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Abstract
Background
The goal of neurosurgery for cerebral intraparenchymal neo-
plasms of the eloquent areas is maximal resection with the 
preservation of normal functions, and minimizing operative 
risk and postoperative morbidity.

Currently, modern technological advances in neuroradio-
logical tools, neuronavigation, and intraoperative magnetic 
resonance imaging (MRI) have produced great improve-
ments in postoperative morbidity after the surgery of cere-
bral eloquent areas.

The integration of preoperative functional MRI (fMRI), 
intraoperative MRI (volumetric and diffusion tensor imaging 
[DTI]), and neuronavigation, defined as “functional neuro-
navigation” has improved the intraoperative detection of the 
eloquent areas.

Methods
We reviewed 142 patients operated between 2004 and 2010 
for intraparenchymal neoplasms involving or close to one or 
more major white matter tracts (corticospinal tract [CST], 
arcuate fasciculus [AF], optic radiation).

All the patients underwent neurosurgery in a BrainSUITE 
equipped with a 1.5 T MR scanner and were preoperatively 
studied with fMRI and DTI for tractography for surgical 
planning.

The patients underwent MRI and DTI during surgery 
after dural opening, after the gross total resection close to the 
white matter tracts, and at the end of the procedure.

We evaluated the impact of fMRI on surgical planning and 
on the selection of the entry point on the cortical surface.

We also evaluated the impact of preoperative and intraop-
erative DTI, in order to modify the surgical approach, to 

define the borders of resection, and to correlate this modality 
with subcortical neurophysiological monitoring.

We evaluated the impact of the preoperative fMRI by 
intraoperative neurophysiological monitoring, performing 
“neuronavigational” brain mapping, following its data to 
localize the previously elicited areas after brain shift correc-
tion by intraoperative MRI.

Results
The mean age of the 142 patients (89 M/53 F) was 59.1 years 
and the lesion involved the CST in 66 patients (57 %), the 
language pathways in 24 (21 %), and the optic radiations in 
25 (22 %).

The integration of tractographic data into the volumetric 
dataset for neuronavigation was technically possible in all 
cases.

In all patients intraoperative DTI demonstrated a shift of 
the bundle position caused by the surgical procedure; its dis-
location was both outward and inward in the range of +6 mm 
and −2 mm.

Conclusion
We found a high concordance between fMRI/DTI and intra-
operative brain mapping; their combination improves the 
sensitivity of each technique, reducing pitfalls and so defin-
ing “functional neuronavigation”, increasing the definition 
of eloquent areas and also reducing the time of surgery.
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�Introduction

The goal of neurosurgery for cerebral intraparenchymal neo-
plasms of the eloquent areas is maximal resection with the 
preservation of normal functions, minimizing the operative 
risk and postoperative morbidity [1, 4, 6, 32].

Neurophysiological monitoring has been traditionally 
used to define the exact localization of perirolandic gyri 
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and the corticospinal tract (CST), while awake surgery 
allows the detection of the phasic cortical areas and the 
arcuate fasciculus (AF) [6].

Currently, modern technological advances in neuroradio-
logical tools, neuronavigation, and intraoperative magnetic 
resonance imaging (MRI) have produced great improve-
ments in postoperative morbidity after the surgery of cere-
bral eloquent areas.

Nevertheless, preoperative functional MRI (fMRI) and 
diffusion tensor imaging (DTI) are insufficient for accurate 
neuronavigation because of the brain shift during surgery; 
thus, their best results are achieved when integrated with 
intraoperative MRI.

The integration of preoperative fMRI, intraoperative MRI 
(volumetric and DTI), and neuronavigation, defined as 
“functional neuronavigation”, improves the intraoperative 
detection of the eloquent areas by comparison of the previ-
ously detected functional areas and neurophysiological brain 
mapping [6].

We analyzed three points: the benefit of preoperative 
fMRI during surgery with asleep patients; the role of intraop-
erative DTI in relation to neuronavigation and brain shift; 
and the relation between intraoperative DTI and neurophysi-
ological recordings.

�Methods and Materials

We reviewed 142 patients operated between 2004 and 2010 
for intraparenchymal neoplasms involving or close to one or 
more major white matter tracts (CST, arcuate fasciculus 
[AF], optic radiation).

This series included cases affecting the sensorimotor area, 
the optic radiations, and the AF.

