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Objectives/Hypothesis: To describe the incidence, pattern, and course of postoperative enhancement within the opera-
tive bed using serial gadolinium-enhanced magnetic resonance imaging (MRI) following vestibular schwannoma (VS) resec-
tion and to identify clinical and radiologic variables associated with recurrence.

Study Design: Retrospective cohort study.
Methods: All patients who underwent microsurgical resection of VS between January 2000 and January 2010 at a single

tertiary referral center were reviewed. Postoperative enhancement patterns were characterized on serial MRI studies. Clinical
follow-up and outcomes were recorded.

Results: During the last 10 years, 350 patients underwent microsurgical VS resection, and of these, 203 patients met
study criteria (mean radiologic follow-up, 3.5 years). A total of 144 patients underwent gross total resection (GTR), 32
received near-total resection (NTR), and the remaining 27 underwent subtotal resection (STR); 98.5% of patients demon-
strated enhancement within the operative bed following resection (58.5% linear, 41.5% nodular). Stable enhancement pat-
terns were seen in 24.5% of patients, regression in 66.0%, and resolution in only 3.5% of patients on the most recent postop-
erative MRI. Twelve patients recurred a mean of 3.0 years following surgery. The average maximum linear diameter growth
rate among recurrent tumors was 2.3 mm per year. Those receiving STR were more than nine times more likely to experience
recurrence compared to those undergoing NTR or GTR (P < .001). Nodular enhancement on the initial postoperative MRI
was associated with a 16-fold increased risk for future recurrence compared to those with linear patterns (P ¼ .008). Among
those with nodular enhancement on baseline postoperative MRI, a maximum linear diameter of �15 mm or volume of �0.4
cm3 was associated with an approximate five-fold increased risk for future growth (P < .02).

Conclusions: Persistent nonspecific radiologic enhancement within the postoperative field is common, making the diag-
nosis of tumor recurrence challenging. Factors including completeness of resection and baseline postoperative MRI findings
provide valuable information regarding risk for recurrence, which may assist the clinician in determining an appropriate post-
operative MRI surveillance schedule. Future studies using standardized terminology and consistent study metrics are needed
to further refine surveillance recommendations.

Key Words: Acoustic neuroma, vestibular schwannoma, internal auditory canal, cerebellopontine angle, magnetic
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INTRODUCTION
Vestibular schwannomas (VSs) are benign, gener-

ally slow growing tumors that arise from the eighth
cranial nerve. Current management strategies include
vigilant long-term observation with serial imaging, sin-
gle-fraction stereotactic radiosurgery (SRS), fractionated

stereotactic radiotherapy, microsurgical resection, or a
combination thereof. The primary tenets of surgery
include preservation of facial nerve function and hearing
when feasible, with complete tumor removal. In a subset
of patients, adherent tumor remnants may be intention-
ally left behind to preserve neural integrity.1 Given a lack
of early exam findings following surgery and poor correla-
tion between tumor growth and symptoms,2–4

postoperative imaging remains critical to the early identi-
fication of recurrent tumor. However, there is no
consensus regarding an optimal postoperative magnetic
resonance imaging (MRI) surveillance schedule, with prac-
tices ranging from several imaging studies within the first
year5 to a single postoperative study at 5 years.6

Gadolinium-enhanced MRI is currently the gold
standard for initial diagnosis of VS, with a sensitivity
and specificity approaching 100%.7 Unfortunately, fol-
lowing surgery, radiographic estimation of residual or
recurrent tumor is mired by pervasive nonspecific
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enhancement.8–10 Furthermore, the intraoperative
impression regarding extent of resection and the find-
ings on baseline postoperative MRI are often
discordant.11–13 The current literature suggests that
nodular enhancement within the postsurgical tumor bed
following VS resection predicts a high likelihood of
future recurrence.14 In our experience, nodular enhance-
ment within the postsurgical field is common, but
recurrence remains infrequent.

In 2005, Lee and Isaacson5 published the results of
a questionnaire evaluating MRI surveillance practices
following VS resection among neurotologists and neuro-
surgeons. They found that among 135 respondents, the
average number of postoperative MRI scans was 3.6 for
neurotologists and 5.6 for neurosurgeons, with most sur-
geons adopting a 5-year endpoint for follow-up. A total
of 23.4% of neurosurgeons obtained an MRI study on the
first postoperative day, and one-fifth ordered multiple
scans within the first year. The 85th percentile national
market fee for a single high-resolution head MRI with
gadolinium is approximately $5,000 US dollars. Using
the respondents’ surveillance schedule and a recurrence
rate of 0.3%,6 the dollar amount spent to diagnose a sin-
gle recurrence is $6 to $9 million US dollars. Although
reimbursement schemes may only pay a fraction of such
fees, ever-imposing monetary limits on healthcare
spending make such practices seem hardly justifiable.
The purpose of the current study was to describe the
incidence, pattern, and course of postoperative enhance-
ment and to identify clinical and radiographic
characteristics that would allow clinicians a reliable and
cost-effective method for tumor surveillance based on
the stratification of individual patient risk.

MATERIALS AND METHODS
After institutional review board approval (No. 10-006585)

was obtained, a retrospective chart review was conducted. Data
were extracted from a prospectively maintained VS database
and supplemented by the electronic medical record. All patients
who underwent microsurgical VS resection between January
2000 and January 2010 at a single tertiary academic referral
center were identified. Data including previous treatments, neu-
rofibromatosis type 2 (NF2) status, cystic tumor quality,
surgical approach, completeness of resection, timing and num-
ber of postoperative MRI examinations, and basic demographic
information were recorded. Gross total resection (GTR) was des-
ignated when the operating neurotologist and neurosurgeon
agreed independently that the tumor had been completely
removed. Near-total resection (NTR) was assigned when a small
tumor remnant, no greater than 5 � 5 � 2 mm, was intention-
ally left in situ in an effort to preserve neural integrity.11

Finally, subtotal resection (STR) was used to describe any situa-
tion where less than NTR was performed. Preoperative tumor
size and location were reported according to the 1995 American
Academy of Otolaryngology–Head and Neck Surgery guide-
lines.15 Facial nerve function was described using the House-
Brackmann grading system.16 Those with fewer than two post-
operative MRI studies available at the time of review were
excluded. In addition, all patients with NF2 were excluded,
given the potential for synchronous or metachronous ipsilateral
tumors.

