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TABLE 1. Demographic and clinical characteristics in 37 patients with TN treated with GKRS

Case No. Group Sex  Age(yrs) PainSide  Pain Distribution  Pain Duration (yrs) Pain Meds
1 Responder F 78 Rt V1/2/3 7 GBP
2 Responder F 86 Rt V2/3 10 CBz, PGB
3 Responder M 83 Rt V2 10 CBz
4 Responder F 7 Rt V3 2.5 None
5 Responder M 76 Lt V2 4 CBz
6 Responder F 59 Rt V1/2/3 5 CBz
7 Responder F 74 Lt V2/3 NA CBz
8 Responder M 87 Rt V3 12 CBz
9 Responder M 75 Rt V2/3 12 CBz, GBP
10 Responder M 81 Lt V2/3 10 CBz
1" Responder F 81 Rt V3 20 CBz
12 Responder M 43 Rt V3 1 CBZ, PGB
13 Responder F 76 Lt V2/3 6 None
14 Responder F 73 Rt V1/2 16 CBz
15 Responder F 83 Lt V2 11 GBP
16 Responder F 68 Rt V2 30 CBZ, GBP
17 Responder F 70 Lt V3 3 CBz, GBP
18 Responder M 65 Lt V2/3 3 PGB
19 Responder F 68 Lt V2/3 10 CBz
20 Nonresponder M 79 Rt V2/3 20 CBz, GBP
21 Nonresponder F 65 Lt V2/3 25 CBz
22 Nonresponder F 49 Lt V171213 5 CBZ
23 Nonresponder F 75 Rt V2 10 CBz
24 Nonresponder F 61 Rt V1/2/3 25 CBZ, PGB
25 Nonresponder F 72 Lt V2/3 9 PGB
26 Nonresponder F 50 Rt V3 2 PGB
27 Nonresponder M 60 Lt V3 6 CBZ, GBP
28 Nonresponder F 55 Lt V171213 13 PGB
29 Nonresponder F 81 Lt V3 2.5 PGB, TOPIR
30 Nonresponder M 67 Rt V112 2 PGB
3 Nonresponder M 69 Rt V3 2 BCF, DLX
32 Nonresponder M 68 Lt V3 4 CBz
33 Nonresponder F 45 Lt V2/3 2 HYD
34 Nonresponder F 71 Lt V2/3 1.5 GBP
35 Nonresponder M 76 Rt V2/3 35 GBP, HYD
36 Nonresponder M 33 Lt V112 2 CBZ, BCF
37 Nonresponder F 48 Rt V1/2/3 5 CBZ, PGB

BCF = baclofen; CBZ = carbamazepine; DLX = duloxetine; GBP = gabapentin; HYD = hydromorphone; Meds = medications; NA = information not
available; PGB = pregabalin; TOPIR = topiramate; V1 = ophthalmic branch of trigeminal nerve; V2 = maxillary branch; V3 = mandibular branch.

was not statistically significant for MD (%*(1) = 0.345,p =
0.56), RD (»*(1) =0.518, p = 0.47), or AD (»*(1) =0.275,p
= 0.60) alone, and correctly classified 62.2%, 59.5%, and
54.1% of cases, respectively.

The Contralateral, Unaffected Trigeminal Nerve After
GKRS Is a Valid Internal Control

To ensure that the use of the contralateral, unaffected
trigeminal nerve after GKRS is a valid internal control,
diffusivity metrics were extracted in a subsample of 16

patients with TN who had both pre- and 6 months post-
treatment DTI scans. For FA, the unaffected nerve did not
significantly change from pre- to posttreatment in both
long-term responders (Fig. 3A; n = 8, mean age [+ SD]
68.9 + 13.2 years, t;,= 0.267, p = 0.80) and nonresponders
(Fig. 3B; n = 8, mean age [+ SD] 62.6 + 15.0 years, t;, =
-0.819, p =0.44). In the affected nerve, responders showed
significantly lower FA from pre- to posttreatment (t,, =
-2.887, p = 0.023), whereas nonresponders showed no
statistical difference (t;, = 0.657, p = 0.53). Additionally,
responders showed significantly lower FA in their affect-
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FIG. 2. Diffusivity metrics taken at 6 months post-GKRS. A-D: Bar
graphs showing the average DTl-derived values + SEM with overlaid
individual patient data for the affected (red) and unaffected (blue) tri-
geminal nerve in long-term responders and nonresponders. Responders
show characteristically lower FA (A), higher MD (B), higher RD (C), and
no change in AD (D) in their affected nerve compared to their unaffected
nerve. Compared to nonresponders, responders also show distinctively
lower FA (red bars, panel A) and a trend toward higher RD (p = 0.057)
(red bars, panel C) in their affected nerve. E-H: Bar graphs showing

the DTI-derived values computed as a percentage change for each
individual: %ADTI Metric = Target — Contra/Contra x 100 (+ SEM) for
long-term responders (blue) and nonresponders (red). FA differentiates
responders from nonresponders (E), whereas MD, RD, and AD do not
(F-H). Aff = affected nerve; Unaff = unaffected nerve. * p < 0.05, ** p <
0.01. Figure is available in color online only.

