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Abstract

Alterations within cerebral hemodynamics are the intrinsic signal source for a wide

variety of neuroimaging techniques. Stimulation of specific functions leads due to

neurovascular coupling, to changes in regional cerebral blood flow, oxygenation and

volume. In this study, we investigated the temporal characteristics of cortical hemo-

dynamic responses following electrical, tactile, visual, and speech activation for dif-

ferent stimulation paradigms using Intraoperative Optical Imaging (IOI). Image

datasets from a total of 22 patients that underwent surgical resection of brain tumors

were evaluated. The measured reflectance changes at different light wavelength

bands, representing alterations in regional cortical blood volume (CBV), and

deoxyhemoglobin (HbR) concentration, were assessed by using Fourier-based evalua-

tion methods. We found a decrease of CBV connected to an increase of HbR within

the contralateral primary sensory cortex (SI) in patients that were prolonged

(30 s/15 s) electrically stimulated. Additionally, we found differences in amplitude as

well as localization of activated areas for different stimulation patterns. Contrary to

electrical stimulation, prolonged tactile as well as prolonged visual stimulation are

provoking increases in CBV within the corresponding activated areas (SI, visual cor-

tex). The processing of the acquired data from awake patients performing speech

tasks reveals areas with increased, as well as areas with decreased CBV. The results

lead us to the conclusion, that the CBV decreases in connection with HbR increases
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in SI are associated to processing of nociceptive stimuli and that stimulation type, as

well as paradigm have a nonnegligible impact on the temporal characteristics of the

following hemodynamic response.
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cortical hemodynamics, intraoperative optical imaging, nociceptive stimuli, speech activation,
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1 | INTRODUCTION

Functional imaging of the human brain is continuously increasing our

understanding for neuronal connectivity and cognitive processing in

health as well as in disease (Hadjiabadi et al., 2018; Mikdashi, 2016; van

den Heuvel & Pol, 2010). Hemodynamic changes following neuronal

activation due to neurovascular coupling are hereby the most important

intrinsic signal source for a wide variety of different neuroimaging

methods including functional Near-Infrared Spectroscopy (fNIRS)

(Arenth, Ricker, & Schultheis, 2007; Ferrari, Mottola, & Quaresima, 2004;

Villringer, Planck, Hock, Schleinkofer, & Dirnagl, 1993), functional

Ultrasound Imaging (fUS) (Mace et al., 2013; Macé et al., 2011), Opti-

cal Imaging of Intrinsic Signals/Intraoperative Optical Imaging (iOIS/

IOI) (Haglund, Ojemann, & Hochman, 1992; Morone, Neimat, Roe, &

Friedman, 2017; Pouratian, Cannestra, Martin, & Toga, 2002a), and

probably most importantly functional Magnetic Resonance Imaging

(fMRI) (Ances et al., 2008; Huppert, Allen, Diamond, & Boas, 2009;

Sotero & Trujillo-Barreto, 2008). Beyond the pursuit of gaining knowl-

edge about structural and functional relationships, the use of the dif-

ferent techniques is essential for patients undergoing surgical

treatment of pathological brain processes like tumors (Castellano,

Cirillo, Bello, Riva, & Falini, 2017; Kapsalakis et al., 2012; Silva, See,

Essayed, Golby, & Tie, 2018). Here, the main scope is the preservation

of essential functional areas while maximizing the extent of tumor tis-

sue resection (Sanai & Berger, 2008; Senft et al., 2011; Stummer

et al., 2008). Therefore, an exact localization of the functional areas is

mandatory. In recent years, our group evolved IOI towards a clinical

tool that can be easily and intraoperatively applied for a wide variety

of use cases including the visualization of language, motor, visual, and

sensory processing areas (Oelschlägel et al., 2018 2020; Sobottka

et al., 2013a2013b). The stimulation and evaluation methodology

comprised a periodic stimulation paradigm in connection with fast

Fourier-based image processing (Oelschlägel et al., 2013). Although

the above-mentioned imaging techniques, including our own IOI, are

widely applied, there is evidence, that different stimulation patterns,

stimulation types, and stimulation sites as well as the local vascular

structure and pathological processes have a nonnegligible impact on

the induced hemodynamic changes and therefore on the results and

reliability of the different modalities (Backes, Mess, van Kranen-

Mastenbroek, & Reulen, 2000; Parkes, Fries, Kerskens, & Norris,

2004; Robinson et al., 2006). Especially in respect to nociceptive stim-

uli, studies have shown that those might trigger local deactivation or

inhibition of the corresponding brain areas and therefore a different

hemodynamic response than activations following nonnociceptive stim-

uli (Apkarian et al., 1992; Disbrow, Buonocore, Antognini, Carstens, &

Rowley, 1998). In connection with this phenomenon, there is ongoing

discussion about the role of the universally observed negative Blood-

Oxygenation-Level-Dependent (BOLD) response in fMRI (Tal, Geva, &

Amedi, 2017; Wilson, Thomas, & Mayhew, 2020). It is interpreted most

commonly as neuronal deactivation or inhibition (Stefanovic, Warnking, &

Pike, 2004; Sten et al., 2017), but some studies are revealing a more

complex situation since different hemodynamic mechanisms at various

depth layers of the brain might be the trigger for the positive BOLD

response (PBR) and the negative BOLD response (NBR) (Goense,

Merkle, & Logothetis, 2012; Huber et al., 2014; Mullinger, Mayhew,

Bagshaw, Bowtell, & Francis, 2014).

The main scope of this study is shedding light on hemodynamic

changes, namely changes in cerebral blood volume (ΔCBV) and

changes in deoxyhemoglobin (ΔHbR), from IOI perspective for differ-

ent stimuli as well as different stimulation patterns. We extended our

evaluation methodology that initially was developed to identify func-

tional brain areas based on the amplitude information of the signal, by

computing and visualizing now additionally the phase angle informa-

tion of the measured signals. The results of this modification are two-

dimensional maps of relative ΔCBV and ΔHbR, whereas it is known

that the ΔHbR signal and the fMRI BOLD response share the same

etiology, although the IOI signal at this wavelength may also contain

smaller components arising from other sources (Pouratian et al.,

2002b; Prakash et al., 2009). With the optimized phase-resolved IOI,

we pooled retrospectively a highly diversified patient cohort from our

database and evaluated the hemodynamic responses towards differ-

ent stimulations patterns of electrical stimulation as well as the hemo-

dynamic responses following tactile, visual, and speech stimulation.

This should on the one hand increase the general understanding of

activations following different stimuli types (e.g., nociceptive and non-

nociceptive stimuli), and on the other hand the results can be used for

the optimization of IOI as well as other imaging modalities that rely on

periodic stimuli and the subsequent hemodynamic response.

