Multi-site near-infrared tomographic imaging of the brain
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INTRODUCTION

o ) ) ) o ) ! ) Figure 3. Schematic representations of the optode pattern used in the three experiments. 3(a): rectangular (6x4 cm) 24 Motor and Anterior Frontal Cortices. In order to explore the ability of the Figure 10(a) illustrates the average of the oxy-Hb data for all 25 source-detector channels associated with the left centro-temporal array (green) and left frontolateral
D DTG i (e i I presEnil Wei el i fwesi e tom ol vassiln eory s, (emen ol melirar e s, ol el emekis of optode pattern, positioned on the Ieft side of the head, overlying the arca corresponding to the hand motor cortex instrument to record from two distinct regions that may be functionally linked, we array (brown). Figure 10(b) illustrates the analogous data for deoxy-Hb. The two arrays clearly manifest qualitatively different behavior, on both slow and fast time
brain functioning. The relationships between activation of neural tissue and the associated reactions of its vascular supply have made task-related hemodynamics a key focus of according to the 1020 EEG system. 3(b): 15-optode patterns (cach about 5x3 cm) used in simultancous dual-site ] (0 (o Bt s T, i (0 gy (AR i (o (SO scales; the magnitudes of dynamic changes during the various activation paradigms is evident when comparing the traces in 10(a) and 10(b).

neuroimaging studies.'> Two methods that are particularly suitable for examining vascular dynamics are functional magnetic resonance imaging (fMRI)* and near-infrared
spectroscopy (NIRS).S In recent years the NIRS method has been refined to incorporate array sampling techmques for the purpose of generatmg 2D topographic (i.e., surface

s . 3(c): six five-optode lincar array pattern used for the multi-site experiment. o s e h
measurement. 3(c): six five-optode linear array pattern used for the multi-site experimen shown in Fig, 3(b). The results shown in Figare 6 illusirate a typical temporal