All the patients underwent neurosurgery in the 
BrainSUITE, BrainLAb Germany, equipped with a 1.5  T 
MR scanner and were preoperatively studied with fMRI and 
DTI for tractography for surgical planning.

Neurological examination was performed preoperatively, 
immediately after surgery, at discharge, and 1 month after 
surgery.

The patients underwent MRI and DTI during surgery 
after dural opening, after the gross total resection close to the 
white matter tracts, and at the end of the procedure.

We evaluated the impact of fMRI on surgical planning and 
on the selection of the entry point on the cortical surface.

We also evaluated the impact of preoperative and intraop-
erative DTI in order to modify the surgical approach, to 
define the borders of resection, and to correlate this modality 
with subcortical neurophysiological monitoring.

We evaluated the impact of the preoperative fMRI by 
intraoperative neurophysiological monitoring, performing 
neuronavigational brain mapping, following its data to local-
ize the previously elicited areas after brain shift correction 
by intraoperative MRI.

We track the mono- or bipolar probe for neuronavigation 
through a reference star that is recognized and “neuronavi-
gated”; therefore using it for the dual role of pointer and 
electrical probe (Fig.  1). Motor-evoked potentials were 
recorded with subdermal platinum/iridium needle electrodes 
[5] (MRI-compatible), positioned on muscles of the limbs 
and face (Fig. 2).

Our neurophysiologist prepared the patients some days 
before the functional MRI to correctly perform the requested 
movements; the selected muscles were the same as those 
elicited during preoperative functional MRI (fMRI).

In all the patients, evaluation of the motor area was con-
firmed by the study of phase reversal and with “neuronaviga-
tional” brain mapping.

Preoperative fMRI was performed to localize the 
Wernicke cortical area in all the neoplasms affecting the cor-
tical and subcortical language pathways.

Before the study was initiated, the hospital ethics commit-
tee was consulted and all patients gave their informed written 
consent to participate.

�Preoperative MR Protocol

The MR examinations were performed by using a 1.5-T 
magnet (Sonata; Siemens, Erlangen, Germany), identical to 
the one in the operating room. The following sequences were 
acquired: T2, FLAIR, and isotropic volumetric T1-weighted 
magnetization-prepared rapid acquisition gradient echo 
(MPRAGE) before and after the intravenous administration 
of paramagnetic contrast material and DT sequences. The 
DTI study was performed with 12 non-collinear directions (b 
value = 0 and 1,000 s/mm2) and echo planar sequences (TE 
86 ms,TR 9,200 ms, matrix 128 × 128, FOV 240 mm, slice 
thickness 1.9 mm, bandwidth 1,502 Hz/Px, 60 slices, no gap, 
acquisition time 5 min 31 s).

Tractography post-processing was performed with a 
method similar to those presented by Basser et  al., Mori 
et al., and Stieltjes et al. [2, 20, 33], using the planning soft-
ware iPlan 2.6 (BrainLAB AG, Feldkirchen, Germany).

Color maps were used to define an appropriate region of 
interest (ROI) for the subsequent tractography procedure. 
The fiber-tracking technique contemplates the three-
dimensional (3D) reconstruction of white matter trajectories 
of the CST by using a fractional anisotropy threshold of 0.17 
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and a processing angle above 55°. The positioning of the 
ROI for the fiber tracking changed according to the trajecto-
ries of the fibers to be reconstructed (posterior arm of the 
internal capsule for the pyramidal tract, geniculate ganglion 
for the optic radiation and, only in the right-handed patients 
with lesions on the left side, the ROI encompassed the hori-
zontal fibers lateral to the corona radiata and medial to the 
cortex of the posterior part of the ventrolateral frontal lobe). 
Tracking was initiated in both the retrograde and orthograde 
directions according to the direction of the principal 
eigenvector in each voxel of the ROI. The reconstructed tra-
jectories were transformed into 3D objects.