2 | MATERIALS AND METHODS

2.1 | Intraoperative optical imaging

Minimal changes in the cortical optical properties of the brain surface

are the intrinsic signal source for the IOI technique. The optical signal
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is induced by functional hyperemia after neuronal activation and can

be detected as a change in reflectance signal (change in absorption of

tissue), measured with highly sensitive Charge-Coupled-Device (CCD)

or Complementary Metal-Oxide-Semiconductor (CMOS) camera sys-

tems directly from the exposed cortical surface during surgery. The

signal is most commonly described as either monophasic (CBV, total

hemoglobin [HbT] signal) or biphasic (HbR signal). For a single stimula-

tion event of short duration (�1–2 s), the CBV signal is estimated to

reach its peak value within 3–5 s after stimulation end, whereas the

first maximum of the HbR response (early phase) can be observed

after 0.5–1.5 s poststimulation. The second peak of the HbR signal is

reached, like the CBV response, within 3–5 s (Morone et al., 2017;

Prakash et al., 2009). Due to the light wavelength dependent absorp-

tion characteristics of HbR and HbO, reflectance measure within a

range from λ = 500–599 nm (and especially on isosbestic points

within this range) is dominated by changes of CBV (HbT), whereas the

signal acquired within a range from λ = 600–699 nm is highly associ-

ated to changes in HbR (Morone et al., 2017). The signals that are fol-

lowing short stimulation events are well described with IOI in human

as well as in animal models, but longer lasting and repetitive stimula-

tions and the subsequent hemodynamic response are little investi-

gated with this technique, especially in humans. The most widely used

method of data acquisition and analysis of IOI signals is based on a rel-

ative differences approach, where a measured reflectance change

after stimulation ΔR is calculated in relation to the reflectance

R during a baseline condition (Cannestra et al., 2001; Sato et al.,

2002 2005; Suh, Bahar, Mehta, & Schwartz, 2006). Areas that are

showing an increased ΔR/R ratio after stimulation are usually inter-

preted as activated, respectively, responding to the stimulus. Since

this approach is very susceptible for any kind of unwanted change in

reflection (arising specular reflections due to desiccation of cortical

surface, movement etc.), our group is using a Fourier-based approach

of data evaluation in connection with periodic repetition of stimula-

tion. Subsequently, we are describing the patient characteristics, stim-

ulation protocols, and image acquisition procedures, followed by a

detailed explanation of the evaluation methodology.

2.2 | Patients and stimulation protocol

Image sequences from a total of 22 patients (11 female, 11 male,

median age 57.5 years) with different patterns and stimulation types

were pooled from our existing database and re-evaluated in respect

to the signal phase angle of the stimulation frequency fstim. The

patient characteristics are shown in Table 1. Electrical stimulation of

the median nerve was performed in 15 patients, three patients were

tactile irritated on the hand, three patients were visually stimulated

using flashlight goggles for visual evoked potentials (VEP), and three

patients performed speech tasks during awake surgery. In summary, a

total of 28 stimulations were evaluated, the assignment between

stimulation type, pattern, and patients is also given in Table 1. Electri-

cal and tactile stimulations were performed on the median nerve/hand

contralateral to craniotomized side. For the electrical stimulation,

standard neurostimulation devices were used (Bravo Endeavor, Nicolet

Biomedical, WI or ISIS, Inomed, Emmendingen, Germany) applying a

stimulation current amplitude of Istim ¼20mA with stimulation fre-

quencies of fSNE ¼4:7Hzor5:1Hz (pulse duration = 200/300 μs). The

visual stimulation frequency was fSNV ¼1:1Hzor3:1Hz (flash

duration = 5 ms), stimulating both eyes. Stimulation frequencies were

chosen according to electrophysiological recommendations for clinical

standard procedures. Tactile irritation was done by applying a surgical

rubber manually on the palm and dorsum of the hand located also

contralateral to craniotomized side. Electrical, tactile, and visual stimu-

lation were performed whilst patients were under general anesthesia.

Speech paradigm under local anesthesia consisted of overt verbaliza-

tion from visually presented objects. The objects were presented

using timed slides on a screen attached within the visual field of the

patient. During the rest trials, blank slides were shown. Additional

information and results of this approach compared to fMRI is also

available in Oelschlägel et al. (2020). The stimulations of all different

types (electrical, tactile, visual, and speech) were applied repetitive in

block designs and each sequence started with a rest trial. Rest and

stimulation trials were of equal length, either both 30 s ([30R�30S]

design) or both 15 s ([15R�15S] design).

2.3 | Image acquisition, patient characteristics, and
stimulation protocols

Image acquisition was performed using optical imaging camera sys-

tems attached via beam splitter to the surgical microscope (hardware-

setup #1, #2, #4, Table 2) or by using simply the microscope inte-

grated RGB camera for recording of the video sequences (hardware-

setup #3). Wavelength filtering was performed within optical path, in

case a monochrome camera system was used. A detailed overview

over the components of each system is given in Table 2. The assign-

ment of each system to the patients is shown in Table 1. Recording of

image data was performed over 270 s (nine trials, 15 s rest, 15 s stim-

ulation) or 540 s (nine trials, 30 s rest, 30 s stimulation). Images were

acquired with 4–50 frames per second using exposure times of 1 ms

(hardware-setup #2), 50 ms (hardware-setup #1), or 700–800 ms

(hardware-setup #4). The exposure time for image data recorded with

hardware-setup #3 was automatically adjusted by the microscope.

Here, illumination was set to 20% of the maximum intensity available

to achieve a visually well-illuminated scene. Temporal down sampling

and equidistant timecourse interpolation (linear) was performed for

image data of all setups, targeting at a framerate of four frames per

second for data evaluation. Images acquired with the narrowband

568 nm (FWHM = 10 nm) filter are due to the same absorption coef-

ficient of deoxy- and oxyhemoglobin at this wavelength (isosbestic

point) representative maps of ΔCBV (Ma et al., 2016) whereas image

data acquired at a central wavelength of 600 nm, respectively, within

the spectral sensitivity of the red channel (RGB camera, red channel

peak sensitivity �600 nm, FWHM �50 nm), are maps of ΔHbR that

correlate with the fMRI BOLD response (Pouratian, Sicotte,

et al., 2002b; Prakash et al., 2009).
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2.4 | Calculation of activity amplitude maps and
phase angle maps

In the initial evaluation step, image sequences were corrected for

motion artifacts using a nonrigid image registration based on Demon's

algorithm (Thirion, 1998). The Amplitude Activity Maps (AAM) were

then calculated from motion corrected video (time series) data of the

exposed cortical surface of the patients, by performing a fast Fourier

transform for each pixel with subsequent Power Spectral Density

(PSD) calculation. Prior to transform, acquired time courses of each

pixel were interpolated (linear) to equidistant sample points to correct

for little variations in sampling rate during acquisition. Since different

TABLE 1 Patient characteristics and stimulation protocols

Patient
no. Age Sex Histopathology

Tumor localization
(hemisphere, lobe)

Stimulation (type,
protocol, site)

Hardware
setup no.

