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Abstract
Background As diffusion tensor imaging (DTI) is able to assess tissue integrity, authors used diffusion to detect abnormalities in
trigeminal nerves (TGN) in patients with trigeminal neuralgia (TN) caused by neurovascular compression (NVC) who had
undergone microvascular decompression (MVD). The authors also studied anatomical TGN parameters (cross-sectional area
[CSA] and volume [V]). The study compared pre- and postoperative findings.
Methods Using DTI sequencing on a 3-T MRI scanner, we measured the fraction of anisotropy (FA) and apparent diffusion
coefficient (ADC) of the TGN in 10 patients who had undergone MVD for TN and in 6 normal subjects. We compared data
between affected and unaffected nerves in patients and both nerves in normal subjects (controls). We then correlated these data
with CSA and V. Data from the affected side and the unaffected side before and 4 years after MVD were compared.
Results BeforeMVD, the FA of the affected side (0.37 ± 0.03) was significantly lower (p < 0.05) compared to the unaffected side
in patients (0.48 ± 0.03) and controls (0.52 ± 0.02), and the ADC in the affected side (5.6 ± 0.34 mm2/s) was significantly higher
(p < 0.05) compared to the unaffected side in patients (4.26 ± 0.25 mm2/s) and controls (3.84 ± 0.18 mm2/s). Affected nerves had
smaller Vand CSA compared to unaffected nerves and controls (p < 0.05). After MVD, the FA in the affected side (0.41 ± 0.02)
remained significantly lower (p < 0.05) compared to the unaffected side (0.51 ± 0.02), but the ADC in the affected side (4.24 ±
0.34 mm2/s) had become similar (p > 0.05) to the unaffected side (4.01 ± 0.33 mm2/s).
Conclusions DTI revealed a loss of anisotropy and an increase in diffusivity in affected nerves before surgery. Diffusion
alterations correlated with atrophic changes in patients with TN caused by NVC. After removal of the compression, the loss
of FA remained, but ADC normalized in the affected nerves, suggesting improvement in the diffusion of the trigeminal root.
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Introduction

Trigeminal neuralgia (TN) is an example of a neurogenic fa-
cial pain condition. Classical TN requires the use of imaging
to depict a potential neurovascular compression (NVC) of the
trigeminal nerve (TGN) root [7]. Strong evidence suggests
that the neuralgia is due to morphological and structural
changes that are likely the result of chronic vascular compres-
sion [11, 38, 39].

High-resolution magnetic resonance imaging (MRI) se-
quences—three-dimensional (3D) T2-weighted, 3D time-of-
flight (TOF), magnetic resonance angiography (MRA) along
with 3D T1-weighted gadolinium (3D T1-Gad)—have been
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shown to be effective for depicting the fine trigeminal
neurovascular anatomy, of paramount importance for plan-
ning microvascular decompression (MVD) [26, 28].
Additionally, structural abnormalities such as nerve deviation,
groove formation, or atrophy can be seen in a large number of
cases of TN [11]. Volume (V) and cross-sectional area (CSA)
measurements obtained by MRI were significantly smaller in
affected nerves than in unaffected nerves [29]. However, these
morphological changes can be difficult to interpret.

Diffusion tensor imaging (DTI) enables the analysis of
white matter integrity by means of in vivo measurements of
molecular diffusivity [25]. There are numeric indexes to de-
scribe anisotropic diffusion and underlying tissue integrity
[36]. Measuring the fraction of anisotropy (FA) presents a
robust method of assessing the degree of directionality of dif-
fusion (i.e., anisotropic diffusion) that occurs in a particular
region [37]. Diffusivity, expressed as the apparent diffusion
coefficient (ADC), is a quantitative measure of water motility
(independent of orientation) in an individual voxel [37] and
indicates the overall presence of obstacles to diffusion, corre-
lating, not only with demyelination, but also with
neuroinflammatory processes and/or neuroedema [2]. This
method has been applied to the study of abnormalities in white
matter tracts, independent of their cause.

This body of evidence has motivated several authors to
examine structural abnormalities in the TGN of patients with
TN using DTI parameters [3–5, 8, 9, 13, 18, 20, 31, 33–35,
41]. In 2011, our group reported in the literature that the af-
fected nerve in patients had a decreased FA and an increased
ADC compared to their unaffected nerve and compared to a
control group [27]. These patients were subsequently submit-
ted to MVD and harbored a potential NVC at imaging [27].
These alterations correlated with atrophic changes in patients
with TN caused by NVC [27]. However, our work did not
investigate diffusion parameters after nerve decompression.
In the present study, we measured FA and ADC in both sides
in the same patient group 4 years after MVD, verifying the
long-term microstructural state of the TGN after removal of
compression. The DTI parameters were then correlated with
anatomical parameters (Vand CSA)measured by 3-Tesla (3 T)
MRI.