maps),% and more recently, 3D tomographic images.” Compared to fMRI, the NIRS tech offers improved temporal 1 and discrimination of the NEEIED pt(\ﬁle.extrfxcted from the oxy-Hb S‘g"“_l d.e!ected with (hi%s frontal - - - -
components of the hemoglobin (Hb) signal (i.e., oxy-, deoxy- and total hemoglobin). On the other hand, the NIRS technique is less capable than fMRI of probing brain structures :‘r;ay_. Tl:eddafa '"t;h‘zgguri_mpre’em .the tﬁmlz p”"?l'lp"tq C"‘vp“"e"‘]_;b"lﬁhel @3p . Change in Mean Oxyhemoglobin, Amays 3 and 4 Change in Mean Deoxyhemoglobin, Arrays 3 and 4
beyond 3-4 cm in depth, and its spatial resolution also typically is lower. signal during the 400-s inger-tapping task; oscillations in oxy- evels are 3
DO SIS PR R YR P S S men " . NEUROIMAGING EXPERIMENTAL PROTOCOLS (cont.) clearly coincident with the boxcar model function shown. In Figure 7(a) we 2 6.00£.05 150805
Tomographic imaging with near-infrared (NIR) radiation was first proposed in the late 1980s as a static imaging method.¥ Beginning in the late 1990’s, our group first S eimprmalicu el o ok e Syt s =
demonstrated the practicality of extending the NIR imaging technique, also known as diffuse optical tomography (DOT), to capture time series data to explore the vascular . » , P - o s - - e wprosmim— z 400E:05 100805 L. centro-temporal
dynamics of large tissue structures.” In the ensuing years we have undertaken an extensive technology development effort to produce a general-purpose imager suitable for Experiment 3 — Multisite Recording (cont.) ‘ . ) & ; ! ) seonds poncine H L. centro-temporal 500E06
examining a range of tissues including the brain. Instr fon design,? reconstructions algorithms for fast, stable image recovery,!l time-series image analysis,2 and i @ iy el fpaaitval of7 =200 g e calijesh psmlaninesl @ cegiene ofF miin, @i, ol wagpil ) e, i (D (D Gt CRTED (et RErenth 19D GEil (ol il 200805
oo N " =i 4 ’ B 4 q F 3 ~; i i i i @ ant boxcar responses at both sites, and these responses are strongly time-correlated, 0.00E+00
approaches for system calibration and data integrity'” have been described in various reports. mol‘or lask; consisted of two sequences of four epochs (each 39 s) of rh}/lhmlc finger lap}?mg alternauug with five quiet xear {3‘ F e i s cr:)mm] P 75)3’ e e 0005200
In this report we present preliminary findings obtained while using our time-series imager to explore the vascular response of the brain to several types of neural activation, S s (i <210 o) (it il (Lo e ot e il A i, T it o (ol GRS Gt e e e i e 500800 Fontolateral
These pilot studies include amination of the focal vascular response to finger-tapping? as measured the " stud th for and frontal cortex in a (each ~30 s) of out-loud reverse-order word reading alternating with five quiet resting periods (each ~30 s). The second of 5“}“'“" analysis APP]‘Ed_ to 4_00 seconds during the initial baseline period; the -2.00E-05 100E-05 L. frontolateral
e5¢ pof studies nclude an examination of the 1oca’ vaseuar response to inger-tapping” as measured over fae motor Coriex in one study, over the motor and fronta’ cortex in & comprised four epochs of out-loud forward-direction recitation of the English alphabet (each ~30 s), alternating with five baseline temporal fluctuations in the mean oxy-Hb responses for the two arrays W0 20 00 400 50 60 700 800 900 1000 s
second study, and over a range of locations in a third study that also included several verbal tasks and a respiratory task in the traditional boxcar design. As will be shown, even ; ! " ect ater oo ; w 400805 L. frontolateral 150E.05
thes 1 Ay sults d strate the wealth of data available with increasinely sophisticated NIRS & hes ’ quiet rest periods (each ~30 s); the third was similar to the second, except that the alphabet was recited in reverse order. are mainly uncorrelated. Time Points (2.5/sec)
es¢ preliminary results demonsrate the wealth of data avatfable with increasingly sophisticate approaches. The respiratory task consisted of four Valsalva maneuvers (each ~30 s) alternating with five recovery epochs (each ~60 s). -6.00E-05 -2.00E-05 +
Figure 6. Temporal response of the oxy-Hb signal (first principal component) 1 501 1001 01 200 2501 300 3501 400 4501 1 501 1001 1501 200 2501 300 3501 400 4501
during finger-tapping sequence.
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DATA PROCESSING 7 10@)

THE INSTRUMENTATION T it e e e s i e ot o) o i e 107 : : : : : Figure 10. Spatially-averaged oxy-Hb (10(a)) and deoxy-Hb (10(b)) temporal responses associated with two individual neuroimaging arrays.
. . . . .. . . . 1. Data Pre-Processing. Raw data were first low-pass filtered for experiments 1 and 3, with threshold frequencies of 0.15 Hz