Mean data processing time of the CST was 2–3 min, while 
the mean data processing time of the AF was 8-10  min. 
Tractography results were saved in a file containing the x/y/z 
coordinates for each fiber. These data were imported together 
with the b = 0 diffusion images into the navigation software 
(import module for iPlan 1.0 programmed by U. Mezger [Brain 

Lab, Heimstetten, Germany]). After rigid registration of the 
b = 0 images with the anatomical volumetric package, and after 
having verified that there were no discrepancies between data 
(differences greater than 3 mm) in the region of the tumor, the 
white matter tracts could be displayed in standard anatomical 
images. Fiber margins were then segmented to allow them to 
be defined as objects in the navigation system and to be depicted 
intraoperatively. These objects were automatically enlarged by 
the software 2  mm in every direction. The trajectories were 
considered suitable for surgical planning if there were no inter-
ruptions on any of the layers at the level of the lesion. The 
boundaries of the tumors were defined, considering the outer 
rim of enhancement for grade III and IV gliomas and the T2 
signal for grade II gliomas. The distance between the CST and 
tumor margins was calculated. The mean overall time for this 
data processing, which was generally performed the day prior 
to surgery, was 30 min. During surgery the position of the CST 
was used as a reference for tumor resection.

Fig. 1  We track the mono- or bipolar probe for neuronavigation through a reference star that is recognized and “neuronavigated”; therefore using 
it for the dual roles of pointer and electrical probe
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�Intraoperative MR Protocol (BrainSUITE)

Currently we do not perform intraoperative presurgical MRI 
because of infrared matching of head’s patients with previ-
ously acquired volumetric exams, but for prone position.

Total acquisition time and time for sending preoperative 
images to the neuronavigation system for surgical planning 
was limited and was less than 2 min.

We perform the first intraoperative MRI after the dural 
opening, acquiring an intraoperative volumetric MRI for 
navigation and an intraoperative DTI for tractography. This 
step is fundamental for correcting possible brain shift.

Average total acquisition and processing time was about 
15 min.

The same neuroradiologist reconstructed the white matter 
tracts and uploaded the new tractographic data in the neuro-
navigation system; these data were subsequently used for 
further surgery.

When the neurosurgeon was confident that most of the 
lesion was removed, intraoperative MRI and DTI were again 
performed and the same neuroradiologist reconstructed the 
tractographic data with the previously mentioned technique.

The new tractographic data were again uploaded into the 
neuronavigation system and subsequently used for further 
surgery and eventual intraoperative subcortical stimulation.

At the end of the procedure, we performed the last MRI to 
check the amount of resection and the sparing of the white 
matter tracts.

�Brain Shift Evaluation

Pre- and intraoperative DTI were registered with automatic 
image fusion software (iPlan 2.6; BrainLAB AG), which was 
used to perform semiautomatic rigid registration. After regis-
tration, the images could be displayed side by side or in an 
overlay mode. The extent of shifting was considered as the 
maximum distance between the preoperative and intraopera-
tive contours of the trajectories of the evaluated white matter 
tracts on identical/registered axial slices.

According to the direction of the shift we assigned posi-
tive or negative values in relation to the craniotomy opening. 
A positive value was assigned if movement was outward 

Fig. 2  Motor evoked potentials were recorded with subdermal platinum/iridium needle electrodes positioned on muscles of the limbs and face

G. D’Andrea et al.



245

(toward the surface), and a negative value was assigned if 
movement was inward.

We measured peritumoral edema and tumor volume using 
the planning software noted above, and, as well, we calcu-
lated the craniotomy size and the distance of the tumor from 
the cortical surface.

�Results

The mean age of the 142 patients (89 M/53 F) was 59.1 years 
and the lesion involved the CST in 66 patients (57 %), the 
language pathways in 24 (21 %), and the optic radiations in 
25 (22 %).

All the patients were affected by intraparenchymal neo-
plasms and histological examination revealed low-grade gli-
omas, oligodendroglioma, metastases, and high-grade 
gliomas.

Cortical motor-evoked potentials (MEPs) followed pre-
operative fMRI and were performed after brain shift correc-
tion to choose the optimal site for corticectomy and brain 
retraction.

Preoperative fMRI permitted us to localize the Wernicke 
cortical area in all the patients with neoplasms affecting the 
language areas, except for three who had severe preoperative 
dysphasic disturbances; AF reconstruction was achieved in 
all the patients.

Less severe dysphasia did not prejudice the possibility of 
identifying the Wernicke area and, moreover, did not play 
any role in DTI.

The integration of tractographic data into the volumetric 
dataset for neuronavigation was technically possible in all 
cases (Fig. 3).