Methods

Participants

In a publication by our group [27], we conducted a prospec-
tive controlled study including 10 patients with a diagnosis of
TN who underwent a surgical treatment by MVD and 6 nor-
mal control subjects. In the present work, we performed, in the
same group of patients, a follow-up study 4 years after surgery
to assess the effects of MVD on pain and the postoperative

trigeminal root changes revealed by DTI. Ten patients (7 fe-
males and 3 males), with ages ranging from 26 to 68 years,
were included in the study. Two patients had pain on the right
side and eight on the left. The V1 division was affected in 2
patients, V2 in 8 and V3 in 6. The duration of the neuralgia
before surgery averaged 5.7 years, ranging from 3.5 to
13 years. Six normal control subjects (3 females and 3 males),
with ages ranging from 22 to 58 years, were also included in
the study.

The study was approved by our institutional review board
and was therefore performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki and
its later amendments. We declare that all patients and controls
gave informed consent prior to inclusion in this study.

Imaging acquisition

Patients underwent an MRI examination using a 3-T MR
scanner (Philips Achieva). Images were obtained using an
eight-channel head coil with sensitivity encoding parallel pro-
cessing capability, with the application of 32 non-collinear
directions of diffusion gradients. Four years after MVD, all
patients underwent the same imaging protocol of MRI that
had been performed before surgery [27] to verify the trigem-
inal neurovascular anatomy and to obtain postoperative mea-
surements of FA, ADC, V, and CSA. Two T2-weighted se-
quences were acquired in coronal and sagittal planes for ac-
curate visualization of the TGN. These images were used for
localization and exact graphical alignment of the slice position
of the DTI sequence, parallel to and in the same plane as the
TGN. For the acquisition of measurements of FA and ADC,
we performed a DTI sequence (2D echoplanar imaging). In
addition, we obtained a three-step protocol to assess the nerve
decompression and to measure morphometric data [26, 28]:
3D driven equilibrium (DRIVE), 3D TOF-MRA, and 3D T1-
Gad (T1-Gad) (Table 1).

Trigeminal root diffusion metric analysis

FA and ADC values were calculated for each voxel using
the imaging software MedINRIA, available as a free down-
load on the website: http://www-sop.inria.fr/asclepios/
so f twa re /MedINRIA/ [27 ] . Da t a we re ana lyzed
independently by 2 observers (J.A.R., P.R.L.L.) who
were blinded to the surgical and clinical data. For
statistical analysis, we used the mean values of the two
observers. The inter-observer coefficients of variation for
the average FA and ADC were less than 5%. To limit po-
tential partial volume effects, the region of interest chosen
for quantitative assessment of FA and ADC was the tri-
geminal root entry zone (TREZ) (Fig. 1). These parameters
were compared with those obtained before surgery [27].
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Trigeminal root morphometric analysis

Three-dimensional DRIVE images were transferred to a
workstation for post-processing and analysis. Measurements
of V and CSA for each TGN were performed using the imag-
ing software MIPAV, with a free download available on the
website http://mipav.cit.nih.gov/[29]. These morphometric
parameters were calculated independently by the same
observers (J.A.R., P.R.L.L.) who were blinded to the
surgical and clinical data. For the statistical analysis, we
used the mean values of the two observers. The inter-
observer coefficients of variation for the average V and CSA
were less than 5%. These parameters were compared with
those obtained before surgery [27] and correlated to trigeminal
root diffusion metric data.

Assessment of the effect of MVD on pain

The senior surgeon (M.S.) assessed all 10 patients in person at
discharge (generally postoperative day 10), at the first outpa-
tient visit (usually around postoperative day 70), and at 1, 2, 3,
and 4 years after surgery. Four years after surgery, neuralgia
was considered cured, and thus, the MVD a success, when
relief was complete and all medication could be withdrawn.

Neuralgia was estimated as partially relieved when some pain
remained, but was well controlled by complementary medical
therapy. The treatment was qualified as a failure when the pain
persisted despite medical therapy.