apaihanocloontiopsy el nfiarsd op\,cal (O A (N ON iz, NIRX Meqlcm Tec}momgws‘ LLE:, Qlen L5t R XS, operating at 76.0 nm and 0.3 Hz, respecgvelyT to minimize cardiacpsignals and imprgve signal/noise. Coefficients of v?irialion (CV) were g o8 ‘\“’\“ A ) i Although the optode arrays were not located in a fully symmetrical manner, we ined i hemispheric ies by bining the left 1 1
and 830 nm, was used for all measurements. In Figure I we show a functional layout of the imager with expanded views of the instrument set-up and real-time data display e o (s Bpeare e (i e m e e @hrEls i e e, for Guh @F (1 & o T L‘\ {“ and|centro-temporal arreys and|comparing them to)their right frontolateral and| centro-temporall counterparts., Table 1 e a— pairs placed
screens. Depicted is a four-level functionality scheme comprising system hardware, system control, data analysis and image display. The basic system provides for frequency it Ol @l i € vetes el 15 (Gamnes 1| il 5) o 90 (Emanems D) oy b E “* Mﬂ ff over the left hemisphere resulted in a significantly higher number of positive GLM coefficients—indicating that the response seen in the respective hemoglobin signal
it ewing © Cqpilily e e (D it b cliatls eommess @ (200 @ptie ermilish willh et CREs, T OFf vRstens ezt et o Tt el greil diesie lengths were used in sut analyses. Raw data for all remaining channels were normalized based on the time- . ‘: il was positively correlated with the boxcar model—as compared to those over the right hemisphere for both the individual oxygenation states of Hb and for total Hb
module equipped with adjustable gain control, and a system controller. varying laser intensity recorded during the experiment, then were further normalized based on the mean value recorded (i.e., blood volume) during the verbal/language tasks. By contrast, the two hemispheres did not differ significantly in the number of significant negative GLM
Dynamic measurements were performed using a measurement head which directs near-infrared light onto the subject’s scalp via multiple arrays of optical fibers mounted in a during the baseline period. During this step, an adaptive median filtering algorithm was applied, as needed, to eliminate Az = 7o = = T —tig B T S Tl coefficients. Likewise the Valsalva maneuvers, which resulted in the highest number of significant GLM coefficients, did not differ significantly in the proportion of
secure frame. Each optode delivers approximately 20 mW of optical power for a period of 10 ms per cycle, producing a flux of ~10 mJ:s""-cm2. Dual-wavelength optical energy negative instantancous values resulting from measurement noise. Time(Sec) Tirme(Sec) right versus left channels yielding significant coefficients. Nineteen channels yielded significantly positive coefficients for oxy-Hb during right handed finger tapping,
at wavelengths 760nm and 830nm was used for imaging in a time-multiplexed fashion, such that a complete scan of the arrays is accomplished in approximately 400 2. Tmage Reconstruction. Where indicated, image recovery was achieved using the Normalized Difference Method. 4 As , , versus two channels during left-handed finger tapping; the corresponding numbers for negative coefficients were 5 and 6, respectively (p = 0.03, Fisher’s exact).

Similarly, a significantly higher number of channels showed significant negative coefficients for deoxy-Hb with right handed tapping (14, versus 3 for left handed

milliseconds. Figure 2 shows a close-up view of the measuring head, which allows for flexible array geometries, that was used for these neuroimaging studies.
tapping), whereas the numbers of channels with significantly positive coefficients barely differed (18 right, 17 left; overall p = 0.02, Fisher’s exact).

shown, this algorithm is markedly insensitive to expected uncertainties in boundary conditions, which are

inherent to experimental methods. A truncated singular value decomposition procedure to solve the linear perturbation § 05 5 05
1(b) . 3(0) e.qualion: as‘described elsewhere.!> The absorption coefﬁcien‘l images were sub‘sequemly post-processed to produce image E L % N ) N
P time series for oxygenated, deoxygenated, and total hemoglobin (Hb) concentration changes. g o 8 o Table 1. Table entries are the total number of source-detector channels that yielded significant GLM
2 % b coefficients during verbal tasks in left versus right frontolateral and centro-temporal linear arrays.
3. Computation of Hemoglobin States. In all cases, the mean value of Hb concentration during the initial resting baseline period was set to an arbitrary constant. A ©i-05 S -05 B
modified Beer-Lambert law,!® applied to the logarithms of the two-wavelength normalized detector readings, was used to compute estimates of the time-dependent . ! . ) ) ) ) Oxy-Hb || Oxy-Hb | Deoxy-Hb || Deoxy-Hb | TokHb || TotakHb
fluctuations in concentrations of oxy-Hb and deoxy-Hb, and of total Hb concentration, in the tissue probed by each source-detector channel. In time series of reconstructed Hooo a0 a0 a0 20 0 20 40 w0 00 1000 Hooo a0 B0 400 200 0 200 400 00 0 7000 +b b +b b +b b
images, the corresponding changes in Hb concentration were computed from the reconstructed two-wavelength absorption coefficients at each node, by solving a simple oo Byt Time Delay(Sec) Left hemisphere
algebraic system of two equations in two unknowns.!” 7(a) 7(b) Total number of channels 21 116 53 7 36 106
4. Multivariate Signal Analysis. For cach study, subscts of the Hb-concentration data for the time intervals corresponding to the various boxcar protocols (i.c., alternating Right hemisphere
epochs of task performance and rest) were isolated from the complete time series. These were processed with a general linear model (GLM) algorithm!? that found the Figure 7. 7(a): Spatially-averaged oxy-Hb temporal responscs (top) associated with frontal (red) and motor (blue) arrays, for the duration of the finger- Total number of channels 3 19 26 80 7 122

tapping sequence. Bottom: cross-correlation between frontal and motor signals. 7(b): identical measurement as in Fig. 7(a), recorded during a 400 second