ed nerve compared to their unaffected nerve at 6 months
posttreatment (t,, = —3.658, p = 0.008), whereas nonre-
sponders showed no differences (t;, = -0.377, p = 0.72).
Specific diffusivities (MD, RD, and AD) of the affected
and unaffected trigeminal nerve at both pre- and 6 months
posttreatment for long-term responders and nonresponders
are shown in Table 3. The unaffected nerve did not signifi-
cantly change from pre- to posttreatment in both respond-
ers and nonresponders for MD, RD, and AD. Furthermore,
responders showed a significantly higher RD from pre- to
posttreatment in the affected nerve (t,, =2.452,p = 0.044)
as well as between the affected and unaffected nerve at 6
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TABLE 2. Classification table resulting from logistic regression
model predicting clinical outcome from FA

Correct Incorrect Percentage
Group Prediction Prediction Correct
Responders 15 4 78.9
Nonresponders 12 6 66.7
Overall 27 10 73.0

months posttreatment (t;, = 2.832, p = 0.025). No statisti-
cally significant differences were observed for MD or AD.

Tractography lllustrates Microstructural Changes in the
Affected Trigeminal Nerve After GKRS

Figure 4 depicts the affected trigeminal nerve tracts,
superimposed on a DTI/T1-weighted anatomical image.
The change in FA after GKRS is visualized at the radio-
surgical target in the long-term responder (Fig. 4A and B),
but not in the nonresponder (Fig. 4C and D). The group-
level diffusivity metrics are also measured from this target
region of the nerve.

Gd Enhancement After GKRS Is Not Associated With
Clinical Outcome

Of the 32 patients with TN in whom contrast-enhanced
T1-weighted FLAIR images were obtained, 19 patients
exhibited focal Gd enhancement on the treated trigemi-
nal nerve. Of these, 10 were long-term responders and 9
were nonresponders. Among the 13 patients who did not
exhibit enhancement, 6 were long-term responders and 7
were nonresponders.

Discussion

We demonstrate for the first time that target diffusivity
metrics at 6 months posttreatment can predict long-term
pain relief in patients with TN treated with GKRS. Spe-
cifically, long-term responders showed a characteristically
lower FA, higher RD, and higher MD at the radiosurgical
target of their affected nerve compared to their control,
unaffected nerve. The changes are sufficiently different
to allow for this feature to be directly translated into the
clinical follow-up of patients. Moreover, our findings re-
flect the possibility of a threshold effect where, based on
the degree of microstructural change in the nerve, we can
determine whether there will be long-term clinical ben-
efit. We attempted to select a practical timeline that cor-
responds to the typical follow-up for these patients. For
this reason, we examined 6-month posttreatment MRI and
clinical follow-up of at least 12 months for long-term as-
sessment. We consider 6 months posttreatment to be an
early time point because it is a common clinical and imag-
ing follow-up time frame.

Microstructural Diffusivities Differentiating Long-Term
Responders From Nonresponders to GKRS

Among the different diffusivity metrics, FA appeared
to be the best prognostic indicator for long-term pain re-
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FIG. 3. Bar graphs showing the average FA values + SEM with overlaid
individual patient data at pretreatment (purple) and 6 months posttreat-
ment (green) in the affected and unaffected trigeminal nerve of long-
term responders (A) and nonresponders (B). Long-term responders
show a substantial decrease in posttreatment FA in their affected nerve.
These changes are not observed in nonresponders. The unaffected
nerve remains unchanged between pre- and posttreatment for respond-
ers and nonresponders. Tx = treatment. * p < 0.05, ** p < 0.01. Figure is
available in color online only.

lief, where long-term responders showed a significant de-
crease in FA at the radiosurgical target of their affected
nerve compared to their contralateral, unaffected nerve
and to nonresponders. Nonresponders did not show any
characteristic changes in FA. Our findings suggest that
for patients to achieve long-lasting pain relief, sufficient
microstructural changes at the radiosurgical target must
be present at early follow-up. Furthermore, logistic regres-
sion analysis suggests the possibility of a threshold effect,
whereby quantifying the degree of microstructural change
allows us to predict on an individual level whether there
will be long-lasting pain relief. For our cohort of patients,
long-term responders showed on average a 26.6% decrease
in FA, whereas nonresponders exhibited a 7% increase.
This implies that in our group, an approximately 30% de-
crease in target zone FA is predictive of long-term clinical
benefit after GKRS.