Statistical analysis

The diffusion metric data (FA and ADC) and morphometric
data (Vand CSA) were compared in the affected and unaffect-
ed sides of patients 4 years after surgery. These results were
also compared with those of the affected and unaffected sides
of patients before surgery and compared with normal control
subjects (controls) [27] using a paired-sample two-tailed t test.
Results were expressed as mean ± SD.

Differences in diffusion metric data (FA and ADC) in af-
fected vs unaffected sides, calculated for each patient and
expressed as a percentage, were compared before [27] and
4 years after MVD using an independent t test. Correlations
between differences in affected vs unaffected sides, calculated
for each patient and expressed as a percentage, were compared
between FA and ADC values before [27] and 4 years after
MVD. The Spearman correlation coefficient was calculated,
and a linear regression curve was plotted using GraphPad
Prism® statistical analysis software.

Table 1 Sequence parameters for
anatomical imaging Parameter DTI 3D DRIVE 3D TOF-MRA 3D T1-Gad

TR (msec) 8.21 11.28 33 6.6

TE (msec) 10.6 5.64 2.4 2.4

FOV (mm) 220 153 250 170

Matrix (mm × mm) 512 × 512 512 × 512 512 × 512 512 × 512

Slice thickness (mm) 2 0.5 1 0.5

Resolution (mm) 2 × 2 × 2 0.5 × 0.5 × 0.5 0.5 × 0.5 × 1 0.5 × 0.5 × 0.5

Duration (s) 362 297 451 258

Fig. 1 a Operative view of neurovascular compression (NVC) during
microvascular decompression (MVD). The superior cerebellar artery
(SCA) exerts pressure, leading to deformation at the superolateral aspect
of the left trigeminal nerve (TGN). b Diffusion tensor imaging (DTI)
showing examples of green box-shaped regions of interest used for

quantitative analysis of DTI parameters in the trigeminal root entry zone
(TREZ) before MVD [27]. There is an obvious difference between the 2
nerves, with a visibly reduced signal in the left TGN. c DTI showing that
the reduction in the caliber of the TGN at the TREZ remains almost as
important as in b 4 years after the surgical procedure
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Finally, correlations between differences in affected vs un-
affected sides, calculated for each patient and expressed as a
percentage, were compared between loss of FA and loss of V,
loss of FA and loss of CSA, increase in ADC and loss ofV, and
increase in ADC and loss of CSA before [27] and 4 years after
MVD. The Spearman correlation coefficient was calculated,
and a linear regression curve was plotted using GraphPad
Prism® statistical analysis software.

Values of p ≤ 0.05 were considered as statistically signifi-
cant differences.

Results

Surgical findings

NVC was found in all patients after complete exploration of
the trigeminal root from the porus of the trigeminal Meckel’s
cave to the TREZ at the pons. The superior cerebellar artery
(SCA)was responsible for compression in 5 cases, the anterior
inferior cerebellar artery (AICA) in 2 cases, and the basilar
artery (BA) in 1 case. Avein was additionally compressing the
nerve in 2 cases: the superior petrosal vein (SPV) in 1 case and
the transverse pontine vein (TPV) in 1 case. NVC was located
in the TREZ in 9 cases and the juxtapetrous (JP) segment in 1
case. The site of compression was superomedial (SM) to the
root in 5 cases, inferior (INF) to the root in 4 cases, and
superolateral (SL) to the root in 1 case. The severity of a
neurovascular contact was graded using the system, intro-
duced by Sindou et al. [38, 39]. The severity of NVC was
grade I (mere contact) in 4 cases, grade II (displacement of
the root) in 3 cases, and grade III (engrooving into the root) in
3 cases.

Trigeminal root diffusion metric measurements

Table 2 summarizes diffusion metric data (FA and ADC) ex-
tracted before MVD, published previously [27], and 4 years
after surgery.

Before MVD, the mean FA in the affected side was signif-
icantly lower (p < 0.05) than the mean FA in the unaffected
side of patients and the mean FA in both sides of the controls
[27]. The mean ADC in the affected side was significantly
higher (p < 0.05) than the mean ADC in the unaffected side
of patients and the mean ADC in both sides of controls [27].

Four years after MVD, the mean FA in the affected side
remained (0.41 ± 0.08, confidence interval [CI] 0.36–0.46)
significantly lower (p < 0.05) than the mean FA in the unaf-
fected side of patients (0.51 ± 0.07, CI 0.46–0.56) and the
mean FA in both sides of the controls (0.52 ± 0.04, CI 0.48–
0.56) (Fig. 2a). Four years after MVD, the mean FA in the
affected side was similar (p > 0.05) to the mean FA in the
affected side of patients before surgery [27] (Fig. 2b).