All radiologic examinations were performed using 1.5- or
3.0-Tesla superconducting magnets (General Electric Healthcare

[Little Chalfont, United Kingdom] and Siemens Healthcare
[Erlangen, Germany]). Imaging sequences included two-dimen-
sional (2D) or three-dimensional (3D) T1-weighted sequences
with and without gadolinium enhancement (slice thickness
varying from 1 to 3 mm) and 3D T2-weighted sequences (Fast
Imaging Employing Steady State Acquisition [FIESTA] or Sam-
pling Perfection with Application-optimized Contrasts by using
different flip-angle Evolutions [SPACE], slice thickness 1 mm).
Fat suppression was used at the discretion of the performing
neuroradiologist or ordering physician. All MRI data were col-
lected without knowledge of the operative details or patient
clinical course. Morphology, size, and cystic quality were charac-
terized on serial postoperative MRI studies with the
contralateral side serving as a control. Nodular lesions were

TABLE I.
Summary of Patient Demographics, Primary Tumor Characteris-

tics, and Surgical Strategy of 203 Patients Undergoing Microsurgi-
cal Vestibular Schwannoma Resection.

Patient Variable Value

Age at surgery, yr, mean (median [range]) 49 (50 [16–87])

Primary tumor volume, cm3,

n ¼ 188, mean (median [range])

8.5 (3.6 [0.01–74.7])

Primary tumor size, cm,

n ¼ 134, mean (median [range])

2.1 (2.0 [0.5–5.2])

Sex, no. (%)

Female 115 (57)

Male 88 (43)

Prior radiation treatment, no. (%)

No 196 (97)

Yes 7 (3)

Primary tumor location, no. (%)

CPA 166 (82)

IAC 37 (18)

Primary tumor volume, cm3, n ¼ 188, no. (%)

Small (�1.10) 61 (32)

Medium (>1.10 to �7.00) 59 (31)

Large (>7.00) 68 (36)

Primary tumor size, cm, n ¼ 134, no. (%)

Small (�1.0) 22 (16)

Medium (>1.0 to �2.0) 45 (34)

Moderately large (>2.0 to �3.0) 46 (34)

Large (>3.0 to �4.0) 13 (10)

Giant (>4.0) 8 (6)

Solid or cystic nature, n ¼ 152, no. (%)

Solid 115 (76)

Cystic 37 (24)

Surgical approach, no. (%)

RS 124 (61)

TL 64 (32)

MF 15 (7)

Surgical resection, no. (%)

GTR 144 (71)

NTR 32 (16)

STR 27 (13)

CPA ¼ cerebellopontine angle; IAC ¼ internal auditory canal; RS ¼
retrosigmoid; TL ¼ translabyrinthine; MF ¼ middle fossa; GTR ¼ gross total
resection; NTR ¼ near total resection; STR ¼ subtotal resection.
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defined as areas of enhancement within the surgical bed with a
minimum diameter of 2.0 mm. Nodule volume was calculated
using three perpendicular axes, acquired from axial and coronal
series, applying the ellipsoid volume calculation (4/3pr1r2r3).

Apart from patients with NF2, ipsilateral VS growth fol-
lowing surgical resection almost certainly represents recidivism.
In the strictest sense, the term ‘‘recurrent’’ should only be
applied to tumors that return following presumed complete exci-
sion, and ‘‘residual progressive’’ most aptly applies to situations
where known remnant disease demonstrates radiographic
growth following surgery.6 For the purpose of the study, we
have labeled all such episodes as ‘‘recurrent.’’ Tumor recurrence
was therefore defined by progressive enlargement of nodular
enhancement on serial imaging with or without treatment.

Nodule volume and maximum and minimum nodule
dimensions were categorized according to the tertiles of the dis-
tributions. Primary tumor size was grouped according to the
following scheme excluding the component within the internal
auditory canal: small (�1.0 cm), medium (>1.0 to �2.0 cm),

moderately large (>2.0 to �3.0 cm), large (>3.0 to �4.0 cm),
and giant (>4.0 cm).17 Features were summarized with means,
medians, and ranges or frequency counts and percentages.
Comparisons among features were evaluated using Kruskal-
Wallis, Wilcoxon rank sum, v2, and Fisher exact tests. Recur-
rence-free survival was estimated using the Kaplan-Meier
method. The duration of follow-up was calculated from the date
of surgery to the date of recurrence or last follow-up MRI. Asso-
ciations with recurrence were evaluated using Cox proportional
hazards regression models and summarized with hazard ratios
and 95% confidence intervals (CIs). All analyses were performed
using the SAS software package version 9.2 for Windows (SAS
Institute Inc., Cary, NC), and P < .05 was considered statisti-
cally significant.

RESULTS
In the last 10 years, 350 patients underwent micro-

surgical resection of VS at the authors’ institution. A

TABLE II.
Comparison of Subject Variables by Completeness of Tumor Resection Among 203 Patients Undergoing

Vestibular Schwannoma Resection.