Because GKRS has highly accurate targeting,” indi-
vidual variations in the effectiveness of radiosurgery are
more likely to be due to the range of biological responses
to radiation.”! Although this has been demonstrated in tu-
mors before,?! it is less studied in single-isocenter treat-
ments such as GKRS for TN. Therefore, our findings pro-
vide important insight into how DTT appears to be a viable
in vivo model through which the effects of radiation on a
nerve can be assessed. As a result, DTI may serve as an
important histopathological correlate.

Although studies report that 70%—-90% of patients with
TN achieve adequate pain relief from GKRS,'*!#22 our co-
hort was composed of a roughly equal split between those
who benefited from treatment and nonresponders. This
discrepancy is related to the inherent selection bias that is
required for our inclusion criteria, such as absence of prior
surgical procedures for TN, availability of 6-month DTI
scans, and at least 12 months of clinical assessment. Fur-
thermore, it is likely that patients who have a suboptimal
response will have ongoing clinical and MR assessment.

FA change has been shown to be indicative of numer-
ous pathologies,’ including TN !5 Although FA provides
insight into the overall white matter microstructure, it does
not offer details into the specific types of microstructural
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TABLE 3. Specific trigeminal nerve diffusivity metrics in a
subsample of 16 patients with pre- and posttreatment DTl scans

Group Comparison Diffusivity ~ t Value
B GKRS MD 1.648
re- vs post- , RD* 2 459
affected nerve
AD 0.557
P t-GKRS MD 1350
Responders re- vs post- ' RD 0.981
unaffected nerve
AD 1.803
Post-GKRS. aff MD 1.575
ost- , affected vs RD* 2832
unaffected nerve
AD -0.456
P t-GKRS MD 0.635
fe- VS Pos+5IRs, RD 0.395
affected nerve
AD 0.937
P t-GKRS MD 0.018
Nonresponders o V5 POSt ' RD 0.199
unaffected nerve
AD -0.224
Post-GKRS, affected MD 0432
ost- , affected vs RD 0423
unaffected nerve
AD 0.419

Degrees of freedom = 7 for all t-tests.
*p<0.05.

changes. Therefore, by examining RD, AD, and MD, we
can gain further understanding of changes in myelina-
tion,?27 axonal integrity,” and possible underlying neuro-
inflammation and edema? that are integral to the overall
microstructural organization and alterations that result
after radiation delivery.

Examination of these diffusivity metrics revealed RD
to show noteworthy changes. Specifically, long-term re-
sponders showed significantly higher RD in their affected
nerve compared to their unaffected nerve, whereas AD re-
mained unaltered. Because MD takes the average of RD
and AD, long-term responders also showed significantly
higher MD in their affected nerve compared to their un-
affected nerve, suggesting possible underlying neuro-
inflammation and edema.? These findings show that the
changes seen in composite parameter FA are largely driv-
en by RD changes, which suggests that the microstructural
alterations present in long-term responders may primarily
be influenced by the effect of radiation on myelin as op-
posed to axonal damage. This result is consistent with our
clinical observation of lack of sensory deficits after GKRS
in this group. Previous studies have also reported a low
incidence of troublesome sensory changes after GKRS in
patients with TN 322

DTI as a Tool for Neurosurgical Prognostication

Because DTI provides an in vivo, noninvasive means
to quantitatively assess radiation effects on tissue micro-
structure, it is a clinically feasible tool for this type of
neurosurgical prognostication. At present, longitudinal
assessment after GKRS for patients with TN consists of
ongoing, clinical follow-up approximately every 6 months.

J Neurosurg August 17, 2018 7
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FIG. 4. Visual representation of the affected trigeminal nerve using tractography. The reconstructed tracts are overlaid onto the
axial DTI/T1-weighted anatomical images at the midpontine level of the brainstem. The colors of the tracts represent the spectrum
values of FA (0 to 0.7), as shown by the legend at the top right corner. The white box denotes the target area of the nerve where
the radiation was delivered. The top 2 images (A and B) correspond to a long-term responder (single subject). Distinct changes

in FA are visible at the target area when compared from pretreatment (A) to 6 months posttreatment (B), as represented by a shift
in color from the purple/blue spectrum to green/yellow. The bottom 2 images (C and D) correspond to a nonresponder. In this
patient, no FA changes are observed at the target area between pretreatment (C) and 6 months posttreatment (D). Figure is avail-

able in color online only.