Differences between FA in the affected side and the unaffected
side, calculated for each patient and expressed as a percentage
after MVD (18.98 ± 0.07%, CI 6.98–30.98) was similar to
data before the procedure [27] (21.3 ± 18.96%, CI 7.73–
34.87) (p = 0.6758) (Fig. 3).

Four years after MVD, the mean ADC in the affected side
(4.24 ± 1.06 mm2/s, CI 3.48–4.99) had become similar
(p > 0.05) to the mean ADC in the unaffected side of patients
(4.01 ± 1.03 mm2/s, CI 3.27–4.75) and similar to the mean
ADC in both sides of the controls (3.84 ± 0.43 mm2/s, CI
3.43–4.2) (Fig. 4a). Four years after MVD, the mean ADC
in the affected side was lower (p < 0.05) than the mean ADC
in the affected side of patients before surgery [27] (Fig. 4b).
Differences in ADC between the affected side and the unaf-
fected side of patients, calculated for each patient and
expressed as a percentage, after MVD (7.4 ± 19.67%, CI −
6.66–21.47) was lower compared to data before the procedure
[27] (28.17 ± 18.45%, CI 14.97–41.37) (p = 0.04) (Fig. 5).

Before MVD [27], the Spearman correlation coefficient
showed a strong negative correlation (r = − 0.7295, p =
0.0202) between loss of anisotropy and the corresponding
increase in ADC in the affected side compared to the unaffect-
ed side of patients (Fig. 6a). Four years after MVD, the
Spearman correlation coefficient did not show correlation
(r = − 0.0303, p = 0.9460) between loss of anisotropy and
the corresponding increase in ADC in the affected side com-
pared to the unaffected side of patients (Fig. 6b).

Trigeminal root morphometric measurements

Table 3 summarizesmorphometric data (Vand CSA) extracted
before MVD, published previously [27] and 4 years after sur-
gery. Before and after the surgical procedure, the meanVof the
affected side was significantly smaller (p < 0.05) than the
mean V of the unaffected side of patients and the mean V of
both sides in controls (Table 3). Before and 4 years after the
surgical procedure, the mean CSA of the affected side was
significantly smaller (p < 0.05) than the mean CSA of the
unaffected side of patients and the mean CSA of both sides
in controls (Table 3).

Correlation of diffusion metric and morphometric
data on the trigeminal root

As shown in our first publication [27], the Spearman correla-
tion coefficient showed a strong positive correlation between
loss of anisotropy and the corresponding loss of V in the af-
fected side compared to the unaffected side in patients
(Fig. 7a) and loss of anisotropy and the corresponding loss
of CSA in the affected side compared to the unaffected side
in patients (Fig. 7b) before MVD. The Spearman correlation
coefficient showed a strong negative correlation between in-
creased ADC and loss ofV in the affected side compared to the
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unaffected side in patients (Fig. 7c) before MVD [27]. A
strong negative correlation was also shown between increased
ADC and loss of CSA in the affected side compared to the
unaffected side in patients (Fig. 7d) [27].

Four years after MVD, the Spearman correlation coefficient
did not show correlation, but the p value was slightly higher at
0.05, between loss of anisotropy and the corresponding loss of V
in the affected side compared to the unaffected side in patients
(Fig. 7e). The Spearman correlation coefficient showed a strong
positive correlation between loss of anisotropy and the corre-
sponding loss of CSA in the affected side compared to the un-
affected side in patients (Fig. 7f). In contrast, the Spearman cor-
relation coefficient did not show correlation between differences
in ADC and the corresponding loss of V in the affected side

compared to the unaffected side in patients (Fig. 7g), nor differ-
ences in ADC and the corresponding loss of CSA in the affected
side compared to the unaffected side in patients (Fig. 7h).

Pain relief over time

At discharge, on the 10th postoperative day, all patients report-
ed neuralgia relief. At the outpatient visit on postoperative day
70, 9 patients were pain-free and 1 still had some background
pain which was well controlled with medical treatment. At the
1-, 2-, 3-, and 4-year postoperative visits, the success rate was
90%, corresponding to 9 patients who were totally pain-free
and 1 patient (10%) who was partially relieved.