Wavelength/

physiological
component

#1 58 F Meningioma Left, parietal Electrical, [30R � 30S], median

nerve

#1 568 nm/CBV

#2 78 M Metastasis (bronchial

carcinoma)

Left, parietal Electrical, [30R � 30S],

[15R � 15S], median nerve

#1 568 nm/CBV

#3 54 F Meningioma Right, parietal and left

frontal

Electrical, [30R � 30S],

[15R � 15S], median nerve

#1 568 nm & 600 nm/

CBV & HbR

#4 66 M Anaplastic

astrocytoma

Right, frontal Electrical, [30R � 30S],

[15R � 15S], median nerve

#1 568 nm/CBV

#5 68 F Glioblastoma Right, temporal/parietal Electrical, [30R � 30S],

[15R � 15S], median nerve

#1 568 nm/CBV

#6 33 F Metastasis

(mammary

carcinoma)

Left, parietal Electrical, [30R � 30S],

[15R � 15S], median nerve

#1 568 nm/CBV

#7 50 F Metastasis

(melanoma)

Left, parietal & right

temporal/parietal

Electrical, [30R � 30S], median

nerve

#1 568 nm/CBV

#8 54 M Glioblastoma

(multifocal)

Left, parietal/occipital Electrical, [30R � 30S], median

nerve

#3 RGB (Red

Channel)/HbR

#9 65 M Glioblastoma Left, frontal/parietal Electrical, [15R � 15S], median

nerve

#1 568 nm/CBV

#10 58 F Oligoastro-cytoma Right, frontal Electrical, [30R � 30S], median

nerve

#2 RGB (Red

Channel)/HbR

#11 25 F Glioblastoma Right, frontal Electrical, [30R � 30S], median

nerve

#2 RGB (Red

Channel)/HbR

#12 68 M Gliosarcoma Left, parietal Electrical, [30R � 30S], median

nerve

#2 RGB (Red

Channel)/HbR

#13 72 M Anaplastic oligo-

dendroglioma

Right, parietal Electrical, [30R � 30S], median

nerve

#3 RGB (Red

Channel)/HbR

#14 81 M Metastasis

(melanoma)

Left, parietal Tactile/electrical, [30R � 30S],

hand/ median nerve

#1 568 nm/CBV

#15 32 F Meningioma Left, parietal Tactile/electrical, [30R � 30S],

hand/median nerve

#1 568 nm/CBV

#16 78 F Metastasis (bronchial

carcinoma)

Left, parietal Tactile, [30R � 30S], hand #1 568 nm/CBV

#17 57 F Metastasis

(mammary

carcinoma)

Right, occipital Visual, [30R � 30S], eyes #1 568 nm/CBV

#18 74 M Astrocytoma Right, occipital Visual, [30R � 30S], eyes #4 568 nm/CBV

#19 37 F Cavernoma Right, occipital Visual, [30R � 30S], eyes #1 568 nm/CBV

#20 41 M Astrocytoma Left, insular Speech, [30R � 30S], N/A #4 568 nm/CBV

#21 34 M Oligoastrocytoma Left, temporal/insular Speech, [30R � 30S], N/A #1 568 nm/CBV

#22 36 M Astrocytoma Left, frontal/temporal Speech, [30R � 30S], N/A #1 568 nm/CBV

Note: Abbreviations for stimulation protocols are as follows: [30R � 30S] = 30 s rest trial, 30 s stimulation trial (duration of continuous stimulation),

[15R � 15S] analogous with changed duration of the rest and stimulation trials.
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imaging systems were used for data acquisition, down-sampling to

4 Hz was performed for all datasets, as this was the lowest frame rate

used during image acquisition (see Table 2, setup #1). To compensate

for slow drifts over the duration of the image acquisition process

(e.g., from illumination and desiccation of the cortical surface), and to

remove the constant component in frequency domain, the time

courses were additionally corrected by fitting and subtracting a cubic

polynomial. After PSD calculation, a two-dimensional map (Ps) was cal-

culated, in which each pixel value corresponds to the PSD value of

the stimulation frequency component. Therefore, peak value from

PSD exactly at stimulation frequency was used (see Figure 1). Due to

selected framerate of 4 Hz (sample rate) and recording duration

(540 s/270 s), stimulation frequencies are discrete points on the PSD

frequency axis for the investigated stimulation patterns (fstim = 1/60

s = 0.0167 Hz or fstim = 1/30 s = 0.0334 Hz). Additionally, a second

two-dimensional map was calculated (PVLF), where each pixel value

corresponds to the sum of the PSD within the very-low frequency

vasomotion band (f < 0.04 Hz). Finally, the ratio of both two-

dimensional maps was calculated (pixel-by-pixel division), resulting in

the AAM (“PSD ratio activity map”, see Figure 1c), which visualizes

reliably the cortical region, that is activated by the stimulation

(e.g., the median nerve area on the primary sensory cortex SI

[Oelschlägel et al., 2013; Sobottka, Meyer, Kirsch, Koch, et al., 2013a]).

During fast Fourier transform, we discarded the phase informa-

tion in previous studies and used only the amplitude information

(AAM) to localize the functional areas (Meyer et al., 2013; Oelschlägel

et al., 2013; Sobottka, Meyer, Kirsch, Koch, et al., 2013a). To investi-

gate the direction and the temporal characteristics of the changes

(increase, decrease), we now included in this study the phase informa-

tion and calculated additionally a phase angle map (PAM), which is

derived from the angle component at stimulation frequency after per-

forming the FFT. All computations except motion correction were

performed using custom written software scripts in MATLAB (The

MathWorks, Natick, MA). For a detailed flowchart, that shows the

complete image processing chain for calculation of AAM and PAM,

see Figure 2.

2.5 | Interpretation of phase angles derived
from FFT

Since we used symmetric (equal length of rest and stimulation trials)

stimulation patterns, we defined the zero-phase angle as the turning

point between rest and stimulation trials and phase shifts were calcu-

lated in respect to this point. This has the advantage, that positive

phase shifts are representing an increase of reflectance (Figure 3b,

blue plot), whereas negative phase shifts are representing decreases

of reflectance during the stimulation trials (Figure 3b, red plot).