As such, the current postoperative assessment relies solely
on clinical measures, which does not permit prediction of
long-term pain relief. By timely integration of DTI post-
treatment, clinicians can draw on additional information
and may better assess the long-term outcome of patients
in the clinic. Figure 5 illustrates the current postoperative
assessment in comparison to the postoperative assessment
that incorporates our prognostic approach—we anticipate
the integration of DTT assessment into the postoperative
management of patients with TN who undergo GKRS.
The present study shows DTTI to have a translational, clini-
cal value in the assessment of TN treatment outcome.

We also show that the contralateral, unaffected trigem-
inal nerve after GKRS is a valid internal control. Com-
parison of the microstructural properties of the unaffected
nerve pre- versus 6 months posttreatment did not reveal
any significant diffusivity changes for both long-term re-
sponders and nonresponders. We also previously reported
that there are no significant diffusivity changes in the cis-
ternal segment of the unaffected trigeminal nerve between
patients with TN and healthy controls.* This implies that
MRI scans do not need to be acquired at multiple time
points and that the use of 6-month DTTI alone is practical.

Furthermore, examination of the trigeminal nerve before

8 J Neurosurg August 17, 2018

treatment did not show any characteristic signature that dif-
ferentiates long-term responders from nonresponders, sug-
gesting that prediction of treatment response may not be
feasible prior to GKRS treatment. In our previous study, we
found presurgical microstructural abnormalities in the pon-
tine segment that are characteristic of TN nonresponders.'?
The important distinction between our previous study and
the current one is that earlier we examined multiple ana-
tomical sites along the trigeminal nerve, such as the root
entry zone and pontine segment, as well as response to both
GKRS and microvascular decompression surgery. In the
current study, we find that the role of sufficient microstruc-
tural changes in the nerve, specifically at the radiosurgical
target, is what is critical for GKRS effectiveness. Although
multiple factors work together in predicting treatment re-
sponse, both studies demonstrate that DTI is a strong, ob-
jective imaging tool for neurosurgical prognostication that
can improve the clinical management of patients.

Limitations of the Study

The current scope of this study involves the use of 3T
MRI with 60-directions DTI, and expertise to perform the
appropriate DTI analyses. At present, our approach does
not consist of a fully automated pipeline, because regis-
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FIG. 5. Schematic representation comparing the current postoperative assessment, which relies solely on ongoing clinical follow-
up (upper), with the expected postoperative assessment proposed in our study (lower). Our prognostic approach incorporates
early DTl assessment with clinical measures. Patients who experience long-lasting pain relief after GKRS show a significant
decrease in target zone FA, whereas patients who do not experience adequate pain relief show marginal changes in FA. This sug-
gests that DTI metrics may help in earlier clinical decision-making for those who do not show improvement in pain following GKRS

treatment. m = months. Figure is available in color online only.

tration and ROI placements must be performed manually.
There are important elements to consider when integrating
DTI into clinical practice, including imaging coregistra-
tion and assessment of accuracy, which we have previously
discussed in detail.?® The individual anatomical variability
and size of the trigeminal nerve across patients must also
be noted. This is important in the evaluation and assess-
ment of the target area and contralateral control. Despite
these limitations, the present study is one of a growing
number of investigations that show DTI to have a transla-
tional, clinical value that aids neurosurgeons in treatment
planning and in defining surgical targets, and it offers the
promise of improving clinical outcome.

Conclusions

In an era of precision medicine, the application of DTI
as a prognostic tool for personalized clinical decision-
making for patients with chronic pain holds important
promise. DTT appears to be a strong, objective measure
to assess the effects of radiation on a nerve. Moreover,
assessment of the trigeminal nerve using DTI at early
(6-month) follow-up predicts long-term pain relief in pa-
tients with TN who are treated with GKRS. Importantly,
there seems to be a need for sufficient microstructural
changes at the radiosurgical target for patients to achieve
long-lasting pan relief. Incorporating early DTI assess-
ment can provide prognostic information that supplements
clinical measures, and thus better guide the postoperative
assessment and clinical decision-making for patients with
TN. Because our study was retrospective, future studies

should conduct a prospective trial and apply this approach
to a new, larger patient population.
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