Patient Variable

Gross Total
Resection,
n ¼ 144

Near Total
Resection,
n ¼ 32

Subtotal
Resection,
n ¼ 27 P Value

Age at surgery, yr, mean (median [range]) 47 (48 [17–77]) 48 (51 [16–67]) 61 (67 [19–87]) <.001

Primary tumor volume, cm3, n ¼ 188, mean (median [range]) 5.5 (1.6 [0.01–67.4]) 11.5 (7.7 [0.1–74.7]) 19.5 (17.2 [2.9–47.7]) <.001

Primary tumor size, cm, n ¼ 134, mean (median [range]) 1.8 (1.5 [0.5–5.0]) 2.5 (2.5 [0.8–5.2]) 3.0 (2.9 [1.7–4.5]) <.001

Sex, no. (%)

Female 81 (56) 19 (59) 15 (56)

Male 63 (44) 13 (41) 12 (44) .94

Prior radiation treatment, no. (%)

No 140 (97) 31 (97) 25 (93)

Yes 4 (3) 1 (3) 2 (7) .31

Primary tumor location, no. (%)

CPA 108 (75) 31 (97) 27 (100)

IAC 36 (25) 1 (3) 0 <.001

Primary tumor volume, cm3, n ¼ 188, no. (%)

Small (�1.10) 57 (44) 4 (13) 0

Medium (>1.10 to �7.00 42 (33) 10 (31) 7 (26)

Large (>7.00) 30 (23) 18 (56) 20 (74) <.001

Primary tumor size, cm, n ¼ 134, no. (%)

Small (�1.0) 20 (23) 2 (8) 0

Medium (>1.0 to �2.0 39 (45) 4 (15) 2 (10)

Moderately large (>2.0 to �3.0) 21 (24) 16 (62) 9 (43)

Large (>3.0 to �4.0) 4 (5) 3 (12) 6 (29)

Giant (>4.0) 3 (3) 1 (4) 4 (19) <.001

Fundal cap >3 mm, n ¼ 145, no. (%)

No 60 (63) 20 (69) 13 (65)

Yes 36 (37) 9 (31) 7 (35) .81

Primary tumor type, n ¼ 152, no. (%)

Solid 90 (88) 18 (64) 7 (32)

Cystic 12 (12) 10 (36) 15 (68) <.001

Surgical approach, no. (%)

RS 84 (58) 20 (63) 20 (74)

TL 45 (31) 12 (37) 7 (26)

MF 15 (10) 0 0 .11

CPA ¼ cerebellopontine angle; IAC ¼ internal auditory canal; RS ¼ retrosigmoid; TL ¼ translabyrinthine; MF ¼ middle fossa.
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total of 203 subjects met criteria and were included in
the study (Table I); 144 (70.9%) patients underwent
GTR, and 59 (29.1%) underwent less-than-complete
removal. Patients receiving STR were older, had larger
tumors, and more frequently demonstrated cystic tumor
quality compared to those receiving GTR (P < .001;
Table II).

The mean number of postoperative MRI scans for
the 203 included patients was 2.6 (median, 2; range, 2–
9), with the first postoperative MRI obtained a mean of
3.8 months (median, 3.3; range, 0.1–42.1) following sur-
gery. The majority of patients underwent 1.5-Tesla MRI
(1.5-Tesla, 94.6%; 3.0-Tesla, 5.4%) with fat-saturation
sequences (83.3%). In 200 of the 203 (98.5%) study

TABLE III.
Comparison of Clinical and Radiographic Variables by Type of Enhancement Pattern for 200 Patients Demonstrating Enhancement on the

First Postoperative Magnetic Resonance Imaging Following Vestibular Schwannoma Resection.

Patient Variable Linear, n ¼ 117 Nodular, n ¼ 83 P Value

Age at surgery, yr, mean (median [range]) 48 (49 [17–77]) 51 (51 [16–87]) .24

Primary tumor volume, cm3, n ¼ 186, mean (median [range]) 7.4 (2.2 [0.01–74.7]) 10.2 (6.4 [0.1–47.7]) .007

Primary tumor size, cm, n ¼ 133, mean (median [range]) 2.0 (1.7 [0.5–5.2]) 2.3 (2.3 [0.6–4.5]) .019

Sex, no. (%)

Female 66 (56) 49 (59)

Male 51 (44) 34 (41) .71

Prior radiation treatment, no. (%)

No 113 (97) 80 (96)

Yes 4 (3) 3 (4) 1.0

Primary tumor location, no. (%)

CPA 95 (81) 69 (83)

IAC 22 (19) 14 (17) .73

Primary tumor volume, cm3, n ¼ 186, no. (%)

Small (�1.10) 39 (36) 21 (27)

Medium (>1.10 to �7.00) 38 (35) 21 (27)

Large (>7.00) 32 (29) 35 (45) .08

Primary tumor size, cm, n ¼ 133, no. (%)

Small (�1.0) 15 (19) 7 (13)

Medium (>1.0 to �2.0) 34 (43) 11 (21)

Moderately large (>2.0 to �3.0) 21 (26) 24 (45)

Large (>3.0 to �4.0) 6 (8) 7 (13)

Giant (>4.0) 4 (5) 4 (8) .043

Fundal cap >3 mm, n ¼ 143, no. (%)

No 56 (68) 36 (59)

Yes 26 (32) 25 (41) .25

Primary tumor type, n ¼ 150, no. (%)

Solid 70 (80) 43 (68)

Cystic 17 (20) 20 (32) .09

Surgical approach, no. (%)

RS 62 (50) 62 (50)

TL 46 (75) 15 (25)

MF 9 (60) 6 (40) .004

Surgical resection, no. (%)

GTR 98 (84) 43 (52)

NTR 16 (14) 16 (19)

STR 3 (3) 24 (29) <.001

Tesla level, no. (%)

1.5T 111 (95) 78 (94)

3T 6 (5) 5 (6) .77

Fat suppression sequence, no. (%)

No 22 (19) 11 (13)