With decreasing phase from 0 to �pi, the time to the corresponding

extreme value is moved towards the end of the stimulation trial,

whereas with increasing phase from 0 to +pi, the time of the extreme

value is moved towards the beginning of the stimulation trial. The

same applies to different length of the trials, as long as rest and stimu-

lation have the same length. The reflectance change is connected

through the tissue absorption inversely to the physiological compo-

nent. An increased reflectance corresponds to a decrease of CBV or

TABLE 2 Imaging Hardware used for data acquisition

Hardware-
setup no. Camera Filter Microscope Illumination

Spatial

resolution
(number of
pixels)

Temporal
resolution
(fps)

#1 AxioCam MRm (Carl

Zeiss

MicroImaging,

Jena, Germany)

Bandpass interference

filter, central wavelength

λC = 568 nm,

FWHM = 10 nm or

λC = 600 nm,

FWHM = 10 nm

(Edmund optics,

Barrington NJ)

OPMI Pico (Carl Zeiss

Meditec AG,

Oberkochen, Germany)

180 W xenon

(microscope

integrated)

692 � 520

(2 � 2

binning

mode)

4–15

#2 Trio 620 (Carl Zeiss

Meditec AG,

Oberkochen,

Germany)

No additional (red channel

spectral response,

3-Chip-CCD camera)

OPMI Pentero/Pentero

900 (Carl Zeiss Meditec

AG, Oberkochen,

Germany)

300 W xenon

(microscope

integrated)

1920 � 1080 7

#3 Microscope

integrated

No additional (red channel

spectral response,

3-Chip-CCD camera)

Kinevo 900 (Carl Zeiss

Meditec AG,

Oberkochen, Germany)

300 W xenon

(microscope

integrated)

1920 � 1080 50

#4 Hamamatsu

C4742-96-12G04

(Hamamatsu

photonics,

Hamamatsu, Japan)

Bandpass interference

filter, central wavelength

λC = 568 nm,

FWHM = 10 nm

(Edmund optics,

Barrington NJ)

VM-900 (Möller-wedel,

wedel, Germany)

150 W halogen

(stabilized)

672 � 512 7
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HbR (lower light absorption, due to lower concentration of CBV or

HbR within tissue) and a decreased reflectance is corresponding to an

increase of CBV or HbR (higher light absorption, due to higher concen-

tration of CBV or HbR within tissue).

2.6 | Phase angle evaluation using polar histogram
and image fusion of phase and amplitude information
with whitelight image

We followed two different approaches for the visualization and compari-

son of the results. The first one is based on a polar histogram approach.

A polar histogram is an objective measure for the phase angle distribution

(PAD) at the cortical surface. To calculate the histograms, the trepanation

as well as the activated gyrus were segmented in the whitelight images

in the first step, taking the preoperative imaging data (MRI) into consider-

ation. In patients that underwent sensory and tactile stimulation, the

postcentral gyrus (SI) was segmented. In patients that were visually stim-

ulated, the gyrus, on which the AAM showed activity, was segmented.

During speech activation, multiple activations on different gyri were

observed, therefore, the whole trepanned region was segmented as acti-

vated area. The resulting binary masks for trepanned area as well as for

activated area were transferred afterwards to the AAM, which was

thresholded with zthresh, segmenting all pixels showing in the AAM an

activation level above mean activity level (ATrepÞ plus standard devia-

tion (sTrepÞ within the trepanned area. The created binary mask of acti-

vation was applied on the phase image at stimulation frequency to

calculate the polar histogram of only the activated area and the com-

plete gyrus on which the activation is located. Binning was performed

into groups separated �0.1 rad from each other (total of 62 groups

ranging from �pi to pi). Polar histogram bars are normalized to the

total number of observations (bar height is representing percentage of

total pixels). Due to the inversion between optical signal and physio-

logical component (increase in CBV or HbR = decrease in reflectance

and vice versa), the interval [0 pi] corresponds to a decrease in the

respective physiological component during the stimulation trial and

[0 �pi] corresponds with an increase during the stimulation trial. The

time to minimum tmin increases towards zero phase angle, whereas

the time to maximum tmax decreases towards zero phase angle, see

also Figure 3. For the [30R�30S] pattern, pi would correspond to

30 s, whereas for the [15R�15S] pattern, pi would correspond to

15 s. To ease the interpretation, we use besides radian, also the time

(in s) in the results section to quantify the phase angles. The calcula-

tion steps for the polar histogram are shown in Figure 4.

The second approach for data analysis used is the visualization of

the combined information from AAM and PAM overlaid to the

whitelight microscopy image of the intraoperative scene. It represents

the direction of change at a glance and its spatial distribution on the

F IGURE 1 Comparison of PSD for activated pixel (a) and nonactivated pixel (b) on primary sensory cortex (SI, dash-dotted line) of patient
#10. The activation frequency of 1/60 (0.01667) Hz is clearly visible as distinct peak in (a), resulting from the used [30R – 30S] stimulation
pattern used for electrical stimulation of the median nerve. The two-dimensional distribution of the ratio Ps/Pvlf, which is referred here as AAM, is
shown in (c)

OELSCHLÄGEL ET AL. 603



cortical surface. Therefore, we developed an image fusion approach in

HSV color space, see Figure 5. The whitelight image (a), AAM (b), and

PAM (c) are normalized to their maximum and merged in HSV color

space, whereas the AAM is used as saturation, PAM as hue, and the

whitelight image as value color plane. AAM and PAM are additionally

smoothed using gauss filters with the kernel sizes σAAM and, respec-

tively, σPAM. The resulting HSV image is converted back into RGB

color space for visualization (d). The AAM is multiplied pixel-by-pixel

with a scaling factor S that increases the extent of areas that are

shown with color-coding in the resulting RGB image by increasing the

actual normalized AAM pixel values within saturation plane (MATLAB

is interpreting values of 1 with maximum saturation, values of 0 with-

out any color saturation). It can be interpreted therefore as a thresh-

old for the normalized activity level from which phase angle color-

coding is performed in the output visualization. Due to the used image

processing chain including smoothing utilizing gauss filtering, the maps

are spatially averaged and therefore not as exact as the polar

histograms. Furthermore, the areas that are perceived as colored

areas in this visualization are dependent of the scaling factor S of the

AAM. An overview of the methodology can be found in Figure 5.

For inter-subject comparison of the different stimulation para-

digms during electrical stimulation of median nerve (SI area), we calcu-

lated a spatial signal-to-noise ratio (SNR), which is defined as

SNR¼ nactSI=nSI
nactSurr=nsurr

where nactSI is the number of activated pixels (pixels within activity

map with values > zthresh, see Figure 1) on SI, nSI is the number of total

pixels within segmented SI area, nactSurr is the number of activated

pixels within the surrounding area (trepanation but not SI area), and

nSurr is the total number of pixels within the surrounding area. The

SNR is an indicator of how well the SI area can be distinguished from

the surrounding tissue.