In all patients intraoperative DTI demonstrated the shift 
of the bundle position caused by the surgical procedure 
(Figs.  4 and 5) and its dislocation was both outward and 
inward, in the range of +6 mm and −2 mm.

We considered that the neuronavigation system had an 
average error of 0.79 ± 0.25  mm and a maximum error of 
2.0 mm..

In 40 % of the cases an outward shift was observed during 
surgery; an inward shift was observed in 50 %, while in 10 % 
no intraoperative displacement was detected.

The maximum intraoperative shifting of the CST ranged 
from an inward value of 9.7  mm to an outward value of 
13.8 mm. Only peritumoral edema showed a statistically sig-
nificant correlation with the amount of shift (P = 0.001), indi-
cating a more pronounced outward shift correlated with 
larger edema. In a comparison of patients showing inward 
and outward shifting, statistically significant differences 
were evident, and peritumoral edema was more pronounced 

in patients with outward shifting (P =0.001), as was the cra-
niotomy size (P = 0.038). No statistically significant differ-
ences were evident when comparing the tumor sizes.

A direct correlation was evident between craniotomy size 
and shifting after dura mater opening (P = 0.05).

Evaluation of the visualized trajectories related to the 
lesion produced an a-priori modification of the surgical 
approach to corticectomy in 21 % of our cases, and in 64 % 
had an important impact on the definition of the resection 
margins during surgery. The overall percentage impact on 
the surgical procedure was 82 %.

In all patients, pre- and intraoperative tractography dem-
onstrated the white matter bundle containing the pyramidal 
tract, and the motor function was preserved in all but three 
patients, who showed a transient weakness of the contralat-
eral side, which dramatically improved between 1 month and 
3 months after the procedure. In all three cases the lesions 
were considered to be in contact with the motor cortex and 
the CST.

During surgery, close to the pyramidal tract, several elec-
trical “neuronavigational” stimulations were repeatedly per-
formed following the neuronavigation after intraoperative 
volumetric MRI and DTI, demonstrating a deep residual 
tumor volume and correcting the eventual brain shift. On 
preoperative tractography, the average overall distance 
between the lesion and the CST was 2.26 mm and the aver-
age distance between the CST and the site of subcortical 
MEP was 3.5 mm.

We performed subcortical MEPs in 61 % of the cases 
between 0 and 2 mm from the CST, in 33 % between 4 and 
8 mm, and in 6 % between 12 and 15 mm, detecting the CST 
in all cases by intraoperative neurophysiology, except for 
two cases, in which the CST was far from the lesion.

Intraoperative postsurgical MRI demonstrated complete 
tumor removal in all the patients in this series and the post-
operative outcome was excellent in all the patients.

The immediate postoperative overall outcome was excel-
lent in 89 % of the patients and we registered a transient 
worsened motor deficit in only 11 % of the patients.

In 77.7 % of the patients with neoplasms of the language 
areas a complete resection was performed, while in the 
remaining patients we performed a subtotal resection.

A subtotal resection was defined in relation to a safe dis-
tance of 0–2  mm from the AF or to its neoplastic 
involvement.

At immediate postoperative examination and at discharge 
the neurological status was normal in 81.5 % of the patients 
and preoperative symptoms were improved in 74 % ; the 
asymptomatic patients maintained their negative neurologi-
cal status and we did not register any case of deteriorated 
clinical status, while, in particular, dysphasic disturbances 
recovered in 81.2 % of the patients.

Pre-intraoperative Tractography in Neurosurgery
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The outcome was excellent, without deficits affecting a 
normal quality of life, in 85.1 % of the patients, and good 
(moderate deficit affecting the normal quality of life) in 
14.8 %.

In particular, the patients who underwent complete tumor 
removal (95.2 %) obtained an excellent outcome despite the 
aggressive resection (χ2 p < 0.05).

�Discussion

The quality of life in patients affected by malignant neo-
plasms in eloquent areas must be a priority parameter [8] for 
choosing surgery rather than biopsy because of their expected 
short survival.

This goal can be achieved through the exact localization 
and consequent preservation of the cortical and subcortical 
functional areas.

It was recently reported that MR tractography may have 
an impact on surgical planning, leading to changes in the 
surgical approach and in the limits of resection [31], and in 
our experience, tractography modified the surgical approach 
to corticotomy (in 21 % of cases), permitted definition of the 
resection margins (in 64 %), and resulted in an overall modi-
fication of the procedure in 82 % of cases.