Yes 95 (81) 72 (87) .30

CPA ¼ cerebellopontine angle; IAC ¼ internal auditory canal; RS ¼ retrosigmoid; TL ¼ translabyrinthine; MF ¼ middle fossa; GTR ¼ gross total resec-
tion; NTR ¼ near total resection; STR ¼ subtotal resection.
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patients, MRI demonstrated some degree of postopera-
tive enhancement within the preoperative radiographic
tumor margin. In 117 (58.5%) of these, linear enhance-
ment was seen on baseline postoperative imaging, and
in 83 (41.5%) patients, there was a nodular configura-
tion; a comparison of subject variables by type of
enhancement is shown in Table III. Primary tumor vol-
ume, primary tumor diameter, surgical approach, and
completeness of surgical resection were significantly dif-
ferent between patients with linear and nodular
enhancement. During the course of postoperative follow-
up, 49 (24.5%) patients demonstrated a stable enhance-
ment pattern, 132 (66.0%) displayed lesion regression,
and only seven (3.5%) patients had complete resolution
of enhancement (Fig. 1).

Twelve patients (5.9%) were diagnosed with recur-
rence at a mean of 3.0 years (median, 2.5; range, 0.6–

6.7) following surgery (Table IV). Among the 191
patients without recurrence, the mean duration of
follow-up was 3.5 years (median, 2.4; range, 0.3–9.3).
The mean volumetric and linear diameter growth rates
for recurrent tumors were 1.14 cm3 per year (median,
0.11; range, 0.01–10.48) and 2.3 mm per year (median,
2.0; range, 0.01–11.20) respectively; once demonstrating
growth, none of the patients demonstrated later quies-
cence or regression without treatment. Only three of the
12 patients had a history of suggestive symptoms before
the diagnosis of recurrence; two had progressive hearing
deterioration, and one patient with a rapidly enlarging
cystic recurrence experienced dysphagia, imbalance,
headache, and ipsilateral trigeminal hypoesthesia. Seven
patients underwent additional treatment for recurrent
disease (5 SRS [median tumor volume, 2.1 cm3; range,
1.1–4.6; median tumor margin dose, 13 Gy; range, 13–

Fig. 1. Preoperative, postoperative baseline, and most recent postoperative gadolinium-enhanced T1-weighted magnetic resonance imag-
ing (MRI) of three patients demonstrating three distinct patterns of enhancement evolution. (A) A 67-year-old man with a 3.3-cm left-sided
cystic vestibular schwannoma (gray arrow) who underwent near-total resection via a retrosigmoid craniotomy. Baseline postoperative MRI
at 5 months demonstrates a focal area of nodular enhancement at the fundus (white arrow). Twenty-six months after surgery, the focal area
of enhancement has remained unchanged (black arrow). (B) A 29-year-old man with a 2.9-cm left-sided vestibular schwannoma who under-
went gross total resection using a retrosigmoid craniotomy. Three months after surgery, a thin strip of linear enhancement (white arrow) can
be seen on the posterior meatal wall. Eighty-five months later, the area of enhancement has progressed to a nodular morphology with
increased size and intensity (black arrow) signifying recurrence. (C) A 41-year-old woman with a 1.2-cm right-sided vestibular schwannoma
(gray arrow) who underwent gross total resection using a retrosigmoid approach. Four months after surgery, an area of thick nodular
enhancement (white arrow) can be seen along the posterior meatal wall and porus acusticus. Twenty-six months after surgery, the area of
enhancement has decreased in both size and intensity (black arrow). Image is 347 � 336 mm (72 � 72 DPI).
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14]; 2 revision microsurgery) a mean of 8 months follow-
ing the diagnosis of recurrence; the remaining five
patients are being observed. These five tumors are very
small and are in elderly patients, and we anticipate they
will likely be treated with SRS in the future pending
further growth.

Estimated recurrence-free survival rates (n ¼ num-
ber still at risk) at 1, 3, 5, and 7 years following surgery
were 99.5% (95% CI, 98.5-100; n ¼ 197), 93.8% (95% CI,
89.5-98.2; n ¼ 78), 91.0% (95% CI, 85.4-96.9; n ¼ 44),
and 85.5% (95% CI, 76.6-95.3.0; n ¼ 21), respectively.
Univariate associations with recurrence are summarized
in Tables V and VI. STR, nodular enhancement, nodule

TABLE IV.
Overall Recurrence Rates Determined by Radiographic Size Progression, Categorized According to Surgical Approach and Completeness

of Resection, Among 203 Patients Undergoing Vestibular Schwannoma Resection.

Surgical Approach

Extent of Resection

Gross Total Resection Near-Total Resection Subtotal Resection Total

Middle fossa (%) 2 of 15 (13.3) — — 2 of 15 (13.3)

Translabyrinthine (%) 1 of 45 (2.2) 0 of 12 (0) 1 of 7 (14.3) 2 of 64 (3.1)

Retrosigmoid (%) 2 of 84 (2.4) 1 of 20 (5) 5 of 20 (25) 8 of 124 (6.5)

Total (%) 5 of 144 (3.5) 1 of 32 (3.1) 6 of 27 (22.2) 12 of 203 (5.9)

TABLE V.

Demographic, Clinical, and Radiographic Associations
With Recurrence for 203 Patients Who Underwent Microsurgical

Vestibular Schwannoma Resection.