F IGURE 2 Flowchart for
image processing and calculation
of AAM and PAM. The motion
corrected and temporally
downsampled image data is
processed in MATLAB. Before
performing FFT, timecourses are
interpolated to equidistant
samples to compensate variations

in acquisition frame rate.
Additionally, to remove constant
component as well as to
compensate for slow drifts in
reflectance by desiccation of
cortical surface, a cubic
polynomial is fitted and
subtracted from each timecourse.
Power Spectral Density as well as
phase angle of stimulation
frequency component are
calculated and then visualized
within AAM, respectively, PAM
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3 | RESULTS

3.1 | Electrical median nerve stimulation: Primary
sensory cortex (SI)

The comparison of the PAD for different stimulation patterns and dif-

ferent observation wavelengths during electrical stimulation of the

median nerve is shown in Figure 6. Comparing the PAD of ΔCBV

(568 nm signal, left, green) and ΔHbR (600 nm/red channel signal, left,

red) for electrical median nerve stimulation with [30R � 30S] pattern,

a phase shift of about pi (30 s) is visible, representing an increase of

HbR during stimulation trials, whereas the local CBV is reduced during

the stimulation compared towards rest trials (see also Figure 7 for

averaged time courses of reflectance changes). The signals are

inversely phased. The bin with the highest incidence is for the HbR

group [�2.03–1.93] representing �13% of pixels. An amount of 57%

of pixels is characterized in this group by phase angles between

�pi=2 tmax ¼�15sð Þ and�2/3 pi tmax ¼�20sð Þ. The bin with the

highest incidence for the CBV group is 1:321:42½ � with �13% and

the predominant phase angles (�46% of activated pixels) are here

located between pi=2 tmin ¼15 sð Þ and pi=3 tmin ¼20sð Þ.
For [15R � 15S] pattern (ΔCBV, right, cyan) the bin with the

highest incidence is [0.71 0.81] with �7%, the predominant phase

angles (�33% of activated pixels) are located between

pi=3 tmin ¼10 sð Þ and pi=6 tmin ¼12:5sð Þ.
The detailed quantitative results for the intra-subject comparison

of the different stimulation patterns using the activity map PSD ratio

and SNR for the performance rating are part of Figure 8. In four out

of five patients (patients #2, #3, #4, and #5), the [15R � 15S] pattern

shows a higher median PSD ratio compared towards the [30R � 30S]

pattern, whereas also in four out of five patients (patients #3, #4, #5,

and #6) the SNR of the [30R � 30S] pattern is higher. This gives evi-

dence, that there are less activated pixels that are not located on the

SI area in comparison towards [15R � 15S] pattern. Figure 9 illus-

trates this fact in patient #3 and patient #4. Although the median PSD

ratio on SI is for the [15R � 15S] pattern nearly equal or even higher

F IGURE 3 (a) Schematic of [30R � 30S] stimulation pattern, consisting of 18 alternating rest and stimulation trials and starting with a rest
trial. This results in an acquisition time of 9 min and corresponds to a stimulation frequency of 1/60 Hz (0.01667 Hz). The same design applies to
the [15R � 15S] pattern, resulting in a total of 4.5 min of acquisition time and a stimulation frequency of 1/30 Hz (0.0334 Hz). The amplitude as
well as the phase angles of those stimulation frequency components where derived for each pixel from the measured reflectance change
timecourse using FFT approach. (b) Illustrates the definition of different phase angles for a synthetic sinusoidal 1/60 Hz component (mean
graylevel 128, amplitude 10 gray level, typical 8-Bit digitalization range). The first two trials are shown. We defined the zero-phase as minimum of
reflectance exactly between the two trials (here, t = 30 s, dash line). A negative phase is therefore the correlate to a decrease of reflectance
within the stimulation trial (illustrated here for phase angle of –pi/2, red line), whereas a positive phase is the correlate to a maximum within
stimulation trial (illustrated here for phase angle of pi/2, blue line). (c) Shows the structure of a single stimulation trial. Within those trials, for
example, electrical stimulation was performed with a stimulation frequency of fSNE and a pulse duration of Tpulse. Those frequency components
are compared to the block design stimulation component very high in their frequency and not part of the evaluation
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in those patients, the SNR is worse, due to the activation of areas

located on other gyri. Both patterns are resulting in positive phase

angles and therefore in a decrease in CBV during stimulation trials,

see also Figure 6.

3.2 | Tactile, visual, and speech stimulation

Comparison of the ΔCBV PAD between electrical, tactile, visual, and

speech activation ([30R � 30S] pattern, summarized over patients) is

shown in Figure 10. The electrical stimulation of the median nerve

reveals predominantly a positive phase angle (�46% of activated

pixels) between pi=2 tmin ¼15sð Þ and pi=3 tmin ¼20 sð Þ, whereas tac-

tile as well as visual stimulation responses are characterized by a pre-

dominantly negative phase angle (�67%, respectively, �57% of

activated pixels) between �pi=3 tmax ¼�10sð Þ and �2=3pi

tmax ¼�20sð Þ. Speech tasks are revealing a biphasic PAD with phase

angles between 2=3pi tmin ¼10sð Þ and pi=3 tmin ¼20sð Þ within the

positive half-plane (�35% of activated pixels) and between

�pi=3 tmax ¼�10sð Þ and �2=3pi tmax ¼�20sð Þ within the negative

half-plane (�37% of activated pixels), respectively. Phase angle bins

of activated pixels with the highest incidence are as follows:

1:32,1:42½ � with �13% for electrical stimulation, [�1.52–1.62] with

�14% for tactile stimulation, [�1.72–1.82] with �7% for visual stimu-

lation and [�1.62–1.72] with �7% for speech tasks.

Representative maps of the phase angle for electrical, tactile, and

visual stimulation, overlaid to the intraoperative scene are part of

Figure 11. A decreased CBV (positive phase angle) on SI during the

electrical stimulation trials of the median nerve is clearly visible, espe-

cially in the comparison towards tactile and visual stimulation para-

digm, which lead to an increased CBV (negative phase angle). Speech

tasks reveal delineated areas of increased CBV as well as areas with

decreased CBV that are spatially closely located to each other. A

detailed comparison of IOI results, fMRI, and intraoperative language

site localization using Direct Cortical Stimulation (DCS) for patient

#20 that performed the speech stimulation protocol can be found in

Figure 12. The essential language site that was localized by DCS

(marker #7) is characterized by a CBV decrease. Most of the other

activations, visible in IOI, are characterized by a CBV increase (see

Figure 12, part b). Representative time courses extracted from ROI1

with CBV increase and from ROI2 with CBV decrease are shown in

part a of the figure.