The intraoperative DTI for reconstruction of white matter 
tracts after dural opening and during surgery with subcortical 
“neuronavigational” neurophysiological monitoring allowed 
a better resection of these lesions.

We strongly agree with Bello et al. [3], who suggested a 
strong connection between DTI and subcortical mapping.

Many authors consider resection close to the white matter 
tracts and, moreover, close to the CST, to be risky and they 
prefer to maintain a “safe distance” to reduce transient/perma-
nent postoperative morbidity; however, our data disagree with 
their findings, probably because we had the opportunity of 
updating DTI data when we were quite close to the tract [6].

Fig. 3  Integration between intraoperative diffusion tensor imaging (DTI) and neuronavigation
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DTI and tractography may affect the surgical manage-
ment of patients with brain tumors [30] and match with elec-
trical mapping in the range of 0–2 cm [1].

Li et al. [18] demonstrated a good correlation between the 
CST estimated with DTI and the subcortical electrical stimu-
lation; Mikuni et al. [19] also reported this.

Subcortical MEPs were consistently produced at dis-
tances of less than 7  mm and were absent at distances of 
more than 13 mm from the fiber tracking of the pyramidal 
tracts in the present study.

Gambini et  al. [10] reported correspondences between 
intraoperative subcortical neurostimulation sites and tractog-
raphy of 84% and 79 % for the motor tract and the speech 
circuit, respectively.

Intraoperative diffusion tractography solves the problem 
of ? so well, correlating with subcortical stimulation, as 
recently demonstrated by Ozawa et al. [28], because intraop-
erative DTI corrected the brain shift, thus allowing image 
validation and reporting positive MEPs between 0 and 
4.7 mm from the stimulation site to the depicted bundle.

We always updated intraoperative tractography, because, 
in our experience, brain shift can cause dislocation of the 
pyramidal tract, in the range of 8 mm; shifting of white mat-
ter tracts during neurosurgical procedures has been demon-
strated since 2005 by Nimsky et al. [22, 23], ranging from 
8 mm inward to 15 mm outward.

In their studies, shifting was observed in 89 % of cases, and 
shifting was confirmed in our study [1] during tumor removal.

Other authors [16] believe that fiber tracking cannot accu-
rately estimate the size of the white matter tracts using navi-
gation based on preoperative DTI, because it is affected by 
brain shift both in the deep white matter and the cortex.

Shifting of the deep tumor portions during resection and, 
consequently, shifting of the white matter tracts, is currently 
accepted, so that preoperative MRI and DTI should be con-
sidered inaccurate [27] because of brain shift.

Standard neuronavigation, without intraoperative 
upgrade, is inaccurate because of brain shift and because 
preoperative MRI is a good but insufficient tool for intraop-
erative “functional” neuronavigation [6].

Fig. 4  Intraoperative DTI demonstrated the shifting of the bundle position caused by the surgical procedure

Pre-intraoperative Tractography in Neurosurgery
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Brain shift is a serious problem and, even after a simple 
craniotomy, shifting of up to 0.5-1 cm has been described, 
and shifting has also been described after the dura was 
opened [7, 12, 14].

We registered a shift of the white matter bundles of up to 
29.7 mm simply after dural opening and Nimsky and col-
leagues reported a shift of up to 20-24 mm [13, 22, 24].

During surgery the shifting of deep structures, so-called 
subsurface shifting, seems to be much more relevant [25, 29] 
than the shifting of cortical structures, which is clearly visi-
ble during surgery.

We documented that shift involving the CST can be 
observed in 90 % of cases during surgery, similarly to other 
studies [7, 22, 28].

Nimsky et al. [22] described a shift ranging from 28 to 
+15 mm; for Ozawa et al. [28] the shift ranged from 28 to 
+8.7 mm, and in our study it ranged from 29.7 to +11 mm.

However, intraoperative tractography has some pitfalls 
[6], so that we advocate neurophysiological “neuronaviga-
tional” monitoring to compensate for these drawbacks.

Duffau et  al. [9] stated that direct fiber stimulation was 
safe, accurate, and reliable, while Kamada et  al. [15] 
observed some technical difficulties, such as the selection of 
the optimal stimulus point, visually indistinguishable sub-
cortical pathways, continuously interrupted surgery, and 
long wasted time.