Patient Variable

Hazard
Ratio

(95% CI) P Value

Age at surgery, 10-yr increase 1.21 (0.79-1.85) .38

Sex

Female 1.0 (reference)

Male 0.96 (0.31-3.03) .95

Prior radiation treatment

No 1.0 (reference)

Yes NA .62

Primary tumor volume, cm3, n ¼ 188

Small (�1.10) or medium

(>1.10 to �7.00)

1.0 (reference)

Large (>7.00) 3.02 (0.88-10.33) .08

Primary tumor size, cm, n ¼ 134

Small (�1.0) or medium (>1.0 to �2.0) 1.0 (reference)

Moderately large (>2.0 to �3.0)

or large (>3.0 to �4.0)

1.54 (0.26-9.25) .63

Giant (>4.0) 2.72 (0.24-30.40) .42

Fundal cap >3 mm, n ¼ 145

No 1.0 (reference)

Yes 0.37 (0.07-1.88) .23

Primary tumor type, n ¼ 152

Solid 1.0 (reference)

Cystic 1.40 (0.35-5.63) .64

Surgical approach

RS 1.0 (reference)

TL 0.54 (0.12-2.55) .44

MF 2.20 (0.46-10.50) .32

Surgical resection

GTR 1.0 (reference)

NTR 0.92 (0.11-7.90) .94

STR 9.36 (2.79-31.39) <.001

Enhancement, n ¼ 200

Linear 1.0 (reference)

Nodular 16.45 (2.11-128.00) .008

P value was estimated using a log-rank test.
CI ¼ confidence interval; NA ¼ hazard ratios could not be estimated

because no patient with prior radiation treatment recurred during follow-up;
RS ¼ retrosigmoid; TL ¼ translabyrinthine; MF ¼ middle fossa; GTR ¼
gross total resection; NTR ¼ near total resection; STR ¼ subtotal resection.

TABLE VI.

Radiographic Associations With Recurrence for 83 Patients With
Nodular Enhancement on Baseline Postoperative Gadolinium-

Enhanced Magnetic Resonance Imaging.

Nodule Characteristic Hazard Ratio (95% CI) P Value

Nodule volume, cm3

Small (�0.036) 1.0 (reference)

Medium (>0.036 to 0.079) 1.39 (0.25-7.63) .71

Large (>0.079) 2.29 (0.44-11.90) .33

Nodule volume, cm3

<0.4 1.0 (reference)

�0.4 4.66 (1.36-16.03) .015

Maximum nodule dimension, mm

Small (�5.5) 1.0 (reference)

Medium (>5.5 to 9.0) 0.96 (0.21-4.31) .96

Large (>9.0) 1.25 (0.28-5.65) .77

Maximum nodule dimension, mm

<15 1.0 (reference)

�15 5.26 (1.34-20.58) .017

Minimum nodule dimension, mm

Small (�2.9) 1.0 (reference)

Medium (>2.9 to 4.0) 0.97 (0.18-5.35) .98

Large (>4.0) 2.01 (0.39-10.44) .41

Minimum nodule dimension, mm

<5 1.0 (reference)

�5 2.93 (0.87-9.84) .08

Ratio of minimum to maximum dimension

<0.33 1.0 (reference)

0.33– 0.66 1.57 (0.18-13.46) .68

>0.66 3.45 (0.40-29.66) .26

CI ¼ confidence interval.
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volume �0.4 cm3, and maximum nodule dimension �15
mm were statistically significantly associated with re-
currence. Patients treated with STR were more than
nine times more likely to experience recurrence com-
pared with those treated with GTR (hazard ratio, 9.4; P
< .001; Fig. 2A), and subjects with nodular enhancement
on baseline postoperative MRI were at a 16-fold increased
risk for later recurrence compared to those with linear
patterns (hazard ratio, 16.5; P ¼ .008; Fig. 2B). Recur-

rence-free survival is illustrated by completeness of
surgical resection and enhancement pattern seen on the
initial baseline MRI (Fig. 2C). Because only one patient
with linear enhancement recurred, all such patients were
grouped together, regardless of extent of resection. Among
patients with nodular enhancement, those treated with
GTR and NTR were combined because the risk of recur-
rence between these two groups was not statistically
different (hazard ratio, 0.92; P ¼ .94).

DISCUSSION
The primary goal of microsurgical VS resection

remains preservation of neurologic function and tumor
control, with the majority of patients receiving GTR. Fol-
lowing surgery, our ability to discern tumor recurrence
based on physical exam findings and clinical history is
limited, particularly in the setting of absent ipsilateral
vestibular function and often compromised hearing.3 Tri-
geminal dysfunction, facial nerve symptoms, and
hydrocephalus may present late, and worsening symp-
toms does not necessarily correlate with tumor
growth.2,4 Given these shortcomings, clinicians are reli-
ant on postoperative imaging surveillance. With the
introduction of paramagnetic contrast agents in the mid-
1980s, MRI has rapidly replaced computed tomography
(CT) for its increased sensitivity and absent radiation
profile. Today, gadolinium- enhanced T-1 weighted
sequences remain the diagnostic workhorse for detection
of early tumor recurrence.

In the undisturbed state, gadolinium is restricted to
the vascular space by cerebrovascular endothelium cre-
ating the blood-brain barrier. Aside from those few
structures that lack such a barrier, it is only under path-
ologic conditions such as hemorrhage, trauma, tumor, or
infection that meningeal or parenchymal contrast
uptake occurs.18 Clinical and animal studies have con-
firmed that leptomeningeal enhancement is common
following intracranial surgery18–20 and has been
reported to persist for more than 4 decades.19 Early
postoperative enhancement is most likely the direct
result of vessel injury with free extravasation of contrast