F IGURE 4 Schematic of the polar histogram calculation. (a) Segmentation of the trepanation as well as the activated gyrus in the whitelight
image. (b) Resulting binary masks for trepanned area as well as activated area overlaid to the AAM (c) thresholded (zthresh¼ATrepþ sTrepÞ AAM.
(d) Binary Mask of AAM overlaid to PAM at stimulation frequency. To calculate the polar histogram (e), the activated area (II, shaded) and the
complete gyrus on which the activation is located (I, solid line, not filled) were used from (d). Arrows in (e) are in physiological notation regarding
the direction of in �/decrease (not in reflectance measure)
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4 | DISCUSSION

The results give evidence of a decrease in CBV together with an

increase in HbR for electrical stimulation of the median nerve

(SI area). The maxima of both components during stimulation

were reached, according to PAD, �15–20 s after stimulation

onset. Contrary to this, tactile activation of SI areas as well as

visually evoked responses revealed areas with an increase in CBV

F IGURE 5 Image processing chain for the pseudo colored visualization of PAM and AAM over the whitelight image of the intraoperative
scene. Whitelight image (a), AAM (b), and PAM (c) are merged within HSV color space and the result is transferred back in RGB color space (d) for
visualization. All images used in HSV color space were normalized to the interval [0 1]. AAM as well as PAM were smoothed used Gaussian
filtering. The lower right part illustrates the influence of the scaling factor S on the final visualization

F IGURE 6 Comparison of PAD summarized over patients for different stimulation patterns and observation wavelengths utilizing electrical
stimulation of the median nerve. The resulting stimulation frequencies/oscillation times are 0.0167 Hz/60 s (pattern [30R � 30S], left side) and
0.0333 Hz/30 s (pattern [15R � 15S], right side). Percentage of activated pixels within positive/negative half-plane are as follows: 80%/20%
(568 nm, [30R � 30S] pattern), 69%/31% (568 nm, [15R � 15S] pattern), and 8%/92% (600 nm/red channel, [30R � 30S] pattern). Polar axis is
given in seconds (radian)
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during the stimulation trials. Speech stimulation resulted in

biphasic results within the language processing sites. Consecu-

tively, we are discussing all relevant single aspects of our

findings.

4.1 | Origin of intrinsic signal

The optical signal for ΔCBV originates from reflectance measure at

568 nm (10 nm FWHM) and is therefore due to same absorption of

F IGURE 7 Detrended and filtered timecourses of measured reflectance change on activated SI for the [30R � 30S] electrical stimulation of
the median nerve. Stimulation trials are marked with “S.” Green: 568 nm reflectance change associated with CBV; Red: 600 nm/red channel
reflectance change associated with HbR changes. Timecourses are averaged over patients (total of 9/6 patients, see also Figure 6 left for the
corresponding PADs and Table 1). The dotted line is the filtered timecourse (zero-phase digital filter) of the cyclic stimulation component using
the following filter design: FIR bandpass, cutoff frequencies: 0.01 Hz, 0.02 Hz). The inversely phased nature of both signals is clearly visible. Note:
the timecourse processing/filtering is not linked to AAM or PAM calculations

F IGURE 8 Comparison of activity map PSD ratio (left) of activated pixels and SNR (right) for each patient in which both stimulation patterns
were applied (patient #2, #3, #3, #4, #5, and #6). The median PSD ratio (Q1/Q3/n) for [15R � 15S] pattern are as follows: patient #2: 0.48
(0.35/0.62/7929), patient #3: 0.48 (0.37/0.59/4790), patient #4: 0.51 (0.37/0.65/7072), patient #5: 0.31 (0.26/0.38/2802), patient #6: 0.12
(0.10/0.16/5427). For [30R � 30S] pattern: patient #2: 0.21 (0.15/0.30/7249), patient #3: 0.21 (0.14/0.32/3224), patient #4: 0.48
(0.34/0.63/8864), patient #5: 0.22 (0.16/0.30/3180), patient #6: 0.24 (0.19/0.31/9825). The SNR of [15R � 15S]/[30R � 30S] pattern for the
patients is: patient #2: 9.4/4.2, patient #3: 3.3/5.0, patient #4: 5.8/8.9, patient #5: 2.7/5.0, patient #6: 1.7/9.6
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HbR and HbO within this spectral range certainly dominated by

changes of this component within the brain tissue. Some uncertainty

arises for our HbR measure. The majority of the patients evaluated in

respect to HbR changes were recorded using an RGB camera (3-Chip-

CCD) with subsequent evaluation of the red channel (spectral

response peak at 600 nm, �50 nm FWHM). Other physiological com-

ponents (HbO, changes in scattering properties) may have contributed

and contaminated this signal. Nevertheless, since the spectral

response of the cameras red channel is not symmetric and character-

ized by a flatter slope towards NIR wavelengths, HbR should still be

the dominating physiological component that is represented through

the measurements. Additional evidence supporting this hypothesis is

the fact that the results of patient measurements evaluated from

those red channel data are consistent to the patient records with a

narrowband 600 nm filter (10 nm FWHM, patient #3) and the fact

that overall findings are consistent regarding the expected 180� phase

shift of CBV and HbR. In general, the different hardware-setups that

were used for the measurements, showed no significant differences

regarding the measured hemodynamic response, respectively, the

regarding the different phase angles.

4.2 | Comparison of IOI towards fMRI

IOI as well as fMRI are not able to provide a direct measurement for

neural activity. Instead, hemodynamic effects, subsequent to the

actual (electrical) activity are the signal source for both imaging modal-

ities. CBF increases after neural activity lead to a decrease in local

HbR that can be detected as BOLD response in fMRI or, with IOI, as a

change in reflectance of the cortical surface within the spectral range

λ > 600 nm. In both modalities, the signal change is usually assessed

in respect to a baseline condition. The common definition of “activa-
tion” is therefore an increase in BOLD response during stimulation,

whereas the IOI correlate would be an increase in reflectance (both

caused by a decrease of HbR). Hence, “deactivation” is defined as

decrease of BOLD response/decrease of reflectance in respect to the

F IGURE 9 Results of the different stimulations pattern in patient #3 (left) and patient #4 (right). The upper row shows the PAM, the middle
row the AAM (postcentral gyrus marked with dash-dotted line), and the lower row the anatomical MRI, overlaid with the whitelight image of the
intraoperative scene (trepanation borders in orange), segmented tumor volume (purple), and segmented postcentral gyrus (green)
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baseline condition during the stimulation trials (Uludag et al., 2004).

