, among all NF2 patients, those harboring multiple meningiomas carry a 2.5 fold
increased risk of mortality compared to those with one or no meningioma (9). Because
meningiomas in NF2 patients and those in the general population appear to have different
natural histories, clinical presentations, and response to therapy, data on how to manage

intracranial meningiomas in NF2 patients is scant. This conundrum is further complicated by the



evidence that different meningiomas in a single NF2 patient behave differently. As a result,
institutional guidelines differ on when intervention is indicated and when watchful waiting is
appropriate. NF2 patients with meningiomas usually get yearly surveillance scans and per the
MGH institutional guidelines, tumors are resected when patients develop symptoms or when
aggressive growth is detected on imaging. For patients diagnosed at a younger age, predicting
the growth patterns of meningiomas as they arise will have significant implications about the
overall quality of their lives. If we were to develop a predictive model for such patients,
intervention can be implemented before significant neurologic deficits develop.

There are few population based studies of NF2 patients with even fewer large studies that have
been done in developed countries. Few studies have analyzed the natural history of and
followed image changes of meningiomas in NF2 patients over time (10, 11). These studies
have, nonetheless, several limitations including short follow-up (11), small number of patients
(11), fewer image characteristics and no correlation between pathological data and the
observed image features (10,11). Our current study builds upon some of this prior work and

overcomes some of the limitations in those studies by increasing the follow-up period.

Ultimately, by identifying these distinguishing features, our study provides additional information
that will, hopefully, prevent premature treatment of benign meningiomas or delay intervention for

potentially aggressive tumors.



Section 2:

STUDENT ROLE:

Data Collection: Following IRB approval and after gathering all MRNs on eligible patients, the

student reviewed all CT and MR images obtained on each patient and created a new database

capturing various radiologic or pathologic attributes. The student used PACS archiving software

to physically measure all the features listed in Tables 1 and 2 below. The student obtained

pathology data by reviewing all the pathology reports of tumors that were resected. Finally, the

student used MIM contouring software to outline the boundaries of tumors that had 3D imaging

available. By contouring the tumors, the student then obtained the volumes of the respective

tumors and appended them in the database.

Table 1: List of MRI variables collected

Tumor Information (for each | Location

patient)

Information (yes/no)-
for each individual tumor

Radiologic Features (yes/no)- for
each individual tumor

1. Total number of tumors. 1. Lobe involved. 1. Heterogeneous enhancement
2. Scan date 2. Along convexity? 2. Degree of enhancement
3. Image Slice Size 3. Along Falx/Tentorium? 3. T2 intensity relative to gray matter
4. In basal cistern? 4. Indistinct tumor/brain interface
5. In sphenoid wings? 5. Positive capsular enhancement
6. In posterior fossa? 6. Growth Pattern
7. In Ventricle? 7. Mean ADC
8. Calcification
9. Cystic component
10. Necrosis

11. Bone involvement

12. Reactive Hyperostosis

13. Surrounding edema

Table 2: List of histopathologic features collected

1. WHO Grade:
- Grade |
- Grade
- Grade Il

7. Grade | Sub-type:
-meningoepithelial
-transitional
-psammomatous
-angioblastic
-fibroblastic

2. Increased Cellularity (y/n)

8. Atypical Features (y/n)

3. Architectural Sheeting (y/n)

9. Ki67 value (%)

4. Prominent Nucleoli (y/n)

10. MIB-1 >3% (y/n)

5. High N/C ratio (y/n)

11. MIB-1/Ki67

6. Necrosis (y/n)

12. mitosis/HPF

Statistical Analyses: The student used JMP statistical software and R statistical software to

analyze results obtained from the patient charts.

Report Draft: The student produced this scholarly report in its entirety.



Section 3:

METHODS:

Patients:

Our data includes 34 patients with a documented NF2 diagnosis who were followed at MGH
Cancer Center between 1988 and 2015. Diagnosis of NF2 was made by Manchester Criteria.
History of surgery (for schwanomma or meningioma or ependymoma) was not used as
exclusion criteria. In the final analysis, only 28 patients harboring at least 1 image-proven
meningioma were included. The majority of these patients had multiple comorbidities including

vision, hearing, paralysis, seizures, cognitive dysfunction, etc.

Tumors:

Spinal tumors were excluded as well as brightly enhancing IAC masses due to their high
concordance with VS, except in one case of a very obvious collision meningioma-schwannoma
tumor. Otherwise, non-enhancing IAC tumors with exhibiting the classical meningioma
appearance were included. Each tumor was assigned a unique numerical identifier, which was
maintained in subsequent scans. Meningioma Quantification was calculated by including total

number of tumors at the end of the patient’s follow-up period, i.e. including de novo masses.