Fig. 2. (A) Recurrence-free survival by completeness of surgical
resection. Estimated recurrence-free survival rates (n ¼ number
still at risk) at 5 years following surgery were 94.5% (95% confi-
dence interval [CI], 89.0-100; n ¼ 35), 92.9% (95% CI, 80.3-100; n
¼ 7), and 70.9% (95% CI, 51.8-97.1; n ¼ 2) for patients with gross
total resection (GTR), near total resection (NTR), and subtotal
resection (STR), respectively (P < .001). (B) Recurrence-free sur-
vival by enhancement pattern on initial postoperative gadolinium-
enhanced magnetic resonance imaging. Estimated recurrence-free
survival rates at 5 years following surgery were 100% (95% CI,
100-100; n ¼ 27) and 79.9% (95% CI, 69.0-92.5; n ¼ 16) for
patients with linear and nodular enhancement, respectively (P <
.001). (C) Recurrence-free survival by completeness of surgical
resection and enhancement pattern seen on initial postoperative
gadolinium-enhanced imaging. Estimated recurrence-free survival
rates at 5 years following surgery were 100% (95% CI, 100-100; n
¼ 27), 84.3% (95% CI, 72.1-98.4; n ¼ 14), and 68.1% (95% CI,
48.0-96.7; n ¼ 2) for patients with GTR/NTR/STR linear enhance-
ment, GTR/NTR nodular enhancement, and STR nodular enhance-
ment, respectively (P < .001). Image is 361 � 271 mm (200 � 200
DPI).
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into the surgical bed, and subacute enhancement is
likely the result of granulation tissue formation. Animal
studies using paired MRI and histologic analysis have
confirmed that biodegradable materials such as Gelfoam
(Upjohn Company, Kalamazoo, MI) result in a dense
inflammatory cellular infiltrate with neovascularization
and resulting enhancement on MRI.20 In addition, auto-
logous packing materials such as muscle and fat may
cause enhancement patterns that are difficult to deci-
pher from recurrent tumor.9,21,22 Finally, it has been
postulated that inflammation caused by subarachnoid
blood may precipitate a regional arachnoiditis leading to
increased vascular permeability18; this may explain why
enhancement may be seen in areas beyond the field of
surgical dissection years later.

Several studies have evaluated postoperative radio-
graphic patterns of enhancement following VS tumor
resection. The majority of such studies have included
relatively small patient cohorts, have used early MRI
technologies or CT, and have used imprecise terms such
as ‘‘thin linear,’’ ‘‘thick linear,’’ ‘‘globular,’’ ‘‘nodular,’’ or
‘‘masslike’’ without providing exact definitions. Most
authors report the presence of some degree of postopera-
tive enhancement within the surgical bed in most9,22 or
all8,10,20 subjects on initial postoperative imaging. Nodu-
lar or masslike patterns may occur in up to 50% of
patients.8 In the majority of patients, radiographic
enhancement patterns are persistent on follow-up imag-
ing even years later.8–10,19 Patients with linear
enhancement appear to be at low risk for developing
future recurrence, but a subset of patients with nodular
enhancement on baseline postoperative MRI develop
later recurrence.10,14 Therefore, the presence of nodular
enhancement on baseline postoperative imaging is very
sensitive but nonspecific for future recurrence. The co-
nundrum of postoperative imaging surveillance lies in
the difficulty of distinguishing postoperative changes
from recurrent tumor. Despite the widespread clinical
use of MRI in the last 2 decades, there remains no con-
sensus regarding optimal timing or frequency of
postoperative MRI surveillance.

When should the first postoperative MRI be
obtained? There is a common misconception that ‘‘early
postoperative changes’’ will largely resolve over time,
supporting the argument for delaying the first postoper-
ative MRI until 1 or 2 years postoperatively. Our study
corroborates other reports that persistent nonspecific
postoperative enhancement is commonplace following VS
resection.8–10 More than 98% of patients were found to
have postoperative surgical-bed enhancement on the
first MRI obtained approximately 3 months following
surgery, and only 3.5% of patients had complete resolu-
tion of enhancement on their most recent postoperative
scan. The purpose of the initial postoperative MRI is not
to diagnose early recurrence but rather to serve as a
baseline for further comparison, because serial imaging
becomes more important than the findings seen on a sin-
gle postoperative MRI for detecting recurrence.9 For
these reasons, we propose obtaining an initial postopera-
tive MRI within the first 3 to 6 months following
surgery to serve as a baseline for future comparison.

The question regarding timing and frequency of
subsequent imaging is more complex. Factors that must
be considered include the probability of future recur-
rence based on individual patient risk; the natural
history of recurrent tumor, specifically latency time fol-
lowing surgery, average rate and range of growth seen,
and the fate of a growing nodule (i.e., can recurrent
tumor later enter quiescence/regression or does it con-
tinue to grow until treated); finally, whether there is a
critical size cutoff at which treatment would be met with
increased neurologic morbidity. The remaining discus-
sion is largely dedicated to addressing these issues.

Much effort has been devoted to the identification
of clinical variables that may help clinicians identify
those individuals who are at an increased risk for future
recurrence. Patient age, tumor histology, and primary
tumor size are not associated with later recurrence.6

The current study agrees with previous reports that the
risk of recurrence is strongly associated with the com-
pleteness of resection11,12 and the presence of nodular
enhancement on the first postoperative MRI14 (Tables V
and VI).

Many authors use the term NTR to designate
incomplete removal with �5% residual tumor volume
and use STR when >5% of the original tumor volume
remains, based on the surgeons’ intraoperative impres-
sion,1,4,13 but others have proposed a similar method to
that used in the current study.11 We argue that using
the absolute remnant size to differentiate NTR from
STR, rather than percentage of initial tumor volume,
may be most appropriate because the former is not
dependent on differences in primary tumor size. For
example, the 5% volume of a 4-cm extrameatal tumor is
64 times greater than the 5% volume of a 1-cm tumor.
When using the current definition, we found that recur-
rence rates among patients with NTR are not different
from those receiving GTR and together are much lower
than patients receiving STR, a finding that is remark-
ably similar to what Bloch et al.11 found when
comparing risk of recurrence for NTR and STR (odds
ratio, 12; P ¼ .03). Histologic analysis has shown that
VS lacks a true capsule with the tumor periphery
formed by compressed neoplastic cells.23 Surgical waste
specimens have demonstrated microscopic tumor
ingrowth of the cochlear nerve,24 histologically insepara-
ble planes between the facial nerve,25 and multifocal
tumor growth.25 These data support the notion that
‘‘complete’’ tumor removal is elusive and that GTR and
NTR should be considered on a continuum rather than
as separate entities; that is to say, on a microscopic level
there is likely a critical cell mass with an adequate pre-
served blood supply required to support growth. We
contend that for the purpose of surveillance, GTR and
NTR should be treated similarly, at least when the cur-
rent study definition is applied.