Our IOI findings within spectral range of λ > 600 nm can therefore be

interpreted as correlate to the BOLD response, although there is evi-

dence that both modalities may not exactly co-localize due to the fact

that the optical signal may be contaminated by other signal sources

like changes of light scattering properties within the tissue (Pouratian,

Sicotte, et al., 2002b). Especially in our study, this might be the case

due to the wide spectral response of the red channel (see also Sec-

tion 4.1). Assuming that CBF and CBV are coupled to each other in

neurovascular intact brain tissue, we interpret a CBV increase con-

nected to an HbR decrease as an indicator for an also increased CBF

and therefore for an activation of the area. The CBV decrease and

HbR increase, observed in connection with the electrical stimulation

of the median nerve, would therefore be the correlate to a NBR,

which is in literature usually interpreted as neuronal/functional inhibi-

tion of the corresponding brain areas (Mullinger et al., 2014; Pasley,

Inglis, & Freeman, 2007; Schäfer et al., 2012; Sten et al., 2017;

Wade, 2002). Since we have for all other stimulation variants (visual,

speech, tactile) only the measure of ΔCBV, these results must be

interpreted more carefully in respect to derived implications for fMRI

results, since CBV does not have a direct correlate within BOLD

response. Additionally, our findings are only valid for the very superfi-

cial layers of the cortex due to the low penetration depth of light

within the visible range into the brain tissue. Therefore, it is possible,

that fMRI still measures in larger and deeper volumes different or

inverse effects than we observe directly on the surface using the IOI

technique. Finally, the IOI measurements are limited to the exposed

cortical region. Therefore, not the whole SI area can be imaged but

only parts of it.

4.3 | Stimulus dependent hemodynamic response
on primary sensory cortex (SI)

The phase angle evaluation is revealing a consistent and reproducible

decrease of local CBV (reflectance measure at 568 nm) in SI during

the stimulation trials whilst the patients were stimulated contralateral

electrically on the median nerve. This behavior is contrary to the intro-

ductorily mentioned expected physiological hemodynamic response

following cortical neural activation (CBF/CBV increase and HbR

decrease [Hillman, 2014) and contrary to the CBV increase that we

observed during tactile activation of SI area.

Evaluation of the reflectance changes acquired in the spectral

range of the red channel/600 nm reveal additionally an increase of

HbR during the stimulation trials, which would in fMRI terms be the

correlate to an NBR (see also Section 4.2). The NBR is usually

observed in SI either ipsilateral (Allison, Meador, Loring, Figueroa, &

Wright, 2000; Kastrup et al., 2008; Klingner, Hasler, Brodoehl, &

Witte, 2010) or in connection with painful stimuli (Bornhövd

et al., 2002; Disbrow et al., 1998). Since our observations were all

F IGURE 10 PAD of 568 nm (ΔCBV), following electrical (patients #1–#9), tactile (patients #8, #9, #16), visual (patients #17–#19), and speech
activation (patients #20–#22), summarized over patients. Stimulation protocol is [30R � 30S], resulting in Tcycle ¼2pi¼60s. Solid lines represent
the PAD on the activated gyrus, whereas the shaded histogram bars are representing the PAD of the activated pixels (see methodology section).
Percentage of activated pixels within positive/negative half-plane are as follows: 80%/20% (electrical stimulation), 28%/72% (tactile stimulation),

20%/80% (visual stimulation), and 49%/51% (speech protocol). Polar axis is given in seconds (radian)
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acquired from contralateral side, the results may give additional evi-

dence of specific hemodynamic effects following cortical inhibition of

the SI median nerve area due to processing of nociceptive stimuli.

Apkarian et al. (1992) investigated nociceptive stimuli with SPECT

and described a CBF decrease in SI subsequent to painful stimulation

(cortical inhibition), whilst nonpainful stimuli led to increase in CBF.

Our findings are in line with those results, since a reduction in CBF

would plausible explain, assuming an intact neurovascular coupling, a

reduction of HbO in the corresponding area and an increase of HbR.

Since CBV is linked to HbT (HbR + HbO), and we have seen an HbR

increase, the amplitude of the HbO decrease must be larger than the

amplitude of the HbR increase. Otherwise, there would be no mea-

sure of a CBV decrease.

The cortical inhibition of SI area is visible using the [30R � 30S]

stimulation pattern as well as the [15R � 15S] pattern. Contributing

factors triggering this inhibitory hemodynamic response might be the

high amplitude of the used stimulation current Istim ¼20mAð Þ and the

prolonged stimulation trials, which would be in awake patients per-

ceived as painful. In comparison to (Disbrow et al., 1998) who

described pain thresholds for electrical stimuli delivered to the forefin-

ger (surface electrodes) of Istim ¼20:8�10:4mA in awake patients,

we used in our study needle electrodes, placed directly in the nerve.

Therefore, the pain threshold should be lower and nociceptive

processing should have been triggered in SI even though patients

were under general anesthesia. Nevertheless, there is no complete

evidence, that the observed CBV decrease is solely due to the

nociceptive character of the stimulation and further investigations

should exclude other, maybe causative, or at least contributing fac-

tors. A systematic variation of stimulation current amplitude as well as

the use of surface electrodes for stimulation in further studies seem

to be reasonable. Additionally, comparative measurements on a larger

patient or subject cohort with other imaging modalities like fMRI are

thinkable.

4.4 | Spatial extent of SI activation using different
stimulation patterns

Using the [15R � 15S] pattern for the median nerve stimulation, our

results are revealing additional areas with inhibitory character (CBV

decreases), located outside of the SI area, whereas the [30R � 30S]

pattern leads to a spatially stronger localized CBV decrease, predomi-

nantly located only on SI area. Although the PSD ratio is in four out of

five patients lower, the maps of the [30R � 30S] pattern are therefore

better suited for the original task for which we initially optimized our

IOI methodology: the identification of SI and other functional areas

during surgical intervention. The origin of the additional regions with

CBV decreases induced by using the [15R � 15S] pattern should be

investigated in future research, technical factors, as well as physiologi-

cal phenomena, should be taken into account. Going back to the

assumption that our measured hemodynamic responses are inhibitory

effects related to processing of painful stimuli, there is evidence in

F IGURE 11 (a–c) Fusion of
AAM, PAM, and whitelight image
(upper row, see methodology
section) of patient #6 (a), patient
#16 (b), and patient #17 (c). The
middle row shows the
corresponding AAM. Dot-and-
dashed line marks the postcentral
gyrus (SI). The lower row shows

the anatomical MRI for each
patient, overlaid with the
whitelight image of the
intraoperative scene (trepanation
borders in orange)
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literature, that the role of SI in pain processing is foremost the stimu-

lus intensity coding. In fMRI, the relationship between stimulation

amplitude and BOLD response is described in general (ipsi- as well as

contralateral) as a linear one (Bornhövd et al., 2002; Klingner

et al., 2010). Bornhövd et al. (2002) observed besides this linear rela-

tion, a saturation plateau and a subsequent decrease in response. This

decrease would be in line with the lower PSD ratio observed in the

[30R � 30S] pattern compared to the [15R � 15S] pattern, whereas

the [30R � 30S] pattern is the correlate to the higher pain intensity.