Table 2 FA andADC of the TGN in normal control subjects (n = 12), in
the affected side before [27] and after MVD of patients (n = 10) and in the
unaffected side before [27] and after MVD of patients (n = 10). Before
MVD, the mean FA in the affected side was significantly lower (p < 0.05)
than the mean FA in the unaffected side of patients and the mean FA in
both sides of the controls [27]. The mean ADC in the affected side was
significantly higher (p < 0.05) than the mean ADC in the unaffected side

of patients and the mean ADC in both sides of controls [27]. Four years
after MVD, the mean FA in the affected side remained significantly lower
(p < 0.05) than the mean FA in the unaffected side of patients and the
mean FA in both sides of the controls. Four years after MVD, the mean
ADC in the affected side had become similar (p > 0.05) to the mean ADC
in the unaffected side of patients and similar to the mean ADC in both
sides of the controls

Groups Controls Unaffected side
before MVD

Affected side
before MVD

Unaffected side 4 years
after MVD

Affected side 4 years
after MVD

FA

Mean ± SD 0.52 ± 0.04 0.48 ± 0.08 0.37 ± 0.08* 0.51 ± 0.07 0.41 ± 0.08*

Median 0.54 0.49 0.38 0.51 0.44

95% CI 0.48–0.56 0.41–0.55 0.3–0.44 0.46–0.56 0.36–0.46

ADC (mm2/s)

Mean ± SD/s 3.84 ± 0.43 4.26 ± 0.59 5.6 ± 0.89* 4.01 ± 1.03 4.24 ± 1.06

Median 3.68 4.44 5.39 3.74 3.9

95% CI 3.43–4.2 3.7–4.8 4.81–6.39 3.27–4.75 3.48–4.99

FA fraction of anisotropy, ADC apparent diffusion coefficient, MVD microvascular decompression, SD standard deviation, CI confidence interval

* = statistical significance

Fig. 2 aGraph showing a fraction of anisotropy (FA) data before [27] and
after microvascular decompression (MVD). Before MVD, the mean FA
in trigeminal nerves (TGN) in the affected side of patients (n = 10) was
significantly lower (p < 0.05) than the mean FA in the TGN in the unaf-
fected side of patients (n = 10) and the mean FA of the TGN in both sides
of control subjects (n = 12). Four years after MVD, the mean FA in the

affected side of patients (n = 10) was also significantly lower (p < 0.05)
than the mean FA in the unaffected side (n = 10) and the mean FA in both
sides of control subjects (n = 12). bGraph showing FA data connected by
lines for each respective affected nerve of patients. Four years after MVD,
the mean FA in the affected side was similar (p > 0.05) to the mean FA in
the affected side of patients before surgery [27]. * = statistical significance
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Discussion

This study is the first long-term evaluation of trigeminal root
abnormalities by DTI conducted in a homogenous series
4 years after MVD in patients with classical TN. The study
shows the persistence of loss of FA and recovery of ADC in
the affected nerve after surgical decompression.

DTI abnormalities in the trigeminal nerve root due
to neurovascular compression

Several studies examiningDTImetrics comparing the affected
and unaffected sides in patients with classical TN and controls
have revealed a significant decrease in FA values [3–5, 8, 9,
18, 20, 31, 33–35] and a significant increase in ADC values
[5, 33]. Three other studies did not find differences in ADC
values between affected and unaffected sides in patients and
controls [13, 34, 35]. Five articles on specific DTI studies on
TN caused by NVC found a significant decrease in FAvalues

[18, 31, 33–35] and one found a significant increase in ADC
values [33] in the affected nerves. Two studies compared dif-
fusion abnormalities in patients with TN before and after sur-
gery [9, 20], but with a different population of patients and a
different protocol and data acquisition method.

Liu et al. studied 16 consecutive patients with classical TN
in a controlled protocol, with 3 T DTI sequences with the
application of 12 non-collinear directions of diffusion gradi-
ents. Their study demonstrated that FAwas significantly lower
in the affected side, while radial diffusivity (RD) and mean
diffusivity (MD) were significantly higher in the affected side
compared to the unaffected side [31]. Lummel et al., using a 3-
T DTI sequence with the application of 15 non-collinear di-
rections, compared diffusion alterations in 12 patients with TN
caused by multiple sclerosis (MS), 12 patients with idiopathic
TN caused by NVC, and 12 normal control subjects [33]. The
authors found that FA was significantly lower in the affected
side compared to the unaffected side in patients with idiopath-
ic TN or normal control subjects [33]. Recently, Lutz et al.
analyzed diffusion abnormalities in 81 patients with TN who
underwent MVD in a blinded fashion. DTI analyses revealed
significantly lower FAvalues within the vulnerable zone of the
affected TGN compared with the contralateral side [35].