In the current study, we found that nodular en-
hancement on baseline MRI was significantly
associated with future recurrence. Factors including
primary tumor size (volume and maximum linear diam-
eter) and completeness of resection were statistically
significantly associated with the development of nodular

Laryngoscope 122: February 2012 Carlson et al.: Postoperative MRI Surveillance of VS

385



enhancement on the first postoperative MRI (Table III).
This could be expected because the amount of dissection
is greater for larger tumors, and patients receiving ‘‘tu-
mor debulking’’ with STR would be more likely to
demonstrate residual nodular enhancement. When
examining radiographic features of nodular enhance-
ment associated with recurrence, we found that volume,
maximum diameter, minimum diameter, and the ratio of
maximum-to-minimum dimension were not statistically
associated when analyzed in a categorical fashion using
tertiles of the distribution. However, when these data
were reviewed as a continuous set and explored for criti-
cal cutoff points, a nodule volume �0.4 cm3 (hazard
ratio, 4.66; P ¼ .015) and a maximum nodule dimension
of �15 mm (hazard ratio, 5.26; P ¼ .017) were found
to be statistically significantly associated with future
recurrence.

Several authors have found that intraoperative esti-
mations concerning extent of resection are frequently
discordant with early imaging findings.1,11–13 This
discrepancy has led to the recommendation that postop-
erative MRI should be used as an ‘‘objective’’ metric to
reclassify extent of resection based on the amount of
enhancement.13 This approach presupposes that experi-
enced surgeons are unable to reliably estimate extent of
resection during surgery and that postoperative
enhancement is highly specific for residual tumor. It is,
however, just as plausible that detection limits of MRI,
tumor necrosis, or iatrogenic interruption of blood
supply prohibiting contrast uptake may account for
such differences.11 Data acquired from patients under-
going staged resection have shown that residual tumor
is often left devascularized,26 which may account for
fragment quiescence, involution, or diminished postoper-
ative enhancement. We found that both intraoperative
surgeon impression and postoperative imaging charac-
teristics provide complementing information (Fig. 2C)
and propose using both variables when determining a
surveillance schedule.

The natural history of previously untreated VS has
been well studied with long-term quiescence occurring in
roughly 40% to 50% of patients, continued growth in
40% to 50%, and regression in up to 8% of patients. In a
recent systematic review, Nikolopoulos et al.27 found an
average growth rate for all tumors of 1 to 2 mm per
year; when only including those that demonstrated
growth, the average increase was 2 to 4 mm per year.
Despite the common finding of enhancement on postop-
erative baseline MRI, the biologic behavior of remnant
disease has received much less attention. In the present
study, 12 patients experienced recurrence at a mean of
3.0 years following surgery; those undergoing STR
recurred earlier than those receiving NTR and GTR
(Fig. 2A). Similar to the current study, Beatty et al.2

found that patients receiving less-than-complete resec-
tion recurred earlier than those receiving GTR.
Although merely conjecture, the difference in timing of
recurrence between GTR and less-than-complete resec-
tion may be related to the time interval required for a
tumor to reach a critical size limit that can be detected
on MRI, or perhaps more extensive remnant devascula-

rization occurs with GTR resulting in a period of
remnant ‘‘stunning.’’

The average linear diameter growth rate for those
that recurred was 2.3 mm per year (median, 2.0; range,
0.01–11.2), paralleling published growth rates of
untreated tumor.27 Others have described comparable
mean growth rates for recurrent tumor ranging from 0
to 5 mm per year.1,3,6 The rare exception might be rap-
idly progressive cystic recurrence11; one patient in our
series experienced recurrence with a rapidly enlarging
(11.2 mm per year) cystic mass only 7 months following
STR and developed dysphagia, imbalance, headache, and
trigeminal hypoesthesia. We found that once growth had
been demonstrated, none of the patients entered tumor
quiescence or regression without treatment, a finding
substantiated by other studies.11,12

When devising a surveillance schedule, it is impor-
tant to determine whether there is a critical size cutoff
where a certain treatment becomes less effective, results
in increased morbidity, or is no longer an option. With
primary surgery, it is well documented that facial nerve
outcomes and the prospects of hearing preservation have
a strong negative correlation with tumor diameter. Does
a similar tipping point exist with revision surgery? This
information, combined with data regarding remnant
growth rates, can allow us to determine acceptable inter-
vals between imaging. The goals and management
principles applied to primary tumors mirror those
for recurrent disease: long-term tumor control with an
emphasis on preserving existing neurologic function.
However, during revision surgery, the outlook for cranial
nerve preservation is diminished, and the risk of major
complication is greater.4 Several studies have investi-
gated outcomes following revision surgery4,13,28,29 and
SRS salvage30 of primary surgical failure.

Combining the data from three of the largest stud-
ies within the last decade evaluating clinical outcomes
following revision surgery, we identified 28 patients who
received complete re-excision, had at least some degree
of facial nerve function prior to revision surgery, and
had definitive facial nerve outcome data available for
review.4,28,29 The median prerevision and postrevision
House-Brackmann scores were 2 and 3, respectively; the
median tumor diameter prior to reoperation was 2.5 cm.
These data demonstrate that patients receiving revision
surgery for tumors <1.8 cm were more likely to main-
tain preoperative function compared to those with larger
tumor burden (<1.8 cm group, 5 of 6 [83.3%]; �1.8
group, 6 of 22 [27.3%]; Fisher exact test, two-tailed, P ¼
.022). Serviceable hearing before reoperation for recur-
rent tumor is a rarity, and in the prior three studies, no
patient retained any degree of measurable hearing fol-
lowing revision surgery. Finally, the incidence of stroke,
hydrocephalus, and trigeminal and abducens nerve palsy
also appear more frequent following revision surgery,
but given the small number of patients and inconsistent
reporting, meaningful conclusions are difficult to draw
regarding specific events. Reoperation is associated with
high neurologic morbidity primarily caused by dense
arachnoid scarring making dissection between nerve,
brainstem, vascular structures, and tumor difficult.11
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In addition, revision surgery is most often required
following less-than-complete primary resection where
adherent tumor remnants were intentionally left
in situ to minimize neural injury. In such circumstances,
recurrence is very likely regrowth from the same adher-
ent segment rendering revision surgery even more
formidable.