1(a)
subset of the initial baseline period. Fisher's exact p 0.0004 0.009 000007

best fit of each time series in these data subsets to a linear combination of four model functions (i.e., a four-column design matrix), as schematically illustrated in Figure 4.
The four model functions used were a constant (offset) term, linear and quadratic baseline drift functions, and a two-state boxcar function that follows the ideal sequence of

§ ions between task and rest epochs. All four models were normalized to unit Euclidean length, and all but the first were mean-subtracted. Subsequently, the percent-
2 of-variance accounted for (PVA) in each channel’s or finite element method mesh node’s time series was computed, as the coefficient of determination between the boxcar CONCLUSIONS
s model and the de-trended channel or pixel data. It should be noted that none of the subsequently presented results of these analytic steps have been thresholded, and that ) _ B : ) ) ) . )
: | vwe did ot compute average resporises across epochs prior to performing the GLMcomputations, i ) ) ) - ; o - The purpose of these pilot studies was to explore the utility of a prototype multi-channel continuous wave near-infrared optical tomographic imager for detecting
‘E We next illustrate a GLM calculation that used the mean oxy-Hb time series as a model function. Figure 8(a) shows the spatial distribution of the coefficients hemodynamic changes occurring in the brain during various types of mental and physiological tasks. As others have previously shown with other instruments, 8.1
;% ¥ corresponding to the model fit, across the three-dimensional volume of brain imaged by the frontal array. It is clear that a focal region of activity exists, slightly below the our first experiment showed that the measurement system appears to detect changes in cerebral blood oxygenation related to focal cortical activation provoked by
2 v GLM computation gives us the surface. Similar GLM analyses for ll‘fc mf)lor array illustrate a clear focal region of activity as well, shown in Figure 8(b), where the mean oxy-Hb time series of the motor activity, as indexed by increased [oxy-Hb] and decreased [deoxy-Hb] during finger tapping. Further, this mnm] 5tudy 3uu,ests that the tomographic approach
B numerical values of these best-fit motor array was used as a model function for the GLM analysi we have adopted will support a desirable level of 3D resolution. In Experiment 2 we were able to detect ations during the boxcar
% — parameters (GLM coefficients) period that were absent during the resting baseline. Examination of such correlated activity may yield insights into functional Connecnvlly of distributed brain
= 1. Original data 2. Is approximated with a circuits.2 In Experiment 3 we performed a highly rudimentary study approaching a whole cortex scan, along with a wide range of tasks from highly focal finger
3 linear combination of 0.7009 tapping, to verbal reading, recitation, and Valsalva maneuvers. We found that the focal motor tasks did in fact result in many fewer “active” source-detector
e 'M‘ specified model functions 00790 i " - channels (defined as those channels with significant positive or negative correlations/coefficients with the boxcar function) than did the tasks that required verbal
E N 02701 . e . om overt responses. This response mode, which is not possible during fMRI studies because of the deleterious effects of motion on signal/noise (particularly in the
. i ogson| 3 Sublract off models’ oars = longitudinal axis) and of changing susceptibility artifacts as the oral cavity changes, is of great interest for NIRS studies. We tentatively conclude that we observed
Figure 1. Functional layout of our imager (Fig. 5 Figure 2. Close-up view of the measuring head used in these 2] contributions to the data, == oz o a relatively global shunting of blood towards the left anterior hemisphere during the verbal tasks. Whether this asymmetry was related to the tasks entailing
1(@)) with expanded views of the instrument set- i studics, showing how fiber stand-offs having an_arc-like yields a lower-variance = i language, or to verbal output, or to the effortful nature of the tasks, is unclear from the present design. Thus this pattern of findings will serve as the basis for more
up (Fig. 1(b)) and real-time data display (Fig. i geometry support pressure-adjustable  spring-loaded ~ optical residual 0175 017 targeted hypothesis testing with more rigorously designed cognitive and motoric/ph 1 I control di Overall, these pilot data suggest that the
1(c)) screens.  Depicted is a four-level fibers. The particular optode arrangement shown was used in the 2;7: I g;z prototype tomographic imager that we have developed is able to measure spatially heterogeneous variations in brain hemodynamic activity. Future iterations will
functionality ~scheme  comprising  system third reported brain study (i.c., multi-sitc measurement). i v benefit from an expanded number of optodes as well as substantially larger numbers of subjects. We believe that continued development will result in instruments
hardware, system control, data analysis and Y that will not seek merely to compete with fMRI, but will expand the nature and range of questions about brain activity that can be addressed through this nascent
image display. Figure 4. Schematic illustration of the action of a GLM computation. — technology.
\ 7 8(a) 8(b)
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the boxcar model (27% of the 300 possible channel-Hb states for right hand,
14% for left hand). By contrast, during backward reading out loud, 63% of the
possible values resulted in significant correlations with the boxcar model. This
value increased to 82% and 81% for forward and backward recitations from
memory of the English alphabet, respectively. Similarly, Valsalva maneuvers
produced significant correlations with the boxcar function in 266 out of 300
(89%) possible values. Thus the language lasks and the respiratory manipula-