Fujiwara et al. did not find significant differences between
the absolute FA and ADC values for the affected and unaffect-
ed sides or between the absolute FA and ADC values in pa-
tients with classical TN and control subjects. In addition, the
mean variance of FA values between both sides in the patient
group was not significantly different from that in the control
group [13].

With the exception of the last authors [13], these
abovementioned results reinforced evidence of pathological
changes such as axonopathy, axonal loss, demyelination, and
residual myelin debris in histological studies of trigeminal

Fig. 3 Graph showing that differences between the fraction of anisotropy
(FA) in the affected side (n = 10) and the unaffected side (n = 10), calcu-
lated for each patient and expressed as a percentage, before surgery (21.3
± 18.96%, CI 7.73–34.87) [27] were similar to those found 4 years after
the procedure (18.98 ± 0.07%, CI 6.98–30.98)

Fig. 4 a Graph showing the apparent diffusion coefficient (ADC) data
before [27] and after MVD. Before MVD, the mean ADC in the affected
side (n = 10) was significantly higher (p < 0.05) than the mean ADC in
the unaffected side (n = 10) and the mean ADC in both sides of control
subjects (n = 12). Four years after MVD, the mean ADC in the affected
side (n = 10) was similar (p > 0.05) to the mean ADC in the unaffected

side (n = 10) and the mean ADC in both sides of control subjects (n = 12).
b Graph showing ADC data connected by lines for each respective af-
fected nerve of patients. Four years after MVD, the mean ADC in the
affected side was lower (p < 0.05) than the mean ADC in the affected side
of patients before surgery [27]. * = statistical significance
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fascicles collected from patients with NVC near the TREZ
[10, 19, 23]. The elevation in diffusivity in the TREZ of af-
fected nerves indicates the presence of obstacles to diffusion,
probably because of axonal loss and focal demyelination.
Reduced anisotropy could result from damage and removal
of highly aligned cellular structures such as axons or from
focal endoneurial injury resulting from NVC. These phenom-
ena may explain the theory of focal demyelination of the sen-
sory axons at the site of the NVC [32] and that ephaptic Bshort
circuits^ are responsible for neuralgia, as hypothesized by
Gardner [14]. Demyelinated nerve fibers are also known to
be sensitive to tiny deformations [40], so that pulsatile com-
pression by a vessel could, at least in theory, also initiate
axonal impulses that spread ephaptically within the TREZ
[32]. Demyelination has also been found in well-
documented experimental models of acute [15] or chronic
[12] compression of central white matter.

Postoperative DTI changes after microvascular
decompression

Little information has been published on long-term DTI ab-
normalities after surgical treatment. In our study, all patients
underwent MVDwith a complete exploration of the TGN and
detection of direct neurovascular contact in all cases [27].
Nine patients were pain-free and only 1 was partially relieved.
Four years after MVD, DTI was applied in a 3-T MRI ma-
chine with the application of 32 non-collinear directions of
diffusion gradients (Table 1). With DTI, multiple images are
collected so that the signal can be sensitized to diffusion in
different directions, building up multiple measurements for
each voxel in the brain [22].

DeSouza et al. studied patients who underwent gamma
knife radiosurgery (GKRS, 15 patients) or MVD (10 patients)
before and 2 to 6 months after treatment and 14 controls [9].
The authors established a cutoff of at least a 75% reduction in
preoperative pain to distinguish effective from ineffective
treatment [9]. After effective treatment (a group of 6 patients
who had GKRS and 9 patients who had MVD), the FA abnor-
mality in the affected side resolved such that FA increased and
was no longer significantly different from the unaffected side
or controls [9]. However, FA remained significantly lower in
the affected side compared to the unaffected side and controls
in the ineffective treatment group (a group of 9 patients who
had GKRS and 1 patient who had MVD) [9]. The authors
suggested that surgical treatment can effectively resolve pain
by normalizing trigeminal root abnormalities [9]. The main
criticism of the DeSouza et al. study was the link between
patients who underwent different surgical treatments and early
DTImetrics extraction after surgical treatment (2 to 6months),
in which tissue changes were not yet fully established. MVD
would influence TREZ abnormalities by removing the source
of the compression and the subsequent pathophysiology at
this location [9]. Radiosurgery would produce analgesia by
injuring trigeminal fibers just enough to impede the aberrant