Again, we note that the integration of the neurophysiolog-
ical techniques with the neuronavigation system, based on 
the intraoperative DTI, improves the precision of stimulation 
and reduces the time of the surgical procedure.

These techniques allowed us to reach a verified average 
distance between the CST and the site of subcortical MEP of 
3.93 mm, with an excellent postoperative course.

Similarly to our experience, Nimsky et al. [26] reported 
mild postoperative deficits, which completely recovered dur-
ing the postoperative course, and they had only one case of 
motor deficit, after 3 months.

We believe that the higher incidence of postoperative defi-
cits that other studies report, although this could be due to 
surgical traction, heat from bipolar coagulation, cytotoxic 

Fig. 5  Intraoperative integration between DTI and volumetric magnetic resonance imaging (MRI), demonstrating the shifting of the bundle posi-
tion caused by the surgical procedure
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edema, and/or microvascular reorganization [11], is caused 
by non-updated and unreliable information regarding the 
spatial (DTI tractography) and functional (subcortical elec-
tric stimulation) anatomy of the CST.

In particular, the intraoperative updating of anatomical 
and functional data allows us to reverse the surgical strategy, 
while the use of a stimulator probe “neuronavigated” onto 
updated tractographic objects guarantees control of the 
integrity of the tract before removal of the residual lesion 
volume, in contrast to verifying the integrity of the tract after 
a potential injury.

The goal is not to remove and to check, but to verify after 
an intraoperatively guided removal.

In regard to the CST, we recognized parameters—such as 
the amount of peritumoral edema and the craniotomy size—
that predict its shift independent of direction [30], but shift-
ing is not necessarily unidirectional, because the subsurface 
motion during resection is driven not by external pressure, 
but by the relief of weight and intraparenchymal pressure [7, 
21, 29].

The direction of white matter tract shifting in the outward 
or inward direction seems to be unpredictable [30].

In our study, an outward shifting of the CST was mostly 
related to a large amount of edema and to a large craniotomy 
size, but in patients showing inward shifting, tumor size 
played the most important role, although we did not find any 
statistical significance for this parameter [30].

We strongly agree with Nabavi et al. [21], who suggest 
even more frequent or, if possible, continuous imaging for 
brain shift tracking, because only serial imaging with high 
spatial resolution allows the elucidation of deformation 
patterns with differing reactions to surgical manipulations.

We aim to achieve these results with neuronavigated brain 
mapping with fMRI and direct cortical stimulation for the 
surgery of lesions involving the motor and the language 
cortex.

The identification of the motor cortex is the first step in 
this surgery, and even if perirolandic gyri have been tradition-
ally identified by phase reversal and by direct motor cortex 
stimulation, many studies report the limitations and failure of 
these techniques, especially for perirolandic mass lesions, in 
which localization was questionable or impossible in 10-18 %, 
because these tumors produce sensory evoked potential (SEP) 
latencies and amplitudes of high variability [6].

The neuronavigation with preoperative fMRI helps to bet-
ter identify the stimulation sites and the precentral gyrus  
[6, 34].

Electrophysiological difficulties can also be related to 
neoplastic desynchronization of the afferent electrical 
impulses and to the mass effect distortion on the cortical 
electrical dipoles on the brain surface, and these difficulties 
may eventually lead to the surgeon choosing an inappropri-
ate recording site.

Brain mapping alone allows identification of the primary 
motor cortex in only 60 % of cases [17], while the combina-
tion of neurophysiological monitoring and fMRI improves 
its accuracy [6], with a high concordance between the 
procedures.

We absolutely agree with these findings, and we also found 
a high concordance between fMRI and intraoperative brain 
mapping; their combination improves the sensitivity of each 
technique, reducing pitfalls (such as the Blood-oxygen-level 
dependent (BOLD) effect; motion-related artifacts caused by 
heartbeat, breathing, or head motion; and a too sensitive signal 
to large draining veins with poor spatial resolution on fMRI 
and electrical artifacts on direct cortical stimulation).

This combination (i.e., fMRI and intraoperative brain 
mapping), which is also defined as “functional neuronaviga-
tion”, increases the definition of eloquent areas by compari-
son of the previously detected functional areas (fMRI) and 
the brain mapping recordings, and so reduces the time of 
surgery.
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