flexion/extension (at 1 Hz) with 3 quiet resting blocks (~40 s each).
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Experiment 2 — Motor and Anterior Frontal Cortices

Measurements were recorded from a second subject while using a similar boxcar finger-tapping sequence. Thirty optodes were distributed between two sub-arrays of 15 optodes
each (Fig. 3(b)). Resting baseline data were acquired over an interval of ~600 seconds, after which the subject performed a sequence of motor and cognitive tasks. The motor
tasks consisted of a sequence of 5 epochs of thythmic finger tapping (~40 s each) alternating with quiet rest periods of the same duration.
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. ; P PP A 3 g igure 5. map showing the value of the coefficient (units are mol- at quantifies the s o sing agl, and A. ger, " al oxygena ang 2 and somatosensory stimulation i ans, as mez ar-
arrays (Fig. 3(c)). Each of the 6 sites was limited to 25 source-detector channels (5 sources by 5 detectors), which i insufficient for adequate image recovery; thus, analyses in g  map showing the value o 5 icient (uni qu e (e i (Gl sy 7650 i el e Wil o mer e, 19 H. Obrig, T. Wolf, C. Doge, J. J. Hulsing, U. Dimagl. and A. Villringer, "Cercbral oxygenation changes during motor and somatosensory stimulation in humans, as measured by near-infiared
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this study were limited to spectroscopy. Adjacent fibers within each line were separated by ~1 cm. Three of the linear arrays were over the left frontolateral, central-temporal, mesh node. (5(a): oxy-Hb result, during task (i.c., alternating finger tapping and rest) period; S(b) is finding supports the inference that the behavior observed during the ) ) 20. M. Hampson, B. S, Peterson, P. Skudlarski, J. C. Gatenby, and J. C. Gore, "Detection of functional connectivity using temporal correlations in MR images,” Hum. Brain Mapp. 15, 247-262 (2002).
3.2148-008 N S s language tasks is not simply a manifestation of the blood pressure changes that Figure 9. Representative oxy-Hb (red) and deoxy-Hb (blue) detector time series showing the

and temporal-parietal areas of the scalp. Two linear arrays overlay the right frontolateral and temporal areas of the scalp. The sixth line was placed horizontally over the
forehead, with one fiber on the midline, three on the left, and one on the right side.

deoxy-Hb result during task period: same spatial map as in 5(a), but rotated 90° to show depth 1 he subi X d for the Multisite Record N
3.399€-007 ¢ se: 5(d): . o s § res occur when the subject speaks. various activation paradigms for the Multisite Recording experiment
I dependence of the response; 5(d): oxy-Hb and 5(e): deoxy-Hb results during baseline resting period. ) P This work was supported by the National Institutes of Health (NIH) under Grants SR21-HL67387-01, 1R21-DK 63692 and R41-CA96102, by the US Army under Grant
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