Fig. 5 Graph showing that differences between the apparent diffusion
coefficient (ADC) in the affected side (n = 10) and the unaffected side
(n = 10), calculated for each patient and expressed as a percentage, before
surgery (28.17 ± 18.45%, CI 14.97–41.37) [27] were higher than those
found 4 years after the procedure (7.4 ± 19.67%, CI − 6.66–21.47). * =
statistical significance

Fig. 6 a Linear regression plot derived from the relationship between the
differences in the fraction of anisotropy (FA) and the apparent diffusion
coefficient (ADC), in affected nerves vs unaffected nerves in patients with
trigeminal neuralgia (TN) before microvascular decompression (MVD)
[27]. The Spearman correlation coefficient showed a strong negative cor-
relation (r = − 0.7295, p = 0.0202) between loss of anisotropy and the

corresponding increase in diffusivity. b Linear regression plot derived
from the relationship between the differences in FA and ADC, in affected
nerves vs unaffected nerves in patients with TN 4 years after MVD. The
Spearman correlation coefficient did not show correlation (r = − 0.0303,
p = 0.9460) between loss of anisotropy and the corresponding increase in
diffusivity
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signaling of these neurons [9]. Studies examining the effects
of radiation on peripheral nerves have found that radiation
doses in the range used for TN radiosurgery can decrease the
excitability of cells by partially blocking sodium and nerve
conduction [16].

In the Hodaie et al. study on 5 TN patients who benefited
from radiosurgery, treatment resulted in a 47% drop in FA

values at the target with no significant change in FA outside
the target, demonstrating highly focal changes after treatment.
This suggests that radiosurgery primarily affects myelin [20].
In their study, postoperative imaging was performed at 6–
7 months (3 patients) and at 12–14 months (2 patients) after
surgery [20]. DTI abnormalities could be related to radiation
in the trigeminal root and might interfere with DTI data. In the

Table 3 Vand CSA of the TGN in healthy volunteers (controls, n = 12),
in the affected side before and after MVD in patients (n = 10), and in the
unaffected side before [27] and after MVD in patients (n = 10). Before
MVD [27], the mean V in the affected side was significantly smaller
(p < 0.05) than the mean V in the unaffected side and the mean V in
both sides of controls. Four years after MVD, the mean V in the
affected side was significantly smaller (p < 0.05) than the mean V in the
unaffected side and the mean V in both sides of controls. There was no
statistical difference (p > 0.05) between the mean V in the affected side

before MVD and the mean V in the affected side after surgery. Before
MVD [27], the mean CSA in the affected side was significantly smaller
(p < 0.05) than the mean CSA in the unaffected side and the mean CSA in
the two sides of controls. Four years after MVD, the mean CSA in the
affected side was significantly smaller (p < 0.05) than the mean CSA in
the unaffected side and the mean CSA in the two sides of controls. There
was no statistical difference (p > 0.05) between the mean CSA in the
affected side before MVD and the mean CSA in the affected side after
surgery

Groups Controls Unaffected side
before MVD

Affected side
before MVD

Unaffected side 4 years
after MVD

Affected side 4 years
after MVD

V (mm3)

Mean ± SD 84.53 ± 6.85 85.17 ± 21.36 63.93 ± 16.36* 86.34 ± 21.6 64.51 ± 15.94*

Median 84.8 86.43 57.15 87.44 60.12

95% CI 80.18–88.9 69.9–100.4 52.2–75.6 70.9–101.8 53.11–75.92

CSA (mm2)

Mean ± SD 5.704 ± 0.47 5.486 ± 1.29 4.047 ± 0.97* 5.401 ± 1.24 4.135 ± 0.92*

Median 5.745 5.745 4.17 5.67 4.26

95% CI 69.31, 100.3 4.6–6.4 3.35–4.74 4.5–6.3 3.48–4.8

V volume, CSA cross-sectional area, MVD microvascular decompression, SD standard deviation, CI confidence interval