Imaging:

T1 Axial post GD images were used to identify and count the total number of tumors. If the data
was available, each tumor was correctly identified using axial, coronal, and sagittal slices. To
exclude intracranial veins, only intracranial meningiomas and cerebellar meningiomas greater
than 4mm were included. Scans within 1 yr of each other were not included, except in a few
cases of very obvious rapid growth. Capsular enhancement was considered positive if greater
than 50% of the tumor’s circumference was enhancing on a post-contrast imaging. If >50% of

the tumor is intensely enhancing, then that tumor was marked as strongly enhancing.

Growth:

In order to account for human error, tumors whose diameters were within 2mm of the
successive scan and had no corresponding volume measurements were considered to have
“stable” growth. Max tumor diameter was measured in the axial plane with dural tail being
excluded from these calculations. Growth pattern was described as “plaque” for tumors whose
base was wider than the height. Invasion of sinuses, compression and florid invasion were

treated the same since it is hard to distinguish between the two without an MRV (most pts in this
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database have no MRVSs). By virtue of being in lateral ventricles, ventricular meningiomas were

also considered to be invasive.

Various metrics have been used to measure tumor growth in image-based studies of the natural
history of meningiomas (10, 11). For our present study, we used equations a) and b) to

determine meningioma growth rates.

[Final Tumor Volume - Initial Tumor Volume]/ Follow-up Interval i.e. (mL/month)................cccceuvevanns (a)
[Final Tumor Diameter - Initial Tumor Diameter]/ Follow-up Interval i.e. (mm/month)................cc..c........ (b)
Surgery:

Most tumors were resected for mass effect/neurologic deficits or by virtue of being “en route” to
the intended tumor of resection. Growth and radiologic parameters in a previously resected
tumor were not measured. In fact, those tumors were not included in subsequent images.
Similarly, partially resected tumors were not included in subsequent measurements because of
the inability to distinguish changes due to surgery vs changes due to natural progression of the

tumor.

Pathology:

Only Tumors for which there is a path report were included. If no comments were made about a
specific histologic feature, the assumption was made that that specific feature was absent. For
example, if a pathology report comments on cellularity, mitotic activity, and sheeting, the
assumption is made that there is no necrosis since the report made no comments on necrosis. If
multiple surgical specimens were sent for pathological analysis, but the pathology report groups
all samples together, the assumption was made that all specimens expressed the same
features. Sheeting is defined as patternless growth while MIB' is a measure of aggressive
growth. >5% theoretically means rapid growth. Ki67% is a proliferation index marker which is
generally used as a predictor of recurrence. If a tumor has some rhabdoid pattern, it is at least
WHO grade II.

Statistical Analysis:

Distributive statistical analyses and correlative analyses were carried out using JMP software
version 12.0.1 (64-bit) and R version 3.2.3 (2015-12-10)---“Wooden Christmas-Tree.”
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Section 4:
RESULTS:

Table 3 below summarizes the cohort characteristics of our study. There were 34 patients total
who met initial inclusion criteria, 28 of whom had at least one meningioma. The 8 who did not
have at least 1 meningioma were therefore excluded from all subsequent analyses. Of these 28
remaining patients, 16(57%) were women while 12(43%) were men. The mean age of diagnosis
was 23 with 13(46%) being diagnosed with NF2 before the age of 23. The youngest patient
was diagnosed at 212 years of age, while the oldest age of diagnosis was 58. Regarding
number of meningiomas per patient, the majority of patients (50%) had between 1 and 5
meningiomas while 7 (21%) patients had more than ten unique meningiomas. The patient with
the most number of tumors harbored nineteen unique meningiomas. Overall, across all 28
patients with at least 1 meningioma, there were 177 total meningiomas. For the purposes of
our study, once a baseline MRI scan for each patient was established and all pre-existing
tumors were accounted for, any new tumors that appeared in subsequent scans were described
as being de novo. The majority (82%) of the tumors in this analysis were pre-existing and

38(18%) were de novo.

Table 3: Cohort Characteristics:

VARIABLE N CATEGORY Count (%)
Diagnosis Age: (median=23) 28 <22y.o0. 13 (46%)
>22y.0. 15(54%)
Gender: 28 Female 16 (57%)
Male 12 (43%)
Number of Tumors/Pt* 34 0 6(17.6%)
<5 17 (50%)
5-to-10 4(11.8%)
>10 7 (20.6%)
Meningiomas 177 Pre-existing 144(82%)
De Novo 33(18%)

*Includes the 6 patients who had 0 intracranial meningiomas (total patients=34 for this variable only)

All MRI sequences obtained per patient were accompanied by an official radiologic report, with
each describing the cranial location of the tumor. All descriptive adjectives used were collected
and input into a word-cloud generating platform, results of which are shown in Figure 1 below.
Consistent with conventional wisdom, the word-cloud shows that the majority of the

meningiomas occupied the parafalcine regions along major convexities. In the anteroposterior
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domain, most meningiomas occupied the posterior cranial regions with the majority in the lateral

areas.