In respect to the pain intensity, Kong et al. (2010) observed in fMRI a

greater spatial extent of the cortical regions that were deactivated

when stimuli with lower pain intensity were applied. A higher pain

intensity led inversely to a lower spatial extent. Our results support

those findings assuming that the [15R � 15S] pattern is the correlate to

the lower pain intensity. Nevertheless, in general the stimulus duration

might also be contributing factor rather than the pain intensity only.

F IGURE 12 (a) Timecourses of two different ROIs (b) extracted from areas with predominantly negative (green) and positive (blue; see
additionally (c): right side, lower row) phase angle from patient #20 and the direct comparison of the detrended and filtered time courses. Filter
design: FIR bandpass, cutoff frequencies: 0.01 Hz, 0.02 Hz. (b) Upper row from left to right: anatomical MRI with overlaid whitelight image;

language localization using DCS: speech arrest at position #7, seizure at position #4 overlaid on anatomical MRI; preoperative fMRI results.
Trepanation border is shown in orange. Lower row from left to right: AAM of [30R � 30S] speech stimulation, intraoperative view of DCS
position markers, and PAM of [30R � 30S] speech stimulation (compare to ROI1 and ROI2 in a)
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4.5 | Comparison of PAD for different stimulation
types

Comparing the PAD between the different stimuli variants, we

found a 180� phase shift between electrical and tactile/visual stimu-

lation. Additionally, we found a higher variability of the observed

phase angles for visual stimulation compared to the other types.

Speech areas revealed a clearly biphasic PAD with regional CBV de-

and increases closely located to each other. In fMRI language stud-

ies, observations of NBR (here CBV decrease/HbR increase) are also

reported but the NBR is in comparison to the positive BOLD

response still little investigated and up to now it is unclear if this is a

side effect of vasomotor and mechanical variation, or if it is really

connected to the activity (Binder, Swanson, Hammeke, &

Sabsevitz, 2008; de Carli et al., 2007). Especially the spatial proxim-

ity (same or adjacent gyri) between activated and deactivated

regions in our study is interesting and the fact, that essential lan-

guage areas might have a different response than secondary lan-

guage areas. The differentiation of generally activated areas in

respect to the type of their hemodynamic response (inhibition/acti-

vation) might enable IOI in the future to separate between essential

and secondary language areas, which is not possible up to now and

as we found out in previous investigations, limits its application dur-

ing awake surgery (Oelschlägel et al., 2020).

4.6 | Study design and analysis limitations

The applied methodology for image data evaluation is based on the

phase angle calculation at the stimulation frequency after per-

forming an FFT. Therefore, we did not characterize, model, or

observe individually the response to the stimulus resolved by each

single trial. Nevertheless, this approach has the advantage that we

do not have to make any assumptions about the expected hemody-

namic responses except that they occur on the cortical surface with

the same frequency as stimulation is performed. One weakness of

the study design in general is the retrospective character and there-

fore due to unbalanced grouping of patient cohort the point, that a

statistically robust investigation is not possible up to now. Another

point, linked to this drawback, is the fact that CBV and HbR

responses were obtained separately from different subjects and not

simultaneously. Consequently, the findings should be verified in the

future by using study designs with multi- or hyperspectral

approaches for the synchronous acquisition of the wavelength

bands corresponding with the different components (HbO, HbR,

HbT). Quantitative approaches, using for example, a modification of

the Beer–Lambert Law, are also thinkable.

4.7 | Practical application of IOI

IOI is able to provide valuable information about the localization of

functional areas and additionally about the character of the activation

during the neurosurgical intervention. It can be easily integrated into

the OR due to the low additional hardware effort and the possibility

to use the optical path of the surgical microscope. Nevertheless, some

practical aspects during the application need to be considered. The

method is susceptible to any variations of optical characteristics of

the cortical surface. Therefore, it is best applied directly after craniot-

omy and before brain tissue is manipulated (e.g., before actual tumor

resection starts). Bleeding that occurs on the cortical surface during

measurements, is problematical since it affects the reflectance as well

as specular reflections that occur during the measurements due to

desiccation of the surface. According to our experience, it has proven

to rinse thoroughly the surface before image acquisition is started.

Additionally, the microscope used for image acquisition should be

positioned in a flat angle towards the surface to minimize specular

reflections. Light variations in the OR during the measurements must

be avoided. Using the [30R � 30S] pattern, image acquisition takes

9 min, and the subsequent image analysis utilizing the FFT can be per-

formed on a recent consumer computer within a few minutes. The

computation time is predominantly dependent on the spatial resolu-

tion of the acquired images. IOI has the big advantage that the image

data is acquired directly from the intraoperative scene. Therefore, it

renders the occurring brain shift after craniotomy irrelevant and

delivers precise information during the surgery. Using the microscope

tracking of the neuronavigation system, an integration and fusion of

IOI data with preoperatively acquired functional and anatomical data

is possible in future application.

5 | CONCLUSIONS

Using an optimized IOI method, we analyzed cortical hemodynamic

changes following electrical, tactile, visual and speech stimulation. In

this study, we found a consistent and reproducible decrease of CBV

(reflectance signal at 568 nm) in the SI area and an increase of HbR

(reflectance signal >600 nm) during contralateral median nerve stim-

ulation with needle electrodes. We interpret this effect as cortical

inhibition of the stimulus processing area due to the nociceptive

character of the stimulation. Using tactile stimulation protocol, CBV

response was 180� phase shifted compared to the electrical stimula-

tion. Additionally, for tactile, visual, and speech activation, differ-

ences in the corresponding phase angle distributions of the

activated areas were identified. Summarizing the results, the specific

stimulation protocol, the stimulation type as well as the stimulated

function seem to have a nonnegligible impact on the observed phase

angles and therefore on the provoked hemodynamic changes, their

spatial localization, and their temporal characteristics. With the pres-

ented new methodology, optimization, and visualization of IOI, addi-

tional investigations of very specific questions about hemodynamic

brain processes can be addressed. Especially future investigation of

language processing seems, due to the clinical relevance, beneficial.

In the context of other brain imaging techniques, our findings are

suggesting that models of hemodynamic brain functions have to be

carefully applied, especially in patients with pathological brain
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processes from which our results are obtained. Stimulation pattern,

type, and parameter seem to influence the temporal behavior of trig-

gered hemodynamics. Therefore, commonly used methods for identi-

fying active areas based on hemodynamic response models combined

with statistical evaluation might not be as accurate in every situation

and patient as expected. Our work delivers an optimized methodology

for getting valuable information about the hemodynamic response of

CBV and HbR for different stimulation paradigms (visual, speech, tac-

tile, and electrical), based on amplitude and especially phase angle

maps evaluation by evaluating the optical reflectance signal. A quanti-

tative multispectral approach would be the subsequent logical conse-

quence for the future to separate the influence of methodological

parameters on information about CBF, CBV, HbR, and HbO to

describe neuronal activity and inhibition, hemodynamics, and general

systemic control effects.
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