* = statistical significance

Fig. 7 Correlations of differences between affected and unaffected sides,
calculated for each patient and expressed as a percentage, were compared
between diffusion tensor imaging (DTI) and morphological data on the
trigeminal nerve (TGN). Before MVD [27], linear regression plots re-
vealed that the Spearman correlation coefficient showed: a a strong pos-
itive correlation (r = 0.8303, p = 0.0047) between the loss of FA and the
corresponding loss of V, b a strong positive correlation (r = 0.9273, p =
0.0003) between the loss of FA and the corresponding loss of CSA, c a
strong negative correlation (r = − 0.8085, p = 0.0072) between the in-
crease in ADC and the corresponding loss of V, and d a strong negative

correlation (r = − 0.7416, p = 0.0174) between the increase in ADC and
the corresponding loss of CSA. Four years after MVD, linear regression
plots revealed that the Spearman correlation coefficient showed: e no
correlation (r = 0.6364, p = 0.0544) between the loss of FA and the cor-
responding loss of V, but the p value was slightly higher than 0.05, f a
strong positive correlation (r = 0.8545, p = 0.0029) between the loss of
FA and the corresponding loss of CSA, g no correlation (r = − 0.2242,
p = 0.5367) between the increase in ADC and corresponding loss of V,
and h no correlation (r = − 0.0181, p = 0.9730) between the increase in
ADC and the corresponding loss of CSA

1422 Acta Neurochir (2019) 161:1415–1425



literature, it has been hypothesized that, over time, the axonal
injury induced by radiosurgery would resolve and be accom-
panied by remyelination and normalization of membrane
channels, including those at the TREZ [16].

In our study, FAvalues remained lower in the affected side
of patients despite the root decompression. The way FA re-
veals the level of myelin in tissue structure and packing den-
sity of axons within a voxel is that FA values drop when
demyelination and axonal loss is are present [1, 30]. We hy-
pothesize that nerve damage caused by chronic pulsatile vas-
cular compression can be definitive because of irreversible
lesions in TGN myelin. Little information is available about
the long-term completeness of remyelination in the central
nervous system (CNS). Harrison and McDonald reported, in
an experimental cat model, that the thickness of myelin
around remyelinated fibers after spinal cord compression ap-
pears to increase over a period of months, but even after
18 months, remyelinated fibers with inappropriately thin
sheaths may remain numerous [17]. Remyelination in the
CNS is apparently a progressive but incomplete process
[17]. The possibility that some of the thin myelin sheaths
may indicate partial demyelination rather than remyelination
cannot be excluded [19]. Aberrant remyelination seems to be
the most likely explanation for this phenomenon, given that
the process involves CNS rather than peripheral nervous sys-
tem (PNS) axons, and that the nerve roots appear entirely
normal, both proximal and distal to the region of compression.
This is was found in histological trigeminal fascicles collected
from patients with NVC near the TREZ [19]. The chronic
compression might also create focal endoneurial vascular in-
jury, with resulting ischemia.

In our study, ADC increased after nerve decompression.
This recovery of ADC values suggests an improved conduc-
tion and reduced edema of the trigeminal root after surgery.

Trigeminal root atrophy persists after microvascular
decompression

Morphometric abnormalities persisted after surgery, with
measurements of V and CSA of the affected nerve being
25.3% and 23.5% smaller, respectively, than those of unaffect-
ed nerves in patients. These results, obtained non-invasively
and confirmed by two blinded observers, are concordant with
observations made during surgery [38], and with the studies of
authors who measured morphometric parameters using differ-
ent noninvasive imaging methods [11, 24, 29].

Technical limitations

In regard to limitations of the study, firstly, the partial volume
effect specifically caused by the small size of the root that is
bathed in cerebrospinal fluid may confound DTI measure-
ments. Secondly, severe image degradation by involuntary

patient movement (causing ghosting or artifactual image)
and the magnetic susceptibility effects with large discontinu-
ities in bulkmagnetic susceptibility (such as those occurring at
tissue-air interfaces, producing local magnetic field gradients)
could degrade and distort DTI [6, 21]. Thirdly, due to the
proximity of the Teflon plate to the TGN at the
pontocerebellar angle, consequently introducing the possibil-
ity of imaging artifacts, it was difficult to perform the mea-
surements of the morphometric parameters after surgery.
Finally, the small number of cases is also one of the limitations
in this study.

Conclusions

The DTI technique was used to investigate TGN micro-
structure secondary to a NVC in patients with TN 4 years
after MVD. Long term after the removal of compression,
loss of FA persisted, but ADC normalized in the affected
nerves, suggesting an improvement in conduction sensi-
tivity and reduction of edema in the trigeminal root after
surgery. The re-establishment of diffusion could well be
the reason for pain relief after MVD. Furthermore, from a
practical standpoint, DTI metrics could be an effective
biomarker for confirmation of aggressiveness of a poten-
tial NVC found on imaging and could become an addi-
tional diagnostic tool for ascertaining its compressive be-
havior, thus helping in decision making.
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