Figure 1: Word cloud map of all location adjectives of the 177 meningiomas which had radiologic reports.
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As shown in table 3, the mean age of diagnosis for all patients was 23.4(15.1), but table 4 below
shows that on average, women were diagnosed earlier than men i.e. 20yrs vs. 27.9 in men.
Across all 28 patients, the mean number of meningiomas was 6.0(5.1) However, when

analyzing the same data by gender, women had a higher mean number of tumors 7.5(6.0)

versus 3.9(3.5) in men.

Table 4: Mean Age of diagnosis and average number of meningiomas

Variable n Mean (SD)
Dx Age (ALL pts) 28 23.4(15.1)
Dx. Age (men) 12 (43%) 27.9(19.5)
Dx. Age(women) 16 (57%) 20.0(10.0)
Avg. # of Tumors (ALL pts) 28 6.0(5.1)
Avg. # of Tumors (men) 12 (43%) 3.9(3.5)
Avg. # of Tumors (women) 16 (57%) 7.5(6.0)

Linear dimensions for each tumor were determined by measuring the maximum axial diameter
of each tumor on a T1 Axial MR slice. Among the 177 total meningiomas in the cohort, the
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mean diameter was 18.2mm (10.2) with the smallest one measuring 5mm and the largest
measuring 63mm. On average, men harbored meningiomas with a much larger diameter
(20.0mm) than women (17.4mm). However, women carried 2.5times more meningiomas than
men i.e. 127 versus 50 in men. Table 5 below also shows that on average, de novo
meningiomas had a smaller diameter (16.2mm) than pre-existing ones (18.6mm). However, to
account for time, the best way to compare de novo tumors to pre-existing ones is by measuring
the growth rate. Merely measuring the linear dimensions does not account for the fact that the
de novo tumor may not have enough time to “mature into full their potential” like the pre-existing

ones. Table 6 highlights this distinction.

Table 5: Average Tumor Size by Maximum Diameter

Variable n Mean (SD) Min Max
Tumor Diameter(ALL tumors) 177 18.2(10.2)mm 5 63
Tumor Diameter(men) 50 20.0(12.7)mm 5 59
Tumor Diameter(women) 127 17..4(8.9)mm 5 63
Tumor Diameter(pre-existing tumors) 144 18.6(10.0)mm 5 63
Tumor Diameter(De Novo tumors) 33 16.2(10.5)mm 5 53

Growth Rate Analysis:
When accounting for differential follow-up times, it becomes clear that de novo tumors have a

more aggressive growth pattern compared to pre-existing ones. Out of the 177 total tumors in
the study, 64 displayed linear growth rates greater than at least 2mm between successive
scans. Of these 64, sixty were pre-existent and only four were de novo. Mean linear growth for
all tumors was 0.21(0.24)mm/month, but de novo meningiomas grew at a mean rate of
0.36mm/month while pre-existing ones grew at a rate of 0.2mm/month. Similar to absolute
linear dimensions, men’s meningiomas grew at a rate higher than that for women:
0.26mm/month versus 0.18mm/month. This same pattern was maintained when growth rate
was determined using volumes.

Only 12 growing tumors had 3D MR images available. By determining volumes for each tumor
using MIM software, the average growth rate for all tumors was 0.25mL/month with men having

a higher rate of growth than women: 0.39mL/month versus 0.14mL/month.
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Table 6: Average Tumor growth by maximum axial diameter and by net volume

Variable n Mean (SD) Min Max
Linear growth Rate(ALL tumors) 64 0.21(0.24) mm/month 0.02 1
Linear growth Rate(men) 23 0.26(0.29)mm/month 0.02 0.94
Linear growth Rate(women) 41 0.18(0.21)mm/month 0.02 1
Linear growth Rate (pre-existing tumors) 60 0.20(0.23)mm/month 0.02 1
Linear Growth Rate(De Novo tumors) 4 0.36(0.4)mm/month 0.09 0.94
Volume growth rate(ALL tumors) 12 0.25(0.26) mL/month 0.01 0.9
Volume growth rate(men) 5 0.39(0.35) mL/month 0.03 0.9
Volume growth rate(women) 7 0.14(0.12) mL/month 0.01 0.3

Correlative Analysis:
We also analyzed how different variables correlated with one another. As one might expect, the

linear dimensions as measured by the maximum axial diameter were not only directly
proportional to the volume of the tumor. The relationship was exponential with the relationship

falling towards: [Volume o€ diameter2]. Figure 2 below displays this relationship.