SRS has demonstrated promising results for tumor
control following primary surgical failure, with a
reported efficacy of approximately 95%.30 In the current
series, five of the 12 patients received SRS following re-
currence; tumor control was achieved in all cases (mean
follow-up, 27.3 months), and only one patient demon-
strated worsening facial nerve function (House-
Brackmann grade 1 to 2). Pollock and Link30 reported a
tumor control rate of 94% for 50 patients treated for re-
sidual or recurrent VS (median follow-up, 47 months;
range, 5–148). In their series, four patients developed
worsening facial nerve function; three of the four
received a tumor margin dose of 20 Gy. Following SRS,
neurologic morbidity appears more closely related to
marginal and maximum dose than tumor size. At the
authors’ institution, recurrent tumors demonstrating
brainstem compression or macrocystic morphology are
generally managed with revision surgery, and small and
medium-sized noncystic recurrent tumors are most fre-
quently treated with SRS.

Based on data regarding average remnant growth
rates, time to recurrence by completeness of resection,
the predictive nature of various postoperative enhance-
ment patterns, and the thought that treatment outcomes
are better among smaller (<1.8 cm) recurrences, we pro-
pose the following preliminary MRI surveillance
schedule guideline (Fig. 3). All patients should receive
baseline postoperative MRI within 3 to 6 months follow-
ing surgery to provide a reference for future comparison.
Patients with absent or linear enhancement on the first
postoperative MRI, regardless of intraoperative surgeon
impression, should receive a second MRI 7 years follow-
ing surgery and once again at 15 years to capture any
potential late recurrence. The risk for recurrence for this
group appears to be very low, and in our series, only one
patient has demonstrated growth to date. Patients with

nodular enhancement on baseline MRI who underwent
GTR or NTR should receive subsequent imaging at 3, 7,
and 15 years following surgery. These patients are at an
intermediate risk for recurrence and generally have a
delayed regrowth of several years. Finally, patients who
underwent STR and demonstrated nodular enhancement
should be imaged earlier and more frequently (2, 5, 10,
and 15 years) because they generally start with bulkier
residual disease, recur earlier, and have the highest
probability of regrowth. Admittedly, recommendations
regarding surveillance beyond 7 years are not directly
supported by our data; however, they seem logical, par-
ticularly for young patients, given the known risk for
late recurrence. The three caveats to the presented sur-
veillance proposal include patients with suggestive
symptoms, those with nodular enhancement �15 mm on
the baseline scan, and those with nodules demonstrating
cystic changes; the second carries the highest risk for
regrowth, and the third is capable of rapid growth that
is less amenable to SRS salvage.11 The proposed sched-
ule would result in up to a 30% to 50% cost reduction in
the dollars spent per recurrence diagnosed, as previously
discussed.

The primary limitation of the current study is the
short duration of follow-up (mean, 3.5 years), leaving the
potential for future recurrence in a subset of patients.
This may be at least partially offset by the fact that all
patients with radiographic growth were labeled ‘‘recur-
rent,’’ and many studies only include patients
undergoing further treatment. If we apply a similar defi-
nition, our rates of recurrence for patients undergoing
GTR, NTR, and STR are 1.4% (2 of 144), 0% (0 of 32),
and 18.5% (5 of 27), respectively. It should also be noted
that only one patient in the current study experienced
recurrence beyond 61 months following surgery, and
approximately a quarter of patients have follow-up
beyond 5 years. Through using the present cohort, we
were able to include a large number of patients exclu-
sively using modern MRI technologies (�1.5 T) who
were primarily managed by the same operative teams.

CONCLUSION
MRI enhancement within the postsurgical bed fol-

lowing VS resection is extremely common, making the
diagnosis of tumor recurrence difficult. Factors including
completeness of resection and baseline postoperative
MRI findings provide valuable information regarding
risk for recurrence. Patients with absent or linear
enhancement, regardless of extent of resection, appear
to be at minimal risk for recurrence. Those undergoing
GTR and NTR with nodular enhancement on the first
postoperative MRI are at intermediate risk, and patients
with STR and nodular enhancement demonstrate the
greatest incidence of regrowth and generally recur ear-
lier. In our series, the average linear diameter growth
rate for recurrent VS was 2.3 mm per year, with a mean
3.0-year delay of growth following surgery. Given these
findings, we have proposed a surveillance schedule
based on individual patient risk. Further studies evalu-
ating treatment outcomes for recurrent VS and the

Fig. 3. Postoperative magnetic resonance imaging (MRI) surveil-
lance algorithm based on completeness of resection and baseline
postoperative MRI findings. The three caveats include the patient
with suggestive symptoms, the patient with a cystic nodule, and
those nodules that are �15 mm or �0.4 cm3. Image is 442 � 208
mm (72 � 72 DPI). GTR ¼ gross total resection; NTR ¼ near total
resection; STR ¼ subtotal resection.
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evolution of postoperative enhancement are needed.
Moving forward, it is critical that standardized termi-
nology be used when describing characteristics of
postoperative enhancement so that meaningful data can
be accrued across studies.
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