Figure 2: Relationship between linear growth rate and volume growth rate
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Apparent Diffusion Coefficient (ADC) on a DWI MR image is correlated with the tumor
aggressiveness. The more active the cells of a dividing tumor, the more restriction of water

molecules they will display and hence the lower the diffusion coefficient. So more rapidly
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dividing cells are associated with a lower ADC. We looked at the relationship between the
measured ADC on DWI images and the growth rates as determined above. For this preliminary
analyses, there does not appear to be a relationship between ADC and linear or volume growth

rate as shown in Figures 3 and 4.

Figure 3: Relationship between growth rate and ADC
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Pathology Data:
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Over the course of the follow-up period, several meningiomas were resected and 14 of these

had pathology reports available. Table 6 below summarizes some of the principal findings.

While there were no WHO Grade Ill meningiomas, the majority (7 out of 11) of the documented

ones were Grade Il. Many samples had a normal N/C ratio without any visible necrosis.

However, 9 out of the 14 meningioma resected samples displayed atypical features. For those

meningiomas with specific features noted, Figure 5 below illustrates the observed spectrum.

Table 6: Pathology Data for the tumors that were resected and had pathology reports available.

Variable Category Count (N=14)
WHO Grade: Grade | 4
Grade Il 7
Grade lll 0
N/C ratio: Normal 10
High 3
Necrosis: Absent 9
Present 5
Atypical Features: None 5
Present 9

Figure 5: Specific Features present on Pathology data
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Section 5:
DISCUSSION:

This is a preliminary study of a long-term follow-up 177 meningiomas in 28 patients with a
confirmed diagnosis of NF2. The goal of this pilot investigation is to understand the basic scope
of our information-rich database. As this is a retrospective analysis, we do not expect this
investigation to lead to practice change, but our findings will add to the already scant knowledge
on the natural history of this rare disease. The major weaknesses of our study are that it is a
retrospective analysis study that also has very few patients. However, for a rare disease such
as NF2, it is very difficult to have a highly powered study. Also, as our analysis is only limited to
intracranial meningiomas, the findings we have cannot be generalized to other tumors found in
this patient population: spinal meningiomas, ependymomas, vestibular schwanommas, and
peripheral neuromas.

The most striking finding in our preliminary investigation is that, in patients with NF2, women
tend to have a higher intracranial meningioma tumor burden than men. On average, female
patients also tend to be diagnosed with NF2 earlier than men indicating that they probably have
more aggressive symptomatology. However, despite having fewer tumors, meningiomas in
men tend to be larger than in women. Although one might argue that their later age of diagnosis
implies that tumors have had a longer period to grow, men’s meningiomas have faster linear
and volume growth rates. In fact, the volume growth rate of meningiomas in men is more than
twice as fast as in women, suggesting more aggressive disease in this population subset.

Meanwhile, as has been suggested by an earlier study (10), de novo meningiomas tend to
have a more aggressive growth pattern than pre-existing tumors. Their rate of growth is about
1.5 times greater than pre-existing tumors, thus warranting closer surveillance or early surgical
intervention when possible. Also, since there is a very strong association between tumor
diameter and linear growth rate, the larger tumors may require early intervention than the
smaller ones. The first line therapy for the majority of our database was surgery, although
fractionation radiotherapy was used in a smaller subset. Indeed, all tumors in NF2 require
routine surveillance but larger tumors, particularly in men, and all de novo tumors require closer
surveillance.

Several studies have shown that ADC is correlated with tumor aggressiveness. In our study,
however, we did not deduce a strong relationship between meningioma growth rate and ADC
when looking at correlation analysis basis only. For volume growth rate, one confounder is that

only 12 samples in a cohort of 177 tumors had 3D images available for volume calculation,
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hence not allowing for sufficient data points to determine a plausible relationship between ADC
and volume growth rate.

Pathology data on resected meningiomas was also underpowered with only 14 samples on
file. However, from this limited set, we determined that the majority were WHO grade Il tumors
with normal N/C ratios. The majority of the samples exhibited atypical features and specific
features ranged from zero atypia to rhabdoid features.

For the next phase of our project, we will ascertain statistical significances for all observed
differences between cohort subsets. Although our database only has 28 patients with NF2, the
larger number of individual tumors counts allows for a sufficiently powered analysis. We will also
perform both univariate and multivariate analysis that incorporates more radiologic features than
the few reported above.

Section 6:
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